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INTRODUCTION TO THE PRACTICE OF 
SUPPLY CHAIN MANAGEMENT'' 

For over a decade, there has been an increasing interest in the use of supply chain 
methods to improve performance across the entire business enterprise. Supply chain 
management has become a standard part of the business lexicon, and many firms now 
have a functional supply chain group. In addition to individual companies, numerous 
industries have recognized the importance of supply chain integration. Initiatives that 
aim at getting multiple companies to work together toward a more streamlined and 
efficient supply chain have been developed. The most well known of such industry
wide initiatives include the Quick Response of the apparel industry, the Efficient 
Consumer Response of the grocery industry, the Efficient Foodservice Response of 
the foodservice industry, as well as other initiatives in the pharmaceutical, automobile, 
aerospace, personal computer, and semiconductor industries. 

The widespread interest in supply chain management has led to innovative ways 
to re-engineer the supply chain, new software solutions to help companies plan and 
operate their supply chain, and new business models and services for existing and new 
players in the supply chain. The advances of the Internet have helped fuel the devel
opment of these innovations and new operating models. New ways to communicate, 
connect, transact and collaborate among supply chain partners have emerged. New 
channels of distribution as well as creative products and services have also come to 
the marketplace. 

At the same time, research interest in supply chain management has also been 
increasing. Practice in the field has sparked the interest of the research community and 
we have witnessed an explosive growth of research output on the theories and methods 
of supply chain management. Some of these new research developments have found 
their way into practice as companies have begun experiments using the developments. 
Implementation and experimentation naturally lead to new ideas, and the practice-
research-practice-research cycle continues. 

This is no doubt a very exciting time for supply chain practitioners as well as 
researchers. 

The objective of this book is to provide an overview of this important practice-
research cycle. The focus of the book is on supply chain practice, but as described 
above supply chain practice has been heavily influenced by supply chain research. 
Supply chain practice has also stimulated new directions for research. It is our intent 
that this book provide the reader with: 

• A set of tutorials on key supply chain methods and practices 
• A review of what supply chain practices are like in multiple industries 
• A description of how innovative ideas and new research methodologies have been 

used in practice 

• We thank Corey Billington for his efforts and contributions in the early stages of this book. 
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• An identification of the enablers of successful implementation of such ideas in 
practice 

• A report on the new insights and research directions that can be gained from observ
ing these practices. 

We have organized the book into three sections. 

Core Concepts and Practices 

In the first section, we provide an overview of core supply chain concepts and prac
tices. We begin by examining the approaches used when making strategic decisions 
about supply chain infrastructure. "Principles for the Strategic Design of Supply 
Chains" provides an overview of the key concepts and methods for supply chain 
design within a global context. With the infrastructure established, we next turn our 
attention to the opportunities and challenges of optimizing tactical supply chain deci
sions. "Tactical Planning for Reinventing the Supply Chain" gives a structured view 
of what, how, and why different planning protocols are used in industry. Different 
market and product characteristics may require different approaches for tactical plan
ning in a supply chain. "The Role of Inventory in Superior Supply Chain Performance" 
gives a thorough and comprehensive description of the key fundamentals of inventory 
management within a supply chain. It describes how different companies have either 
mastered these fundamentals to gain competitive advantage or have suffered because 
they did not. It also discusses the development of new ways of managing inventory 
and describes how these ways are being put into practice. Supply chain management 
must start with performance measures, as performance measures induce incentives 
and incentives change behaviors. "Supply Chain Performance Metrics" is a tutorial on 
the basic concepts in supply chain performance measures and how companies can use 
them for their advantage. 

Emerging Supply Chain Practices 

The second section of the book highlights new developments and innovations in sup
ply chain management and reports on their use in industry. Sourcing strategies have 
shifted rapidly in the past few years with the increasing adoption of outsourcing and 
eProcurement. "Sourcing Strategy and Supplier Relationships: Alliances versus 
eProcurement" provides a framework to examine how companies can manage 
suppliers most effectively. It provides advice on what type of supplier relationship is 
best for specific situations and presents a number of examples observed in practice. In 
"Supply-Chain Coordination: How Companies Leverage Information Flows to 
Generate Value," the authors report on new supply chain integration initiatives such as 
information sharing, collaborative planning, and collaborative design. These different 
initiatives have resulted in the creation of new value for the supply chain, as demon
strated by the consumer goods industry. In "Supply Chain.Net: The Impact of Web-
based Technologies on Supply Chain Management," we see how Internet-based 
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exchanges have been formulated and developed in recent years. Some models of 
such exchanges have been successful, but others are still struggling. In what ways do 
exchanges add value to the supply chain? How are they changing the business rela
tionships of supply chain partners? In "e-Business and Supply Chain Integration," a 
comprehensive picture of the impact of Internet-based e-Business technologies on 
supply chain integration is given. Some of these technologies are helping supply chain 
efficiencies, while others are actually creating new business models and markets for 
companies. The multiple dimensions of supply chain integration through e-Business 
are described with examples from practice. "Managing Product Variety through 
Postponement: Concept and Applications" describes the history and current develop
ment of the concept of postponement in product and process design. This concept has 
been very useful for companies to cope with the ever-increasing demand for product 
variety and mass customization. The different types of postponement and how com
panies have made use of them are described. "Creating and Leveraging Options in the 
High-Technology Supply Chain" discusses what companies can do to borrow the 
familiar financial concept of options and apply it to supply chain designs and opera
tions. This is potentially a very powerful concept, and the authors describe some early 
applications in industry. Finally, we consider the movement toward "customer centric" 
supply chain solutions. In "Managing Supply Chains with Differentiated Service 
Requirements—Models and Applications," the authors examine supply chains char
acterized by multiple customer segments, each with different service needs. Methods 
are proposed to manage inventory plans and material flows in service parts supply 
chains with differentiated customer classes. The approach was driven by observing the 
practices and challenges in two real-life service supply chains. 

Supply Chain in Action 

The third section of the book is devoted to examples of the application and imple
mentation of sound supply chain concepts or principles in specific company settings. 
It is here we see supply chain practice in real-life cases. In "Data-Rich Supply Chain 
Management," we observe how legendary retailer Seven-Eleven Japan has embraced 
and fully implemented the concept of using consumer point of sale data to run all the 
operations of its supply chain. From product design, replenishment planning, and 
logistics to product delivery, shelf configuration, and category management, the com
pany makes use of data and has created one of the most efficient supply chains in the 
world. In "Lucent Technologies: Achieving the 'Impossible' by Using Provisioning 
and Postponement," we observe how the Spanish division of Lucent Technologies was 
able to apply postponement concepts to win a major contract to provide telecommu
nication switching systems for Saudi Arabia. These concepts also enabled the com
pany to complete the project on time to the satisfaction of the customer. In "Measuring 
the Benefits of Product Standardization and Postponement of Configuration in a 
Supply Chain," the combined use of accurate performance metrics and postponement 
principles resulted in tremendous value and savings for Quantum Corporation, a 
key disk drive manufacturer. In "Combinatorial Auctions in Procurement," the use 
of high-powered optimization techniques enabled The Home Depot to work with 
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transportation providers in bidding transportation jobs for the company. The result 
was significant savings for The Home Depot. "The Benefits of Business-to-Business 
Applications for Fabless Semiconductor Companies" describes how e-business tools 
were used to help Adaptec, a fabless semiconductor manufacturer, communicate and 
integrate its operations with its supply chain partners. In "Supply Chain Management 
at a Chip Tester Manufacturer", a linear programming model is used to help a manu
facturer plan production in a very challenging environment. In "Aerospace Supply 
Chain Dynamics" we observe how Boeing utilized systems dynamics and simulation 
modeling techniques to both identify problems in raw material supply and explore 
ways to avoid such problems. Finally, "Agent Models of Supply Network Dynamics: 
Analysis, Design, and Operation" describes a simulation methodology used by 
DaimlerChrysler to evaluate different data dissemination policies for the automotive 
supply chain. 

Overall, this collection of chapters provides a snapshot of the state-of-the-art in the 
extensive and dynamic landscape of supply chain practice. 

Terry P. Harrison 
Hau L. Lee 

John J. Neale 
December 19, 2002 
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4 Harrison 

Abstract 
I review principles and methods of global supply chain design from a variety of viewpoints, 
with special emphasis on processes that have been used successfully in practice. The 
perspective is focused on the practitioner who is interested in an overview of the key concepts 
and application of supply chain design within a global context. 

1. Introduction 

Over the past ten years supply chain management (SCM) has become an important 
focus of competitive advantage for firms and organizations. The impact of supply chain 
management has increased steadily, drawing on developments in information systems, 
management science, logistics, operations management, and other fields. The promise 
of supply chain management is better use and deployment of resources across the entire 
enterprise. While it has long been a goal to consider the impacts of managerial deci
sions across the complete organization, the tools, concepts and computing environment 
have only been available for the past decade to realize this potential on a large scale. 

A supply chain is the set of value-adding activities that connects a firm's suppli
ers to the firm's customers. The basic unit of a supply chain activity is 

Receive input from supplier -^ Add value -^ Deliver to customer. 

Here a "supplier" may be an external vendor or an upstream process within the firm. 
Similarly, a customer may be the final customer of the finished product or service, or 
a downstream operation that uses the output of one process as the input to another. 
Three types of flows occur throughout the supply chain: (1) product, (2) information, 
and (3) funds. These flows travel both upstream and downstream within the supply 
chain. Effectively coordinating these three kinds of flows is the overarching goal of 
supply chain management. 

Managing the supply chain requires a wide range of methods and principles. 
One way of classifying supply chain management analysis is to divide the area into 
the strategic component—supply chain design (SCD), and the tactical/operational 
piece—supply chain operations or execution (SCE). 

Supply chain design is the process of determining the supply chain infrastruc
ture—the plants, distribution centers, transportation modes and lanes, production 
processes, etc. that will be used to satisfy customer demands. These studies are strate
gic in scope, use a time horizon of many months or years, and typically assume little 
or no uncertainty with the data. 

Supply chain execution is the process of determining solutions to more tactical and 
operational issues such as local inventory polices and deployment, manufacturing and 
service schedules, transportation plans, etc. In these instances, production and trans
portation data are usually assumed to vary according to a known probability distribu
tion, while the infrastructure is assumed fixed (or nearly so). The time period for the 
analysis typically spans days, weeks or months, and focuses on implementing detailed 
short-term plans. 

In this chapter, I describe the important considerations of designing a supply chain 
from a global (versus domestic) perspective. Supply chain design has a large impact 
on various measures of performance such as profitability, customer service, flexibility 
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and reliability. It is a critical source of competitive advantage given that as much as 
80% of total product cost may be fixed by these decisions. 

2. Distinguishing Characteristics of Supply Chain Design 
in a Global Context 

Supply chain design decisions are often made in an environment that is rich with 
uncertainty, filled with multiple, conflicting objectives and incomplete information. 
Typically the following aspects are part of this environment. 

• Supply chain redesign In practice, supply chain design decisions are rarely 
focused on "green field" situations. More typically supply chain design questions 
are the result of mergers, acquisitions, downsizing, or a significant shift in corpo
rate strategy. In these situations, questions are centered on rationalizing the supply 
chain in response to incremental changes to the supply chain infrastructure. 

• A novel process Many firms are inexperienced at examining changes to the sup
ply chain when the metrics span the entire organization. 

• Impacts affect multiple groups Changes in the design of a supply chain often lead 
to impacts that span large parts of the organization. Often there is no one person or 
group that has deep experience with measuring or assessing these impacts. On the 
plus side, the largest positive impacts of supply chain design frequently occur at the 
boundary of organizational units. 

• Organizational incentives may work against change The outcome of a supply 
chain design may require changes that cause one group to have a decrease in 
existing measures of performance while resulting in an improvement of firm-level 
measures. For example, carrying additional inventory at a particular location may 
cause costs within that reporting area to increase, but would ultimately lead to a 
lower cost across the supply chain. 

• Coordination across functional boundaries A key benefit of supply chain design 
is that it often requires coordination between groups that typically do not interact. 
This collaboration leads to a better understanding of cross-functional issues. 

• Data needs are difficult to satisfy Since supply chain design spans many areas of the 
organization, the data required to support analysis must be drawn from many sources. 
The data may be measured at different frequencies, may use different scales or may 
be contained in "private" sources that are difficult to obtain. For example, in one study 
we found that various plant managers had their own estimates of production costs, 
which were quite different from the corporate measures. Additionally, some types of 
data may not exist anywhere within the firm. Examples would be manufacturing costs 
for a new process or transportation costs on a lane that has never been used. 

All of these considerations are common to supply chain design in both a domes
tic and global context. Additionally, global supply chain design requires consideration 
of duties and duty drawback, local content, taxes and exchange rates. The interplay of 
these issues leads to decision making environments that are particularly difficult, 
complex and critical to the firm's long term performance. 

Duties are costs assessed for the importation of goods. The cost of the duty is typ
ically based on the value of the imported good, the type of good imported, and the 
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country of origin. In the case where the imported good is used to manufacture another 
product that is subsequently exported, some or all of the duty cost may be recovered 
as duty drawback. 

In order to provide domestic manufacturing opportunities, some countries require 
a minimum local content before a firm is permitted to sell a particular product. This 
restriction requires that a specified fraction of the value added to the final product 
must occur within the country where the product is sold. 

Differing tax rates may greatly affect the choice of location for key operations. 
Often tax regulations are complex, but much of the impact may be captured in mod
els. The effect of differing tax rates is likely to concentrate the high value-added activ
ities in countries that serve as tax havens. However, these effects are balanced against 
the costs of net duty, procurement, production and distribution. 

Lastly, exchange rates greatly affect supply chain performance. The value of 
improvements in supply chain design and execution can be overshadowed by unfa
vorable currency movements. Various authors have proposed models to use the supply 
chain itself as a financial hedge against these currency fluctuations. 

3. Typical Kinds of Supply Chain Design Analyses 

Supply chain design addresses a wide range of strategic infrastructure issues for the 
firm. The following examples highlight many of the key issues that are typically 
considered. 

Manufacturing Strategy 

• How many plants are needed 
• Where should each plant be located 
• What products should each plant make 
• What process technologies should each employ, and how much of each process is 

needed 
• What markets should each plant serve 

Supply Base Design 

• Simultaneously determine supplier selection for all parts within commodity groups 

• Allocate suppliers to plants 

Distribution Strategy 

• Should we ship direct or stock regionally 
• How many DCs are needed and where should they be located 
• Which DCs will server which customers 
• What transportation modes will be used 
Outsourcing 

• What portions of the supply chain remain in-house versus outsourced 
• Cost tradeoffs versus service considerations 
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New Product and Process Design 

What infrastructure should be used when new products are added to existing lines 
At what demand points are additional sources of supply needed and where should 
they be located 

Experience with a number of supply chain design projects over the past ten years 
leads me to conclude that the benefits of a well-conceived and executed supply chain 
can be substantial. Some representative outcomes are: 

• Decreased costs of 5-60%, with 10% typical 
• Decreased service times of 25-75%, with 30% typical 
• Foster cross functional teamwork and "out of the box" thinking 
• Provide an objective assessment of alternatives in the politically charged environ

ment of strategic supply chain decision making 

4. Modeling Approaches 

The first aspect in performing a supply chain design study is to determine the type of 
modeling approach to be used. Modeling means to develop a mathematical represen
tation (or model) of the supply chain. This mathematical model is manipulated and the 
behavior is observed. If the supply chain model is sufficiently accurate, then the 
insights gained from analysis of the supply chain model can be used on the physical 
supply chain to obtain similar results. 

Supply chain models may vary in many aspects, such as the level of detail, the 
length of time they represent, the performance measures used, etc. Currently, given a 
particular supply chain model, there are three primary approaches to conducting this 
analysis. These are: (1) optimization, (2) simulation, and (3) heuristics. 

Optimization is an analysis method that determines the best possible method of 
designing a particular supply chain. The mathematical model has some objective that 
is maximized or minimized, such as total system cost (minimize) or profit (maximize). 
The drawback of using optimization is the difficulty in developing a model that is suf
ficient detailed and accurate in representing the physical supply chain, while keeping 
the model simple enough to be solved. Further, optimization models tend to require 
more data than other approaches. However, when the model of the supply chain is true 
to the actual supply chain, and the model is not too complex to solve, optimization 
produces the best possible insights into questions related to supply chain design. In 
those instances it is the method of choice. 

Simulation is imitating the behavior of one system with another. In this case, 
the simulation model imitates the physical supply chain. By making changes to the 
simulated supply chain, one expects to gain an understanding of the dynamics of the 
physical supply chain. 

Probabilistic simulation models allow for the most general and flexible represen
tation of the supply chain and the firms' operating policies, and therefore provide the 
ability to examine issues that are too detailed or complex for optimization models. 
However, in supply chain design, one is typically looking for strategic, first order 
effects, so this relative advantage of simulation is less important. Simulation modeling 
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is more prevalent when investigating supply chain execution (as opposed to design) 
questions. 

One serious drawback to the use of simulation is that it only assesses the per
formance of a pre-specified design—it does not create or suggest the design. On the 
other hand, simulation easily incorporates the effects of uncertainty, unlike most prac
tical optimization approaches. Simulation is an ideal tool for further analyzing the 
performance of a proposed design derived from an optimization model. 

Heuristics are intelligent rules that often lead to good, but not necessarily the best, 
supply chain design solutions. Heuristic approaches typically are easier to implement 
and require less data. However, the quality of the solution is usually unknown. Unless 
there is a reason that optimization cannot be used, heuristics are an inferior approach. 

5. Data Needs 

The most challenging aspect of a supply chain design project, other than the actual 
implementation, is collecting a complete and accurate set of data. The activities and 
data needs of supply chain management cover virtually all areas of the firm, which 
requires a comprehensive data collection effort. Data typically reside in a variety of 
locations and forms, from handwritten notes in someone's desk to large, enterprise-
wide databases. The outcome is that collecting and verifying data is a time consuming, 
difficult and iterative process. However, the quality of the analysis and the potential for 
substantial impact is directly linked to the quality and completeness of the data. Firms 
that use activity-based costing often can fulfill supply chain data needs more easily. 

A typical strategic design of a global supply chain would include the following 
kinds of data, at a minimum: locations, process, product and movements. 

Location data is the starting point for describing any supply chain network and 
would likely include: 

• fixed costs of opening, closing or maintaining a facility, 
• variable costs of operating the facility, 
• geo-referenced data to denote the facility's physical location, 
• the location's country for determining tax effects, 
• trading alliances, such as the European Union, for assessing duty effects, 
• capacities and processes available at the facility, 
• inventories and inventory policies, 
• demand by product. 

Process data provides a description of a location's ability for adding value. It 
includes manufacturing, service, retail or transportation capabilities, and packaging 
options. 

Product data includes the list of stock keeping units, their physical attributes, 
revenue and cost, bill of material relationships, and structure. 

Movements data provides a description of the logistics network, and is often the 
most extensive and difficult data need. Every possible link that provides a movement 
between locations must be included. Each transportation link is described by a cost, a 
capacity, a transit time and a transportation mode. For many links, such as ground 
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transport in the United States, standard tariffs are widely available. Some common 
rate sources are: 

YFSY U.S. Class Rates 500 
Yellow Freight System, Inc. 
10990 Roe Ave 
Overland Park, KS 66211-1213 

Service Guide—Domestic Services 
United Parcel Service of America, Inc. 
55 Glenlake Parkway, NE 
Atlanta, GA 30328 

The North American Truckload Rate Index 
Class 8 Solutions, Inc. 
RO. Box 25672 
Woodbury, MN 55125-0672 

CzarLite(TM) LTL Rating System 
SMC^ 
500 Westpark Drive 
Suite 300 
Peachtree City, GA 30269 

RDWY U.S. Class Rates 507 
Roadway Express 
1077 Gorge Blvd. 
Akron, OH 44309 

However for other rates, such as ocean movement of goods between countries, no 
standard sources may exist. 

The data collection phase of a global supply chain design effort is a formidable 
challenge and is the single largest barrier to initiating a study. While large, enterprise-
wide information systems have greatly reduced the effort of assembling this data, for 
most firms assembling the full complement of necessary data is a time consuming, 
difficult, and error-prone process. It is a most important step in the design of a supply 
chain. It is also the least structured and verifiable. 

6. Analysis 

Regardless of the analysis technique used to identify preferred supply chain configu
rations, the procedure is roughly the same. The key steps are to establish a baseline 
design and systematically modify the data to develop intuition about the structure of 
the supply chain and to identify key performance levers. 

In a baseline design, the flows are fixed to current practice. This permits valida
tion of the data by comparing various cost and operational characteristics to externally 
verified measures. For example, the fixed and variable costs of production and 
distribution, taxes and duties may be compared against known values. Discrepancies 
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can be identified and traced to data deficiencies, errors or omissions. Similarly, oper
ations and logistics metrics for production, inventory and distribution can be com
pared to current practice. The completion of a baseline design provides confidence 
that the fundamental operating characteristics of the supply chain have been correctly 
modeled. 

Next, different aspects of the data are varied and the model solved to determine 
the response of the supply chain. Typically, these kinds of change would include the 
removal of certain facilities, changes in capacities or especially demands, or the forc
ing of flows that are required for reasons that cannot be captured by the model. 

The exact set of analyses is problem specific. However, common to every study is 
the need to determine the sensitivity of the solution to demand variability and changes 
in the structure of manufacturing or distribution costs. It is important to perform the 
analysis with an orientation to finding a good set of solutions rather than a single 
design. Usually, the recommended design is further modified to account for organiza
tional issues that cannot be modeled. 

7. The State of the Art 

Studies of the impact of information flows throughout the supply chain, along with the 
effect of uncertainty within the supply chain are overarching themes to many current 
research efforts. One promising area within this general theme is the study of com
bining simulation methods with optimization methods in an iterative way. This 
approach leverages the strength of traditional strategic optimization models with an 
ability to examine detailed, stochastic elements of the supply chain. For example, 
Chatfield et al. (2000a, 2000b) describe a supply chain simulator of this type. In con
junction with this work, Chatfield et al. (1999) report on the development of a high 
level language, based on XML, to allow detailed description of an arbitrary supply 
chain. This Supply Chain Markup Language (SCML) permits the exchange of supply 
chain models in a way that is free of any particular solution method or computer 
implementation. 

Demand uncertainty is one of the single most important factors affecting a supply 
chain design. Characterizing the data and incorporating these effects are areas of 
intense research. There is good reason for this interest, as some analyses have shown 
that omitting the effects of uncertainty can lead to inferior supply chain designs. An 
emerging trend is toward robust supply chain design. That is, instead of assuming a 
particular demand scenario and finding the best design to meet those requirements, 
robust supply chain design seeks to configure the supply chain infrastructure so that 
it performs well over a wide variety of possible demand scenarios. Given the possi
bility of supply chain difficulties due to terrorist attack, information system failures or 
simply catastrophic events, robust supply chain design offers some promise of build
ing "hardened" and responsive supply chains to a variety of disruptive factors. 

Supply chain metrics are a complementary area of study to supply chain design. 
Metrics are the means to measure things, and supply chain metrics are how the over
all performance of the supply chain is assessed. Traditional measures are usually not 
able to incorporate a system wide perspective. Current research in supply chain metrics 
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allows for more focused and appropriate measurement of the potential performance of 
supply chain designs. 

Lastly, supply chain design methods are being combined with other important 
business processes such as product design, market design, pricing, and high-level 
financial models. The trend is to extend further the reach and interconnectivity of 
methods to manage the firm's actions. Research contributions in modeling, optimiza
tion and information systems are a driving force. 

8. Conclusions 

Global supply chain design is an important area of supply chain research and practice. 
The impacts of a good supply chain design are significant, resulting in lower costs, 
better coordination and improved customer service. There are many organizational 
considerations in implementing a supply chain design, and often the non-quantifiable 
benefits of cross-functional coordination are as important as the explicit cost savings. 
The effect of duties, duty drawback, local content, taxes and exchange rates fluctua
tions are additional factors introduced by a global supply network. 

A variety of techniques, tools and software exist for global supply chain design. 
However, unless mitigating circumstances exist, optimization methods are the preferred 
approach. The combination of optimization with simulation techniques is a promising 
research direction to improve decision making for global supply chain design. 

Further Reading 

Supply chain applications with measurable outcomes have appeared in the literature 
for more than 15 years. For example, the paper by Kleutghen and McGee (1985) 
reports on an early application at Pfizer. Subsequent papers describe applications of 
increasing scope, size, and impact (Arntzen et al. 1995; Lee and Billington 1995; 
Camm et al. 1997; Brown et al. 2000; D'Alessandro et al. 2000; Guide et al. 2000; 
Hahn et al. 2000; Karabakal et al. 2000; Lin et al. 2000; and Rao et al. 2000). 

Vidal and Goetschalckx (1997) and Goetschalckx et al. (2002) provide extensive 
reviews of models and applications of strategic supply chain design. 

Within the past few years textbooks focused on various aspects of supply chain 
management have also appeared with increasing frequency. For someone unfamiliar 
with supply chain management, Handfield and Nichols (1999) provide an introduction 
to basic supply chain concepts. The texts by Simchi-Levi et al. (2002) and Chopra and 
Meindl (2001) are excellent references on a variety of supply chain issues and meth
ods, including supply chain design. Lastly, the recent text by Shapiro (2001) covers 
more technical detail, especially regarding optimization techniques. 
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1. Introduction 

Fierce competition in today's global markets, the introduction of products with short 
life cycles, and the heightened expectations of customers have forced business enter
prises to invest in, and focus attention on their supply chains. This, together with con
tinuing advances in communications and transportation technologies, such as mobile 
communication and overnight delivery, has motivated the continuous evolution of the 
supply chain, and techniques to manage it. 

In a typical supply chain, raw materials are procured, items are produced at one or 
more factories, shipped to warehouses for intermediate storage, and then shipped to 
retailers or customers. Consequently, in order to reduce cost and improve service 
levels, effective supply chain strategies must take into account the interactions at the 
various levels in the supply chain. The supply chain, which is also referred to as the 
logistics network, consists of suppliers, manufacturing centers, warehouses, distribu
tion centers, and retail outlets, as well as raw materials, work-in-process inventory and 
finished products that flow between the facilities (see Figure 2.1). 

What is the objective when managing this complex network of facilities and 
material? We define supply chain management as follows: 

Supply chain management is a set of approaches utilized to efficiently integrate sup
pliers, manufacturers, warehouses and stores, so that merchandise is produced and 
distributed at the right quantities, to the right locations, and at the right time, in order 
to minimize system wide costs while satisfying service level requirements. 

This definition leads to several observations. First, supply chain management 
takes into consideration every facility that has an impact on cost and plays a role in 
making the product conform to customer requirements; from supplier and manufac
turing facilities through warehouses and distribution centers to retailers and stores. 
Indeed, in some supply chain analyses, it is necessary to account for the suppliers' 

Manufacturers 
Assembly Plants 
Vendors 
Port of Entry 

Distribution Centers 
Plant Direct Shipment 
Cross Dock Facility 
Temporarily Leased Space 

Customers 
Retailers 
Demand Points 
Product-
Destinations 

Figure 2.1 The supply chain network. 
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suppliers and the customers' customers because they have an impact on supply chain 
performance. 

Second, the objective of supply chain management is to be efficient and cost 
effective across the entire system', total system wide costs, from transportation and 
distribution to inventories of raw materials, work in process and finished goods, are to 
be minimized. Thus, the emphasis is not on simply minimizing transportation cost 
or reducing inventories, but rather, on taking a systems approach to supply chain 
management. 

Finally, supply chain management revolves around efficient integration of suppliers, 
manufacturers, warehouses and stores, and hence it encompasses the firm's activities at 
many levels, from the strategic level through the tactical to the operational level: 

• The strategic level deals with decisions that have a long lasting effect on the firm. 
This includes decisions regarding the number, location and capacity of warehouses 
and manufacturing plants, and the flow of material through the logistics network. 

• The tactical level includes decisions which are typically updated anywhere between 
once every week, once every month or once every year. These include purchasing 
and production decisions, inventory policies, and transportation strategies including 
the frequency with which customers are visited. 

• The operational level refers to day-to-day decisions such as scheduling, lead time 
quotations, routing, and truck loading. 

Of course, in the last ten to fifteen years many companies have focused on improv
ing strategic and operational decisions and in many instances, this is achieved using 
decision support systems. Examples include: 

• Network Design Models In these models the focus is on key strategic decisions 
such as: 
1. Determine the appropriate number of plants and warehouses, 
2. Determine the location of each facility, 
3. Determine the size of each facility, 
4. Allocate space for products in each warehouse, and 
5. Determine which products customers will receive from each warehouse and 

where the products are made. 
The objective is to design or reconfigure the logistics network so as to minimize 
annual system-wide costs including production and purchasing costs, inventory 
holding costs, facility costs (storage, handling, and fixed costs), and transportation 
costs, subject to a variety of service level requirements. 

There are many examples of companies that used decision support systems to 
reconfigure their logistics network with the typical savings quoted at 5-10% of 
logistics costs. There are also many reasons to perform network studies relating to 
ongoing changes in the business such as increase in demand, construction of new 
plants, changes in suppliers. In addition, mergers and acquisitions motivate network 
design studies since consolidation of supply chains is a major driver to success. 

• Routing and scheduling Operational systems can significantly improve perform
ance through the automation of complex tasks such as routing and scheduling. 
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These systems reduce transportation costs by improving routes, by utilizing trans
portation capacity effectively, by increasing the ability to handle changes and by 
assisting management in tracking the equipment and staff. 

Such is the case of Cemex, see (Slywotzky et al. 2000), a Mexican-based man
ufacturer and distributor of cement. Delivery of cement can be quite challenging— 
Cemex had to deal with short delivery time windows, customers making delivery 
changes at the last minute, urban traffic conditions, products with very low margins 
as well as a short-shelf life, typically 90 minutes. These challenging conditions 
forced Cemex, as well as many others in this industry, to commit to a 3-hour deliv
ery window with a reliability of 34%. To overcome these problems, Cemex created 
an operational system that linked its production scheduling, distribution, and cus
tomer orders into one system that would automically schedule the plants and route 
the trucks. In addition, this decision support system ran in real time, so that as cus
tomer orders, traffic patterns, and plant status changed, the operational plan could 
be changed—trucks could be re-routed and production levels adjusted. This system 
allowed Cemex to promise 20-minute delivery windows with 98% reliability; 
improvements that translated into more loyal customers and the ability to charge a 
premium in a commodity business. 

Only in the last few years, companies have recognized the importance of the tac
tical level. Namely, the importance of integrating production, transportation and 
inventory decisions into a cost-effective strategy. Thus, the objective of this chapter is 
to illustrate the opportunities and the challenges of optimizing tactical decisions. 

For this purpose, we describe in section 2 a new supply chain paradigm, the 
Push-Pull supply chain strategy, and suggest a framework that helps identify the 
appropriate supply chain strategy for specific industries and individual products. In 
section 3 we discuss issues involved in implementing a Push-Pull strategy while in 
section 4 we discuss the relationships between Push-Pull strategies, demand planning 
and tactical planning. Section 5 analyzes the tactical planning process in detail and 
section 6 provides examples from various industries that illustrate both implementa
tion issues and potential benefits associated with tactical planning. 

2. Supply Chain Strategies 

Traditional supply chain strategies can be classified as Pw '̂/z-based supply chain strate
gies in which production and distribution decisions are based on long-term forecasts. 
Typically, the manufacturer uses orders received from the retailer's warehouses to 
forecast demand. It therefore takes much longer for a Push-based supply chain to react 
to the changing marketplace. In addition, since long-term forecasts play an important 
role, it is important to understand the following three principles of all forecasts and 
their impact on the supply chain. 

1. The forecast is always wrong, 
2. The longer the forecast horizon, the worse is the forecast, and 
3. Aggregate forecasts are more accurate. 
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Thus, the first principle implies that it is difficult to match supply and demand, and 
the second one implies that it is even more difficult if one needs to predict customer 
demand for a long period of time, for example, the next twelve to eighteen months. The 
third principle suggests, for instance, that while it is difficult to predict customer demand 
for individual SKUs, it is much easier to predict demand across all SKUs within one 
product family. Sometimes this principle is referred to as the Risk Pooling concept. 

In contrast to a Push strategy, in a Pw//-based supply chain strategy production 
and distribution are demand driven so that they are coordinated with true customer 
demand rather than forecast. That is, in a pure Pull system, the firm does not hold any 
inventory and only produces to order. These systems are intuitively attractive since 
they allow the firm to eliminate inventory while responding to customer demand. 

Unfortunately, it is very difficult to implement a Pull-based supply chain strategy 
when lead times are so long that it is impractical to react to demand information. 
Similarly, in a Pull strategy, it is frequently more difficult to take advantage of 
economies of scale, since production and distribution decisions are made in response 
to specific customer demand and therefore batch production or efficient transportation 
modes, such as truckloads, are hard to achieve. 

These advantages and disadvantages of Push and Pull supply chains have led com
panies to look for a new supply chain strategy that takes advantage of the best of both 
world; enter a hybrid of the two systems, Push-Pull supply chain strategies. 

In a Push-Pull strategy, some stages of the supply chain, typically the initial 
stages, are operated in a Push-based manner while the remaining stages are operated 
in a Pull-based strategy. We typically refer to the interface between the Push-based 
stages and the Pull-based stages as the Push-Pull boundary. To better understand this 
issue, consider the supply chain time line, that is, the time that elapses between pro
curement of raw material (beginning of the time line) and the delivery of an order to 
the customer (end of the time line). The Push-Pull boundary is located somewhere 
along the time line and it indicates the point in time when the firm switches from man
aging the supply chain using one strategy, typically a Push strategy, to managing it 
using a different strategy, typically a Pull strategy, see Figure 2.2. 

Consider a PC manufacturer who builds to stock and thus makes all production 
and distribution decisions based on forecast. This is a typical Push system. By con
trast, an example of a Push-Pull strategy is one in which the manufacturer builds to 
order. This implies that component inventory is managed based on forecast but final 
assembly is in response to a specific customer request. Hence, the Push part is the 
portion of the manufacturer's supply chain prior to assembly while the Pull part is the 
part of the supply chain that starts with assembly and is performed based on actual 
customer demand. Hence, the Push-Pull boundary is at the beginning of assembly. 

Observe that in this case the manufacturer takes advantage of the third principle 
of all forecasts, namely, that aggregate forecasts are more accurate. Indeed, demand 
for a component is an aggregation of demand of all finished products that use this 
component. Since aggregate forecasts are more accurate, uncertainty in component 
demand is much smaller than uncertainty in finished goods demand and this, of 
course, leads to safety stock reduction. Dell Computers has used this strategy very 
effectively and is an excellent example of the impact the Push-Pull system on supply 
chain performance. 
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Figure 2.3 Matching supply chain strategies with products. 

Thus, the question is what is the appropriate supply chain strategy that the firm 
should apply for different products? Should the firm use a Push-based supply chain 
strategy, a Pull-based strategy or a Push-Pull strategy? Figure 2.3 above provides a 
framework to match supply chain strategies with products and industries. The vertical 
coordinate provides information on uncertainty in customer demand, while the hori
zontal coordinate represents the importance of economies of scale, either in produc
tion or distribution. 

Intuitively, assuming everything else being equal, the higher the demand uncer
tainty the more the firm would prefer managing the supply chain based on realized 
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demand, that is, based on a Pull strategy. Alternatively, the smaller the demand uncer
tainty, the more the firm would be interested in managing the supply chain based on 
long-term forecast, that is, based on a Push strategy. 

Similarly, assuming everything else being equal, the higher the importance of 
economies of scale in reducing cost, the more important it is to aggregate demand and 
thus the more important it is to manage the supply chain based on long-term forecast, 
a Push-based strategy. Alternatively, if economies of scale are not important, aggrega
tion does not reduce cost and hence the firm would be willing to manage the supply 
chain based on realized demand, a Pull-based strategy. 

We partition the region spanned by these two dimensions into four boxes. The box 
marked I represents industries (or, more precisely, products) that are characterized by 
high uncertainty and situations in which economies of scale in production, assembly 
or distribution are not important, for example, the computer industry. Our framework 
suggests that a high degree of Pull-based supply chain strategy is appropriate for these 
industries and products, exactly what has been applied by Dell Computers. 

The box marked III represents products that are characterized by low demand 
uncertainty and a situation in which economies of scale are very important. Products 
in the grocery industry such as beer, pasta, or soup belong to that category. Indeed, 
demand for these products is quite stable while reducing transportation cost by ship
ping full truckloads is critical to controlling cost in the supply chain. In this case, our 
analysis indicates that a Pull strategy is not appropriate. Indeed, a traditional retail 
strategy, that is, a Push supply chain strategy, is appropriate, since managing inven
tory based on long-term forecast does not increase inventory holding costs while 
delivery costs are reduced due to economies of scale. 

The two boxes analyzed sofar represent situations in which it is relatively easy to 
identify an efficient supply chain strategy. The challenge is to analyze the remaining 
boxes. Evidently, in the remaining two cases there is a mismatch between the strate
gies suggested by the two attributes, uncertainty and the importance of economies of 
scale. Indeed, in these boxes uncertainty "pushes" the supply chain to have one struc
ture while the economies of scale suggest a completely different structure. 

For instance, the box marked IV represents products characterized by low demand 
uncertainty, indicating a Push supply chain, and situations in which economies of 
scale do not play an important role, suggesting a Pull-based supply chain strategy. For 
instance, many books and CDs fall in this category. In this case, a more careful analy
sis is required, since both, traditional retail strategies, that is. Push strategies, and more 
innovative Push-Pull strategies are appropriate, depending on the specific costs and 
uncertainties, see Simchi-Levi and Simchi-Levi (2001). 

Finally, box II represents products and industries for which uncertainty in demand 
is high while economies of scale are important in reducing production and/or delivery 
costs. The furniture industry is an excellent example of this situation. Indeed, a typi
cal furniture retailer offers a large number of similar products distinguished by shape, 
color, fabric, etc., and as a result demand uncertainty is very high. Unfortunately, these 
are bulky products and hence delivery costs are also high. 

Thus, in this case, there is a need to distinguish between the production and the 
distribution strategy. The production strategy has to follow a Pull-based strategy since 
it is impossible to make production decisions based on long-term forecasts. On the 
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other hand, the distribution strategy needs to take advantage of economies of scale in 
order to reduce transportation cost. This is exactly the strategy employed by many 
retailers that do not keep any inventory of furniture. When a customer places an order, 
it is sent to the manufacturer who orders the fabric and produces to order. Once the 
product is ready, it is shipped, typically using truckload carriers, together with many 
other products to the retail store and from there to the customer. For this purpose, the 
manufacturer typically has a fixed delivery schedule and this is used to aggregate all 
products that are delivered to stores in the same region, thus reducing transportation 
costs due to economies of scale. Hence, the supply chain strategy followed by furni
ture manufacturers is, in some sense, a Pull-Push strategy where production is done 
based on realized demand, a Pull strategy, while delivery is according to a fixed sched
ule, a Push strategy. 

3. Implementing a Push-PuU Strategy 

The framework developed in the previous section attempts to characterize the level of 
Pull/Push required for different products. For instance, the framework suggests a high 
degree of Pull for products that belong to box I. Of course, achieving a high degree of 
Pull depends on product complexity, manufacturing lead times and supplier-
manufacturer relationships, to name just a few important issues. Evidently, there are 
many ways to implement a Push-Pull strategy, depending on where the Push-Pull 
boundary is located in the supply chain. For instance, Dell is implementing the 
Push-Pull strategy by locating the boundary at the assembly point while furniture 
manufacturers locate the boundary at the production point. See Simchi-Levi and 
Simchi-Levi (2001) for other examples from industries, such as the automotive and 
book industries, where the boundary is located at the manufacturer distribution center 
or at the distributor warehouse. 

Evidently, the Push part is applied to the portion of the supply chain where demand 
uncertainty is relatively small and thus managing this portion based on long-term fore
cast is appropriate. On the other hand, the Pull part is applied to the portion of the sup
ply chain time line where uncertainty is high and hence it is important to manage this 
part of the supply chain based on realized demand. This distinction between the two 
portions of the supply chain has an important impact on the objective of the supply 
chain strategy as well as on organizational skills required in each case. 

Since uncertainty in the Push part of the supply chain is relatively small, service 
level is not an issue and hence the focus in this portion of the supply chain is on cost 
minimization. In addition, this portion of the supply chain is characterized not only by 
low demand uncertainty and economies of scale in production and/or transportation, 
but also by long lead times and complex supply chain structures including product 
assembly (bill of material) at various levels. Thus, cost minimization is achieved by 
better utilizing resources such as production and distribution capacities while mini
mizing inventory, transportation and production costs. 

On the other side, the Pull portion of the supply chain is characterized by high 
uncertainty, simple supply chain structure and a short cycle time. Hence, the focus 
here is on service level. Specifically, a high service level is achieved by deploying 
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Table 2.1 Characteristics of the Push and Pull Portions 
of the Supply Chain 

Portion 

Objective 

Complexity 
Focus 
Lead time 
Processes 

Push 

Minimize cost 

High 
Resource allocation 
Long 
Tactical planning 

Pull 

Maximize service 
level 

Low 
Responsiveness 
Short 
Order fulfillment 

2i flexible and responsive supply chain, see Fisher (1997). That is, a supply chain that 
can adapt quickly to changes in customer demand. 

The analysis above implies that different processes need to be applied to different 
portions of the supply chain, see table 2.1. Since the focus in the Pull part of the 
supply chain is on service level, order fulfillment processes are typically applied. 
Similarly, since the focus of the Push part of the supply chain is on cost and resource 
utilization, tactical planning processes are used here to develop an effective strategy 
for the next few months. 

Notice that the only part of the supply chain where the two strategies interact is at 
the Push-Pull boundary. This is the point along the supply chain time line where there 
is a need to coordinate the two supply chain strategies typically through buffer inven
tory. However, this inventory plays a different role in each portion. In the Push por
tion, buffer inventory at the boundary is part of the output generated by the tactical 
planning process, while in the Pull part it represents the input to the fulfillment 
process. 

Thus, the interface between the Push portion of the supply chain and the Pull por
tion of the supply chain is forecast demand. This forecast, which is based on histori
cal data obtained from the Pull portion, is used to drive the tactical planning process. 

4. Demand Driven Strategies 

The framework developed so far requires integrating demand information into the 
tactical planning process. This information is generated by applying two different 
processes: 

• Demand Forecast A process in which historical demand data is used to develop 
long-term estimates of expected demand, that is, forecasts. 

• Demand Shaping A process in which the firm determines the impact of various 
marketing plans such as promotion, pricing discounts, rebates, new product intro
duction and product withdrawal on demand forecasts. 

Of course, in either case, the forecast is not completely accurate, see the first prin
ciple of all forecasts, and hence an important output from the Demand Forecast and 
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Demand Shaping processes is an estimate the accuracy of the forecast, the so-called 
forecast error, measured according to its standard deviation. This information 
provides insight into the likelihood that demand will be higher (or smaller) than the 
forecast. 

Evidently, high demand forecast error has a detrimental impact on supply chain 
performance resulting in lost sales, obsolete inventory and inefficient utilization of 
resources. The question therefore is can the firm increase forecast accuracy and thus 
decrease forecast error? We identify the following strategies: 

• Select the Push-Pull boundary so that demand is aggregated over one or more of the 
following dimensions: 
- Demand is aggregated across products. 
- Demand is aggregated across geography. 
- Demand is aggregated across time. 
The objective is clear. Since aggregate forecasts are more accurate, the result is an 
improved forecast accuracy. 

• Use market analysis, demographic, and economic trends to improve forecast 
accuracy. 

• Determine the optimal assortment of products by store so as to reduce the number 
of SKUs competing in the same market. Indeed, we have collaborated with a large 
retailer who used to keep in each store more than 30 different types of garbage cans. 
It was relatively easy to predict aggregate demand across all SKUs in the garbage 
can category, but very difficult to predict demand for an individual SKU. 

• Incorporate collaborative planning and forecasting processes with your customers 
so as to achieve a better understanding of market demand, impact of promotions, 
pricing events and advertising. 

At the end of the demand planning process the firm has a demand forecast by 
SKU by location. The next step is to analyze the supply chain and see if it can 
support these forecasts. This process called Supply and Demand Management is 
the process in which the firm tries to match supply and demand by identifying a 
strategy that minimizes total production, transportation and inventory costs, or a 
strategy that maximizes profits. In this process the firm also determines the best way 
to handle volatility and risks in the supply chain. This is precisely the tactical planning 
process. 

Of course, this is an iterative process in which one switches between demand 
planning and tactical planning to identify: 

• The best way to allocate marketing budgets and an associated supply and 
distribution strategy, 

• The impact of deviations from forecast demand, 
• The impact of changes in supply chain lead times, and 
• The impact of competitors' promotional activities on demand and supply chain 

strategies. 
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A classic example of the perils of not including supply chain analysis in market plans 
was Campbell's Soup winter promotion. In one unfortunate season the marketing 
department decided to promote chicken noodle soup in the winter, which is the sea
sonal spike in demand for soup anyway. The seasonal demand requires preparing and 
storing chicken and ingredients in huge quantities in the spring and fall in order to 
meet the demand. In addition, production has to start early and use overtime capacity 
in order to meet the expected demand. The cost of the excess production and inven
tory requirements far exceeded the revenue from the promotions. Analysis of the true 
cost would have allowed better planning of promotions—for instance in the off-sea
son so consumers will increase consumption and flatten out demand during the spike. 
For more see Clark (1994). 

5. Tactical Planning 

As observed earlier, tactical planning is applied to the push portion of the supply chain 
and its objective is to allocate production, transportation, and inventory resources 
effectively. We define tactical planning as: 

The process of developing effective strategies across the supply chain over multiple 
time periods that minimizes transportation, inventory and production costs or maxi
mizes profit. The plan considers all capacities, lead times, bill of material structures, 
forecast demand, product shelf life and the various cost parameters. 

Evidently, the challenge of allocating production, transportation and inventory 
resources in order to satisfy demand can be daunting. This is especially true when the 
firm is faced with seasonal demand, limited capacities, competitive promotions or 
high volatility in forecasting. Indeed, decisions such as when and how much to pro
duce, where to store inventory, and whether to lease additional warehouse space may 
have enormous impact on supply chain performance. 

It is therefore not surprising that tactical planning cannot be done manually or just 
with a spreadsheet. To optimize these decisions, taking into account the interaction 
between the various levels of the supply chain, the firm needs to use an optimization-
based Decision Support System. These systems, which model the supply chain as 
large-scale mixed integer linear programs, are analytical tools capable of considering 
the complexity and dynamic nature of the supply chain. Typically, the output from the 
tool is an effective supply chain strategy that coordinates production, warehousing, 
transportation, and inventory decisions. The resulting plan provides information on 
production quantities, shipment sizes and storage requirements by product, location, 
and time period. This is typically referred to as the supply chain master plan. 

In some applications, the supply chain master plan serves as an input for a detailed 
production scheduling system. In this case, the production scheduling system employs 
information about production quantities and due dates received from the supply chain 



24 D. Simchi-Levi, E. Simchi-Levi, and Watson 

Production 
Planning 

Detailed 
production ^ 
schedule 

Supply chain 
^ master plan 

Supply chain 
Tactical model 
and planning 

Profit by market 
and product ^ 

Demand forecast 
^ Demand shaping 

Demand 
Planning/ 
Order 
Fulfillment 

Feasibility 

4 • 

Costffrofit Service Level 

^ • 

Figure 2.4 The extended supply chain: from manufacturing to order fulfillment. 

master plan. This information is used to propose a detailed manufacturing sequence 
and schedule. This allows the planner to integrate the back-end of the supply chain, 
that is, manufacturing and production, and the front-end of the supply chain, that is, 
demand planning and order replenishment, see Figure 2.4. This diagram illustrates an 
important issue. The focus of order replenishment systems, which are part of the Pull 
portion of the supply chain, is on service level, and the focus of the tactical planning, 
which is in the push portion of the supply chain, is on cost minimization or profit max
imization. On the other hand, the focus in the detailed manufacturing scheduling por
tion of the supply chain is on feasibility. That is, the focus is on generating a detailed 
production schedule that satisfies all production constraints and meets all the due date 
requirements generated by the supply chain master plan. 

Of course, the output from the tactical planning process is shared with supply 
chain participants to improve coordination and collaboration. For example, the distri
bution center managers can now better use this information to plan their labor and 
shipping needs. Distributors can share plans with their suppliers and customers in 
order to decrease costs for all partners in the supply chain and promote savings. 
Specifically, distributors can realign territories to better serve customers, store ade
quate amounts of inventory at the customer site and coordinate overtime production 
with suppliers. 

In addition, tactical planning tools can identify potential supply chain bottlenecks 
early in the planning process, allowing the planner to answer questions such as: 

• Will leased warehouse space alleviate capacity problems? 
• When and where should the inventory for seasonal or promotional demand be built 

and stored? 
• Can capacity problems be alleviated by rearranging warehouse territories? 
• What impact do changes in the forecast have on the supply chain? 
• What will be the impact of running overtime at the plants or outsourcing production? 
• What plant should replenish each warehouse? 
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• Should the firm ship by sea or by air. Shipping by sea implies long lead times and 
therefore requires high inventory levels. On the other hand, using air carriers 
reduces lead times and hence inventory levels but significantly increases trans
portation cost. 

• Should we rebalance inventory between warehouses or replenish from the plants to 
meet unexpected regional changes in demand? 

Another important capability that tactical planning tools have is the ability to ana
lyze demand plans and resource utilization to maximize profit. This enables balancing 
the effect of promotions, new product introductions and other planned changes in 
demand patterns and supply chain costs. Planners now are able to analyze the impact 
of various pricing strategies as well as identify markets, stores or customers that do 
not provide the desired profit margins. 

A natural question is when should one focus on cost minimization and when on 
profit maximization? While the answer to this question may vary from instance to 
instance, it is clear that cost minimization is important when the structure of the sup
ply chain is fixed or at times of a recession and therefore oversupply. In this case the 
focus is satisfying all demand at the lowest cost by allocating resources effectively. On 
the other hand, profit maximization is important at time of growth, that is, at time 
when demand exceeds supply. In this case, capacity can be limited because of use of 
limited natural resources or because of expensive manufacturing processes that are 
hard to expand as is the case in the chemical and electronic industries. In these cases, 
deciding who to serve and for how much is more critical than cost savings. 

Finally, an effective tactical planning tool must also be able to help the planners 
improve the accuracy of the supply chain model. This, of course, is counter-intuitive 
since the accuracy of the tactical planning model depends on the accuracy of the 
demand forecast that is an input to the model. However, notice that the accuracy of 
the demand forecast is typically time dependent. That is, the accuracy of forecast 
demand for the first few time periods, say the first ten weeks, is much higher than the 
accuracy of demand forecast for later time periods. This suggests, that the planner 
should model the early portion of the demand forecast at a great level of detail, that 
is, apply weekly demand information. On the other hand, demand forecasts for later 
time periods are not as accurate and hence the planner should model the later demand 
forecast month by month or by groups of 2-3 weeks each. This implies that later 
demand forecasts are aggregated into longer time buckets and hence, due to the risk 
pooling concept, the accuracy of the forecast improves. 

6. Examples 

The analysis so far illustrates that tactical planning can be either integrated into a com
pany's planning process or employed to analyze specific constraints and circum
stances. To better emphasize these issues we provide below three different examples.^ 

^ The material in these examples does not represent any particular implementation; rather it is loosely 
based on our experience with several companies. 
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The first example demonstrates how tactical planning is applied to analyze the impact 
of seasonality on inventory build up. The second example illustrates the use of tacti
cal planning by a food manufacturing company. In this case the manufacturer applies 
tactical planning in a dynamic fashion by updating production schedules in response 
to ongoing changes in demand and taking into account product shelf life constraints. 
Finally, we show an example of a retail company employing tactical planning to plan 
for promotions. We should point out that the three examples describe situations in 
which the same tactical planning decision support system was used to optimize 
supply chain decisions. 

6,1, Case Study: Chemical Manufacturer Company 

Consider a specialty chemical company that produces and sells about 200 unique 
SKUs (i.e., different chemicals) at multiple plants, each of which has multiple pro
duction lines. Each SKU can be produced on multiple lines at multiple locations and 
significant set-up times are incurred between batches produced on the same produc
tion line. Different products have different costs and characteristics. Specifically, 
products are distinguished by run-times on the production lines, inventory holding 
cost and the amount of working capital associated with an SKU. The firm owns five 
warehouses and leases an additional ten to handle the peak demand. 

Figure 2.5 shows the relationship between production capacity and expected 
demand over a period of twelve months. As can be seen from the figure, demand is 
strong in the summer, but unfortunately, manufacturing is difficult in warmer months 
and hence production capacity is reduced exactly at the time it is needed the most. In 
addition, the manufacturing process is such that it is too expensive to add enough 
capacity to meet peak demand. Therefore, the company must manufacture product 
early. Complicating the problem is the fact that for insurance and safety reasons, the 
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Figure 2.5 Chemical company's production capacity and expected demand. 
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Figure 2.6 Comparison of current and optimized working capital investment. 

manufacturer is not allowed to store more than 2 million pounds of the product in any 
one location. This implies that production decisions, such as when and where to pro
duce a specific SKU cannot be made in isolation. Indeed, when making production 
decisions, the firm needs also to consider storage location and quantities for each SKU. 

Historically, the company made production and storage decisions without planning 
tools. They were using a rule-of-thumb measure for determining how to run the supply 
chain. Using tactical planning they were able to reduce a significant amount of work
ing capital by coordinating production and storage decisions and taking into account 
production, distribution, inventory, and overflow warehouse costs. Specifically, the 
planning model includes forecast demand by product by distribution center for a 
twelve-month horizon. The objective was to minimize total cost for the entire planning 
horizon, subject to (i) storage capacity constraints and product dependent storage 
requirements, (ii) limited available production times on each production line and 
product dependent production rates, and (iii) the need to satisfy demand without 
shortages or backlogging. 

Figure 2.6 shows investment in working capital for both the baseline strategy, based 
on rule-of-thumb, and for the optimized strategy, applying a tactical planning tool. As can 
be seen, during the peak of the pre-build, the company was able to identify an approx
imate 10 million dollars reduction in working capital. These were funds that could 
be channeled into other areas of the company and could help relieve the debt burden. 

6,2, Case Study: Food Manufacturer Supply Chain 

The following example shows how tactical planning can be used dynamically and 
consistently to help a large food manufacturer manage the supply chain. The food 
manufacturer makes production and distribution decisions at the division level. Even 
at the division level, the problems tend to be large-scale. Indeed, a typical division 
may include hundreds of products, multiple plants, multiple production lines within a 
plant, multiple warehouses (including overflow facilities), bill-of-material structures 
to account for different packaging options, and 52-week demand forecast for each 
product for each region. The forecast accounts for seasonality and planned promo
tions. The annual forecast is important because a promotion late in the year may 
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require production resources relatively early in the year. Production and warehousing 
capacities are tight and products have limited shelf life that need to be integrated into 
the analysis. Finally, the scope of the plan spans many functional areas including pur
chasing, production, transportation, distribution, and inventory management. 

Traditionally, the supply chain planning process was done independently by each 
function in the company. That is, the production plan would be done at the plant, 
independently from the inventory plan and would typically require the two plans to 
be somehow coordinated at a later time. This implies that divisions typically end-up 
"optimizing" just one parameter, usually production costs. The tactical planning 
process introduced in the company required the integration of the decision support 
system with the company's ERP system. This allows planners to use the system on a 
weekly basis, down-loading from enterprise systems information such as new demand 
forecasts and inventory positions throughout the supply chain and generating a supply 
chain master plan. 

The impact was a reduction in system-wide cost and better utilization of resources 
such as manufacturing and warehousing. As you would expect, the specific results 
varied across divisions depending on the number of facilities, the current facility 
utilization and sourcing flexibility. The following illustrative results show that with 
the traditional (manual) method production costs were minimized at the expense of 
system-wide costs. By introducing this type of analysis, the production team had 
to accept higher costs to achieve the overall benefit. (See Figure 2.7 for illustrative 
results.) 

Every week, the planners could then use an optimization based tactical planning 
tool to create a plan for the next 52 weeks; this is done on a rolling horizon basis and 
thus allows the planner to take into account forecast updates or changes in supply. The 
new plan also accounts for starting inventory by SKU and by location, remaining shelf 
life, frozen production plan by SKU by week by line as well as all production con
straints and supply chain costs. This allows the planner to determine how to best use 
the existing and future states of the supply chain to meet future requirements. The plan 
output includes new production plans and order quantities from suppliers, inter-
facility moves and a new inventory strategy. Therefore, as the supply chain evolves 
and changes over time, the food manufacturer always has an up-to-date and complete 
supply chain plan. 

i Planning by Hand 

i Optimization 

•1 

Total Cost Prod Cost Inv Costs Trans Cost Vendor Expired 
Costs Prod's 

Figure 2.7 Comparison of manual versus optimized scenarios. 
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6J, Case Study: Retail Company 

Consider a retail company that purchases mostly generic household products from 
external suppliers all over the world. It stocks the inventory in major distribution cen
ters within a day's drive to its stores throughout the US. Competition in this industry 
together with low margins forces our retailer to be extremely responsive to the market 
and to competitor's promotions and price reductions. 

Demand planning tools were introduced to help create reliable forecasts and coor
dinate sales, marketing, logistics, and purchasing strategies. While demand planning 
did improve the company's capabilities and lower inventory costs there were ques
tions that could not be answered by the tool. For instance, how much would it cost to 
build up inventory for a promotion? This includes the cost of advance purchase and 
storage of inventory in anticipation of a demand spike. Should product pricing be the 
same in every region or should the promotions be offered only in certain locations? 
How will current supplier capacity be able to handle the increased demand produced 
by the promotional price? How much inventory should be kept at the distribution 
centers taking into account long transportation leadtimes for some of the off-shore 
suppliers? To answer these questions the planners needed a tool to match supply and 
demand over time and provide an analysis of the supply chain from supplier to 
delivery to the end user, or at least the regional distribution centers. 

Deploying a tactical planning tool that includes the company's supplier and 
supply chain network information as well as the demand forecast plan and inventory 
information produced by the demand planning system allows the company to analyze 
the plans more rigorously. The tactical planning tool is used to maximize profit based 
on the new pricing and the supply chain cost. Supplier and inventory plans are tested 
for feasibility and cost. Figure 2.8 describes the new planning process adopted by the 
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Figure 2.8 Retail company's planning process. 



30 D. Simchi-Levi, E. Simchi-Levi, and Watson 

company. The results are more cost-effective promotions and better coordination 
between the various departments. 

7. Conclusions 

In recent years many companies have improved supply chain performance; reducing 
cost, increasing service levels, reducing the bullwhip effect, and improving respon
siveness to changes in the market place, by integrating the supply chain. In many 
cases, this was facilitated by the implementation of Push-Pull strategies. In this 
chapter we focused on three issues related to Push-Pull systems: 

1. A framework for matching products with strategies. Specifically, we provide a 
framework that helps companies determine whether they should use a Push, a Pull 
or a Push-Pull strategies in their supply chain. 

2. Issues associated with implementing Push-Pull strategies. In particular, our analy
sis suggests that in the Push portion of the Push-Pull process the focus should be 
on cost minimization, achieved through resource utilization, while in the Pull 
portion the focus is on service level. The interface between the Push portion and 
the Pull portion of the supply chain time line is forecast demand. 

3. The integration of the front-end of the supply chain, that is, demand information, 
with the back-end of the supply chain, that is, production planning. This is done by 
developing the so-called supply chain master plan. 
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1. Introduction 

Over the past decade, there has been a growing awareness in industry of the 
importance of effective supply chain management. A recent study provides powerful 
support for this increased interest by linking supply chain management and share
holder value (Singhal and Hendricks 2002). The study found that when a company 
announces a supply chain malfunction, its stock price immediately tumbles 7.5%. 
Losses average 18.5% over a one-year period. While results like these have helped the 
term supply chain management become a standard part of the business vocabulary, 
one can find almost as many definitions for the term as articles or books on the topic. 
A central theme in all definitions, however, is integration. Superior performance can 
be achieved by taking an integrated view of all the activities required to turn elemen
tary raw material into a completely finished product. A direct result of poor integra
tion is inventory. Extra inventories are necessary to buffer the uncertainties and 
inefficiencies introduced when one link in the supply chain acts independently from 
another. Consequently, inventory has been a focal point of supply chain management 
from the beginning. In fact, the term supply chain first widely appeared in the 
logistics and inventory management literature. 

Better management of inventories throughout the supply chain represents a huge 
opportunity for businesses. At the present time, the total value of inventories in the 
United States is close to $1.5 trillion (Economic Report of the President, January, 
2001). This is despite the fact that aggregate inventory-to-sales ratios have fallen sig
nificantly since the early 1990s. Indeed, the President's report credits an increased 
focus on supply chain management, supported by new information technologies, for 
the decline in relative inventory levels. Even with this decline, the opportunity remains 
huge. The success of companies like Dell and Wal-Mart that have been pioneers in the 
management of supply chain inventories is well documented. Perhaps even more pub
licized are the recent inventory blunders of companies like Nike and Cisco. Effective 
supply chain inventory management can be crucial for corporate success. 

Inventory is critical to supply chain management because it directly impacts both 
cost and service. Since demand is almost always uncertain and it takes time to pro
duce and transport product, some amount of inventory is inevitably required some
where in the chain to provide adequate service to the end customer. However, each 
dollar invested in inventory typically generates an incremental cost of 20 to 40 cents 
per year for the company that owns it. Increasing supply chain inventories typically 
increases customer service and consequently revenue, but it comes at a higher cost. 
This relationship can be described by a graph often referred to as the "efficient fron
tier" (Figure 3.1). For each possible end customer service level, the efficient frontier 
plots the minimum amount of supply chain inventory required to achieve that level of 
service. The aim of supply chain inventory management is both to get a supply chain 
onto the efficient frontier by right-sizing inventories and to shift the efficient frontier 
outward through better inventory strategies and supply chain designs. 

The goal of this chapter is to illustrate the opportunities and challenges of manag
ing inventories in a supply chain. We begin by highlighting the importance of inven
tory in the next section and discuss the different types of inventories in section 3. 
We then present examples of current practice in supply chain inventory management. 
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Figure 3.1 The efficient frontier and inventory improvement goals. 

We start with single-stage approaches since they are the most common and represent 
the building blocks for more sophisticated techniques. We proceed to collaborative 
approaches between adjacent echelons in a supply chain since they represent the 
first step beyond local decision-making. We then cover multi-echelon, end-to-end 
approaches, the ultimate objective of supply chain management. We conclude the 
chapter by highlighting some important issues that practitioners must keep in mind. 

2. The Importance of Inventory 

The efficient frontier demonstrates the tradeoff between inventory and service. In this 
section we highlight the importance of inventory by exploring its impact on cost and 
service in more detail. We also present recent examples of companies who have man
aged inventory in their supply chains well and examples of ones who have not. The 
repercussions of these inventory successes and failures speak for themselves. 

2.7. Cost 

In our experience working with a number of companies, we have found widely dif
fering views about the costs of inventory. This is largely because inventory costs are 
hard to quantify. Unlike material or freight costs that are direct expenses with well-
established locations on the income statement, inventory-driven costs are mostly indi
rect and appear in a variety of places on the income statement and balance sheet. 
Because they are hard to isolate and quantify, inventory-driven costs are often ignored 
or understated when making important supply chain decisions or measuring employee 
performance. This is a mistake that companies must avoid because the costs of inven
tory are very real and can be very significant. 

Inventory driven costs in the supply chain include the following: traditional 
carrying costs, opportunity cost, devaluation, obsolescence, rework, price protection, 
and returns. Carrying costs include the cost of providing space to store the inventory, 
taxes, insurance, breakage, spoilage, and shrinkage (Nahmias 2001). These are the 
costs traditionally associated with inventory, however they often constitute a relatively 
small percentage of the total inventory driven costs. Opportunity cost captures the 
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return that could have been achieved if the money invested in inventory had been 
invested elsewhere. It is often a significant contributor to inventory driven costs. 

The inventory costs resulting from devaluation, obsolescence, and rework have taken 
on greater significance in the last decade as the rate of technology change has increased 
and product lifecycles have shrunk. Devaluation occurs when product held in inventory 
loses value over time. For example, inventory in the personal computer (PC) industry 
loses 1% to as much as 4% of its value each week (Kuhel 2001; Park and Burrows 2001; 
Taylor 2001). Obsolescence costs are incurred when a part or product reaches the end 
of its life and all remaining inventory must be scrapped or sold at extreme discounts. In 
the programmable logic industry, for example, obsolescence costs are on the order of 
5-10% of the gross inventory value (Brown et al. 2002). A company incurs rework costs 
when existing inventory must be reworked to meet engineering changes. A manufacturer 
of computer printer components found that obsolescence and rework combined to 
increase its inventory driven cost rate from 24% to 40% (Lee and Billington 1992). 

As policies have evolved between supply chain partners, companies find them
selves exposed to the costs of inventories not even in their possession. Price protec
tion and returns are policies that suppliers may extend to their channel partners. 
Suppliers may offer price protection policies that grant retailers credits applied to the 
retailers' unsold inventories when prices drop during the product life cycle. Suppliers 
may also allow the retailer to return units from inventory at some rebate. These types 
of channel policies are employed in a number of industries, most notably computer 
products and peripherals, electronic components, and even books and recorded music 
(Taylor 2001). These policies expose the supplier to the costs of inventories held by 
their downstream partners. Companies also should not ignore off-balance-sheet inven
tory liabilities they might have with their suppliers. In 2001, after years of chasing 
surging demand and maneuvering to secure scarce supply, many manufacturers found 
themselves no longer needing the large outstanding orders that they had with their 
suppliers. As much as $24 billion in orders were canceled for semiconductors and 
electronic components alone from the second quarter of 2000 to the third quarter of 
2001 (Nied et al. 2001). Even though these liabilities are not captured on the manu
facturer's balance sheet, they are very real to cash-strapped suppliers and contract 
manufacturers. When these suppliers make a claim, a manufacturer's options are 
limited and the likelihood of a cash payout is high. 

All of the different costs related to inventory can add up to a very big number. It 
is not uncommon to see total annual inventory driven cost rates as high as 40 or 50%. 
This means that on an annual basis, every dollar of inventory generates 40 or 50 cents 
of cost for the supply chain holding it. In some industries, inventory costs can account 
for more than 20% of a company's total supply chain cost (Shapiro 2001). In fact, at 
Hewlett-Packard, inventory often represents the most critical cost category in decid
ing on a particular supply chain structure (Cargille and Bliss 2001). 

2,2, Service 

Inventories throughout the supply chain directly impact the availability of products, 
how quickly they are supplied to market, and at what cost. These are all critical 
components of good customer service. Companies define and measure service in 
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many different ways, but service is almost always related to the ability to satisfy a cus
tomer demand within a certain time. The location and amount of inventories drives 
a supply chain's ability to provide short customer response times and reliably meet 
a high percentage of what is often very uncertain demand. Even if customer expecta
tions and competitive pressures do not necessitate the stocking of finished product, 
inventories of components or raw materials are necessary to provide high service 
through assemble-to-order business models. 

A recent A.T. Kearney study found that leading companies were able to deliver 
product by the customer's requested date 99% of the time (Lowe and Markham 2001). 
The average company performance in this study was 89%. In our experience, 
companies typically target a service level around 95%, but it is not uncommon to find 
their actual service levels below 80%. The higher service provided by the leading 
companies represents a significant competitive advantage. 

The repercussions of poor service include lost sales and, in some cases, financial 
penalties imposed by supply chain partners. If product is not available when a customer 
wants it, the supply chain may lose that sale. Proctor & Gamble estimates that it loses 
the sale of its product 29% of the time when a retailer is out-of-stock. The particular 
retailer loses that sale 41% of time (Albright 2002). The cost of this lost sale is not lim
ited to the single transaction and can be enormous. For example, a lost sale of a Hewlett-
Packard Inkjet printer results in lost profit margin on the printer, lost profit margin on 
future supplies for that printer (such as ink cartridges and paper), and a hit to HP's efforts 
to build brand loyalty that could impact future product sales. For a typical Inkjet printer 
(which costs HP about $150 to build), the lost margins on the supplies over the life of 
the printer (about $40) actually exceed the lost margin on the printer (about $35) 
(Johnson and Anderson 2000). Imation, a leading provider of removable storage prod
ucts including diskettes and recordable CDs, found its retail partners such as Best Buy 
and Staples starting to charge penalties for late deliveries. In many cases these penalties 
far exceeded Imation's margin on the entire delivery. By improving their inventory strat
egy across the supply chain, Imation was able to increase service by 25-30 points and 
eliminate millions of dollars in penalties (Optiant, Inc. 2002). 

2,3, Examples 

Dell and Wal-Mart are widely considered to be two of the great business success sto
ries of the past decade. Their supply chain inventory practices have been largely cred
ited for their success. Dell pioneered the direct model, a supply chain approach that is 
elegant in its simplicity. Dell takes orders directly from its customers and builds PCs 
to demand, bypassing the traditional dealer channel. As a result, Dell eliminates the 
costs and risks associated with carrying large inventories of finished goods. Dell has 
also used technology and information to blur the traditional boundaries between itself 
and its suppliers in an approach it calls virtual integration (Magretta 1998). Factory 
scheduling algorithms run every two hours, and Dell posts the results (as well as 
forecasts and inventory levels) on its supplier extranet, Valuechain.Dell.com (Kuhel 
2001). Suppliers maintain a standard five days of inventory in multi-vendor hubs 
located within close proximity to Dell's factories. This helps Dell carry just four days 
of total inventory in its facilities as compared to 30 days at some of its competitors. 

http://Valuechain.Dell.com
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With this lean supply chain model Dell has become the world's number one PC maker 
and was able to chalk up $361 million in profits in 2001 while the rest of the industry 
logged $1.1 billion in losses (Park and Burrows 2001). 

Wal-Mart was a pioneer of Collaborative Planning, Forecasting, and 
Replenishment (CPFR) and currently provides detailed information about sales and 
inventory in every one of its approximately 2700 stores to its 10,000 suppliers via a 
proprietary inventory management system known as SupplierLink (Heun 2001). Wal-
Mart has been an active adopter of Vendor Managed Inventory (VMI) and no longer 
owns the stock for many of the items it carries. Wal-Mart has also helped to make 
cross-docking famous, using its own network of warehouses as inventory coordination 
points instead of inventory storage points. These supply chain innovations have com
bined to give Wal-Mart the highest inventory turnover ratio of any discount retailer and 
have helped make Wal-Mart the largest and highest-profit retailer in the world (Simchi-
Levi et al. 2000). In contrast, Kmart, the number two discounter who is known more 
for its marketing than its supply chain innovations, recently declared bankruptcy. 

While Dell and Wal-Mart exemplify the benefits of lean supply chain management, 
Nike and Cisco have recently committed major inventory blunders that have dramati
cally decreased their shareholder value. During its third fiscal quarter of 2001, Nike 
under-ordered on some footwear models and over-ordered on others. The result was 
unexpected sneaker shortages and surpluses. The shortages cost the company as much 
as $100 million in sales for the third quarter. Meanwhile, it took Nike six to nine months 
to reduce inventories to normal levels for the surplus models (Financial Times Ltd. 
2001). As a result of this announcement, Nike's shares fell nearly 20%. Nike's CEO 
Phil Knight blamed the problems on Nike's supply chain management system supplied 
by 12 Technologies causing 12's share price to plummet almost 23% (Spain 2001). 

In 2000, Cisco Systems had enjoyed 40 straight quarters of staggering growth and 
at one point briefly topped GE as the most highly valued company in the world 
(Berinato 2001). Because Cisco had the fortunate problem of being unable to keep up 
with demand, it built up its component inventories and entered into long-term com
mitments with its manufacturing partners and key component makers. However, partly 
due to communication gaps between the multiple tiers of Cisco suppliers, double and 
triple orders were placed in an attempt to lock in scarce components during the boom 
(Kaihla 2002). Cisco got caught in a vicious cycle of artificially inflated sales forecasts 
and did not see the economic downturn coming until it was too late. As a result, in May 
2001 Cisco was forced to take the largest inventory write-down in history: $2.2 billion 
erased from its balance sheet for components it ordered but could not use. Cisco's 
stock sunk to less than $14 when just thirteen months earlier it had been $82. 

As these examples demonstrate, effective inventory management is critical to cor
porate and supply chain success. The impact of inventory on supply chain cost and 
service should not be underestimated. 

3. Inventory Classification 

Inventory is often reported as one total number or at best divided into raw material, 
work in process, and finished goods subtotals. For accounting and benchmarking 
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purposes this level of aggregation can quickly summarize overall inventory perform
ance. However, it does not provide the level of granularity required to satisfactorily 
address three key questions. Location—where should we hold inventory in the supply 
chain? Level—how much inventory should we hold? Timing—how should the loca
tion and level decisions vary over time? 

Companies hold inventories to exploit economies of scale in procurement, to uti
lize capacity efficiently if demand is seasonal, to speculate on future price changes or 
to buffer against supply and demand uncertainties. Classifying inventories according 
to these motives provides a richer picture that better enables managers to address the 
inventory planning questions around location, level, and timing. Such a classification 
is well covered elsewhere (Nahmias 2001; Silver et al. 1998) and we only touch upon 
it here. However, we wish to emphasize that inventory classification traditionally takes 
a local perspective when identifying the motive. Because production and inventory 
decisions ripple across the supply chain, managers should take a global perspective in 
identifying the true underlying motives for holding inventory. 

To see how the local and global perspective can differ consider Monsanto's crop 
protection business in the mid-1990s. Monsanto worked with a number of channel 
partners (agents and distributors) and thousands of retailers. Monsanto offered gener
ous payment terms well before the selling season. Speculating (correctly) that the 
in-season prices would be higher, the distribution channel placed orders early and 
built up inventories ahead of the season. From a local perspective price speculation 
appears to be the motive driving distribution channel inventory. But what was driving 
Monsanto to offer generous terms before the selling season? Capital-intensive pro
duction coupled with highly seasonal demand led Monsanto to pursue a production 
smoothing strategy that resulted in anticipatory (also called pre-build) inventory. 
However, Monsanto had insufficient finished goods storage capacity to hold this 
inventory. By offering attractive payment terms Monsanto was able to induce its 
downstream supply chain participants to hold the anticipatory stock for them. From 
the global supply chain perspective the channel partner speculation stock is actually 
driven by a combination of production smoothing and lack of storage at the manufac
turer. For a detailed description of Monsanto's production and inventory challenges 
and initiatives, see Graves et al. (1996). 

We have focused here on classifying planned inventory. Of course inventory is not 
always a result of good planning. Large mismatches between supply and demand can 
and do occur due to either poor planning or poor execution. 

4. Single Location Approaches 

We begin our review of supply chain inventory management approaches by looking at 
single-location inventory models. While the whole idea of supply chain management 
is to take a global view of all locations that make up a chain, we start with single-
location models since they are the most common in practice and can be linked together 
to form more complete supply chain inventory models. Further, single-location statisti
cal methods represent an improvement over the current inventory practices at many 
companies. It is not at all uncommon even today for companies to use simplistic, 
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generic stocking policies such as holding three weeks of supply for all A items, 
four weeks of supply for all B items, and so on. Single-location approaches that capture 
the uncertainties in demand and supply by stock-keeping unit (SKU) can produce 
significant improvements in inventories and service levels. 

In our experience, the most common inventory model in practice is the Base Stock 
(or Periodic Review, Order-Up-To-Lev el) model. In this model, each planning period 
an order is placed or production is begun to bring the inventory position to a pre
determined level known as the base stock or order-up-to level. The base stock level is 
set so as to provide a desired level of service in each period. This means the base stock 
level must be large enough to cover both the expected demand until the next replen
ishment and the possible upside in demand that is implied by the service level. The 
portion of the base stock that protects against uncertainties in demand and supply is 
referred to as safety stock. The relative size of the safety stock increases as the 
uncertainties in demand or supply increase, the expected lead time or review period 
increases, or the desired service level increases. The mathematics of this model are 
summarized in the appendix to this chapter. 

The base stock model is widely applied because it is a good mix of realistic business 
assumptions and mathematical tractability. It captures the key drivers of inventory in 
a relatively simple equation. Its regular ordering intervals fit well with typical business 
planning cycles and allow a business to coordinate transportation across many SKUs. 
The calculation of inventory requirements in response to a target service level is also 
consistent with management thinking and data availability. 

The base stock model can be extended to capture additional business complexities. 
When the expected level and uncertainty of demand change frequently over time, a 
different base stock level reflecting these changes can be calculated for each time 
period (Kimball 1988). More commonly in these situations, the stationary model 
described above is used to determine the safety stock requirements expressed in terms 
of weeks of supply (WOS). The number of safety stock units required for each time 
period is then calculated by multiplying the WOS target by the weekly forecast for 
that planning horizon.^ Additional extensions to model limited capacity (Glasserman 
and Tayur 1996), non-zero customer delivery times (Graves and Willems 2000), and 
other complexities are also possible. 

Hewlett-Packard's Strategic Planning and Modeling (SPaM) team has had remark
able success implementing a customized version of the base stock model across HP 
(Cargille et al. 1999). SPaM was formed by HP almost 15 years ago with the goal of 
developing practical supply chain solutions and disseminating them broadly across HP's 
many business units. While working with a number of HP divisions on supply chain 
strategy projects, SPaM realized that most organizations lacked the knowledge and tools 
to set inventory levels appropriately. The businesses often used simple approaches 
without regard to demand or supply uncertainties, desired part availabilities, or costs. As 
a result their inventories were typically 25 to 50% higher than necessary. SPaM's 
solution was to build a simple and inexpensive inventory tool in Microsoft Excel based 
on the base stock model. This tool, known as the Part Inventory Tool (PIT), can be 
quickly customized for each division through a software wizard created by the group. 

^ This approach assumes the relative uncertainty of demand (i.e., coefficient of variation) stays roughly 
constant over time. 
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Customized versions of PIT are now in place across a wide variety of HP product 
lines and geographies. The results have been impressive. HP's Integrated Circuit 
Manufacturing Division was able to cut finished goods inventory by $1.6 million 
while simultaneously improving on-time delivery performance from 93% to 97%. 
These circuits are now available more often for assembly into many different HP and 
partner products, enabling these partners to reduce their downstream inventories. The 
Microwave Instruments Division (MID) used multiple PITs to determine appropriate 
stocking levels at points throughout its vertically integrated supply chain. Within three 
weeks of implementing the new approach MID experienced remarkable availability 
improvements with no increase in inventory investment. Perhaps most importantly, the 
inventory tool diffusion process has helped to transfer capabilities to the HP divisions. 
The tool helps users perform what-if analyses and make more data-driven supply 
chain decisions. 

While the base stock model does a good job of capturing the most common driv
ers of inventory, there are environments that call for a different approach. We have 
encountered the following single-location approaches in our work with different prac
titioners and software vendors. The Economic Order Quantity (EOQ) model is the 
granddaddy of all inventory models. It makes a number of fairly restrictive assump
tions, the most glaring of which is that demand is known and constant. However, when 
the fixed costs of each replenishment are significant, the EOQ model is useful for cap
turing the tradeoff between fixed costs and inventory.^ If demand is known but vari
able and fixed costs are still a key driver of inventory, then Lot Sizing algorithms (such 
as the Wagner-Whitin method and Silver-Meal heuristic) are helpful tools. These tech
niques are widely used as part of Materials Requirements Planning (MRP) systems. 
If demand is uncertain and the product is perishable or near its end-of-life, the 
Newsvendor model can be used to guide a last-time-buy. The Newsvendor approach 
is also appropriate when the product's lifecycle is shorter than the supply chain's 
replenishment lead time, an increasingly common phenomenon. If demand is uncer
tain and the fixed costs of replenishment are significant, the Min Max or Order-Point, 
Order-Up-To-Level model is most appropriate. Whenever inventory falls below the 
minimum level, this policy places an order to bring the inventory up to the maximum 
level. It is beyond the scope of this chapter to go into more detail about each of these 
models. We refer the interested reader to books on the subject by Nahmias (2001) and 
Silver et al. (1998). Figure 3.2 can be used as a guide to select the appropriate 
approach depending on the most significant drivers of inventory for the business.^ 

The most common fixed costs include order processing and handling costs, manufacturing set-up costs, 
and/or fixed transportation costs. 
Since the newsvendor model contains a single order opportunity, fixed costs are not relevant. For this rea
son it appears in the bottom right quadrant of Figure 3.2. The base stock model also does not explicitly 
consider fixed costs. However, fixed costs can be considered when setting the review period for the base 
stock model through an EOQ-type analysis. The fixed timing of reviews and the insensitivity of the opti
mal EOQ make the base stock policy attractive when fixed costs can be shared across multiple SKUs. For 
example, a common review period may allow different SKUs to be shipped on the same truck. For this 
reason the base stock model appears in the middle of the fixed cost axis of Figure 3.2. Note that addi
tional drivers of inventory not depicted in Figure 3.2 include supply uncertainty and constrained capac
ity. As discussed previously, the base stock model can be extended to address these complexities. 
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Figure 3.2 A summary of common single-location inventory models. 

Together, these single-site approaches form a powerful toolkit from which the supply 
chain inventory practitioner can build. 

5. Collaboration Between Adjacent Echelons 

Single-location inventory models can be a big improvement over the simple rules-
of-thumb still used by many companies. However, these models require the user to 
provide the demand and supply linkages between different locations in a supply chain 
in order to understand the impact of one site's inventory decisions on another. If each 
location makes decisions independently from all others, inefficiencies may be intro
duced. One well-documented result of independent decision-making in a supply chain 
is the bullwhip effect (Lee et al. 1997). The bullwhip effect refers to the systematic 
amplification of demand variability as orders are passed along the supply chain from 
customer to supplier. This increase in variability typically requires upstream locations 
to carry additional inventory. In an effort to eliminate or at least reduce inefficiencies 
like the bullwhip effect, many supply chains have turned to collaboration between 
supply chain partners. While the ultimate goal of such efforts is usually end-to-end 
supply chain coordination, these efforts typically start between adjacent echelons or 
partners in a supply chain. 

Collaboration between supply chain partners can take many forms and include 
many functional areas including production, distribution, procurement, marketing, 
and product development. It is beyond the scope of this chapter to cover the many dif
ferent forms of supply chain coordination. We refer the reader to the chapter by Kulp, 
Ofek, and Whitaker in this text for a more complete review of this topic. In this sec
tion we focus on the different ways that adjacent supply chain partners collaborate to 
manage inventories. 

Many names and acronyms have been applied to recent supply chain coordination 
programs that, among other goals, have attempted to reduce inventories by creating 
strategic partnerships and sharing demand and inventory data. An industry-wide effort 
by U.S. apparel firms that began in the late 1980s was called Quick Response (QR), 
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while a similar but broader effort by the grocery industry in the mid-1990s was labeled 
Efficient Consumer Response (ECR) (Buzzell and Ortmeyer 1995; Food Marketing 
Institute 2002). A key practice within the ECR movement is known as Continuous 
Replenishment (CR). In a CR program, the downstream supply chain partner (we'll 
call them the distributor, although this could occur at any point in the supply chain) 
sends daily sales and inventory data to its upstream partner (we'll call them the 
supplier). The supplier is then responsible for replenishing the distributor's inventory 
in order to maintain mutually agreed upon inventory levels. A very similar system, 
popularized by Wal-Mart and Proctor & Gamble beginning in the mid 1980s, is known 
as Vendor Managed Inventory (VMI) or Supplier Managed Inventory (SMI) (Taras 
2002). VMI appears to be almost identical to CR, except perhaps in a VMI program 
the supplier has more complete control over the determination of the distributor's 
inventory levels and replenishment frequencies. Two classic Harvard Business School 
case studies on Campbell Soup (McKenney and Clark 1994) and Barilla SpA 
(Hammond 1994) describe early implementations of VMI. Collaborative Planning, 
Forecasting, and Replenishment (CPFR) builds upon ideas from CR and VMI but is 
broader in scope. CPFR includes a set of business processes in which suppliers and 
distributors jointly develop sales forecasts and replenishment plans. CPFR is defined 
in a set of guidelines supported by the Voluntary Interindustry Commerce Standards 
(VICS) Association and initially pubhshed in 1998 (VICS Association 2002). 

These supply chain coordination programs differ somewhat in scope and defini
tion. Further, implementations of the same program often differ from one company to 
the next as different elements are emphasized or interpreted differently. However, 
from an inventory standpoint, the programs share a common, fundamental idea. All 
describe a process in which: (1) the supplier and distributor share inventory and sales 
data, and (2) the supplier participates in and perhaps even controls the management of 
inventory at the distributor. 

5,1, Benefits 

The benefits of VMI and related programs can be significant. Many benefits stem 
from the fact that the supplier receives a timely and undistorted demand signal. 
Without these programs, the supplier merely receives replenishment orders from the 
distributor. These orders are often quite different than the distributor's actual demand. 
In addition to actual demand, a distributor's order may include adjustments to inven
tory as the distributor's forecasts for future demands change. The order may also be 
artificially inflated if the distributor suspects that the supplier has limited capacity 
and will be unable to meet its full order. Finally, a distributor might batch a number 
of periods of demand into a single order, creating a lumpier demand stream for the 
supplier. Under VMI and related programs, the supplier typically gets a daily feed of 
actual distributor demand and inventory levels through electronic data interchange 
(EDI) or over the Internet. In addition, the distributor may share information about 
upcoming promotions or big customer deals as part of a formal collaboration process. 
All of this combines to reduce the supplier's demand uncertainty. With more pre
dictable demand, the supplier is able to simultaneously reduce its inventory levels and 
improve its service to the distributor. As a result of the improved service, the distributor 
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is able to reduce its inventories and increase its service, resulting in increased sales for 
the entire supply chain. 

The potential benefits do not end there. Because it controls the replenishment 
process, the supplier is often able to achieve additional economies of scale. For exam
ple, if the supplier has multiple distributors in a similar geographic area, the supplier 
can coordinate transportation of replenishments and receive full-truck-load discounts. 
The supplier may even choose to establish a warehouse or hub in close proximity to 
the distributors. This allows the supplier to pool the inventories for many distributors. 
A supplier may also be able to better coordinate production across customers when it 
controls the timing of replenishments. Clariant, Inc. entered a VMI arrangement with 
Unilever in 2000 to supply sodium isothionate, a key ingredient in Unilever's soap 
products (Hicks 2002). Through better planning with a Web-based tool provided by 
Unilever, Clariant has been able to improve utilization of manufacturing equipment. 
Equipment that was once dedicated to Unilever is now used to produce products for 
other customers, increasing the effective capacity of that equipment by 40%. 

VMI processes are often automated, which may enable a reduction in planning 
cycles (and consequently inventories) and free procurement and distribution person
nel to focus on other tasks. Processing speeds are improved and order preparation 
tasks and data entry errors are eliminated. Finally, collaboration programs provide 
the motivation for supply chain partners to take a close look at their processes. 
Redundancies can be eliminated and best practices can be shared. For example, the 
supplier may possess more sophisticated techniques or systems for setting inventory 
levels, and now both partners can benefit from this expertise. 

5,2, Risks 

While very few people will argue against the theory of VMI and related programs, 
successfully implementing these programs is easier said than done. The costs to set up 
a VMI program are nontrivial. They include investments in information systems and 
frequently external resources such as consultants or system integrators. They may also 
require internal expertise to manage the systems. Additionally, the supplier may take 
a one-time hit in sales revenue as excess stock is withdrawn from the supply chain. 

More daunting than the costs, however, are the organizational challenges. Job func
tions, processes, and performance measurements all need to change. Concerns about 
the roles of buyers and sales people in the new environment need to be addressed. 
Compensation systems that reward employees, at least in part, on the basis of common 
performance measures must be developed. Trust must be established in what once may 
have been an adversarial relationship. The distributor must feel comfortable sharing 
proprietary data with the supplier. The distributor must also trust that the supplier will 
manage inventories in both parties' best interests. The rules of the relationship must 
be worked out, including inventory ownership, financial terms, inventory and service 
goals, and the division of the costs and benefits of the program. More operationally, 
the supplier must possess and demonstrate the expertise to manage inventories well. 
The distributor must communicate to the supplier any promotions, events, or large 
changes in the customer base. Otherwise, valuable information will be lost as respon
sibility for inventory management is moved up the supply chain. Extensive testing 
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should be done to validate the EDI or Internet data exchange. Both parties must under
stand that these programs take time. Committed senior management and strong pro
gram management are a necessity. The Barilla SpA case study contains a number of 
examples of the challenges faced when setting up a VMI program (Hammond 1994). 

5,3, Examples 

Despite the challenges highlighted above, a number of companies have successfully 
utilized VMI and related programs. From November 1999 to February 2000, Hewlett-
Packard rolled out a VMI-type program with its commercial distributors known as 
Automated Inventory Replenishment (AIR) (Daggett 2000). HP sold the great major
ity of its commercial PC and printer products through distributors such as Ingram 
Micro, Tech Data, Pinacor, and Synnex. A number of issues between HP and its dis
tribution channel motivated the implementation of AIR. HP was experiencing high 
order variability from its distributors. Promotions and shortage gaming made it diffi
cult for HP to decipher true demand. Partly as a result, HP found it challenging to reli
ably deliver product to its distributors. In periods of adequate supply, distributors 
might get product in a couple of days. When supply was constrained, it could take 
weeks. This all led to high channel inventories that were expensive for the distributors 
to maintain and came back to bite HP in the form of price protection and returns. 

The solution was to use information to streamline the supply chain between HP 
and its distributors. Through AIR, HP took responsibility for recommending replen
ishment quantities and inventory levels for each of its distributors. Distributors were 
already providing HP with daily EDI feeds of sales and inventory data. Historically, 
however, these had only been used to calculate sales commissions. The goal of AIR 
was to use this information to more efficiently manage the supply chain. AIR con
sisted of five components. First, HP created a weekly allocation system to ensure that 
each distributor received its fair share of available supply in order to maximize over
all product availability to end-users. This system utilized an accurate and timely pic
ture of both total supply (including inventory already in the distributors' warehouses) 
and total demand (using actual sell-thru as opposed to artificially inflated orders). The 
second component was a statistical forecasting engine. This engine utilized historical 
sell-thru data and a number of different forecasting algorithms, from which the best 
performing forecast was selected. The third component was a weekly collaboration 
process between an HP AIR specialist and a buyer at the distributor. Each week they 
reviewed all data and replenishment plans, managed promotional exceptions, and 
executed new orders in a secure Internet location known as an E-room. The fourth 
component was an inventory calculation engine supplied by HP's SPaM team. 
A customized base stock model was used to calculate inventory targets by SKU at 
each distributor location. Lastly, HP used a supply chain planning application from 
12 Technologies to manage the actual replenishments to the distributors. 

AIR was implemented by an HP printer division in two phases. The allocation 
engine was developed over the course of three months, while the replenishment 
process took nine months to develop but less than three months to roll out. The devel
opment process included very detailed pilots with two distributors and only a few 
products. These pilots were critical in order to refine the process and build trust and 
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mutual confidence with the distributors. Since inventory management had historically 
been a core competency of the distributors, a certain amount of push-back had to be 
overcome. After implementation of the AIR program, distributors' service levels were 
raised to 95% and their inventories were reduced by 40%. Additionally, HP's roll
over costs (when discontinuing one product and introducing the next) were reduced 
by millions of dollars. HP is now expanding the AIR program to include additional 
product lines. 

Ace Hardware presents another example of successful supply chain collaboration. 
In 1999, Ace initiated a CPFR relationship with Manco, a company that supplies Ace 
with products like tape, glues, and adhesives (Cooke 2002). The two companies had 
been somewhat successful with a VMI program and saw CPFR as the logical next 
step. In particular. Ace hoped that CPFR would correct faulty promotional forecasting 
and provide visibility into manufacturers' inventory that was lacking in its VMI pro
grams. The companies used a software application from E3 Corporation to exchange 
information and determine appropriate replenishment quantities. The results were 
impressive. Typical forecast percentage errors were reduced from 20% to 10%, freight 
expenses as a percent of product costs were reduced from 7.0% to 2.5% due to consol
idated orders, and service levels were increased to 99%, all while increasing inventory 
turns. As of 2002, Ace makes $200 million worth of purchases through CPFR with 15 
of its suppliers. Ace reports that in 2001 its CPFR suppliers as a group enjoyed a 10% 
year-over-year sales increase while other suppliers' sales remained flat in the soft 
economy. 

VMI and related programs are not for everyone, however, as evidenced by Spartan 
Stores (Mathews 1995). In 1995, the grocery retailer and distributor shut down its 
VMI program a year after it began. Spartan found that inventory levels did not go 
down as a result of VMI beyond what Spartan could have accomplished by simply 
eliminating forward buys. Further, Spartan buyers were spending more time and effort 
on the ordering process than they did before VMI. Due to lack of confidence in sup
plier capabilities, the buyers felt the need to monitor the process very closely. The 
biggest problem, however, was promotions. The VMI process did not take promotions 
into account. Consequently, forecasts were off and availability was poor. It should be 
noted that Spartan continues to provide information to its suppliers via the electronic 
links established for VMI. However, in their case Spartan felt it was the right decision 
to maintain inventory responsibility at the store level. 

When considering VMI or a related program, supply chain partners should care
fully evaluate the costs and benefits for their particular chain. The base stock model 
described in the previous section can be used to quantify the inventory benefits of 
lower demand uncertainties and shorter review periods. As noted earlier in this sec
tion, another benefit of VMI is that it may allow a supplier to pool inventory across a 
number of different customers. Pooling inventories in this way enables a decrease in 
the total inventory required to provide the same level of service. The intuition behind 
this result is that when one location's demand is higher than expected, another loca
tion's demand may be lower than expected. The variabilities partially offset in this 
manner and the overall uncertainty is lower. Hewlett-Packard's SPaM team has 
created an effective, rough-cut approach for quickly quantifying the potential of 
this type of risk-pooling opportunity (Cargille and Bliss 2001). If the safety stock for 
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n locations is pooled at a single location, the required safety stock is approximately 
reduced by a factor of Vn. This rough-cut method is not as accurate as a more com
plete, detailed analysis but the estimates are directionally correct and save 
significant time in analysis. We note that this approach can also be applied to quickly 
evaluate the inventory benefits of other activities that produce risk pooling such as 
modular product design or SKU rationalization. 

6. End-to-End Approaches 

While programs like VMI can improve the inventory performance between adjacent 
echelons in a supply chain, the ultimate goal of supply chain thinking is to take a 
global view of inventory decisions. When multiple echelons in the supply chain are 
considered at the same time, the analysis needs to take into account the interactions 
between all of the stages. For example, consider a stylized supply chain consisting of 
five potential inventory locations in series. This could represent a supplier, semi
finished and finished inventory at a manufacturer, a distribution center, and a retailer. 
Suppose each location or "stage" has a lead time of 20 days. If we further assume that 
the final customer requires immediate delivery of the product, then the stage satisfy
ing customer demand must hold inventory and there is a total of 100 days of time in 
the supply chain that has to be buffered with inventory. Even if we restrict our atten
tion to "all-or-nothing" policies in which a stage either holds no inventory or holds 
enough inventory to provide off-the-shelf service, 32 policies are feasible.^ If we 
enumerate all of the base-stock policies that can allocate the 100 days of time across 
the five stages, the number rises to the millions. 

Figure 3.3 graphically illustrates three feasible policies for this example, with 
safety stocks represented by triangles. The first policy holds inventory at every stage 
in the supply chain. Informally, this is a "sprinkle-it-everywhere" policy that is often 

A >\ A >\ A *\ A M A 
Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 
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Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 

^ m.\—n — n nA 
stage 1 Stage 2 Stage 3 Stage 4 Stage 5 

Figure 3.3 Three feasible inventory policies for the serial supply chain example. 

The model being informally presented in this paragraph is described more rigorously in Graves and 
Willems (2000). 
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seen in practice. By holding inventory at every stage in the chain, each stage is 
buffered from the actions of adjacent upstream and downstream stages. There can be 
two significant problems with this approach. First, there is a tendency for stages to 
deviate from target inventory levels since there are more inventory locations to man
age and deviations can be absorbed by adjacent buffers. Second, in percentage terms 
demand variability is greatest over a short interval of time. Therefore, if each stage is 
covering its own lead time then there is no opportunity to take advantage of pooling 
lead times across stages. 

The second policy holds a decoupling inventory at the end of the process and no 
other safety stock in the chain. The downside of this system is that inventory is held at 
its most expensive point in its most differentiated form. Practically speaking, this type 
of configuration is precisely what multi-echelon approaches are attempting to avoid. 

The third policy holds an inventory at the second stage to buffer the first two stages 
and an inventory at the final stage. If stage 3 has an extremely high cost added, it is 
quite possible that this is the optimal configuration that supplies immediate service to 
the final customer at the lowest possible safety stock cost. 

6,1, Multi-Echelon Challenges 

Optimizing multi-echelon systems poses multiple problems. In particular, the major 
issues include problem scope, granularity, data definition, objective function determi
nation, and centralized versus decentralized control. 

The first question is how much of the supply chain to model. Where does it begin 
and where does it end? If you trace any supply chain from its most basic raw materi
als through to its final point of consumption, the supply chain's length will stretch to 
hundreds of days and tens of echelons. This scope is almost surely too large for an 
initial analysis. 

Scope has to be defined in terms of the decision maker that is driving the project. 
She has to look at the area that is within her control, and scope the project appropri
ately. In many companies, inventory responsibilities are still split into two areas: 
manufacturing and distribution. Consider the stylized supply chain in Figure 3.4. The 
person in charge of distribution controls the management of finished goods. In the 
most expansive situation, this begins with the company's distribution center and ends 
with the point of consumption. Manufacturing controls the procurement of materials 
and the manufacturing of product. 

Manufacturing Side Distribution Side 

W M M W • 

Parts Contract Test and OEIVI Customer Retail 
Suppliers Manufacturing Final Distribution Distribution Locations 

(RMI) (CM) Assembly Center Centers 
(OEM) (CDC) 

Figure 3.4 Multi-company supply chain example. 
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When scoping a project, the challenge is to define a problem large enough to cre
ate significant opportunity while making it tractable enough to make the analysis and 
subsequent implementation feasible. For a VP of Manufacturing, her scope could 
include her own in-house final assembly and test plus the contract manufacturer (CM) 
plus the parts vendors that supply the CM. This scope is feasible because the manu
facturer still contracts with the raw materials suppliers directly. Therefore, all of the 
members in the analysis have an incentive to work with the manufacturer. 

The next issue is granularity. Once the scope has been defined, there is the issue 
of how much detail to go into. How many items on the bill of materials should be rep
resented? What level of process representation is appropriate? For the manufacturing 
side, a good rule of thumb is to ask the person with profit and loss responsibility what 
the key finished goods are. Next go to commodity management and ask what key raw 
materials go into these products. Then ask the respective departments to build the con
nections between the raw materials and the finished products. For a typical product 
line, it is not uncommon to have 50-200 stages (SKU-location combinations) in an 
initial supply chain map, with many of the stages representing the key finished goods 
and raw materials. 

For the distribution side, a good rule of thumb is to again ask what the key finished 
goods are; in this setting, key finished goods could be defined in terms of configura
tions (i.e., combinations of finished goods) or particular variants of products at par
ticular locations (i.e., SKU information by location). These key end items are then 
traced through the distribution network to the central distribution center (CDC). Initial 
projects focused on distribution can range from 50 to 1000 stages due to proliferation 
caused by the number and diversity of channels. 

Once scope and granularity have been agreed upon, necessary inputs like demand, 
production times, and costs need to be gathered. Even if the data is readily available, 
this data can be very hard to assemble if more than one company is involved. In par
ticular, does cost data include the true activity based costs across the chain or does it 
also include each company's transfer price? In the chain depicted in Figure 3.4, for 
example, is the CM's profit margin included in its cost? Since the part prices are 
known, if the CM shares the CM's true cost data then the original equipment manu
facturer (OEM) can infer the CM's profit margin. In practice, a common way for the 
OEM to address this issue is to use the raw material vendors' part costs and estimate 
the CM's manufacturing cost. 

For the OEM, there are multiple possible objective functions. The "noble" objec
tive would be to minimize total supply chain cost subject to delivery time and service 
level constraints at the customer stages. In effect, this objective acts to create the lean
est possible end-to-end supply chain. While intellectually appealing, this objective is 
likely not the one chosen because it does not guarantee to maximize the OEM's prof
its. Instead, if the OEM is just trying to maximize her profits, the objective could be 
to minimize the OEM's portion of the supply chain cost given all of the constraints at 
the customer stage. By optimizing only a subset of the chain, the solution to this mod
ified formulation will push inventory to locations outside the subset. For example, if 
distributors are modeled in the channel, inventory will be pushed to their locations. 
The end-to-end pooling and cost advantages of holding at the OEM will be negated 
by the fact that there is no cost for the OEM when inventory is held at the distributor. 
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Control refers to the mechanisms that determine operating doctrines and informa
tion sharing across the supply chain. Under centralized control, there is one decision 
maker operating the supply chain. When making decisions, the decision maker has 
perfect knowledge of the state of information at each stage in the supply chain. Under 
decentralized control, independent agents at different stages make decisions that 
reflect their local information and objectives. While a centralized system is virtually 
impossible to create in reality, it does serve as a useful benchmark for what could be 
achieved if the various supply-chain participants work together. Therefore, significant 
effort focuses on how to make the decentralized system perform like a centralized sys
tem. One area that is commonly focused on is the communication of end-item demand 
information across the chain. As discussed earlier, efforts like CPFR have shown the 
inventory reductions that are possible through increased supply chain visibility. 

6,2, Examples 

This section summarizes a multi-echelon inventory optimization project at the Eastman 
Kodak Company.̂  A more complete description is included in Graves and Willems 
(2000). Figure 3.5 depicts the original supply chain map that was created for Kodak's 
high-end digital camera group. The initial scope of the project encompassed only the 
parts of the process that were directly under the control of the final assembly group. 
From the perspective of final assembly, the digital camera was comprised of three major 
subassemblies: the camera body, the imager, and the circuit board. Raw materials that 
were considered "C" items in an ABC classification were split into two groups accord
ing to their lead times. While C items have a low dollar value in comparison to other 

Circuit Board 

Other Parts 
LT<60 days 

Ship to 
Customer 

on 
Other Parts 
LT>GO days 

Figure 3.5 Phase one supply chain map for high-end digital cameras. 

^ The data presented in this section have been altered to protect proprietary information. However, the 
resulting qualitative relationships and insights drawn from this example are the same as would be from 
using the actual data. 
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parts, it was necessary to develop the appropriate stocking policy for these items so that 
adequate materials were available to produce the finished product. Stages were defined 
as locations that could hold safety stock. In reality, the build/test/pack operations were a 
sequence often steps that moved through six different work centers. However, given the 
limitations of space, it was only possible to hold inventory before the process (in the form 
of raw materials) or after all the steps had occurred. By choosing a level of granularity 
that only depicted locations that could hold safety stock, the supply chain map became a 
visual document that focused everyone on the multi-echelon nature of the problem. 

The objective function was to determine the optimal safety stock plan from final 
assembly through distribution. Distribution posed an additional constraint that distri
bution must hold safety stock. After discussions with sales and marketing, the system 
was configured to provide a 95% service level within the five-day window the cus
tomer was willing to wait for the product. While the product passed through several 
departments at Kodak, all of the stages were owned by Kodak. As such, a project man
ager in final assembly was able to act as a central decision maker for the project. 

The Strategic Inventory Placement model described in Graves and Willems (2000) 
was used to optimize Kodak's supply chain inventory. The initial phase of the project 
reduced inventory levels by more than 20%. This was accomplished by: (1) removing 
finished goods inventory from the assembly site since customer demand was already 
buffered by distribution, and (2) right-sizing the inventory targets at all other loca
tions. Given the initial success of the project, the scope was increased to include the 
imager production process since this subassembly was the highest-cost component. As 
a result of the imager modeling effort, the team decided to remove safety stocks from 
the end of two high-cost imager process steps. This required some increase in the 
downstream safety stocks of finished imagers, but the overall supply chain safety 
stock for imagers was more than halved. While these first two phases of the project 
focused on improving the operation of the existing supply chain, later work examined 
changing the structure of the supply chain. In particular, Wala (1999) describes the 
evaluation of different distribution methods for digital cameras. 

Table 3.1 contains the financial summary for two Kodak assembly sites that use 
the model. Site A has applied the model to each of its eight products and Site B has 

Table 3.1 Results of Kodak's multi-echelon inventory 
optimization project. 

Assembly Site A 
Worldwide FGI 
Raw Material & WIP 
Delivery Performance 
Manufacturing Operation 

Assembly Site B 
Worldwide FGI 
Raw Material & WIP 
Delivery Performance 
Manufacturing Operation 

Y/E95 

$6.7m 
$5.7m 
80% 
MTS 

$4.0m 
$4.5m 
Unavailable 
MTS 

Y/E96 

$3.3m 
$5.6m 
94% 
RTO 

$4.0m 
$1.6m 
78% 
RTO 

Y/E97 

$3.6m 
$2.9m 
97% 
RTO 

$3.2m 
$2.5m 
94% 
RTO 
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applied the model to each of its three product families. The sales volume increased 
slightly over the three years. At the start of 1996, the sites moved from a make-to-
schedule (MTS) to a replenish-to-order (RTO) system. The modeling effort began at 
the end of 1995 and was used to help guide the transition to replenish-to-order. The 
total value of the inventory for these products has been reduced by over one-third over 
the two years. 

The model applied in the Kodak example is one of many multi-echelon inventory 
models that have been applied in practice. Lee and Billington (1993) and Ettl et al. 
(2000) both developed performance evaluation models of a multi-stage inventory sys
tem and applied them at HP and IBM, respectively. These models focus on properly 
characterizing the replenishment lead-time faced by each stage in the chain. They then 
formulate and solve a nonlinear optimization problem that minimizes the supply chain's 
inventory costs subject to end-item service level targets. In contrast. Graves and Willems 
(2000) assume each stage will quote a guaranteed replenishment time to its customers. 
They then present an optimization model to determine these replenishment times. 

The models described in the previous paragraph focus on optimizing safety stock 
levels in an existing supply chain subject to variability. However, better inventory 
performance can also be achieved by redesigning a product or its supply chain. A 
concept known as postponement has been applied with great success at companies 
like Hewlett-Packard and Imation. The basic idea of postponement is to delay the 
differentiation of a product into its final form until as close to the customer as possible. 
This can be done by redesigning the product to use common parts or redesigning the 
supply chain so that differentiating processes are performed at locations closer to the 
final customer. This allows a supply chain to keep more inventory in its undiffer
entiated form and take advantage of risk-pooling. See the chapter by Venkatesh and 
Swaminathan in this text for much more detail on the concept of postponement. 

There are also separate but complementary streams of work in network design and 
production and distribution planning that address multi-echelon inventories in a deter
ministic setting. The chapter by Harrison in this text contains a description of network 
design approaches. The Kellogg Planning System described by Brown et al. (2001) is 
an example of a production and distribution planning system. In general, these models 
determine the minimum cost production and distribution networks and/or plans given 
the capacities, costs, and requirements across the network. Unlike safety stock models, 
they do not specifically consider uncertainties in demand or supply. Instead, inventory 
results when some of a stage's demand is produced in an earlier period due to capacity 
constraints, fixed costs, or forced bounds on ending inventory. These approaches can 
be used in concert with safety stock models. For example, a company may use a net
work design tool to determine overall supply chain structure and a safety stock model 
to optimize inventories within that structure. Similarly, safety stock models can provide 
inventory targets to feed into a production and distribution planning system. 

7. Practical Issues 

In this final section, we briefly discuss a number of additional inventory topics that 
supply chain practitioners should keep in mind. 
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7.1, Setting Supply Chain Service Targets 

Customer service is a critical dimension of supply chain competition and a key driver 
of inventory levels. Therefore, setting the correct service target is an important strate
gic decision for managers. While we do not attempt to provide an in-depth treatment 
of service-target setting, we wish to emphasize the following three points as being 
especially relevant to supply chain practice. 

First, service to the end customer is key. Customers care about the service they 
receive, not about the service provided by internal stages in the supply chain. Supply 
chains can achieve the same final customer service target with different designs. The 
lowest cost design may not have high service levels at all internal supply chain stages. 
Sometimes it can make sense to have lower service levels internally and to buffer these 
with high finished good inventory. Other times it does not. Either way, managers need 
to remember that service level to the end customer is key. 

Second, service targets need not be the same for all products in the supply chain. For 
instance high margin products may benefit from higher service levels. Just as service 
targets may differ from one product to another, targets might vary from one customer to 
another. Key customers may receive better service than small volume customers. 

Third, know how your customer measures service. Large retailers such as Wal-
Mart, Office Depot, and Best Buy are demanding better service and are implementing 
late delivery/service penalties that can far exceed order margins. Critically, penalties 
are imposed if the order is not received on time and in full. As orders can comprise 
multiple line items, the order fill rate will be lower than the line item fill rate. 
Therefore, high order fill rate requirements have a serious impact on the line-item 
service levels managers should target. 

7.2, Inventory Levels Across the Product Lifecycle 

Traditional inventory models assume that demand inputs are stationary over time. 
That is, the demand distribution in the current period is identical to the demand dis
tribution in previous and future periods. In reality, demand is rarely stationary. For 
most products there is a life cycle where demand builds steadily from nothing (i.e., 
growth phase), then levels off (i.e., mature phase) and gradually declines (i.e., end-of-
life phase). Forecast uncertainty is usually very high in the growth phase, decreases 
during the mature phase, and often increases again at the end-of-life. When planning 
inventory levels, it is critical to know what phase the product is in. 

If the product life cycle has three stages, one rule of thumb is to maintain service 
levels of 99%, 95%, and 60% over the respective phases. These service levels reflect 
the fact that holding costs typically increase over the product lifecycle while the costs 
of a lost sale typically decrease. The net effect of these parameters creates higher 
inventories at the beginning of the product life cycle and lower inventories as time 
moves forward. The intuition for this behavior is that growth in future periods is con
tingent on the product's initial adoption. The inventory in early periods is also less 
risky because there is significant time left to sell off slow-moving items. Near the end 
of the life, demand is dropping significantly and there comes a time, particularly as 
new product gets introduced, that the product cannot be given away. Hewlett-Packard 
has used the approach of holding 6 weeks of inventory in the first third of the product 
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life, 4 weeks during the middle third, and 2 weeks for the last third (Johnson and 
Anderson 2000). The HP Network Printer Case presents an example of dynamic 
inventory levels over the product lifecycle (Lee 1999). 

7.3, Local versus End-to-End Supply-Chain Metrics 

"You get what you measure" is a well-known management axiom. Understanding and 
aligning metrics is a critical success factor in any improvement initiative. In the con
text of multi-echelon supply chains, developing metrics that can be applied across the 
supply chain is a major challenge. 

As an example, let us first restrict our attention to determining the appropriate 
service levels across the supply chain. If a distribution center targets a 95% service 
level, what is the appropriate service level for a raw material that is used across sev
eral products? In general, this is a very hard question to answer. Should every stage 
adopt a high service level? In some cases, it may be optimal to have a stage maintain 
a lower service level, particularly if the item is expensive and the stage has sufficient 
capacity to react quickly to change requests. But while it is optimal, it presents a prob
lem because the stage with the lower service level will look bad on a relative basis 
when compared to the other stages in the supply chain. 

In the multi-echelon setting, it is also common for metrics to conflict with one 
another. For example, a factory might have a goal of 95% capacity utilization while 
the distribution center has a goal of eight inventory turns and 99% delivery perform
ance. To maintain the high capacity utilization the factory may want to manufacture 
in large batches but this will act to create too much of some items and not enough of 
other items. Therefore, by maintaining 95% capacity utilization at the manufacturer, 
the distribution center will be unable to meet either of its objectives. 

It is important that supply chain inventory metrics be multi-dimensional and 
global. If a stage is measured only on inventory level and not on service level, that 
stage is more likely to provide poor service. If a stage is measured only on its own per
formance and not on supply chain performance, that stage is less likely to care about 
its impact on other stages. We refer the reader to the chapter by Hausman in this text 
for a more complete discussion of inventory metrics in the supply chain. 

7.4, Impact of Decentralized Inventory Ownership in the Supply Chain 

Inventories reside throughout the supply chain and often no single company has finan
cial ownership or control of all the inventories. In many supply-chain inventory ini
tiatives companies must recognize the inter-organizational challenges that arise from 
decentralized inventory ownership. A power imbalance may reside in certain supply 
chains such that strategies to the benefit of a dominant party, but to the detriment of 
others, can be imposed. More typically change might only occur if it is to the benefit 
of many. In such instances supply chain parties must identify how to share the bene
fits of improvement initiatives. 

CPFR, for example, holds the promise of reduced inventories through improved 
forecast accuracies. The word collaboration implies two distinct parties working 
together for their mutual benefit. Mutual benefit is often imperative if the promise of 
collaboration is to be realized. For example, a supplier wishing to convince a customer 
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to share its replenishment forecasts might offer to own and manage the inventory of 
its parts at the customer site. This reduces costs for the customer and therefore pro
vides it with an incentive to share information. While the supplier now owns and man
ages inventory at an additional site it may be worth doing so if the increased forecast 
accuracy allows it to reduce its overall inventory costs. Of course managing customer 
inventory is not the only avenue available to a supplier to induce customers to share 
forecasts. The key point to remember is that companies often need to identify means 
of sharing the benefits with other parties in order to successfully implement inventory 
initiatives. 

7.5, Data Availability and Quality 

Data management is critical for best-in-class inventory control and planning. Data 
availability and accuracy are two key dimensions of effective data management. 

Inventory control refers to the transactional-level decisions regarding replenish
ments and order fulfillment. For such decisions accurate data reflecting current 
demand, current resource capacities, and current on-hand, in-process, and on-order 
inventories are critical. According to a PricewaterhouseCoopers (PWC) 2001 survey 
(PricewaterhouseCoopers 2001), 24% of businesses have experienced either an 
"inability to deliver orders or lost sales because of incorrect stock records." While 
ERP systems have helped companies improve the availability and quality of transac
tional-level data, there is still room for improvement. In supply chains it is often not 
enough that accurate inventory data be available to one stage in the chain, rather data 
needs to be available across the chain. According to the PWC survey, "almost a third 
[of companies] lacked even the most basic requirement of having information systems 
shared across departments." With supply chains cutting across companies, this sug
gests that data availability may continue to be a challenge in supply chain inventory 
control. Supply chain visibility software aims to take advantage of the Internet to 
improve data availability and is discussed in the next section. 

Inventory planning refers to tactical and strategic decisions such as inventory level 
and location decisions. For these planning decisions data regarding longer term 
demand and supply characteristics (forecast accuracy, replenishment lead times and 
reliability, and processing costs among others) are often required. Motorola has 
reported that they "have had major [supply chain] software projects fail for lack of 
good data" (Belts 2001). In our experience data gathering is a critical and often time 
consuming step in any successful inventory initiative. Therefore, it is imperative to 
define early on the key parameters affecting the planning decisions being made. Often 
an initial rough-cut analysis can identify what parameters have the most impact on the 
decisions and then effort can be focused on obtaining accurate data for these sensitive 
parameters. 

7.6, Impact of the Internet on Supply Chain Inventory 

The Internet enables the cost effective transmission and sharing of information. By 
improving information availability the Internet can help reduce the safety stock 
required to support a given service level. Collaboration and visibility are two emerg
ing Internet supply chain applications aimed at improving information availability. 
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Collaboration: Supply chain participants typically forecast customers' future 
orders. Presumably customers have a better forecast of their own replenishments than 
their suppliers have. If suppliers have access to their customers' replenishment fore
casts they should be able to reduce their safety stocks as forecast accuracy improves. 
Collaborative planning software tries to leverage the Internet to help companies share 
demand and replenishment forecasts. This software is still relatively new and has yet 
to become pervasive. While it offers the potential to improve supply chain perform
ance there are obstacles to successful adoption. The Internet has reduced one key 
obstacle; data exchange infrastructure costs are no longer as prohibitive as in the days 
of electronic data interchange (EDI) systems. The real barrier may now lie in business 
process design. The premise of collaborative forecasting is that companies cooperate. 
Close cooperation requires agreed business rules. Designing and agreeing on such 
rules can be difficult. 

Visibility: Different parties in the supply chain often lack continuous information 
on the status of inventory levels, order progress and shipments throughout the supply 
chain. Instead they rely on periodic status reviews. This lack of continuous informa
tion drives up safety stocks because safety stock must cover the uncertainties during 
review intervals. Supply chain visibility software aims to reduce this supply chain 
"status uncertainty" by continuously monitoring and sharing the supply chain status. 
Safety stock can be reduced because of this improved information. 

The Internet brings with it exciting opportunities to improve supply chain inven
tory performance. Unfortunately there is much hype surrounding the revolutionary 
impact of the Internet. In reality the Internet's impact is not revolutionary. It does not 
blow up the fundamental inventory tradeoffs; it does however alter the tradeoffs by 
reducing the costs of information transmission. Successful managers will recognize 
that they can use the Internet to improve their inventory performance by exploiting 
improved information. The chapter by Lee and Whang in this text provides much 
more detail about the impact of the Internet on supply chain integration. 

7 J, Inventory for Service Parts and Reverse Logistics 

The supply chain inventory story does not always end with the completion and sale of 
a final product. Sometimes the final product is an important piece of manufacturing or 
service equipment and as such the customer will want fast resolution of any product 
failures. Other times the product is returned by the customer to the manufacturer for 
repair. 

Timely product repair typically requires the availability of replacement parts. 
On-site repair will require service engineers to have access to a range of service parts. 
Choosing what service parts to carry and how much to carry are important inventory 
planning decisions for many companies. A key challenge in such systems is the sheer 
number of stocking locations—each field based service distribution center and even 
each service engineer's vehicle represent a potential stocking location. While spare 
parts inventory planning has been a focus of the military for decades, increasing 
importance is being placed on this field in commercial enterprises. The emergence 
over the past decade of supply chain software companies focused on service part 
logistics underscores this point. See Shapiro (2001) for a summary of the work 
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carried out by Cohen et al. (1990) on a service parts inventory system, Optimizer, 
implemented at IBM. 

Sometimes equipment is returned to the manufacturer for repair—for example air
craft engines. As inventory is flowing back in the supply chain, the term reverse logis
tics is often used. Spare parts inventory planning in this case is somewhat different 
from the field based inventory systems as the number of stocking locations can be 
orders of magnitudes lower. However, the logistics aspect can be more challenging; 
for example, there are cases where customers must receive the exact product they 
returned and not simply an identical product. Reverse logistics is not exclusively the 
domain of product repair supply chains. Some products are recycled for remanufac-
turing or reusability purposes. One-time-use cameras are a good example of a product 
with a supply chain in which key components such as the flash unit are recycled back 
into the production supply chain. Inventory planning in such cases needs to account 
for the opportunity to tap into this stream of components reentering the supply chain. 

8. Conclusion 

In this chapter we have identified the opportunities and challenges of managing inven
tories in a supply chain. We discussed the importance of inventory as well as the rea
sons it exists. We also reviewed increasingly sophisticated approaches for managing 
inventory that are being used by leading companies today. 

Having worked with a number of companies across a wide range of industries, we 
offer the following inventory advice for supply chain practitioners. First, do not treat 
inventory costs as the poor stepsister to other Costs of Goods Sold (COGS) when 
making supply chain decisions. While each dollar of inventory may not translate into 
a full dollar of cost, the costs of inventory are significant and should not be underes
timated or ignored. Second, do not use a one-size-fits-all inventory strategy. The 
technology (both math models and information technology) exists today to manage 
inventory in a smarter way. Take advantage of this technology to make sure you 
have the right amount of each SKU in the right place at the right time. Finally, 
use inventory as a strategic weapon to create competitive advantage through lower 
costs and/or better service. Look for opportunities to take advantage of risk-pooling 
or eliminate stocking locations, design products and supply chains to enable post
ponement, and collaborate with upstream and downstream supply chain partners. 
Companies like Dell and Wal-Mart have shown the gains that are possible through 
superior supply chain inventory management. It's not too late; there's still competitive 
advantage to be gained. However, as these approaches become more widespread, lean 
supply chains will be less of a differentiator and will instead become a competitive 
necessity. 

9. Appendix: Base-Stock Inventory Model 

This appendix presents an intuitive derivation of the key base stock equations. These 
equations have been applied with great success by a number of companies. 
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Recall that under a base stock policy, each planning period an order is placed to 
bring the inventory position up to the base stock level. Suppose the current planning 
period is at time t. We will place an order to bring the sum of our inventory currently 
on-hand plus on-order to the base stock level BAfR represents the time between suc
cessive planning periods (also known as the review period), the next opportunity to 
order will not occur until time t-\-R. This next order will not arrive until L periods 
later, where L represents the replenishment lead time. Consequently, the inventory on-
hand plus on-order at time t represents the total supply that we will have available to 
meet demand from time t until time /̂  + 7? + L. As a result, the base stock level B must 
be large enough to cover demand over the next 7? + L periods with the desired level of 
confidence (the service level). The sum of the review period and the lead time is often 
referred to as the exposure period since we cannot impact available supply within this 
window of time and are thus exposed to demand uncertainty over this period. 

Expressing this in equations, we want to set the base stock level so that 

probability {demand over exposure period < base stock} = service level 

If we assume that demand over the exposure period is Normally distributed, this can 
be accomplished by setting 

base stock = mean demand over exposure period 
+ (safety factor) X (standard deviation of demand over exposure period) 

where the safety factor is equal to the number of standard deviations of protection 
implied by the service level. The second term in the summation above represents the 
safety stock required to buffer against the uncertainty of demand over the exposure 
period. Sometimes demand will exceed its mean; other times it will be smaller than 
expected. On average, the inventory on-hand at the end of each review period will be 
the safety stock. 

Note that each review period we place an order to replenish the demand that has 
occurred since the last review period. This order arrives L periods later and we grad
ually deplete it until the next order arrives R periods after that. This cycle of inventory 
build-up and drain-down is repeated over time. Since the average order is equal to the 
mean demand over the review period, the average amount of this cycle stock over time 
is equal to half the demand in a review period. 

If we now consider the more general case where both demand and lead time 
are uncertain, the mean and standard deviation of demand over the exposure period 
can be derived under reasonable assumptions. Combining these well-established 
statistical results with the equations and observations above, we get the following 
results: 

base stock = /XD(^ + />Î LT) + safety stock 

safety stock = z \^OD (^+/^LT) + / ^ D ^ T 

cycle stock = (7?/XD)/2 

average on-hand inventory = safety stock + cycle stock 
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where 

/XD = the expected (mean) demand per time period 
a^ = the uncertainty (standard deviation) of demand per time period^ 
/XLT ̂  the expected (mean) replenishment lead time 
CTLT ̂  the uncertainty (standard deviation) of the replenishment lead time 
R = the review or planning period (i.e., time between successive orders) 
z = the safety factor (a function of the desired service level). 

6 To accurately capture the uncertainty of demand, one needs to compare the forecast at lead time to the 
actual demand. While demand itself may be highly variable, if we can accurately forecast these changes 
in demand we do not need to hold as much inventory Whenever possible the standard deviation of fore
cast error should be used to represent demand uncertainty in inventory models. 
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Abstract 
Every CEO must always be concerned with the competition. In today's economy the battlefield 
is shifting from individual company performance to what we call Supply Chain Performance. 
Supply Chain Performance refers to the extended supply chain's activities in meeting end-
customer requirements, including product availability, on-time delivery, and all the necessary 
inventory and capacity in the supply chain to deliver that performance in a responsive manner. 
Supply Chain Performance crosses company boundaries since it includes basic materials, 
components, subassemblies and finished products, and distribution through various channels to 
the end customer. It also crosses traditional functional organization lines such as procurement, 
manufacturing, distribution, marketing & sales, and research & development. 

To win in the new environment, supply chains need continuous improvement. To achieve this 
we need performance measures, or "metrics," which support global Supply Chain Performance 
improvements rather than narrow company-specific or function-specific (silo) metrics which 
inhibit chain-wide improvements. We describe a number of supply chain performance measures 
that are expressly designed to support and monitor Supply Chain Performance improvements 
across the supply chain and illustrate the shortcomings of several common metrics. 

Charlie slammed the door on the way out of his boss's office. As operations manager for 
a major aluminum processing facility, he was proud of the fact that he had in past months 
achieved significantly high production figures for high margin specialty milled orders. 
But his boss had just berated him for producing fewer tons of low margin aluminum than 
budgeted. Charlie was a victim of a "bad'' performance measure or metric. Raw tonnage 
is an inappropriate measure of supply chain performance for a diverse product line 
where gross margin per ton varies considerably. The use of "bad'' metrics can be a 
major impediment to the implementation of effective integrated supply chain 
management in today's highly competitive business environment. 

1. Introduction—Why a Top Management Concern? 

Today's CEO can't simply focus on his or her company's performance in a vacuum; 
there is an emerging requirement to focus on the performance of the extended supply 
chain or network in which the company is a partner. The battleground will be Supply 
Chain versus Supply Chain, with emphasis on continuous improvement across the 
extended supply chain. To maintain and encourage supply chain improvement we 
need to go beyond traditional functional and business performance measures and 
develop new metrics with enough detail and richness to handle Supply Chain Perform
ance rather than individual business performance. 

Modem supply chains are highly complex and dynamic. They are characterized by 
constantly changing relationships and configurations, they support a proliferation of 
Stock Keeping Units (SKUs), they use a mixture of manufacturing techniques (build-
to-stock, make-to-order, flow) to fulfill orders, and they involve multiple organiza
tions. Furthermore, the emergence of the Internet as a new technology enabler has 
increased the number of customer interactions and product configurations, thereby 
presenting greater demands on supply chain management and performance. The ulti
mate goal and measure is customer satisfaction: the ability to fulfill customer orders 
for personalized products and services faster and more efficiently than the competition. 
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It is critical therefore to focus management attention on the performance of the 
supply chain as an integrated whole, rather than as a collection of separate processes 
or companies. 

2. What are Integrated Performance Measures for Supply Chains? 

Companies must focus on two dimensions of performance to ensure supply chain 
integration—multi-functional and multi-company. Supply chains span many functions 
in an organization, therefore, it is critical that performance measures are not narrowly 
defined. One-dimensional metrics such as capacity utilization, inventory turns or 
material costs will lead to a distorted picture of the performance of a firm. Outstanding 
performance at one location in the chain is not sufficient for a supply chain to be suc
cessful if the rest of the supply chain is not up to par. The supply chain is only as 
strong as its weakest link. 

Surface mount factories provide an example of how one-dimensional performance 
measures can be dangerous and misleading. A traditional measure of surface mount 
production lines is "cost per insertion," which is defined as the average cost incurred 
for each insertion of a component onto a printed circuit board. To minimize this meas
ure, managers of such factories would create large production runs of the same batch 
to minimize changeovers and setups. The result of these longer runs would be both a 
lowered cost per insertion and an increased inventory of finished goods. The overall 
performance of the surface mount factories could actually decrease despite the posi
tive results of their cost-related performance measure. 

As a second example, many companies focus their attention on minimizing freight 
costs, which are tangible, while ignoring the cost of inventory, which is often meas
ured indirectly or sometimes not even tracked. As a result, we have seen companies 
using strict transportation policies like always shipping by full-truckloads or full 
container-loads, or always shipping by ocean or surface. Although the cost of trans
portation is minimized, the negative impact on inventory and customer service may be 
so great that the overall supply chain performance suffers. 

Likewise, we have also seen companies that boasted great improvements in their 
own operational performance, but that did not impact the end-consumers due to the 
overall poor performance of the supply chain. In the early eighties. General Motors' 
Service Parts Operation was very efficient—their Parts Distribution Centers used sci
entific inventory management methods, and sophisticated transportation algorithms 
were used to manage their fleet and routing schedules. GM's service to their immedi
ate customers, the GM dealers, was impeccable. Yet GM's customer service to 
end-consumers was consistently poorer than most of their competitors. The problem 
was that the GM dealers' inventory control systems were out of control. GM's 
supply chain problem was primarily at the dealerships; the wrong parts were stocked 
and the information system on inventory and parts usage was largely out of date. 
GM's operations exemplify the fact that a supply chain is only as good as its weakest 
link. While GM's factory performance was great, the overall supply chain was not 
competitive. Integrated performance measures must therefore be cross-enterprise 
in nature. 
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Figure 4.1 Evolution of performance measures for supply chains. 

Adaptec, a fabless semiconductor company, has made great strides in supply chain 
improvement by integrating information flow between itself, its foundry supplier 
(TSMC in Taiwan), and its packaging partners in Hong Kong and Korea. Adaptec not 
only shares production forecasts and communicates purchase orders with its partners; 
it also shares prototype specifications and test results. This daily Internet-based 
collaboration has drastically reduced cycle times and inventory levels throughout the 
supply chain. Adaptec improved its competitiveness as its observed supply chain cycle 
times dropped from 110 to 60 days. Tracking performance measures is crucial for suc
cessful implementation of information integration in the case of Adaptec and TSMC. 
It enabled the two parties to build trust, and provided the basis for the justification of 
the investment in IT enabling this tight sharing of information. 

Figure 4.1 illustrates the two-directional evolution of integrated supply chain 
measures. Businesses need to migrate from single-dimensional measures to multi
dimensional ones, and from a single-enterprise focus to a cross-enterprise focus. 

Businesses that use multi-dimensional performance measures should recognize 
that not all dimensions are equally important, and some tradeoffs are necessary. 
Understanding tradeoffs and as a result, knowing how to set priorities and targets is 
crucial. An example of an important tradeoff is the balance between inventory level 
and customer service as two distinct performance measures. Figure 4.2 illustrates such 
a tradeoff. Instead of measuring these quantities separately and having their manage
ment occur on separate desks, the curve shows that for any given supply chain, there 
is a clear tradeoff between inventory and customer service. For a given supply chain 
structure and operating policy, customer service will improve as more inventory is 
available, and vice-versa. Focusing on only one of these twin goals is therefore 
counter-productive; businesses need to consider both goals simultaneously. 

Hewlett-Packard's Vancouver Division used tradeoff curves extensively to com
municate the benefit of redesigning their Inkjet printers, allowing localization to occur 
at their European Distribution Center (DC) rather than at their main Vancouver, 
WA factory. Localization refers to the use of specific components such as power sup
plies, plugs and manuals, "localized" to a specific printer market such as Spain, France, 
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Figure 4.2 Tradeoff curve for inventory and service. 

or England. Initially, all printers were localized at the factory. However, given the long 
shipping times to Europe, this early commitment of printers to a specific regional 
market made it very difficult to match supply and demand across the various country 
markets in Europe. Frequently HP would find they had excess inventory of one type 
of printer while they had stockouts of another, due to difficulties in forecasting 
regional demand coupled with long shipping lead times from the USA. The solution 
was to redesign the printer so that the plant produced a generic printer; this was 
shipped to Europe and the localization was performed at the European DC, after 
ocean shipping had taken place. This made the supply chain much more responsive 
to variations in regional demand. This strategy, called postponement, is important 
for improving supply chains. The improvement in the supply chain is clearly demon
strated by the dotted tradeoff curve in Figure 4.2. 

3. The Effect of the Internet 

The Internet will have a major effect on supply chains. It will enable much richer, 
faster, and easier collaboration across different partners in the supply chain; it will 
enhance the role of the customer in product development and drastically increase the 
potential for customer interaction; and it will simplify the task of implementing vari
ous supply chain improvements such as vendor-managed inventory (VMI). Procter & 
Gamble has a VMI relationship with Walmart to maintain and replenish product 
inventory at Walmart's sites. Walmart agrees to give control of replenishment timing 
and quantities to P&G, typically with limits on the levels of inventory allowed at the 
customer site. Walmart also agrees to share sell-through or POS (point-of-sales) data 
with P&G so that the manufacturer has up-to-date information on customer demand 
at all times. With the Internet, the information sharing across the supply chain occurs 
much more seamlessly and efficiently. 

We need to ensure that the metrics used for supply chains include factors that cap
ture the costs and benefits of the Internet as well as the investments and benefits of 
other supply chain improvement techniques. 
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4. A Taxonomy for Supply Chain Performance Metrics 

Supply Chains need to perform on three key dimensions: 

• Service 
• Assets 
• Speed. 

Service relates to the ability to anticipate, capture, and fulfill customer demand with 
personalized products and on-time delivery; Assets involve anything with commercial 
value, primarily inventory and cash; and Speed includes metrics which are time-
related—they track responsiveness and velocity of execution. Every supply chain 
should have at least one performance measure on each of these three critical dimen
sions. Note that Quality is absent here; in modem Supply Chain Management thinking, 
Quality is taken as a given. The diagnosis and improvement of Quality involves factors 
which are quite separate from factors used to improve Supply Chain Management. 

We will explore each of these dimensions to show how a variety of specific 
metrics may be deployed, tailored to the industry involved. 

5. Service Metrics 

The basic premise for service metrics is to measure how well we are serving (or not 
serving) our customers. Generally it is difficult to quantify the cost of stockouts or late 
deliveries, so we normally set targets on customer service metrics. Also, the build-to-
stock situation differs from the build-to-order situation, so related but different met
rics are used in these environments. Table 4.1 contains some common service metrics 

Table 4.1 
to-Order 

Customer Service Metrics: Build-to-Stock versus Build-

Build To Stock (BTS) Build To Order (BTO) 

Line Item Fill Rate 
Complete Order Fill Rate 

Delivery Process On Time 

$ Backordered/Lost Sales 
No. of Backorders 
Aging of Backorders: 

Quoted Customer Response Time 
% On-time Completion 

Delivery Process On Time 

$ of Late Orders 
No. of Late Orders 
Aging of Late Orders: 

Freq. 

Duration 

Freq. 

Duration 

Status information availability 
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used in these two environments. These are time-tested measures which continue to be 
valuable customer service metrics for supply chains. 

An example of the Build-to-Stock (BTS) case would be an office supply product 
such as toner cartridges for printers and copiers. Customers expect these items to be 
immediately available at a moment's notice, and the supply chain must hold inventory 
to provide off-the-shelf service. In this environment both Line Item Fill Rate and 
Order Fill Rate are common metrics. The Line Item Fill Rate is the percentage of indi
vidual "lines" on all customer orders which are filled immediately, while the Order 
Fill Rate counts as a success only those customer orders in which all "lines" have been 
filled. Customers prefer the latter result, of course, but if the typical customer order 
contains a large number of line items (say 100 or more), then the order fill rate is likely 
to be low, since it is very expensive to use safety stock to protect against incomplete 
orders in this situation. What companies typically do in this situation is have a back
up plan involving additional cost such as expedited delivery of a second shipment, or 
substitution of upgraded items for those not in stock. 

Dell Computer is an example of the Build-to-Order (BTO) environment. Dell assem
bles each PC based on a specific customer's order and unique customer requirements. In 
this environment an important metric in Table 4.1 is the Quoted Customer Response 
Time (or standard lead time), which is not present in the BTS case. If this response time 
is very long, then it may be easy to meet but will not be competitive. In this situation the 
business metric needs to be aligned with the business strategy and value proposition of 
the business unit. Dell has worked long and hard to ensure that their quoted customer 
response time is very short since that is a key element of their value proposition. 

Also note the delivery process is included in the performance metric in both cases. 
Even in the BTS case (where there is usually a delivery process), metrics should include 
both the delivery process and whether the order was filled when it was received. 

Note the parallels between aging of backorders in the BTS case and aging of late 
orders in the BTO case. "Aging" refers to maintaining data on how long it takes to fill 
a backorder, or how long it takes to complete an order which is late. Tracking this data 
and maintaining it in an accessible database enables its periodic recall. 

In the Internet environment, extensions of the customer order response time would 
include the on-line service response time of a website as well as the response time 
required to complete delivery of the product or service. 

6. Inventory Metrics 

The major asset involved in supply chains is inventory throughout the chain. The two 
metrics generally used for inventory are: 

• Monetary Value ($, Yen, Euro, etc.) 
• Time supply or Inventory turns 

Inventory can be measured as a time supply, for example, a 3-week supply of inven
tory, or as inventory turns, defined as 

Turns = (Cost of goods sold) / (Inventory value). 
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The Time Supply or Turns measures relate to inventory flows; the value of inventory 
relates to inventory as an asset on the firm's Balance Sheet. 

Inventory Turns are often calculated in isolation, by accountants with access to 
financial and inventory data but without corresponding access to customer service 
data. Using any inventory metric in isolation is dangerous—it should instead be 
evaluated on a tradeoff curve as shown in Figure 4.2. 

Time Supply and Monetary Value are useful comparison measures in certain situ
ations. The Time Supply metric enables managers to make comparisons of inventory 
levels across categories, such as different lines of business or different divisions, since 
the data is adjusted to reflect the underlying "run rate" of the business. The Monetary 
Value metric is most relevant, since it measures funds tied up in inventory (working 
capital). One can have a very large "time supply" of inventory (e.g., a couple of years' 
supply of staples in your desk drawer at home) but if the value is relatively low, it is 
not a major concern. 

A natural disaggregation of inventory in a manufacturing setting relates to the type 
of inventory: Raw Material (RM), Work-in-Process (WIP), and Finished Goods (FG). 
The danger in using these as separate metrics (as opposed to their sum) is that respon
sibility for them will differ, and one can easily envisage "gaming" taking place near 
the end of an accounting period as, for example, the person responsible for WIP inven
tory pulls very little material from RM inventory and also rushes to get out the most 
costly jobs. Then, at the beginning of the next accounting period, large volumes of RM 
are pulled onto the shop floor. Such behavior is not conducive to a smooth-running 
production facility. 

7. Summing Inventory All Along the Supply Chain 

An interesting theoretical question several years ago was: 

What if your company tracked and summed up the monetary value of all inventory 
across your entire supply chain? 

How would this actually be carried out? Let's look at a supply chain for a PC manu
facturer. Ideally one would track data on the levels of inventories for all major com
ponents (integrated circuits, hard disk drives, memory chips, monitors, motherboards) 
in upstream locations and then add their monetary value to inventories in transit and 
to WIP inventories at the assembly factory. Next, we would track and add all invento
ries downstream in the distribution channel, all the way to the end consumer's pur
chase point. This question is rapidly changing from a theoretical to a practical one as 
managers of supply chains cope with increasing pressures on customer service and 
asset performance. Compaq Computer and other PC companies now measure both 
their own inventory and the downstream inventory at their distributors. Procter & 
Gamble, with its Vendor-Managed Inventory (VMI) process, routinely measures both 
its own inventory and downstream inventory of its products. 

What is the corresponding trade-off curve for inventory versus service for a com
pany's entire supply chainl The inventory dimension adds up all the investment in 



Supply Chain Performance Metrics 69 

(a) (b) 

Our 
Inventory 

Our 
Factory 

^ 

^ 

Our Service 

Inventory 
All along 

The Chain 
Our Supply 

Chain 

Competitor's 
Supply Chain 

\ 

End-customer 

Figure 4.3 A tradeoff curve for the entire supply chain, (a) Myopic view and (b) Chain-
wide view. 

inventory along the chain; but what service metric should be used? Presumably 
service to the ultimate customer, since that is the end purpose of the entire supply 
chain. See Figure 4.3. 

Figure 4.3a shows that our factory is performing well when measured myopically 
by its own inventory and service tradeoff curve, but in Figure 4.3b our supply chain 
does poorly compared with the competitor's supply chain. In Figure 4.3b, for the same 
level of end-customer service, our supply chain has much higher inventories than that 
of the competitor. 

Let's assume we were able to obtain the data to plot these results—both our com
pany's and our competitor's supply chain—what have we learned? Our entire chain is 
vastly inferior to our competitor's, and our partners in the chain collectively have 
much more assets invested in inventory than the competitor's chain. It is only a mat
ter of time until our chain loses serious ground, unless we take action. This action may 
require us to help our partners in our chain to perform their activities more effectively 
and efficiently; in other cases such analysis may pinpoint the need to help the factory 
rather than our supply chain partners. 

Indeed, the PC industry is faced with exactly the challenge shown in Figure 4.3. 
With the success of the direct sales model championed by Dell and Gateway, PC man
ufacturers such as IBM, Compaq, and HP have discovered that their own operational 
performance (costs, inventory, service, etc.) is not sufficient to guarantee market 
success. Inventory held in the channel, the service provided by the channel, and the 
total costs of the supply chain of manufacturers and distributors will ultimately deter
mine the competitiveness of their products. Joint performance measures, capturing 
both the performance of the manufacturers and their partners, are being adopted by 
the PC industry. 

Most importantly. Wall Street pays attention to these issues and includes them in 
stock price evaluations. A recent article in the business press comparing two national 
office-supply outlets noted that while their sales volumes were quite different, their 
assets were almost identical; and the poorer performer was the outlet with the lower 
sales volume, of course. 
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8. Speed Metrics 

There are a series of metrics related to timeliness, speed, responsiveness, and 
flexibility. We've already discussed one—the Quoted Customer Response Time in a 
BTO environment. Others are: 

• Cycle (flow) Time at a Node 
• Supply Chain Cycle Time 
• Cash Conversion Cycle 
• "Upside" Flexibility. 

Let's consider each of these metrics in more detail. About a decade ago there was a 
major emphasis on "Cycle Time Reduction'' in the industrial sector. This emphasis was 
and still is well-placed, since important supply chain benefits flow from reducing flow 
time: lowering lead time and WIP inventory levels. Consultants to an automotive com
ponents supplier, for example, found ways of reducing the factory response time from 
16 to 2 weeks. The total inventory in the supply chain was reduced sharply, resulting 
in significant improvements in responsiveness to the customer. The Supply Chain 
Cycle Time measures the total time it would take to fulfill a new order if all upstream 
and in-house inventory levels were zero. It is measured by adding up the longest (bot
tleneck) lead times at each stage in the supply chain. For example, consider a three-
tier chain with each tier having a 1-week lead time; then the supply chain cycle time 
would be 3 weeks. One high-tech company was able to reduce their supply chain cycle 
time from over 250 days to below 190 days; once they started measuring it, some 
obvious simple improvements were made. 

The Cash Conversion Cycle (or Cash to Cash cycle time) attempts to measure 
the time elapsed between paying our suppliers for material and getting paid by our 
customers. It is estimated as follows, with all quantities measured in days of supply: 

Cash Conversion Cycle = Inventory + Accounts Receivable — Accounts Payable. 

This measure appropriately includes Accounts Receivable and Accounts Payable 
since they, rather than inventory, may have more leverage for improvement in partic
ular situations. When Digital Equipment Corporation (DEC) first studied its supply 
chain they found Accounts Receivable was averaging 91 days, due largely to custo
mer complaints about errors in billing. With each day representing $60 million in 
uncollected funds, management attention focused quickly on this opportunity for 
improvement. 

''Upside'' flexibility refers to requirements, particularly in high-tech, that a vendor 
be prepared to provide say 25% additional material above and beyond the committed 
order, in order for the buyer to be protected when the buyer's demand is higher than 
forecasted. This is usually stated as a percentage of the amount on order, and some
times contracts are explicit regarding the percentage of upside required within various 
time windows. For example, if an order for 100 PC Boards has a 2-week lead time, the 
buyer may request an additional 25 boards within 1 week of delivery and expect the 
supplier to provide this upside flexibility. 
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Figure 4.4 Capacity utilization versus responsiveness (flow time). 

9. Links to Other Traditional Metrics 

Some traditional manufacturing metrics can reinforce silo behavior or otherwise be an 
impediment to supply chain integration. One example is capacity utilization. In indus
tries where capital costs are overwhelming, such as the semiconductor industry, there 
is tremendous pressure to focus on utilization of capacity, since most of the costs of 
producing the product reside in allocation of capacity costs (both physical plant and 
equipment). The danger here is not recognizing that there is always a tradeoff between 
capacity utilization and responsiveness. As long as there is any variability present, 
either in the order/demand stream or in processing time, then as one loads a facility 
closer to 100%, the queuing or waiting time increases exponentially (see Figure 4.4). 

One major fab foundry has decided not to aim for the highest possible utilization, 
since doing so would make it very sluggish and unresponsive to unpredictable cus
tomer requirements. The queuing or waiting time between various semiconductor 
manufacturing operations would become excessive, total WIP inventory would 
increase dramatically, and the foundry would find it nearly impossible to deal with 
"rush" orders and unexpected surges in orders. They have decided that utilization 
alone is too narrow a metric, and that the tradeoff with responsiveness is critical for 
their competitive strategy and value proposition. 

10. Dealing with Demand Management Opportunities 

Recently, attention has been paid to opportunities to improve total supply chain oper
ations by Demand Management. Demand Management refers to the set of marketing, 
pricing, promotion, and sales tools available to affect demand levels for individual 
SKUs at a particular point in time. Dell is well-known for its excellent Demand 
Management tools: if a particular component happens to be unavailable at the time of 
a customer's online order, they will display a longer customer response time, and 
attempt to steer the customer to a substitute item. 

Given the importance of Demand Management in improving supply chain opera
tions, one should ideally attempt to measure its accomplishments, which typically 
could include increased revenue, increased profits, fewer stockouts, and increased unit 
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volume. While this is a laudable goal, generally there are many other factors which 
also influence these variables, and it is likely to be quite difficult to separate out the 
influence of Demand Management from other general economic trends affecting 
revenue, profit and unit volume. If there is a distinct emphasis placed on Demand 
Management at a given time and thereafter, then one may be able to compare the 
values of revenue and profit over time to see if a favorable shift has occurred in those 
values even though there are still fluctuations due to other factors. 

11. Alignment with Business Strategy 

It is important to emphasize that "One shoe size doesn't fit all"—that is, metrics must 
be tailored to the Value Proposition of the Supply Chain (why do customers buy from 
us?). Companies and Supply Chains differ in their business strategies and value 
propositions. A supply chain whose value proposition is low cost should not unduly 
emphasize flexibility and responsiveness metrics, since they could detract from that 
chain's fundamental competitive strategy. Similarly, one whose value proposition is 
innovative technology should not unduly emphasize cost factors, since they could 
detract from that chain's strategy. It is critical that the specific metrics chosen (and 
target goals along those metrics' dimensions) should align with the chain's business, 
product strategy, and value proposition. Hence, if the strategy used is to be low-cost, 
then the relevant metrics could be costs, capacity utilization, labor productivity, infor
mation accuracy, etc. If the strategy is to be flexible and responsive, then the relevant 
metrics could be order response time, order change flexibility, product mix offerings, 
replanning times, and expediting capabilities. 

12. Future Directions—Total Supply Chain Performance 

Many companies have risen to the challenge of implementing cross-functional 
metrics. Fewer companies have yet risen to the twin challenge of implementing 
cross-enterprise metrics. These will be crucial in enabling top management to seek 
and monitor continuous supply chain performance improvements. 

The Internet is a key enabler of both supply chain performance improvements and 
richer supply chain performance measures. It facilitates the sharing of information in 
a collaborative and timely manner in a "hands-off" operation mode, which will 
undoubtedly be a major force in improvement of supply chains in the near term. But 
it also facilitates the development of cross-enterprise performance measures such as 
the inventory-service tradeoff curve for an entire supply chain (see Figure 4.3). 
Technology is also required to accomplish this, but the end result will be a more over
arching set of supply chain metrics which will be valid indicators of continuous 
improvement in supply chains. 

In order to achieve chain-wide metrics, partners in a supply chain need to set aside 
concerns about "confidential information." One way to overcome such provincial 
thinking is to get all partners in a supply chain to recognize that their performance is 
actually measured by the end customer as their Total Supply Chain Performance, not 
their individual business-unit performance. 
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The battleground of the next decade will be supply chain versus supply chain. Are 
you measuring the right things to win this battle? 
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1. Introduction 

Sourcing strategies for both materials and services have rapidly shifted in leading firms 
all over the world. With the driving force of outsourcing and the rapid adoption of web 
enablers, traditional approaches to sourcing have been literally up-ended. Not long 
ago, each plant in the General Motors network employed a multitude of low-level 
buyers who worked the phones from vast seas of desks—each buyer leveraging his or 
her relationships to extract the lowest price from a local marketplace. With the growing 
complexity of the components procured, the knowledge requirement of buyers them
selves increased, along with an increase in the level of coordination required between 
buyer and seller. This pushed many companies toward building longer-term relation
ships with key suppliers. Buying companies built procurement teams with stronger 
technical expertise and a longer-term focus with the suppliers. On the other hand, 
suppliers needed to be more flexible and willing to take greater risks in co-developing 
customized products. Yet at the same time that those companies were building strate
gic alliances, the forces of globalization further focused procurement on achieving low 
cost. Coupled with the ability of the web to bring many suppliers into head-to-head 
competition, procurement managers are faced with vexing questions. When should 
alliances be pursued? What materials and services are suitable for web auctions? 
Could auctions be possible for complex products or services? Could strategic alliances 
exist in the presence of the bruising competition found in Internet exchanges? 

After several years of buying and selling on the web, the experience gained from 
the boom and bust of many public and private exchanges has given us many clues to 
these questions. In this paper, we provide some background on eProcurement and 
strategic alliances. Then, we explore these questions and present a framework we 
developed to help managers focus on the relevant issues for sourcing decisions. We 
illustrate the framework with different types of sourcing relationships in practice 
and provide advice on what type of relationship may be most effective in specific 
situations. 

2. Successful Relationships—Alliances and Exchanges 

In reaction to the shifting currents of globalization, outsourcing, and technology, lead
ing firms have taken remarkably different approaches to managing their suppliers. 
Some firms have pursued strategic alliances and partnerships, while others have 
pushed ahead into the competitive on-line world. For example. General Electric 
rushed onto the web well before many firms had even thought of using the web to 
automate procurement, while companies like Boeing and Daimler-Chrysler have care
fully managed strategic alliances. In this section we will look at these two extremes 
before offering guidance on how to structure a relationship. 

2,1, On-line Procurement 

From the earliest days of the web. General Electric moved aggressively to begin 
buying components through its Trading Process Network (TPN). That network became 
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the testing grounds for further expansion into eBusiness in all areas of the GE 
organization. On TPN, parts specifications were posted electronically and many 
prequalified suppliers could bid for the job. There was little face-to-face interaction, 
and costs were extremely low. For instance, GE estimated that the cost of processing 
a traditional paper purchase order was more than $50, while the cost on the TPN 
dropped to $5. GE quickly exceeded $1 billion worth of business with 1,400 suppli
ers on the TPN (Smart 1996). In the language of economics, the TPN approaches/7wr^ 
competition. The length of the bidding process at GE decreased from 21 to 10 days, 
and the percentage of business going to foreign suppliers increased significantly. 

The early success of companies like GE led to a near stampede toward 
eProcurement. Clearly most large organizations have found that procurement of indi
rect materials like office supplies and services like travel, can be effectively trans
ferred to the web. Software suppliers like Ariba, made their debut with cataloging 
software that made it easy for companies to move from traditional phone and fax pro
curement to web-based buying. Likewise, exchanges for direct materials exploded in 
1999, with each industry drawing multiple on-line entries hoping to capture the spend
ing power of buyers. The early success of on-line auctioneer Freemarkets.com led 
many to believe that every industry would quickly embrace marketplaces where 
dynamic bidding would become the standard for purchasing everything from steel to 
legal services. 

But auction services alone soon proved to be far from a compelling value propo
sition (Johnson 2000). What many had missed when they saw Freemarkets' success 
was the hours of preparation that went into each bidding event. Whether Freemarkets 
was auctioning coal or street cleaning contracts, much of the success that was 
achieved from the on-line auction was the result of good old-fashion procurement 
consulting. For example, writing comprehensive RFQs so bidders would feel 
comfortable with specifications, finding a set of highly qualified suppliers, research
ing the cost structure of those suppliers and understanding their ability to lower their 
costs. Freemarkets also helped the suppliers prepare their bids and the buyers evalu
ate the bids after the auction was completed (Tully 2000). All of these ensured that 
when bid day came, prices would drop and suppliers would deliver high quality prod
ucts. Without detailed knowledge of the market and solid procurement services, the 
vast majority of the industry exchanges found themselves open for business, but with 
nothing to buy or sell. Within months, most of the public exchanges shuttered their 
websites. Even many of the industry consortiums, such as Converge and Covisint, 
found it difficult to get their own members transacting on their exchanges. However, 
the sluggish adoption faced by the consortiums was not simply a failure of web-
based procurement or on-line auctioning. Rather, many large companies had found it 
more effective to run their own exchanges behind closed doors—away from the pry
ing eyes of their competitors. For example, HP, who was a founding member of 
Converge, quietly set up their own private exchange and began running millions of 
dollars of purchasing through it rather than Converge. Clearly eProcurement, from 
catalogs for indirect purchases to auctions for large purchases of direct material, will 
flourish for years to come. The question we will address later is, what purchases 
should be taken on-line and where does eProcurement fit in a well-rounded sourcing 
strategy? 

http://Freemarkets.com
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2.2. Strategic Alliances 

The second major trend of the past decade has been the move toward strategic 
alliances} In fact, alliances went through their own boom, with companies quickly 
accumulating many such relationships. Dyer et al. (2001) found that by 2001, the top 
500 global businesses had an average of 60 major strategic alliances each. Apparently, 
Wall Street valued this trend because the stock price jumped an average of about 1% with 
each announcement of a new alliance. One procurement executive from a large con
sumer packaged goods company told us that he wanted all his supplier relationships to 
become strategic alliances. The senior vice president in charge of purchasing at a major 
U.S. industrial manufacturer once remarked that "we love sole source relationships." Yet 
despite this enthusiasm. Dyer et al. (2001) found that almost half of all alliances fail— 
which leads one to wonder: What are strategic alliances? Why do companies pursue 
them with such passion? And what lessons can be gleaned for managing them? 

Fundamentally, a strategic alliance is a relationship between two trading partners 
that entails multifunctional interaction—from engineering and marketing to produc
tion planning, inventory, and quality management. Companies articulate many goals 
for these relationships, goals that center around cost reduction, quality improvement, 
better delivery performance, or increased flexibility to new product introduction. If the 
focus is on cost reduction, we often observe deep interaction between inventory 
managers, production planners, and procurement personnel. If the focus is on new 
product development, engineers from both companies may be engaged in sharing 
future designs and product plans. 

A popular way to depict the shift from traditional relationships to strategic 
alliances is through the butterfly-diamond diagram. Figure 5.1 shows a version of this 
diagram used by Wegman's supermarket chain in Rochester, New York, but we have 
seen identical versions at a number of companies. The butterfly represents traditional 
relationships where there is one point of interaction between the trading partners—a 
buyer and a salesperson. The diamond, on the other hand, represents the contact 
observed in a strategic alliance where there are multiple points of interaction. 
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Figure 5.1 Butterflies and diamonds. 

1 See for example Cusumano and Takeishi (1991), Dyer (1993), Dyer (1996), Helper and Sako (1995), 

Liker and Wu (2000), McMillan (1990), and Womack et al. (1991). 
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True strategic alliances endure for a long time. For example, over a ten-year 
period, Chrysler's average contract length nearly doubled (Helper and Sako 1995; 
Dyer 1996; Pyke 1998). Longer-term relationships should be more cooperative than 
traditional ones and firms with many alliances should have far fewer suppliers. 
DuPont managers argue that it is in the best interest of DuPont and its suppliers to 
cooperate since suppliers' costs become DuPont's costs and suppliers' nonstandard 
product often becomes DuPont's nonstandard product. This cooperation can lead to 
dramatic improvements. DuPont worked closely with a supplier of maintenance, 
repair, and operating supplies and cut its inventory by $118 million over ten years, 
while the supplier saved $16 million annually. Chrysler reportedly saved over 
$1 billion in 1996, and twice that in 1998—all from supplier-generated ideas 
(Dyer 1996; Pyke 1998). In a similar vein, GM recently climbed to No. 4 on the 
J.D. Power and Associates overall quality ratings, just behind Nissan. Now GM is 
working on closing the gap with Toyota and Honda. How? By working with suppliers! 
For example, GM has given complete design responsibility for car interiors to Lear 
and Johnson Controls. This initiative allows suppliers and GM to focus on core com
petences, and it results in significantly faster new product introduction (Muller and 
Kerwin 2001). John Deere's Construction Equipment Division now outsources over 
80% of the value of some of its products. By working with key suppliers, Deere was 
able to reduce cycle times from 32 to two days, while reducing costs by up to 25% 
(Sheridan 1999). Clearly, the evidence suggests that firms engaging in strategic 
alliances gain improvements in cost, quality, delivery and flexibility! 

So if alliances are so effective, why not form these relationships with suppliers of 
all purchased components, materials, and services? And why have researchers found 
that over half fail? We address the first question in the next two sections, and we focus 
on the second when we glean some lessons for managers in section 5. 

3. Relationship Styles 

In spite of the passion for strategic alliances and the surge of interest in eProcurement, 
we claim that the relationship style should fit with the characteristics of the purchased 
component and of the marketplace. Table 5.1 lists characteristics of five types of 
supplier relationships: buy-the-market, ongoing relationships, partnerships, strategic 
alliances, and backward integration. Even though backward integration might not be 
considered a form of supplier relationship because the components are produced 
internally, we argue that it is an important option to consider. Backward integration 
represents the closest form of an alliance. 

GE's TPN is an example of a buy-the-market relationship. Buying from one firm 
today implies no commitment to buy from that firm next month. Interaction between 
firms, as in the GE case, can be computerized. There is little need for face-to-face 
meetings. As firms move toward ongoing relationships and partnerships, they are 
responding to a need for deeper and broader interaction with the supplier. Investing in 
an ongoing relationship, Toyota helped a small U.S. manufacturer of bumpers to 
improve cost, quality, and delivery (see, e.g., Pickernell 1997; Liker and Wu 2000). 
Contracts in this case generally last the life of the vehicle model, say three to 
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Table 5.1 Characteristics of Different Types of Supplier Relationships 

Buy the Market 

Arm's length 
Clear parts 

specifications 
Computerized 

interaction 
Significant 

business with 
competitors 

Ongoing 
Relationship 

Medium-term 
contracts 

Some sharing of 
information 

Some business 
with competitors 

Good 
management 
relationship 

Partnership 

Longer-term 
contracts 

Extensive 
sharing of 
information 

Increased trust 
Limited business 

with competitors 

Strategic 
Alliance 

Long-term 
relationship 

Full sharing of 
information 
and plans 

Limited or no 
business with 
competitors 

Extensive trust 
and merging 
of cultures 

Backward 
Integration 

Ownership of 
the supplier 

Full sharing of 
information 
and plans 

One culture 

Adapted from M. A. Cohen and N. Agrawal, An Empirical Investigation of Supplier Management Practices, Operations 
and Information Management Department, University of Pennsylvania, 1996, and M. T. Flaherty, Global Operations 
Management, McGraw-Hill, 1996. 

five years. However, if the supplier is not involved in the development of the next 
generation product, there is no implied commitment for the longer term. Strategic 
alliances, as discussed above, involve even closer relationships—co-location of facil
ities or personnel, extensive sharing of information and plans, higher levels of trust, 
and even, in some cases, limited business with the partner's competitors (see e.g., 
Shapiro and Isaacson 1994). 

Often firms will engage in many different styles of relationships and migrate those 
suppliers among the different styles depending on their performance. For example. Air 
Products and Chemicals, a global manufacturer of chemicals, gas, and equipment, has 
developed a multi-tiered system of rating suppliers. Suppliers whose quality, cost, or 
delivery performance is weak are labeled "not certified." Air Products actively tries to 
move volume away from these suppliers. Suppliers whose performance is adequate 
and improving are labeled "certifying," while suppliers who demonstrate long term 
superior performance are fully "certified." Air Products offers long-term contracts to 
certified suppliers and actively seeks to expand their share of the business. While Air 
Products maintains these different relationships, they are focused on developing 
suppliers into long-term partners and even strategic alliance partners. 

4. How to Structure the Relationship 

How should managers structure their own supplier relationships? In other words, how 
far to the right on Table 5.1 should they move? We will argue that there are four fun
damental factors that should drive a firm toward closer relationships. These factors 
should be considered in light of the operations objectives of the firm—cost, quality, 
delivery, and flexibility (Table 5.2). Firms should focus on their critical objectives as 
they analyze relationship styles for each component category. 

The first factor is the strategic importance of the purchased component. If the com
ponent is critical to competitive differentiation or involves proprietary know-how, it is 
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Table 5.2 Examples of How Objectives Can Affect the Choice of Supplier Relationship 

Operations 
Objective 

Flexibility 

Quality 

Delivery 

Buy the Market 

Ford/Lear during 
the Taurus 
redesign: failed 
because focus -
on cost and 
delivery alone 

MRO suppHes: 
succeeded 
because little 
uncertainty 
about final 
quality, and not 
strategically 
important 

GE TPN: 
succeeded 
because little 
uncertainty . 
about quality / 

Outdoor apparel / 
firm: failed 
because focus 
on cost alone 

Ongoing 
Relationship 

Outdoor 
apparel firm 
proposed: 
due to 
uncertainty 
about quality 

Partnership 

Ford/Lear 
proposed: due 
io few suppliers 

•^- and complex 
interactions 
among 
components 
with a new 
product 

Boeing: succeeded 
because complex 
inbound logistics 

Strategic Alliance 

Boeing and 
major suppHers: 
succeeded 
because 
extremely 
complex 
interactions 
among 
components 

Boeing and engine 
manufacturers: 
succeeded 
because 
strategically 
important part 
with/ew 
suppliers 

HP—Canon: 
succeeded 
because/ew 
suppliers 

Backward 
Integration 

DuPont/ 
Conoco: 
succeeded 

Cost 

because 
high 
uncertainty 
about oil 
availability 

DuPont/ 
Conoco: 
succeeded 
because 
high 
uncertainty 
about oil 
prices 

best to manufacture it in-house. If the firm cannot develop the capability to manufacture 
the component, it should form a close alliance with available suppliers, as Boeing has 
done. Airplane engines are clearly of strategic importance to Boeing. In fact, it might 
manufacture its own were it not for the huge financial cost and a 1934 government man
date separating Pratt & Whitney and United Airlines from Boeing. On the other hand, 
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most maintenance, repair and operating (MRO) supplies have little strategic value to the 
buyer. There is rarely a need for a close relationship with an MRO supplier. 

The second factor is the number of suppliers that can provide the component or 
service. If only one supplier is available, the firm may need to maintain close rela
tionships with it. The relationship between Ford and Lear Corporation, a manufacturer 
of seat assemblies and other parts, provides an interesting example (Walton 1997). 
Johnson Controls is the only other major supplier of seat assemblies, so it might be 
expected that Ford would form a strategic alliance or partnership with one of these 
firms. In fact, Lear has a long-term contract with Ford, and Ford shares plans about 
new car development programs with Lear. But Lear also sells seat assemblies to Ford's 
competitors. Unfortunately, what appeared to be an ideal partnership ran into some 
snags in the area of flexibility and new product development. In the 1996 redesign of 
the Taurus, Lear designed the seat assemblies while Johnson Controls designed the 
rack on which the assembly rides. Ford mistakenly treated Lear more like a buy-the-
market supplier, focusing almost exclusively on unit cost and delivery time. The result 
was a multitude of problems that had to be fixed in the late stages of development. If 
Ford had focused more on the need for flexibility and treated Lear more like a part
ner, these problems could have been avoided. Yet many strategic relationships face 
real challenges. For example, Hewlett-Packard has a long-standing strategic alliance 
with Canon because Canon is one of a very few suppliers that can produce high 
quality engines for laser printers. While HP dominates the market for printers. Canon 
continues to sells its own printers that compete with HP. 

The third factor is complexity of the interfaces between the component procured 
and the rest of the final product and the complexity of the supply chain itself. Boeing 
has strategic alliances with three engine manufacturers—GE, Rolls Royce PLC, and 
Pratt & Whitney Co.—partly because the small pool of suppliers makes it important 
to have back-up partners, partly to reduce the financial risk of new airplane programs 
and partly because of the extremely complex interfaces between the engine and the 
airframe, which must be designed in conjunction with each other. During the new 
product development process, engineers from Boeing maintain offices at suppliers' 
facilities, and supplier engineers have offices at Boeing. Boeing has similar, but less 
intense, alliances with suppliers of a multitude of other parts. Because the inbound 
logistics process is so complex, Boeing relies on constant communication and sharing 
of data in partnerships with suppliers of less critical parts. This is the only way it can 
bring together several million components at the right time to ensure on-time delivery 
of its airplanes. The enormity of this task was highlighted in the late 1990s by 
Boeing's difficulties with component delivery and the resulting late delivery of planes. 

The fourth factor that drives relationships closer is uncertainty. Here again we 
focus on the four operations objectives of cost, quality, delivery, and flexibility. If a 
sourcing relationship creates high uncertainty in the realm of the objectives that are 
important to the buying firm, it should develop closer relationships. In the 1970s, 
DuPont relied on oil as a primary feedstock for many of its products. Because cost and 
delivery were critical objectives to DuPont, and because the oil supply shocks gener
ated very high uncertainty about the price and availability of oil, we might have 
expected DuPont to develop a strategic alliance with an oil firm. In fact, DuPont went 
even further. It backward integrated with the purchase of Conoco, primarily to reduce 
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this uncertainty. On the other hand, by pre-qualifying all TPN suppliers, GE knows 
that when it puts part specifications on the Internet, the suppliers who bid on those 
parts can make them correctly. If GE is uncertain about the quality of a given part 
because of new materials or processes, one suspects that it will not use the TPN. 
Likewise, many companies have been successful with buy-the-market relationships 
with MRO suppliers since there is little uncertainly about product quality. This is why 
the TPN appears in the quality row of Table 5.2. 

An outdoor apparel firm provides an example of the danger of a buy-the-market 
strategy when there are uncertainties in quality. In a continuing search for lower labor 
cost, this firm switched suppliers, on average, every 18 months. As wages in one Asian 
country increased, they moved to another supplier until wages in that country also 
increased. With the rapid supplier changes, their two-year internal process to qualify 
supplier quality could not keep up. In the end, they often had to open every box from 
new suppliers and inspect every garment in the U.S., paying U.S. wage rates. If gar
ments had to be repaired, they had to fix them in the U.S., again paying U.S. wage 
rates, since there was no time to ship them back to Asia, repair them, and ship them 
back. This island-hopping firm competed, in part, on high quality, and yet it pursued 
buy-the-market supplier relationships. In a time-sensitive market like seasonal 
apparel, gambling with quality to reduce product cost can be a disaster! The uncer
tainty about garment quality, and the importance of this objective, suggests that it 
should have developed ongoing relationships with a set of suppliers. We would not 
recommend a strategic alliance since a cut and sew operation is a well-understood, 
commodity service. However, ongoing relationships would certainly be warranted. 

Sometimes the four factors can pull the choice of supplier relationship in different 
directions, so managers need to weigh carefully the benefits and risks associated with 
each factor. For example, in its truck assembly plant in Resende, Brazil, VW designed 
a system in which seven major parts suppliers not only manufacture the parts with their 
own equipment but also install them on the truck using their own workers. VW lowered 
its capital investment, reduced union pressure due to multiple workforces, and cut its 
inventory investment. New product development was facilitated because of the proxim
ity of VW and the suppliers, and VW reduced its risk when the market downturn of the 
late 1990s occurred. On the other hand, VW experienced other risks with quality, espe
cially at the interfaces of different suppliers' parts during assembly, but also with deliv
ery because of the complexity of coordinating inbound logistics (Woodruff 1996). 

The important lesson in all of these cases is that managers must explicitly consider 
the operations objectives of cost, quality, delivery, and flexibility, and that they must 
understand the concepts of strategic importance, number of suppliers, complexity, and 
uncertainty in determining how to structure their supplier relationships. 

5. Managing Relationships 

Finally, once the decision on relationship style is made, firms must actively manage the 
relationships. From our conversations with over a hundred managers and application of 
the economic concepts of competition and monopoly (Henderson and Quandt 1980), 
we have developed a set of important lessons. 
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5.1. Strategic Alliances 

The benefits of strategic alliances, as noted above, are many. Firms can see lower cost, 
higher quality, and improved delivery performance. Perhaps the most significant ben
efit, however, is faster new product introduction. When Eaton, an $8 billion manufac
turer of automotive components and electrical equipment, develops alliances with 
their customers, they focus on the customer's total cost of ownership (Table 5.3). And 
the results have been exceptionally positive for both Eaton and their customers. 

Strategic alliances, however, do not come without risks for both buyers and suppli
ers (Table 5.4). For example, Chrysler shocked suppliers with their announcement in 
late 2000 that all suppliers must tear up existing contracts and cut prices by 5% (Green 
2000). Chrysler had been famous for sharing gains with suppliers and being a fair and 
trustworthy partner. Why the sudden change? Clearly the company had been under 
tremendous pressure since the merger with Daimler Benz and the subsequent downturn 
in the industry. In addition. Green points out that consolidation in the supplier base left 
the automotive assemblers with little competition to turn to if a supplier's progress 
lagged. In other words, the alliances appear to have dulled the competitive edge. 

How should managers respond to these issues? First, they should strive to main
tain more than one supplier for each component. That way, each supplier knows that 
a competitor is waiting in the wings. When a firm cannot source from a second sup
plier, or when it only has a small number of suppliers for a given component, it should 
always be searching for potential competitors. Existing suppliers, therefore, must 
continually improve or face the possibility of lost volume. What we are saying, in 
effect, is that firms who find themselves on the right side of Table 5.1 should intro
duce elements of the left side, that is, competition. Second, firms can motivate their 
suppliers to continue to support the alliance by working closely with them to improve 
efficiencies and costs. The incentive is that the final products will be more successful 

Table 5.3 Total Cost of Ownership 

Supplier's Selling Price 

Procurement Costs 

• Supplier Certification 
• Supplier Development 
• Proposal/Quotation 

Processing Costs 

Design 
• Cost to Design 
• Test 
• Installation 

Purchase Order 
Accounts Payable 
Materials Management 

Quality 
• Scrap • Damage 
• Rework • Warranty 
• Returns • Service Calls 

Receiving 
Inspection 
Value Engineering 

Logistics 
• Material Handling 
• Inventory 
• Obsolescence 

Process Failure Costs 

• Cancellation Charges 
• Price Premiums 
• Overtime 
• Stock Outs 
• Expediting 

Lost Production 
Schedule Misses 
Delayed Product Intros 
Equipment Downtime 
Special Inspection 

Parts Proliferation 
Duplication of 

Resources 
Suppher Switches 
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Table 5.4 Risks and Benefits of Strategic Alliances 

Benefits to Buyer Risks to Buyer Benefits to Supplier Risks to Supplier 

Decreased total cost of Increased transactions Locks in the business 
ownership 

Increased quaUty 
Faster response 
Enhanced new product 

development with 
supplier involvement 

Highly skilled supplier 
base 

Fewer suppliers to 
manage 

cost per supplier 
Supplier becomes 

monopolistic, less 
responsive 

Ability to increase 
skill 

Ability to make long-term 
investments 

Higher margins 

Limited opportunities 
for new business, 
particularly with 
alHance partner's 
competitors 

Capacity locked up 
by partner 

in the marketplace, and therefore both parties benefit. Finally, Dyer et al. (2001) notes 
that firms should create an alliance management function whose role is to coordinate 
alliances internally, develop knowledge about how to manage alliances, and develop 
clear performance measures for them.^ Companies that have this function exhibit a 
63% success rate for strategic alliances versus 49% for firms that do not. Dyer et al. 
show that the stock market gains are higher as well. 

For their part, suppliers in strategic alliances should strive to maintain a competi
tive edge even if there are no competitors who pose an immediate threat. In other 
words, they should not take advantage of their monopolistic position. Eaton is a sole 
supplier for many of its products, and yet they regularly build cost decreases into long-
term contracts. Furthermore, they devote significant engineering resources to co-
development of new products with their customers. Following Eaton, it would be wise 
for monopolistic suppliers to analyze the total cost of ownership for their customers 
and be certain that the relationship is win-win. In sum, they should act as though 
competition is looming. 

5,2, eProcurement 

Several years ago we moderated a discussion of about thirty automotive suppliers on 
the subject of eProcurement and on-line exchanges. When we asked them about the 
risks and benefits for suppliers and buyers, the response was consistent and passion
ate: buyers stand to gain and suppliers stand to lose—period. They argued that buyers 
could reduce unit costs, decrease transaction, and processing costs, and take time out 
of the purchasing process. The big gain, of course, was driving down unit costs. While 
much of this is true, buyers do face some risks (Table 5.5). If specifications are not 
nailed down, quality could suffer. And they risk alienating key suppliers and even put
ting some suppliers out of business if margins erode too drastically. 

Suppliers, on the other hand, risk losing margins and investment funds for devel
opment and training. In our meeting, the suppliers expressed fear that buyers would 
use information from the bidding process and give the contract to a firm that was not 

See also Handfield et al. (2000) and Inkpen and Ross (2001). 
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Table 5.5 Risks and Benefits of eProcurement 

Benefits to Buyer Risks to Buyer Benefits to Supplier Risks to Supplier 

Decreased unit cost 
Decreased transactions 

and processing cost 
Faster response 

Decreased quality 
Loose specifications 
De-skill supplier base 
Fewer suppliers over 

the long term 
Alienate suppliers 

Access to new 
business 

Use excess capacity 
Knowledge of 

winning bid 

Lower margins 
Decreased ability to 

invest in 
improvements 

Startup costs for new 
software 

Buyer uses 
information to 
generate off-line 
bids 

necessarily the low bidder. However, suppliers could benefit from knowledge of the 
winning bids, allowing them to gauge how to bid on the next auction. They could also 
use the exchange to dump excess inventory, use excess capacity, and reduce selling 
costs. On balance, however, this group (as many we have worked with) felt that the 
risks outweigh the benefits. 

How should managers respond to eProcurement? We believe that buyers should 
take a long-term view and actively avoid squeezing suppliers. Maintaining a broad and 
capable supplier base is critical for many components. Furthermore, they should con
sider building a relationship with some suppliers, even if the relationship is initially 
founded on buy-the-market purchases. Of course, if the firm is buying MRO supplies, 
a relationship may not be necessary. Suppliers who must sell to eProcurement cus
tomers must know their cost structure very well so they can bid appropriately. And 
they should seek ways to provide value-added services and product or service bundles 
allowing them to differentiate themselves from their competitors. If possible, they 
should seek to build relationships with their customers, demonstrating that they 
are trustworthy and capable of a longer-term relationship. In other words, firms that 
find themselves on the left side of Table 5.1 should introduce elements of the right 
side, that is, relationships. 

6. Conclusions 

As firms outsource an increasing amount of the value of their products, managing sup
plier relationships has become critical. Some consultants, managers and academics 
have promoted strategic alliances as the holy grail of supplier relationships, only to be 
shouted down by e-commerce gurus who argue that all purchases should be taken to 
the Internet. Perhaps we are observing a pendulum effect between extremes, or per
haps it is an inability to discern basic human nature and fundamental economics. We 
propose a middle ground. Careful analysis of the operations objectives of the firm and 
the number of available suppliers, in conjunction with an examination of the uncer
tainty, complexity and strategic importance of the component being purchased, yields 
a clarified recommendation of how to structure supplier relationships. Thus, within 
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the same firm some components should be purchased through strategic alliances while 
others purchased via a partnership, on-going relationship or buy-the-market approach. 
We also make recommendations for managing these relationships. Firms that decide 
to pursue strategic alliances should strongly consider introducing competition into the 
relationship, while firms that buy over the Internet should consider building longer-
term relationships. The results are sure to be worth the effort. 
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1. Introduction 

Supply-chain management is undergoing a fundamental transformation. Shrinking 
profit margins and declining sales are driving manufacturers and retailers to find new 
ways to create sustainable competitive advantage and revive growth (Troyer 1995).^ 
Over the past several years, supply-chain members have attempted to achieve improved 
performance through enhanced coordination. For example, a 1993 study by Kurt 
Salmon Associates projected that proper implementation of "Efficient Consumer 
Response" (ECR), which called for greater supply-chain coordination, could save the 
grocery industry an estimated $30 billion annually. Similarly, studies in the food-
service sector concluded that implementation of "Efficient Foodservice Response" 
could save the industry more than $14 billion annually (Troyer 1996). 

While the physical aspects of how the manufacturer delivers the desired quantity 
and quality of products to its retail partner is an important facet of coordination, many 
companies now realize that integrating information flow between supply-chain 
members is equally, if not more, important (Porter and Millar 1985).^ Consequently, 
a number of specific initiatives have emerged that aim to facilitate the integration 
of information and knowledge between supply-chain parties. Often referred to as 
"customer linking and sensing capabilities" (Teece 1998; Day 1994), information 
integration initiatives are becoming a central part of supply-chain management (Lee 
2000). To possess exceptional customer linking capabilities, an organization must 
devote substantial resources to develop competencies that allow it to communicate 
openly with its partners, solve problems as a team, exchange information electro
nically, coordinate production planning and replenishment scheduling, and work 
together to improve the quality and reliability of the product. Though the costs of such 
activities can be large, ranging from investment in IT infrastructure to the hiring of 
dedicated personnel to oversee proper implementation, the benefits to such coordina
tion often outweigh these costs.^ When leveraged correctly, information integration 
between supply-chain members results in lower operating costs and/or in higher con
sumer value, outcomes that positively impact the bottom line of manufacturers and 
retailers. As such, companies increasingly view information sharing and collaborative 
efforts as an integral part of their competitive strategy. 

In what follows, we first present the motivation behind the various attempts to 
coordinate information flows. In section 3, we describe prevalent information sharing 
and coordination practices and offer specific examples from a number of industries. 
Based on the results from a comprehensive survey, section 4 provides empirical evi
dence of direct and indirect benefits generated by the various types of collaboration 

Most companies in the food industry, for example, grew at a very slow annual pace in the late 1990s 
(2-3%). This represents a substantial decline from the 10-15% range of growth seen in the 1970s and 
1980s (Business Week 2000). 
Throughout the paper, we refer to the "manufacturer-retailer" relationship. More generally, these rela
tionships can reflect any up stream-downstream partnership (e.g., between an original equipment manu
facturer and its suppHers). 
For example, Campbell's Soup Company invested an initial $750,000 in the early 1990s to develop 
a vendor managed inventory (or CPR) program (Clark and McKenney 1994). 
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and information sharing activities in the Food & Consumer Packaged Goods (F&CPG) 
industry. Section 5 concludes the chapter by offering managerial implications for effec
tive use of information integration in designing competitive supply-chain strategy. 

2. Information Integration—A Strategic Perspective 

For collaboration and information sharing initiatives to be deemed effective, they 
should positively impact the bottom line of supply-chain members. Though the divi
sion of benefits may depend on the relative power that the parties hold in the chain, 
typically all involved parties receive a share of the realized benefits.^ There are two 
primary ways through which these initiatives increase profitability: cost reduction and 
demand enhancement. 

Cost reducing initiatives consist of information integration efforts that lead to 
improved internal or external efficiency. This improved efficiency often comes in the 
form of improved inventory management (i.e., lower holding and/or stockout expenses), 
improved production processes (i.e., more stable production), and improved logistics 
(i.e., more efficient delivery services). For example. Vendor Managed Inventory 
(VMI) systems delegate the retailer's inventory decisions to the manufacturer. The 
retailer shares consumer demand information with the manufacturer. The manufac
turer then combines the retailer's information with his own information to derive an 
order quantity for the retailer. To initiate a VMI system, the parties must jointly deter
mine that the manufacturer is in a better position to forecast and determine order quan
tities. As a result of such coordination, the manufacturer receives a better signal about 
market demand and produces more efficiently, leading to better inventory management at 
both the manufacturer and retailer sites (Clark and Hammond 1997; Kulp 2002). 

Demand-enhancing initiatives affect firms' revenue streams. Such initiatives aim 
either to satisfy currently unmet customer needs or to allow charging price premiums 
for the higher value delivered to the marketplace. Pooling dispersed knowledge about 
consumers and the market facilitates such endeavors. As retailers are in closer contact 
with the end-consumer, they are often better positioned than the manufacturer to sense 
consumer preferences and perceptions of currently available products. The manufac
turer benefits when such information is relayed. At the same time, retailers benefit 
from the broader perspective of manufacturers who serve multiple markets and con
duct extensive market research. When manufacturers and retailers coordinate their 
efforts, they develop products that are better tailored to consumer desires, communi
cate the benefits of the new products to consumers better, and increase the effective
ness of marketing efforts that encourage purchases (price promotions, free samples, 
in-store display, etc.). 

^ These allocations are typically negotiated in advance to ensure proper incentives are in place. For exam
ple, beyond the direct benefits that wholesalers and retailers realize by participating in CRP (such as those 
associated with reduced inventories), Campbell's Soup Company offered its wholesalers a rebate during 
promotion periods to discourage forward buying. The rebate is calculated as 125% of the discount offered 
through the promotion multiplied by the volume of shipments to the retail stores during the promotion 
(Clark and McKenney 1994). 
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Realizing cost-reducing and/or demand-enhancing benefits from information inte
gration initiatives requires an understanding of how to effectively execute such initia
tives and how the initiatives affect various performance metrics. Undertaking these 
activities without the proper investment in infrastructure may negatively impact per
formance.^ Consequently, companies should not form partnerships unless the expected 
benefits from information sharing and collaboration outweigh the initial investments. 
In this chapter, we focus on the related benefits to information integration. When 
applicable, we highlight the related risk of implementing the initiative without the 
"correct" information environment. 

3. Achieving Effective Information Sharing and 
Coordination Across the Supply-Chain 

This section provides a context for the emergence of effective knowledge flow 
processes throughout the supply-chain. We classify and define the currently prevalent 
processes and offer "best practice" examples of actual implementations. We also 
describe the specific dimensions, along which each initiative can potentially benefit 
the different parties involved (i.e., which performance metrics we expect the initiative 
to affect and the manner in which the initiative translates into improved financial 
performance for the manufacturer). 

Supply-chain management encompasses managing the flow of materials, infor
mation, and money across a company's suppliers and customers. For a typical 
manufacturer-retailer relationship, this usually requires monitoring ongoing activities 
to ensure that (1) the product transferred between the parties is of the agreed upon 
quality, (2) the correct quantity of units is being delivered to the downstream partners, 
(3) any defective, returned, or recycled units are transported back to the manufacturer 
according to an agreed arrangement, (4) the retailer's order information is correctly 
transmitted to the manufacturer, (5) any additional information sharing between the 
two parties or the transfer of decision rights seamlessly occurs, and (6) the credit terms 
and payments occur with minimal interruptions between the parties. Each of these 
flows: physical, informational, and financial, contributes to the joint success of the 
parties. 

Throughout the 1970s and early 1980s, firms concentrated on devising methods to 
enhance the efficacy of physical product flows. These efforts resulted in a number of 
processes such as Total Quality Management and Zero Defects. Over time, these 
processes became a routine part of supply-chain management (Lee 2000). In addition, 
financial flows appear to be well executed between the supply-chain partners, with no 
major initiatives in recent years. 

In contrast, until recently many firms regarded their knowledge base as a propri
etary asset. They hesitated to share this information with any external entity for fear 

^ For example, Barilla SpA experienced problems with its just-in-time distribution program due to unreli
able information sharing. During its first two months of implementation, Barilla received incorrect infor
mation from one of its partners. Consequently, Barilla's inventory information was incorrect. For more 
examples of potential problems and costs that arise with such programs, refer to Hammond (1995). 
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it would make them strategically vulnerable (Spekman 1988). In most supply-chains, 
both retailers and manufacturers feared that such information would be leaked to 
competitors or would be used to exploit the divulging party in the future (Day 1994). 
With no established process or mechanism to illustrate the positive benefits to informa
tion sharing and coordination, firms continued to safeguard this asset. Consequently, 
members of the chain were unable to meaningfully utilize each other's knowledge to 
create valuable future synergies. The information they obtained separately through 
experience, extensive research, and/or their unique position in the chain was utilized 
in a sub-optimal, often counterproductive way. Duplication of effort to obtain such 
information, the use of different sets of data and criteria to forecast sales, and the 
failure of many new products and services due to lack of fit with customer needs or 
ill-executed marketing programs often resulted.^ 

Several combined trends have helped change the apprehensive attitude towards 
supply-chain information sharing and coordination. First of all, the ability to manage 
knowledge within and across organizations has greatly increased. Heavy investments 
in information technology (Cachon and Fisher 2000; Callahan and Nemec 1999), both 
equipment and personnel, have created an infrastructure for capturing, disseminating, 
and monitoring information assets. Second, many manufacturers and retail chains 
expanded both nationally and globally (Friddle et al. 2001). This created a need for 
more formal mechanisms to coordinate supply-chain activities, as the problems 
alluded to earlier became much more acute. Lastly, and perhaps most importantly, 
once mechanisms to improve physical product flows and financial arrangements 
became commonplace, they no longer served as a basis for sustaining above industry 
average profits. This left the improvement of information flows an untapped source of 
value creation, both internally within the chain (i.e., directly improving the operations 
between manufacturer and retailers) and externally (i.e., to end consumers). Next, we 
provide a framework for describing and understanding the impact of the different 
information integration initiatives across the chain. 

3,1, Information Integration 

Information integration refers to the management of information and knowledge flow 
across members of the supply-chain. It can be broadly classified into two groups: 
information sharing and collaborative planning. Information sharing encompasses 
the sharing of information on demand, inventory levels at the store and/or at the retail 
warehouse level, and consumer research (attribute preferences, unmet needs, etc.). 
These initiatives facilitate the transfer of relevant information between the parties. 
With collaborative planning, integration revolves around the synchronization of man
ufacturer and retailer activities. This includes the transfer of ordering responsibility 
from retailer to manufacturer (VMI), co-management of promotional activities, the 
use of closed-loop logistics (i.e., the handling of excess, used, or defective products), 
and the coordination of the design, development, and introduction of new products 
and services. 

^ For example, when the manufacturer and retailer base forecasts on different data, the "buUwhip effect" 
may occur (Lee et al. 1997). 
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3.1.1. Information Sharing Information sharing varies in the characteristics of the 
information that is transferred between the parties. Most commonly, this information 
includes one or all of the following: sales information, inventory information, and 
consumer research data. Each type of information varies in how finely it measures the 
relevant information (i.e., its precision), in how accurately it can be transmitted between 
the parties (i.e., its reliability), and in how it can be used to create value for the chain 
(i.e., its outcome). The combination of the information's precision, reliability, and 
outcome influences the efforts that are undertaken and the performance improvements 
that result (Kulp 2002). For example, sharing information on retail inventory levels 
should reduce the demand distortion experienced upstream at the manufacturer level. 
Such information sharing leads to lower excess inventory (and overstocking), fewer 
stockouts, and theoretically reduced costs for both the manufacturer and the retailer (Lee 
et al. 1997b). The manufacturer can better respond to retailer order patterns and better 
forecast future demand. However, if this information is imprecise and/or unreliable, 
decisions will be made that potentially impact both parties negatively (Hammond 1995). 
Consequently, the parties must invest in information infrastructure and dedicate staff 
to the initiative to ensure precise and reliable information transfers. If this is not done, 
the parties may be better off without information sharing or collaboration. 

Information sharing on consumer needs helps the manufacturer generate products 
and services that more closely match consumer preferences and consequently, are of 
greater value to end consumers. When the parties transmit timely and accurate infor
mation, the probability that this value will be captured through higher retail, and thus 
wholesale, prices increases.^ Retailers are typically closer to end users of the product; 
the information they hold about consumer preferences, problems with existing prod
ucts, and additional desired features or services complements the manufacturer's 
knowledge. Once again, lack of precision or reliability can have negative outcomes. 
For example, if the retailer does a poor job transmitting information on consumer 
needs, the manufacturer will not fully understand consumer desires and new product 
failures are more likely to occur. 

The following examples highlight the role that information sharing plays in 
a company's operations and ultimately, in its financial performance. The examples 
vary in the degree of information sharing that occurs and consequently, in the 
company's ability to react to changes in the marketplace. 

In 1997 Boeing experienced unprecedented demand for their airplanes. Boeing's 
production processes rely on hundreds of internal and external suppliers to supply the 
5-6 million components needed to build large, twin aisle airplanes (Cole 1997). At 
the time, Boeing relied on World War II era technologies to manage the production 
processes. These systems were not equipped to manage surges in demand, calculate 
new component requirements, and properly communicate the revised part quantities 
and delivery times to suppliers. Many of the parts often arrived late and thus disrupted 
the production process. Consequently Boeing was forced to shut down two of its 

^ Wholesale and retail prices are typically positively correlated (Kulp et al. 2001). The magnitude of the 
correlation partially determines the division of benefits between the parties. For example, if the correla
tion is 0.5, each party receives 50% of the benefits. 
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major assembly lines and take a $1.6 billion charge against earnings (Singhal and 
Hendricks 2002). The inability to communicate timely and accurate forecast revisions 
and delivery information played a key role in Boeing's line closures. Boeing is now 
implementing an electronic replenishment program (ERP) to manage future demand 
surges or contractions and effectively relay the information to its partners. As evi
denced by this example, the lack of information sharing between members of the 
chain can negatively impact the company's performance. 

Benetton, the Italian apparel manufacturer, leads the apparel industry not only 
because of its strong brand and innovative styles, but also because of its ability to 
rapidly respond to market conditions by providing quality information to suppliers 
(Bowman 1999). Fashion life cycles are notoriously fickle and prone to wide variance 
by geography and culture. Benetton can respond quickly to marketplace changes 
because of information sharing with retailers who provide point-of-sale information 
to direct the dying process of additional product and its famous postponement of the 
dying process. Benetton employs an extensive EDI network that links its design 
center with a virtual supply-chain of outsourced manufacturers, logistics providers, 
distribution facilities, and retail outlets (Christopher and Lee 2001). 

Benetton captures information at the retailer point-of-sale and transmits this infor
mation back to production facilities (Christopher 1998). Thus, Benetton's flexible 
manufacturing process can reduce response time by several weeks. In an industry 
where the typical lead-time often approaches twelve months, Benetton frequently 
delivers product to retail locations within weeks of the order being placed. It is typi
cal in the apparel industry for national buyers for retailers to place orders two full sea
sons in advance (e.g., an order for winter merchandise is placed in the spring) of the 
sales season. Since manufacturers often have little visibility into which products are 
selling well, they fail to build replenishment supplies. 

In sum, Benetton's unique responsive capability combines two factors: (1) a reengi-
neered manufacturing process that knits plain sweaters and postpones dying until there 
is greater clarity from retail outlets regarding sweater sales patterns, and (2) improved 
information visibility, including rapid online feedback, to determine which colors are 
selling well and the appropriate color mixture for remaining sweaters. The information 
visibility would provide significantly less value if it were decoupled from the reengi-
neered manufacturing process that postpones the dying process (Buell 2000). 

Wal-Mart takes the Benetton approach to working with its suppliers one step fur
ther. Wal-Mart's Retail Link system is generally considered the premier supplier 
replenishment system in the retail industry (Brown 2000). This information system 
provides suppliers with the ability to view, manipulate, and access 104 weeks of 
online, real-time data kept at the lowest level. Suppliers can modify their production 
plans daily based on current selling patterns in Wal-Mart's retail outlets. However, 
rather than simply populating Retail Link with point-of-sale information, Wal-Mart 
also introduces a human element into the system. Territory managers visit the retail 
outlets each week to provide direct feedback on store activity around products, 
product categories, and competitor activity. Each Friday the Wal-Mart territory 
managers return and discuss their observations about the marketplace. Based on 
these discussions, an added element of human intelligence is incorporated into 
Retail Link. 
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3.1.2. Collaborative Planning Collaborative planning covers the synchronization of 
decision rights, logistics, and new product development. When adopted, the parties 
jointly determine who is better positioned to either control the activity or determine 
the necessity for continued joint efforts. 

Often the manufacturer can better plan the production process and determine the 
retailer's order quantity, if supplied with information on consumer demand. The effi
ciency gains realized by a more efficient production process and a more accurate order 
quantity are typically split between the parties via the wholesale price. In such cases, 
the retailer will delegate the inventory decision rights to the manufacturer. 

Coordination of new product development activities requires tight organizational 
links, open communications, and trust between the parties. This consumes time and 
resources. However, such activities also offer substantial upside potential. Because 
each party brings different knowledge and competencies to the relationship, joint 
designs of new products result in synergies. Additionally, actively involving retailers 
in the design and development phases increases the retailer's commitment to the suc
cess of new products and services. A committed retailer is more likely to proactively 
promote the product through better placement within the store and clearer communi
cation of the new product's benefits. 

Because joint new product efforts require a high level of trust, they entail two likely 
observations. On the one hand, such collaboration may be adopted only after the par
ties successfully adopt information sharing initiatives and other collaborative efforts, 
such as the reassignment of decision rights. On the other hand, the goodwill generated 
tends to carry-over and impact other performance outcomes. For example, more flex
ible and responsive joint inventory management may result in lower stockouts of highly 
desired products and avoidance of excess supply of less desirable ones. These per
formance measures are particularly important for innovative products (Fisher 1997). 

The following example details a successful implementation of collaborative 
planning and describes the related benefits realized by the firms. 

A collaborative pilot program between Wegman's and Nabisco for Planter's nuts 
involved joint business planning, sales forecasting, order development through 
adjusted forecasts, order delivery, and performance measurement. The pilot increased 
total snack nut category dollar sales by 11% versus a 9% decline for others during the 
same period (Lentz 1999). The brand impact was more significant with Planter's 
brand dollar sales up 40%. 

This collaborative pilot program required significant analysis of sales data. 
Wegman's Category Manager and Nabisco's Customer Development Manager for
mulated a joint sales forecast based on IRI (Information Resources Inc.) data, lift 
analyses, and new store opening information. The sales forecast was decomposed into 
turn and promotion, and then converted into order forecasts; these order forecasts 
were frozen three weeks out. The joint forecasts were more accurate than the inde
pendent forecasts previously developed by Nabisco. Thus, Nabisco was able to ship 
orders based on need. In turn, Wegman's reconciled the quantity received with the 
product availability data to determine reorder points and quantities. 

In addition to these benefits, Wegman's increased private label sales by 20% and 
increased its service levels. The warehouse fill rate increased from a 93% to 97% serv
ice level. The inventory reduction effect was also notable as the days of supply 
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dropped by 18%. The direct benefits realized from this collaborative pilot were essen
tially limited to reduced inventory carrying costs and service improvements. However, 
the companies used the savings realized from the improved efficiency for increased 
coordinated promotional activity. Consequently, sales increased. 

Although many collaborative efforts result in gains for both parties, companies 
must be aware of the pitfalls that may arise from certain integration initiatives. For 
example, when the manufacturer facilitates the back flow of unused or defective goods 
from its retailers through reverse logistics collaboration, retailers worry less about 
over-ordering (Rogers and Tibben-Lembke 1999). If several retailers follow such a 
course of action, a disruption to the manufacturer's inventory management will result. 
Manufacturers should strive to reduce the severity of this problem by closely tracking 
the outflow and backflow of product and setting appropriate limits on the amount of 
product shipped to specific retailers. 

Some retailers, such as Best Buy, work with suppliers to deal with the complexity 
of returned merchandise and reverse logistics. They structure merchandising programs 
around the expectation of returned merchandise. Structured merchandising programs 
that accommodate returns can be used strategically to create a "halo" effect for other 
merchandise and have the obvious benefit of reducing reverse logistics costs. 

3.2. Current Trends 

The levels of supply-chain integration initiatives vary from simple use of e-mail to the 
use of private e-Markets. Many companies around the world share sales forecasts and 
production changes through e-mail and fax. This is likely the simplest level of infor
mation sharing. A more advanced form of information sharing, used by many large 
organizations such as General Motors, involves the use of EDI to transmit production, 
pickup, and delivery schedules. The most sophisticated form of information integra
tion involves the use of e-Markets, either public or private, to facilitate collaborative 
planning activities between trading partners. 

On the private exchange side, Wal-Mart's Retail Link continues to use the latest 
technologies to further Wal-Mart's leadership in the marketplace (Brown 2000). 
Likewise, Dell continues to develop its private exchange to manage inbound logistics, 
production scheduling, and orders. Across many industries market leaders such as 
ExxonMobil, Wal-Mart, and Dell have been reluctant to participate in e-Markets for 
fear of diluting their competitive standing. Public e-Markets, such as CPGmarket, are 
building information integration capabilities to manage sales and order forecasts, 
replenishment plans and orders, product movement data, shipment data, point-of-sale 
data, and information on performance measures. Currently, public e-Markets include 
shared infrastructure costs, standardized capabilities, and singular platforms. These 
markets are recognized as the best opportunity for companies to quickly create col
laborative capabilities in an efficient and cost effective manner. 

CISCO is the recognized leader in private e-Markets with its use of eHub. 
CISCO'S eHub transmits changes in production information to 1st and 2nd tier sup
pliers (Grosvenor and Austin 2001). CISCO'S 2nd tier suppliers have indicated that 
this information is enormously valuable because the underlying revised forecasts are 
otherwise not transmitted in a timely manner. CISCO'S eHub also enables suppliers to 
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communicate parts shortages, manufacturing constraints, late shipments, and other 
critical operating messages to CISCO. The eHub has an intelligent hierarchy of mes
sage routing that requires certain responses to critical messages, and in the event that 
no response is received, the eHub escalates the message up a predefined hierarchy 
until resolution is achieved. Cisco plans to add enhancements to eHub tools to provide 
design collaboration, life-cycle management, and engineering change order manage
ment capabilities. 

4. The Effectiveness of Information Sharing and 
Collaborative Activities—Empirical Evidence 

This section details evidence for the hypothesized linkages between information inte
gration, both information sharing and collaboration, and performance improvements. 
The results are based on data collected, via a comprehensive survey, on manufactur
ing divisions in the F&CPG industry. This industry is highly competitive and the profit 
margins are relatively small. Consequently, F&CPG is a pioneering industry in devel
oping mechanisms that facilitate information sharing and collaboration between 
supply-chain members. These mechanisms aim to ensure competitiveness by reducing 
costs and/or increasing revenues. For this reason, the F&CPG industry provides 
fertile ground for exploring the impact of manufacturer-retailer partnerships. 

The survey, written jointly by Accenture, the Stanford University Supply-Chain 
Management Forum, and Research, Inc., was pretested with several representative 
companies. Initially, we conducted interviews with executives responsible for part
nerships at Warner-Lambert, Procter and Gamble, Dominick's, Fleming Industries, 
Wawa Stores, Sky Chefs, and Stop and Shop. These firms engage in many innovative 
partnerships and represent different members of the supply-chain. The discussions 
helped in formulating the survey, which details the types of information shared 
between the manufacturer and its retail partners and the various types of collaborative 
initiatives adopted by a particular division. 

In effect, we measured the extent to which each division participated in each of the 
information integration processes described in section 3. To proxy for cost reduction 
and demand enhancement, we collected data on the extent of retailer and manufac
turer stockouts, on relative wholesale and retail prices, and on manufacturer profit 
margins. Finally, we controlled for other variables that also affected the above per
formance measures. Such control variables include the size of the company, the per
centage of products that are national brands, the company's use of electronic data 
interchange (EDI) systems, demand variability, consumer price, unit holding cost of 
inventory, and unit distribution costs. 

Figure 6.1 provides a schematic overview of the conceptual framework described 
above for the association between the different performance measures and the various 
information integration mechanisms. Note that the framework assumes firms engage 
in information integration efforts in order to ultimately increase profitability (i.e., 
profit margins). Increased profitability may be achieved either directly or indirectly 
through the impact on intermediate performance measures. The framework is consis
tent with the previous discussion on the different forms of cost reducing and demand 
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Figure 6.1 Conceptual framework. 

enhancing information integration initiatives (see sections 2 and 3); it provides the 
basis for our statistical analyses. 

4,1, Empirical Findings 

The following results are based on a sample of 54 manufacturer divisions that pro
vided complete responses to the questions of interest. Table 6.1 presents summary sta
tistics for these divisions. Using statistical techniques, we analyze the data to examine 
how each form of information integration impacts performance (refer to Kulp et al. 
2002 for more details on the analysis). 

The analysis reveals several interesting findings. First, we find that information 
sharing, specifically information sharing about consumer needs and store inventory 
levels (but not warehouse inventory levels), is associated with an increase in profit 
margins from below average to average, relative to the industry. However, this infor
mation sharing does not significantly assist companies in their endeavors to earn above 
average profit margins (see Figure 6.2). Thus, it seems that adopting such information 
sharing initiatives is necessary for companies to remain competitive and earn at least 
industry-average profit margins, but these activities do not lead to supernormal profits. 

In contrast, participating in collaborative activities such as inventory management 
and/or new product development, offers companies an additional boost from average 
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Table 6.1 Sample Statistics 

Sector Number 
Mean Sales 

($) 
Median Sales 

($) 

Food 
Beverage 
Household Products 
Health and Beauty Aids 

37 
11 
2 
4 

900M 
5,100M 

200M 
3,250M 

1,000M 
10,000M 

200M 
5,500M 

% of Firms Sharing 
Related Info. 

Share Consumer 
Information 

Share Store Inventory 
Levels 

Share Warehouse 
Inventory Levels 

M Earn Below Industry Average Profit Margins I 

11 Earn Above Industry Average Profit Margins 

I Earn Industry Average Profit Margins 

Figure 6.2 Level of profit margins associated with information sharing. Each bar represents 
the percentage of firms in the profit margin category that share this type of information. 

to above average profit margins (see Figure 6.3). Note that adopting only these initia
tives does not help companies that start out below average. Our results suggest that 
companies must have established information sharing relationships to derive the bene
fits from these more involved collaborative activities. Information sharing allows firms 
to be competitive, but manufacturers must cooperate with their retail partners and use 
the information collaboratively to receive a second boost to above average margins. 

Aside from the direct effect of collaborative planning on profitability, we also 
examine the impact of different coordination mechanisms on the intermediate meas
ures of stockout levels (retailer and manufacturer) and the relative wholesale price, 
after controlling for the retail price. VMI directly and positively affects profit margins, 
though it does not significantly impact the intermediate measures. In contrast, collab
oration over new products and services and the use of reverse logistics do have 
intermediate effects. Specifically, more collaboration over new products and services is 
associated with higher wholesale prices. When collaboration occurs, the manufacturer 
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% of Firms 
Adopting Initiative 

VIVII Reverse Logistics New Product 
Collaboration 

• Earn Below Industry Average Profit Margins • Earn Industry Average Profit Margins 

i i Earn Above Industry Average Profit Margins 

Figure 6.3 Level of profit margins associated with collaborative planning. Each bar represents 
the percentage of firms in the profit margin category that use given initiative. 

is more likely to release products that closely meet market needs and, consequently, 
consumers are willing to pay higher prices for them. This is evidenced by the positive 
association between end consumer price and wholesale price. The manufacturer 
extracts some of the additional rents via the higher wholesale price. Additionally, 
collaboration over new products and services is negatively associated with retailer 
stockouts (i.e., more collaboration is associated with lower retailer stockouts). New 
products and services inherently impose some risk on the retailer. Without detailed 
involvement with the product, the retailer may hesitate to carry a large inventory of 
the new product and stockouts may occur. However, if the retailer takes an active role 
in the development and introduction of the product, she is more committed to the 
product's success and possesses a better understanding of the product and its poten
tial market. Qualitative input from our survey also indicates that when such collabo
ration takes place, the retailer is more willing to serve as a "test market" for the new 
product, often a necessary step for the manufacturer to decide whether to fully launch 
the product, partially launch the product, or make critical modifications to the prod
uct prior to a massive launch. 

Furthermore, for the F&CPG industry, the introduction of a new product typically 
requires intense promotion and marketing efforts. The effectiveness of these activities 
relies on a substantial degree of trust between the manufacturer and its retail partners 
and a strong commitment by both parties. For example, retail partners that do not 
coordinate their marketing efforts with the manufacturer are more likely to incur new 
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product shortages. To the extent that intense collaboration on new products and serv
ices engenders such trust, it is not surprising that this trust carries over and affects the 
ability to synchronize replenishment and avoid stockouts, thus facilitating the launch 
of innovative products. 

In contrast, as the use of coordinated reverse logistics increases, manufacturer 
stockouts increase. Consistent with the discussion in section 3, reverse logistics sys
tems allow the retailer to seamlessly return unused and/or damaged products to the 
manufacturer. In effect, the manufacturer offers its retail partners an "insurance" pol
icy against holding excess inventory. Consequently, the retailer is induced to order 
large amounts, knowing that any excess product can be easily returned via the reverse 
logistics system. Because these large quantities may exceed overall expected demand, 
the manufacturer may incur more stockouts. While the manufacturer may attempt to 
redistribute usable returned product between its retail customers, this process creates 
many disruptions in the inventory management system. The over-ordering by certain 
retailers as a result of the "hassle-free" ability to return surplus, causes short-term 
stockouts. The finding that reverse logistics increases manufacturer stockouts but not 
retailer stockouts is consistent with this explanation. Manufacturers must therefore 
carefully weigh these short-term disruptions with the long-term benefits of a coordi
nated reverse logistics process. For example, obtaining reliable information to under
stand why certain products are being returned at high rates allows more timely 
correction of any defects or quality issues (Rogers and Tibben-Lembke 1999). 

Figure 6.4 summarizes the results of our tests of the conceptual framework 
described earlier (depicted in Figure 6.1). Only information integration initiatives that 
significantly impact the different performance measures are depicted in this figure.^ 
As the figure shows, we also find that the intermediate performance measures signif
icantly impact profit margins in the expected direction. 

5. Conclusion 

Supply-chain coordination is increasingly viewed as a source of strategic advantage 
for participating members. Manufacturers work with retailers to streamline opera
tions, reduce costs, and increase margins by creating higher value products and serv
ices. This chapter offers a description of the relationship between different forms of 
information and knowledge integration and the performance improvements that result 
from such initiatives. 

The majority of benefits derived relate to collaborative planning initiatives rather 
than information sharing. Specifically, information sharing distinguishes between 
manufacturers that earn below industry average product margins and those that earn 
average industry product margins. However, these same characteristics do not distin
guish between those with average and above average product margins. Collaborative 

With respect to the control variables, we also find that company size and national brands are positively 
associated with profit margins. Additionally, higher retailer demand variability is positively associated 
with manufacturer stockouts and profit margins. To highlight main results, we do not include the control 
variables in Figure 6.4. 
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Figure 6.4 The effects of collaborative planning on performance.̂  

initiatives take over at this point; the use of both VMI and collaboration over new 
products and services is significantly greater for high profit margin manufacturers. 

These findings suggest an evolution of information integration methods and the 
resulting benefits that accrue to the parties. When companies focus on information 
sharing initiatives, they mainly aim to increase internal supply-chain efficiency. While 
this may have resulted in sustainable competitive advantage in the early to mid 1990's, 
the evidence suggests that this does not hold in today's business environment. Such 
initiatives provide a good first step towards excellence and are necessary to remain 
competitive but will not result in supernormal profits. Working as partners, collabo
rating on demand enhancing activities (e.g., new product development), and delegat
ing replenishment rights, rather than simply transferring information between parties, 
lead to the greatest benefits. This more sophisticated form of collaboration, often 
referred to as full coordination or synchronization, should be considered a major 
future growth opportunity. Effective implementation can pave the way to superior 
supply-chain performance. 

When manufacturers collaborate with their retail customers, the supply-chain as a 
whole can more quickly respond to end consumer demand through better production 
scheduling, better inventory management, and enhanced products and services. As 
discussed earlier, such collaborative effort consumes both time and resources. One 
must evaluate whether the potential rewards outweigh the costs before entering such 
partnerships. However, in today's fast-changing, information-intense environment, the 
development of these capabilities separates the most successful firms from the rest of 
the pack. 

Although we demonstrate the benefits from collaboration, such initiatives are not 
recommended in all cases. Our experience has shown that collaboration yields more 

^ The figure depicts those relationships between information integration and performance that were found 
to be statistically significant. In our study, manufacturer stockouts and retailer stockouts are significantly 
and positively associated with each other, though we can make no claim on the causality of this relation
ship (hence the two sided arrow). 
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value in industries with products that have frequent change orders and that have prod
ucts that rapidly depreciate in value. Good examples are the food, electronics, and 
high-tech industries. The electronics and high-tech industries, in particular, are fraught 
with constant order size changes, cancellations, and product specification modifica
tions. Hence, these industries are ideal for collaborative activities. Other industries 
with demand cycles that are less volatile and consist primarily of products that are less 
prone to rapid depreciation should carefully evaluate whether supply chain collabora
tion is cost justified given the technology and human resources costs associated with 
such efforts. Companies that develop collaborative capabilities often incur increased 
data analysis and information technology costs. These costs present a business risk if 
either of the trading partners fails to change behavior and employ the new capabili
ties. Anecdotal evidence suggests that the management mindset challenges associated 
with developing collaborative capabilities often prove more difficult to overcome than 
the technology implementation challenges. 

In sum, although some opportunistic behavior can limit the success of integration 
efforts, there appear to be clear benefits to those companies that can dedicate the 
resources to master effective integration. Except in extreme cases where one party 
forces the other to adopt collaborative practices, it is rare to find collaboration 
between trading partners that does not result in benefits that outweigh the upfront cash 
outlay and change management hurdles. Such coordination reflects a competitive 
capability that, when implemented correctly, is a win-win proposition for all members 
of the supply-chain. 
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Abstract 
Supply chain management is significantly affected by the explosive growth of electronic 
commerce. While the developments in the computing and telecommunications industries made 
the transfer of information almost instantaneous, manufacturing, warehousing, and distribution 
technologies could not accelerate the movement of material to such phenomenal levels. The 
coordination of information and material flows has thus assumed increased importance for 
profitable applications of B2B e-commerce. In this paper, we revisit existing frameworks for 
synthesizing the vast and rapidly growing literature on the impact of the Internet and the Web-
based technologies on supply chain strategies. While the impact of the Internet on supply chain 
coordination has been rather positive, some reservations remain regarding its impact on supply 
chain design. 

1. Motivation 

Supply chain management is significantly affected by the explosive growth of elec
tronic commerce. B2B e-commerce is defined as business-to-business commerce con
ducted over the Internet (Goldman Sachs Investment Research 1999). IDC postulates 
that the global Internet commerce was worth $272 billion at the end of 2000 and 
predicts that it will reach $2.7 trillion by 2004. For Europe, total Internet commerce 
amounted to $24 billion in 1999 and $69 billion in 2000 (of which $8 Bn in B2C). 
IDC predicts a total of $890 billion in 2004. Such phenomenal growth is enabled by a 
fast-developing infrastructure, sometimes referred to as e-frastructure, which provides 
sellers and buyers with a platform for communication, bidding, transaction manage
ment, and fulfillment. 

Such phenomenal growth is also putting immense pressure on logistics and supply 
chain management practices. Amazon.com, arguably the best-known Internet retailer, 
has reported a pro-forma loss of $122 million, or 35 cents a share, in the first quarter 
of 2000 (The New York Times 2000). The company indicated that this loss represented 
17% of sales but that it hoped to reduce the loss to less than 10% of sales by the fourth 
quarter of the same year through increased efficiency in the company's network of 
seven (soon ten) warehouses. The importance of supporting the e-frastructure with an 
adequate logistics infrastructure—or supply chain—is increasingly emphasized 
(The Gartner Group 1999). One estimate puts at $4.4 billion the loss in e-commerce 
revenue in 1999 due to inadequate infrastructure that led to poor site and service 
performance (Goldman Sachs Investment Research 1999). While the developments in 
the computing and telecommunications industries made the transfer of information 
almost instantaneous, manufacturing, warehousing and distribution technologies could 
not accelerate the movement of material to such phenomenal levels. The coordination 
of information and material flows has thus assumed increased importance for profitable 
applications of B2B e-commerce. For example, UPS, a parcel service company turned 
logistics service provider, is investing almost $1 billion a year to create an infrastruc
ture to seamlessly coordinate information and physical flows for e-commerce. 

In this paper, we revisit existing frameworks for synthesizing the vast and rapidly 
growing literature on the impact of the Internet and the web-based technologies on 
supply chain strategies. While the impact of the Internet on supply chain coordination 
has been quite positive, some reservations remain regarding its impact on supply chain 
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design. To further clarify our position, we first introduce a set of working definitions 
and two laws of supply chain management. We then analyze the role of the Internet 
and the web-based technologies from the perspective of these laws. 

2. Working Definitions 

2,1, Supply Chain Management 

A supply chain is a network consisting of suppliers, manufacturers, distributors, 
retailers, and customers (Figure 7.1). The network supports three types of flows that 
require careful planning and close coordination: (i) material flows, which represent 
physical product flows from suppliers to customers as well as the reverse flows for 
product returns, servicing, and recycling, (ii) information flows, which represent order 
transmission and order tracking, and which coordinate the physical flows, and 
(iii) financial flows, which represent credit terms, payment schedules, and consign
ment arrangements. The network, in turn, is supported by three pillars: (a) processes, 
which encompass such value-adding activities as logistics, new product development, 
and knowledge management, (b) organizational structures, which encompass a range 
of relationships from total vertical integration to networked companies as well as per
formance measurement and reward schemes, and (c) enabling technologies, which 
encompass both process and information technologies. 

Supply chains perform two principal functions (Fisher 1997): the physical function 
of transformation, storage and transportation, and the market mediation function of 
matching demand and supply. While the physical function has been extensively stud
ied within the production control and inventory management literature, innovative 
approaches have recently been emerging to the market mediation function. These 
approaches are classified in Figure 7.2. 

Supply chain coordination is concerned with the coordination of the three types of 
flow over the network. Effective coordination strategies combine a range of approaches 
for supply chain transparency through information sharing (e.g., sharing point-of-
sales data with the manufacturer) and information deployment (e.g., vendor-managed 
inventories, efficient consumer response, and collaborative planning, forecasting, and 
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Figure 7.1 The supply chain. 
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Figure 7.2 Matching demand and supply in a supply chain. 

replenishment) as well as for operational flexibility (e.g., assemble-to-order and 
make-to-order systems) to react to timely information. These approaches may facili
tate new forms of organizational structures (e.g., process orientation) and new forms 
of inter-organizational collaboration (e.g., outsourcing via third-party service 
providers). Information and communication technologies facilitating closer collabora
tion and promoting supply chain transparency are crucial for effective coordination. 
Innovative product and process designs are a pre-requisite for operational flexibility. 

Most of the innovative supply chain coordination practices (e.g., postponement) 
(Lee and Tang 1997) are indeed enabled by innovative product, process, and supply 
chain design. One of the most visible examples of innovative supply chain practices 
can be found at the Italian garment manufacturer Benetton. Benetton has been one of 
the first manufacturers in the industry collecting point-of-sale data from key retail 
stores to determine product mix. More specifically, Benetton adjusted the assortment 
of colors to be produced by closely tracking retail sales. Such operational flexibility, 
in turn, was enabled through a product and process redesign, where sweaters were first 
knit in gray and then dyed to the desired color. Further volume flexibility was 
achieved by subcontracting the knitting operations to a network of small textile labs. 

Supply chain design, as indicated above, is concerned not only with the configuration 
of a network, but also with the prioritization of the capabilities to be developed and 
retained internally, and the forging of new partnerships with other entities along a supply 
network. Supply chain design should be viewed as the "capability to design and assem
ble assets, organizations, skill sets, and competencies for a series of competitive advan
tages, rather than a set of activities held together by low transaction costs" (Fine 1998). 
This dynamic view is necessary in a fast-evolving world where new products and emerg
ing distribution channels necessitate a continuous review of supply chain design deci
sions. Just like product design has an enormous impact on manufacturing performance, 
superior supply chain design offers significant payoffs in supply chain coordination. 

2.2. Laws of Supply Chain Management 

The fundamental law of supply chain coordination is the bullwhip phenomenon 
(Lee et al. 1997). This is the amplification in demand volatility along the network as 
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one moves upstream away from the market. The key drivers of the bullwhip 
phenomenon include the lack of information sharing, communication, and collabora
tion among the supply chain entities resulting in information distortion. The phenom
enon is exacerbated by the delays in information and material flows. 

Coordination is severely hampered by structural constraints (e.g., set-up costs, 
scale economies) that favor local optimization. Common practices of order batching, 
shortage gaming, forward buying, and demand forecast updating (Lee et al. 1997) all 
reflect locally optimal decisions. 

The fundamental law of supply chain design is industry clockspeed, the rate 
with which products, processes, and organizations evolve over time (Fine 1998). The 
personal computer industry, whose products have a life cycle of 4-9 months, is a fast 
clockspeed industry, while the commercial aircraft industry, whose products can be 
airborne for decades, is a slower clockspeed industry. Technology, competition, and 
regulatory initiatives appear to drive industry clockspeed, which, in turn, determines 
the shelf life of a supply chain design. Changing products, processes, or industry 
structures necessitate evolving supply chain solutions. Book publishing has been a 
perfect example of this evolution. 

2. J. Three-Dimensional Concurrent Engineering 

Three-dimensional concurrent engineering (3D-CE) is a framework for dynamic supply 
chain design (Fine 2000). As depicted in Figure 7.3 (Fine 1998), 3D-CE encourages the 
concurrent design of products, processes, and supply chains, and explicitly considers 
the interfaces among these three dimensions. Such concurrent engineering is, in turn, 
enabled by the architecture of the products, processes, and supply chains. Products 
can be integral (e.g., a aircraft wing) or modular (e.g., a personal computer). Processes 
can be dedicated (e.g., catalytic crackers) or flexible (e.g., flexible manufacturing cells). 
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Figure 7.3 Fine's three-dimensional concurrent engineering framework. 
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Supply chains can be integral (e.g., oil refineries) or modular (e.g., PC manufacturing). 
In the long run, these choices support or hinder the dynamic evolution of supply chain 
designs, as one faces new competition, new technologies, or new legislation, making it 
possible to deploy innovative supply chain coordination initiatives such as 
postponement or MTO systems. 

Concurrent product/process design is now a well-accepted concept with a vast lit
erature on design-for-X, where X could stand for manufacturability, assembly, or dis
assembly. Intel's development of successive generations of microprocessors (386, 
486, Pentium, etc.) along with evolving photolithography technology (line widths of 
1 micron, 0.8 micron, 0.6 micron, etc.) is a classic example of concurrent product and 
process design (Fine 2000). 

The product/supply chain interface has recently been highlighted through the 
market mediation role of the supply chains (Fisher 1997). A "functional product," for 
example, a tube of toothpaste, with a stable demand pattern but thin margins would 
necessitate a cost-efficient supply chain, while an "innovative product," for example, 
a ski parka, with a highly unstable demand pattern but attractive margins would 
require a responsive supply chain. While cost reduction is the overriding concern in 
the former family of products, agility is vital for the latter. 

The process/supply chain interface is concerned with make-versus-buy decisions. 
Economic analysis typically fails to capture the long-term ramifications of such deci
sions. Since outsourcing a part typically entails the loss of the associated design and 
manufacturing capability, one should determine whether outsourcing decisions are 
driven by a shortage of manufacturing capacity or a lack of manufacturing capability. 
The former is common practice in high-clockspeed industries (e.g., electronics, toys, 
fashion products), where process technology changes rapidly rendering existing pro
duction facilities obsolete. In such cases, outsourcing is indeed desirable. The latter 
case requires further consideration of a product's architecture. While the risk entailed 
in outsourcing a part or a component of a modular product is limited, outsourcing 
a non-modular product may leak a company's internal know-how, which may be a 
source of competitive advantage. Given such constraints, a portfolio of buyer-supplier 
relationships should be developed (Bensaou 1999). 

3. e-Supply Chains 

Information is said to be the glue that holds the supply chains together (Evans and 
Wurster 2000). The Internet can be viewed as an open communication infrastructure, 
while web-based technologies provide standard interfaces among dissimilar comput
ing hardware and software. This section reviews the impact of these technologies on 
supply chain management practices. 

In our assessment of the impact of web-based technologies on supply chain coor
dination, we will focus on whether such technologies can mitigate information delay 
and distortion as well as whether they can reduce transaction costs leading to local 
optimization. As for supply chain design, we will focus on product-supply chain and 
process-supply chain interfaces, investigating the impact of web-based technologies 
on the make-versus-buy decisions. 
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In our discussion, we have conscientiously omitted an important fourth dimension 
in supply chain design: the organizational context. The deployment of enabling infor
mation and process technologies is possible only if there exists willingness by the 
people managing the interfaces along the supply chain. Incentive design/incentive 
alignment is a rapidly growing research area in its own right; it is therefore considered 
outside of the scope of the current paper. 

3,1, Supply Chain Coordination 

The bullwhip phenomenon, the key challenge in supply chain coordination, is driven 
by delayed and distorted information as well as by transaction costs promoting local 
optimization. Web-based technologies have the greatest impact on supply chain coor
dination through the elimination of information delays and distortions, and through 
the reduction of transaction costs. 

Creating an adequate information infrastructure to interface members of a supply 
chain has always been challenging (Garvin 1988). Such an infrastructure must be able 
to satisfy simultaneously the following needs (Upton and McAfee 1996): first, it must 
be able to accommodate members with varying degrees of IT sophistication. Second, 
it must provide a wide range of functionality ranging from simple data transmission to 
access to applications on a remote computer. Finally, it must be able to accommodate 
a constantly changing pool of suppliers and customers at varying stages of relationship. 

Figure 7.4 depicts these three dimensions of electronic connectivity (Upton and 
McAfee 1996). The utility of potential infrastructure technologies can be assessed by 
how well these technologies "fill the cube." For example. Electronic Data Interchange 
(EDI) is still the most widely used tool for connecting manufacturers to their suppliers 
(Goldman Sachs Investment Research 2000). From a functionality perspective, EDI 
affords simple data transmission under a particular file format over a dedicated com
munication channel. Rudimentary computer skills are required for maintaining EDI 
connectivity. Given the dedicated communications infrastructure and the proprietary 
standards, however, EDI necessitates significant up-front investment and considerable 
expense for maintenance. Furthermore, since EDI entails a one-to-one connection, it 
needs to be duplicated for each supplier. Such an investment is difficult to justify at the 
early stages of a buyer-supplier relation, where the buyer is in the process of assessing 
supplier capability and, therefore, is unwilling to provide any long-term commitment. 

Groupware extends the one-way information transmission functionality of EDI 
into a collaborative platform. However, the required computer skills to take full advan
tage of groupware's capabilities are higher. Furthermore, group ware requires even 
higher initial investment than EDI, which, once again, makes the tool more appropri
ate at more advanced stages of a buyer-supplier relationship. One can obtain further 
IT functionality by establishing a wide-area network. Such a platform can be used 
not only for information transmission, but also for collaboration, and granting access 
to application programs, that is, telepresence, for the suppliers. Unfortunately, the 
increased functionality comes at a higher level of initial investment. One can also 
envisage such an infrastructure only among partners along the supply chain. In sum
mary, traditional technologies always entail a trade-off: improvements in one dimen
sion come at the expense of further complications in at least one of the other two 
dimensions. 
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Figure 7.4 Upton and McAfee's framework for electronic connectivity. 

3,2, Filling the Cube 

The Internet and the web-based technologies provide a real opportunity to eliminate 
this trade-off. TCP/IP, which stands for Transmission Control Protocol/Internet 
Protocol, provides a universal communication standard for connecting diverse com
puter networks, which make up the Internet (Kurose and Ross 2001). TCP is Internet's 
transport layer, connection oriented, reliable transport protocol. The IP protocol speci
fies the format of the information that is sent and received among the routers and end 
systems. Any network connected to the Internet must run the IP protocol, sometimes 
referred to as the Internet dial tone. 

Such a universal communication standard, in turn, significantly reduces the up
front investment needed to connect various players along the supply chain regardless 
of the type of hardware they possess. Low entry and exit costs make the Internet and 
web-based applications affordable at any stage of a buyer-supplier relationship. Given 
the flexibility to customize the interface over the web, one can customize the com
munication channels for each supplier. Web-based technologies also provide a full 
portfolio of functionality ranging from simple information transmission to telepres
ence. Browser-based interfaces and application development software make it easy 
even for the uninitiated to start using the system quickly, further reducing the lowest 
common denominator of IT sophistication among the supply chain entities. 

In short, web-based technologies almost completely fill the cube. Wider accept
ance of open standards, cheap and powerful computing, increased bandwidth, 
enhanced security, and accumulated expertise and higher familiarity with the technol
ogy are bound to increase the utility of web-based technologies in supply chain coor
dination. With increased connectivity, the web provides a virtually free platform for 
enhancing transparency, eliminating information delays and distortions, and reducing 
transaction costs, ultimately mitigating the bullwhip phenomenon. 

Examples of how the Internet and the web-based technologies "fill the cube" 
(Figure 7.4) are best captured by Forrester's B2B digital transaction models, as reported 
by Goldman Sachs (Goldman Sachs Investment Research 1999) and reproduced in 
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Figure 7.5. As these models are studied in detail elsewhere (Goldman Sachs Investment 
Research 2000), we will not describe them in great length here. Web-based technolo
gies enable the management of different formats of relationships among potential 
buyers and vendors along all three dimensions of the electronic connectivity require
ments (Figure 7.4), including the stage of relationship between any two companies, the 
lowest common denominator of IT sophistication among partners, and the desired level 
of functionality. At the one-to-one level, the web provides a platform for electronic 
collaboration, as exemplified by the relationships between Cisco and its suppliers. Web-
based technologies also offer alternative transaction models for one-to-many and many-
to-many environments. In fact, it is often said that the real power of the web is its ability 
to bring together a large number of buyers and sellers in fragmented markets. Estimates 
assert that total savings in web-based procurement, or e-procurement, can reach 
13-28% (Goldman Sachs Investment Research 1999). Most of these savings come 
from reduced costs of search (need identification 11%, vendor selection 27%, vendor 
approval 23%) and of administrative processes (order processing, billing, and payment 
processing 18%, tracking and logistics administration 21%). 

3,3, Supply Chain Design 

While web-based technologies enable the management of a portfolio of relationships 
in an effective and efficient manner by drastically reducing transaction costs, the cost 
of establishing such relationships remains. In other words, while web-based tech
nologies make it feasible and easy to operate at any point within the cube (Figure 7.4), 
for a specific manufacturer, the selection of that point, that is, the design of supply 
chain relationships, is not necessarily facilitated by these technologies. 

Indeed, the impact of the web-based technologies is less convincing within 3D-CE 
for supply chain design. Recall that we focus on product-supply chain and process-supply 
chain interfaces in 3D-CE, where the principal decision is what to produce in-house and 
what to outsource. The outsourcing decision, in turn, is based on a company's needs for 
additional manufacturing capacity or for external capability (and/or technology). 
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Figure 7.5 Business-to-business digital transaction models. 
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The web then poses a dilemma. Most manufacturers spent the past two decades 
establishing collaborative relationships with their suppliers under such different initia
tives as strategic sourcing and supply base rationalization. e-Procurement, on the other 
hand, signals a dramatic shift towards an arm's length relationship solely based on cost 
reduction. Within this shift, the promised cost reductions associated with vendor selec
tion and vendor approval necessitate closer scrutiny. To this end, we can classify the 
items purchased by a manufacturer in two broad categories: manufacturing inputs, 
goods that go directly into a product or a process, and operating inputs, usually referred 
to as MRO (maintenance, repair, and operations) (Kaplan and Shawney 2000). While 
manufacturing inputs vary widely from industry to industry and hence are purchased 
from industry-specific suppliers, MRO is not necessarily industry specific and can there
fore be purchased from vendors serving many industries. Similarly, procurement prac
tices can be classified under two broad categories: systematic sourcing, where long-term 
contracts are negotiated with qualified suppliers, and spot sourcing, where an immedi
ate need is fulfilled at the lowest possible cost perhaps from anonymous parties. Putting 
these two dimensions of what to purchase and how to purchase on a B2B matrix offers 
some interesting insights (Figure 7.6) (Kaplan and Shawney 2000). 

W.W. Grainger is a distributor of MRO supplies in the United States. In 1995, the 
company has successfully complemented its extensive catalog and almost 400 branches 
with a web site offering over 200,000 products. Such web sites can be further 
extended into hubs with multiple suppliers greatly expanding the number of items 
offered. MRO hubs, which may bring a large number of vendors, constitute an exam
ple where the Internet is ideally suited for eliminating the inefficiencies of the current 
channel by reducing transaction costs, by integrating lower-tier suppliers, by elimi
nating the duplication of data entry, and by expanding the product portfolio. Such inte
gration would also improve customer service by reducing response times and 
eliminating errors. 

On the buyer side, "rogue procurement" is eliminated. In fact, MRO procurement 
has recently witnessed an invasion by yield managers. While buyers are seeking fur
ther cost reductions, market makers such as FreeMarkets and CommerceOne are pro
viding the necessary IT infrastructure for conducting on-line auctions. For example, 
FreeMarkets has conducted some 30 "competitive bidding events" (CBE) for United 
Technologies (UTC) in 1999 totaling just under $250 million of purchase volume, up 
from just 2 CBEs in 1996. UTC reports cost reductions of 10-70% on such diverse 
categories as rivets and studs, logistics services, telephone services, and tax prepara
tion. FreeMarkets reports that it has executed over 17,500 online markets for more 
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Figure 7.6 The B2B trading matrix. 
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than $25 billion worth of goods and services to date and has created over $5.2 billion 
in customer savings from more than 190 supply verticals. 

For manufacturing inputs, web-based technologies provide two key benefits. First, 
catalog hubs, or meta-catalogs, offer the possibility of bringing together a virtually 
unlimited number of offers from different suppliers all over the world. Such an infra
structure would greatly reduce the search cost for the buyer. For the supplier—in 
particular, for the small supplier—the platform offers unparalleled access to potential 
markets. This is indeed the first step in systematic sourcing. As for spot sourcing, web-
based technologies provide, for the first time, yield management capability for manu
factured products. A manufacturer stuck with low capacity utilization in a particular 
month can bid for orders to fill up its fixed production capacity or a buyer with an unex
pected shortage of a manufacturing input can bid for the material available on the mar
ket in the same way airlines price their seats or hotels price their rooms (all perishable 
inventory). Excess stock is liquidated through the marketplaces while capturing a much 
higher percentage of the product value (Goldman Sachs Investment Research 1999). 

From the discussion above it follows that web-based technologies have indeed 
provided an infrastructure that enables better matching of supply and demand by 
offering manufacturers a larger choice of suppliers and suppliers increased access to 
manufacturers, that is, both types of players can substantially increase their reach. 

3,4, Higher Reach Indeed, But Also Higher Richness? 

Richness refers to the quality of information in terms of its accuracy, bandwidth, cur
rency, customization, interactivity, relevance, security, etc. Reach simply refers to the 
number of people sharing that information (Evans and Wurster 2000). A 30-second TV 
commercial may have great reach during prime time, but low richness due to the diffi
culty of broadcasting customized information during such a short period. A catalog or 
prospectus, on the other hand, is capable of transmitting rich, customized information; 
it will, however, reach a much smaller pool of people. The Internet appears to mitigate 
this trade-off in certain domains. For example, Dell OnLine provides greater reach than 
a call center, while affording considerable richness for key corporate customers 
through "Premier Pages," which are customized web-based interfaces between Dell 
and its key corporate customers. 

However, manufacturing inputs, unlike MRO procurements, are industry specific, 
where longer-term contracts are negotiated with specific suppliers. Web-based tech
nologies do indeed provide extended reach into a wide pool of potential suppliers. The 
richness of the information on the suppliers' process and logistics capabilities pro
vided by current web technology may not always be adequate. 

For manufacturing inputs, the procurement process is typically divided into three 
stages: strategic sourcing, supplier management, and day-to-day purchasing. Strategic 
sourcing includes supplier identification, certification, and selection. Supplier 
management is concerned with supplier integration, supplier performance evaluation, 
and contract management. Beyond these two stages we find the day-to-day purchas
ing activities, including order request, logistics coordination, and payment manage
ment. There is no doubt that web-based technologies drastically reduce day-to-day 
purchasing costs. Our hesitation therefore concentrates on the first two stages of 
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the procurement process. While market makers such as FreeMarkets, Ariba, and 
CommerceOne provide valuable support for request-for-information (RFI) or request-
for-quote (RFQ) preparation, supplier performance evaluation, and contract manage
ment, the crucial activity of supplier identification and certification is still affected by 
the richness/ reach trade-off (Evans and Wurster 2000). 

For supplier selection and certification, the trade-off is depicted in Figure 7.7. 
During the quality movement of the 1980s and 1990s, a large number of companies 
have undergone the ISO certification process. As a result, in RFIs or RFQs, ISO cer
tification has become a natural requirement. The certification, therefore, has achieved 
worldwide recognition, resulting in great reach. Many buyers, however, have quickly 
discovered that ISO certification was a necessary but not sufficient assessment of 
process capability of a potential supplier. In other words, ISO certification did not 
accurately reflect the capabilities of a potential supplier. As a result, many manufac
turers, and particularly those in the automotive and aerospace industries, launched 
their own certification processes ensuring critical process capability at potential 
suppliers. While these supplier certification programs possess the desired depth or 
richness, they have limited reach due to their intensive resource requirements. In most 
cases, companies have been devising multi-year strategic sourcing programs to reduce 
and certify their supply base. 

While web-based technologies greatly increase the reach, as suggested in 
Figure 7.7, it is not evident whether they are currently providing the necessary 
richness for effective supplier selection. It therefore comes as no surprise that 87% of 
Internet purchases are for indirect products, 61% for services, 52% for maintenance 
and repair items, and only 35% for direct products (Goldman Sachs Investment 
Research 2000). We observe two approaches to mitigate this trade-off. The market-
making process championed by FreeMarkets heavily relies on preliminary fieldwork 
of identifying, assessing, and certifying suppliers prior to inviting them to join the 
CBE. There is also considerable effort in defining the "lots" for bidding to create a 
bundle of products and/or services that make sense from a manufacturing and logis
tics perspective. Hence, market makers are assuming the role of the certifying bodies 
in the supplier selection process (or navigators in the supply space) with the same 
credibility challenge faced by previous certifying bodies. In other words, we are 

Richness 
Supplier certification programs 

Web-enabled 

^ ^ 
Traditional 

ISO certification 

Reach 

Figure 7.7 Reach versus richness trade-off in supplier certification. 
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simply replacing one navigator (the certification body) with another one (the market 
makers) in configuring our supply chains (i.e., selecting our partners/suppliers). 

A second approach is the creation of vertical markets (or exchanges) managed by 
industry-specific professionals. In fact, most such markets follow an "admission 
process" for potential members during which the applicant's process capabilities are 
assessed prior to admission. Alternatively, incumbents opening a web-based channel 
do not face such a credibility challenge. For example, while ChemConnect brings 
together a large number of manufacturers in the chemical sector, Solvay participates in 
the Elemica Network to offer not only the commodity products but also the specialty 
chemicals and the engineering services offered by the company. As the Dell example 
has shown, web-based technologies allow for the customization of the offer for each 
specific customer. Hence, unlike the initial claims, brand name has become even more 
important in B2B e-commerce, as a supplier's reputation represents a surrogate meas
ure of its capabilities. A recent survey indicates that, while 42% of the respondents 
plan to join an existing on-line marketplace, 60% plan to develop their own market
place internally (Goldman Sachs Investment Research 2000). The challenge for 
incumbents, however, is the scalability of such a channel (or reach) and the logistics 
infrastructure needed to support the virtual channel. Collaboration among industry 
incumbents, software vendors, and computing and communication hardware providers 
indicate that a solution to mitigate this trade-off should emerge soon. The most visible 
outcome of this cooperation is the industry consortia such as Covisint (automotive), 
GNX and Transora (retail), and myAircraft.com (aerospace). The elimination of the 
richness/reach trade-off will then represent a major milestone to enable 3D-CE. 

4. Conclusion 

Web-based technologies are having a significant impact on supply chain strategies. On 
the coordination side, the web provides a virtually free platform for enhancing trans
parency, eliminating information delays and distortions, and significantly reducing 
transaction costs. As a result, the web makes it easier to mitigate the bullwhip phe
nomenon. One should note, however, that, while information flow has accelerated 
considerably, material flow has not gained much speed. This phenomenon makes the 
coordination of material and information flows even more crucial for effective supply 
chain coordination. It comes therefore as no surprise that third-party logistics service 
providers are undertaking innovative initiatives such as virtual logistics partnerships 
for such coordination. 

On the design side, current technology does not yet permit the mitigation of the 
trade-off between richness and reach in the crucial area of supplier identification, cer
tification, and selection. Given the rate of technology development, however, effective 
solutions may well be imminent. The development of voluntary industry-wide stan
dards and data definitions (e.g.. Voluntary Interindustry Commerce Standards (VICS) 
for the retail industry), the convergence on XML standards, the use of Internet proto
cols (e.g., MP's migration to mySAP.com), the adoption of scalable supply chain blue
prints (e.g., Manugistics' hub model for e-business), and the deployment of open 
technologies (e.g., J.D. Edwards' One World platform) all represent key enablers. 

http://myAircraft.com
http://mySAP.com
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However, technological enablers alone are not sufficient for implementing effective 
supply chain strategies. While web-based technologies enable transparency by facilitat
ing connectivity, they cannot address organizational issues such as incentive alignment, 
trust, and fair process required for effective communication and collaboration. This was 
illustrated by the recent crisis in the electronics industry. Cisco's highly-praised virtual 
supply chain could not prevent a significant demand-supply mismatch resulting in a 
$2.25 billion inventory write-off (Lakenan et al. 2001). A similar inventory pile-up, 
which may take six months to flush out, arose recently in other parts of telecommuni
cations equipment manufacturing, creating heavy friction between original equipment 
manufacturers and contract manufacturers. The capabilities of these web-enabled sup
ply chains were completely blocked by the reluctance to share undistorted information 
coupled with fuzzy finances (Engardio 2001). The rapid advances on the technological 
front must therefore be complemented by research on trust, incentive design, and 
incentive alignment to enable effective relationships among the potential members of a 
supply network. 
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Abstract 
e-Business has emerged as a key enabler to drive supply chain integration. Businesses can use 
the Internet to gain global visibility across their extended network of trading partners and help 
them respond quickly to changing customer demand captured over the Internet. The impact of 
e-business on supply chain integration can be described along the dimensions of information 
integration, synchronized planning, coordinated workflow, and new business models. As a 
result, many of the core supply chain principles and concepts can now be put into practice much 
more effectively using e-business. Significant value can be created by e-business enabled 
supply chain integration. 

1. Introduction 

In recent years, the increasing complexity of supply networks, the globalization of 
businesses, the proliferation of product variety, and the shortening of the product life 
cycles have necessitated companies to work on new supply chain strategies. These 
strategies call for tighter coordination and collaboration of supply chain partners, and 
are often called "supply chain integration." The advancement of information technol
ogy and the use of the Internet provide a great opportunity for a new era of supply 
chain integration. We have seen tremendous advancement of electronic commerce as 
a new retail channel for buying and selling goods and services via computer networks 
like the Internet. Such development, of course, has redefined how the front-end of the 
business can be conducted. However, the use of the Internet for business-to-business 
interactions and exchanges will have a much greater impact in supply chain manage
ment. It can redefine how the back-end operations of a supply chain can be run, and 
result in new supply networks and services. This is the exciting development that we 
are witnessing in supply chain management, and the term "e-business" has emerged 
to be a concept that marries the Internet with supply chain management. 

e-Business is defined here as "the execution of the front-end and back-end opera
tions in a supply chain using the Internet." Since a supply chain involves multiple 
companies and organizations, e-business naturally will be cross-enterprise in nature. 
e-Business has been driving supply chain integration to a new level (see Lee and 
Whang 1999, for some early impacts of e-business on supply chain integration), and 
new models and values are continuously being developed. By using e-business for 
supply chain integration, companies can realize great value through efficiency 
improvements, better asset utilization, faster time to market, reduction in total order 
fulfillment times, enhanced customer service and responsiveness, penetrating new 
markets, higher return to asset, and ultimately, higher shareholder value (see Lee 
2000). 

2. Supply Chain Integration and e-Business 

How has e-business facilitated supply chain integration? There are four key dimen
sions in which the impacts can be found: Information Integration, Planning 
Synchronization, Workflow Coordination, and New Business Models (Table 8.1). 
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Table 8.1 Dimensions of Supply Chain Integration 

Dimension Elements Some Benefits 

Information 
Integration 

Sychronized 
Planning 

Workflow 
Coordination 

New Business 
Models 

Information sharing & 
transparency, direct & real-time 
accessibility 

Collaborative planning, 
forecasting & replenishment, 
joint designs 

Coordinated production plan & 
operations, procurement, order 
processing, engineering change 
& design, replenishment 

Virtual resources, logistics 
restructuring, demand mgmt, 
mass customization, new 
services, click-and-mortar 

Less buUwhip effect, early 
problem detection, faster response 
& contingencies, trust building 

Less bullwhip effect, lower cost 
and optimized capacity utilization, 
improved service 

Efficiency & accuracy gains, 
lower cost, fast response, 
improved service, earlier time to 
market, reaching to larger network 

Better asset utilization, higher 
efficiency, penetrate new market, 
create new products 

Information integration refers to the sharing of information among members along 
the supply chain. Hence, demand information, inventory status, capacity plans, pro
duction schedules, promotion plans, demand forecasts, and shipment schedules are 
shared. Ideally, such information can be accessible by the appropriate parties on a 
real-time, on-line basis without significant effort. 

Planning synchronization refers to the joint design and execution of plans for fore
casting and replenishment. Hence, members in a supply chain may have their order 
fulfillment plans coordinated so that all replenishments are made to meet the same 
objective—the ultimate customer demands. 

Workflow coordination refers to highly streamlined workflow activities between 
supply chain partners. For example, procurement activities from a manufacturer to a 
supplier can be tightly coupled so that efficiencies in terms of accuracy, time, and cost, 
can be achieved. Product development activities involving multiple companies can 
also be integrated to achieve similar efficiencies. 

New business models refer to new ways of doing business in a supply chain. One 
example is resource sharing among multiple companies, which can serve as risk-
sharing instruments for these companies to hedge against the uncertainties that they 
face. Such sharing can be in the form of inventory or capacity. Supply chain partners 
may also work to redefine the logistics flows so that the roles and responsibilities of 
some members may change in order that the overall supply chain efficiency can be 
improved. A supply chain network may jointly create new products, pursue mass cus
tomization, and penetrate new markets and customer segments. All of these refer to 
the new rules of the supply chain game as a result of integration. 

Integration cannot be complete without a tight linkage of the organizational rela
tionships between companies. The channels of communication should be well defined 
and maintained. The performance measures for members of the supply chain also 
need to be specified and monitored. Hence, a member of the supply chain may be held 
accountable for some performance measures of another member, and there may be 
some joint performance measures for which multiple organizations are jointly held 
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accountable. Such extended performance measures encourage closer collaboration 
and coordination. Finally, organizations in a supply chain can work tightly together 
for the same goal only if the incentives of the multiple players are aligned. Incentive 
alignment requires a careful definition of mechanisms in which the risks and associ
ated gains of integration efforts are equitably shared. 

Supply chain integration has been the focus of many companies as a way to gain 
a competitive advantage. A timely contributor to this move is information technolo
gies, such as relational database, client-server architecture, TCP/IP network protocols, 
multimedia, wireless technology, and most recently, the Internet. The e-business 
model, or the Internet computing model, has served as an enabler for supply chain 
integration. Businesses can use the Internet to gain global visibility across their 
extended network of trading partners and help them respond quickly to changing 
customer demand captured over the Internet. 

3. Electronic Information Integration 

Information integration is the foundation of supply chain integration. For companies 
across a supply chain to coordinate their product, financial, and information flows, 
they must have access to accurate and timely information reflecting the status of their 
supply chain. The capability for all supply chain partners to have access to shared 
information on a timely basis is therefore a key to improving supply chain perform
ance (Table 8.2). 

To ensure that a supply chain is driven by true consumer demands, information 
sharing is critical. This is the most effective way to counter the problem of demand 
information distortion in a supply chain—the well known "bullwhip effect" (Figure 
8.1) (see Lee et al. 1997). Information distortion often arises from the partners mak
ing use of local information to make demand forecasts and passing them onto 
upstream partners; partners making ordering decisions based on local economic fac
tors, local constraints or performance measures; and gaming behaviors to exaggerate 
orders when there are perceived uncertainties in supply conditions. These distortions 
are amplified from one level to another in a supply chain, and are considered to be one 
of the biggest causes of inefficiencies in a supply chain. 

One way to counter the bullwhip effect is to have total transparency of demand 
information across the supply chain. Indeed, such transparency is considered to be the 
cornerstone of supply chain integration in the grocery industry, known as "Efficient 
Consumer Response" (see Kurt Salmon Associates 1993). 

Companies engaged in information sharing efforts usually share sales data, inven
tory status, production schedules, promotion plans, demand forecasts, and shipment 
schedule (see Lee and Whang 1999). Academic research has shown how information 
sharing could improve the efficiency of the supply chain (see, e.g., Bourland et al. 
1996; Gavirneni et al. 1999; Lee et al. 2000; Cachon and Fisher 2000). The Internet 
is an electronic link that ties different entities, and has been found to be the perfect 
platform for information sharing. The power of the internet is due to its open stan
dards, granting universal access to a wide audience (anytime, anyplace, anyone, 
almost) at a low cost. 
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Table 8.2 Examples of e-Business Impacts on Supply Chain Integration and Business Processes 

Dimensions of 
SC Integration 

Information 
Integration 

Planning 
Synchronization 

Workflow 
Coordination 

New Business 
Models 

Monitoring and 
Measurement 

Order 
Procurement 

Supplier 
information 
sharing 

Coordinated 
replenishment 

Paperless 
procurement, 
auctions, auto-
replenishment, 
auto-payment 

Market 
exchanges, 
auctions, 
secondary 
markets 

Contract 
agreement 
compliance 
monitoring 

Business Processes 

Fulfillment 

Information 
sharing across 
the supply 
chain 

Collaborative 
planning and 
coordination, 
demand and 
supply 
management 

Workflow 
automation 
with contract 
manufacturers 
or logistics 
providers, 
replenishment 
services 

CHck-and-
mortar models, 
supply chain 
restructuring, 
market 
intelHgence & 
demand 
management 

Logistics 
tracking, order 
monitoring 

Product Design 

Design data 
sharing, 
product change 
plan sharing 

Synchronized 
new product 
introduction 
and rollover 
plans 

Product change 
management 
automation, 
collaborative 
design 

Mass 
customization, 
new service 
offerings 

Project 
monitoring 

Post-Sales 
Support 

Customer usage 
data linkages 

Service supply 
chain planning 
coordination 

Auto-
replenishment 
of consumables 

Remote sensing 
& diagnosis, 
auto-test, 
downloadable 
upgrades 

Performance 
measurement 
and tracking 

The Internet allows the creation of an information hub (Figure 8.2) (see Bock 
1998) that would instantaneously process and forward information to all relevant part
ners upon arrival. The information hub is a node in the data network where multiple 
organizations interact in pursuit of supply chain integration. It has the capabilities of 
data storage, information processing, and push/pull publishing. The overall network 
forms a hub-and-spoke system with the participants' internal information systems 
(i.e., ERP or other enterprise systems) being the spokes. 

In physical logistics, "cross-docking" refers to a process in which products from 
multiple supply sources arriving at a logistics hub are sorted in accordance to the 
needs of destination points, and are then delivered to the destination points without 
being stored at the hub. Hence, the information hub can be viewed as the information 
analog of the logistics hub in the physical world, and information flows are cross-
docked instead of physical flow of goods being cross-docked. 
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Con-
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Figure 8.1 Information distortion: the bullwhip effect 

Suppliers 

( Distributors ) 

Figure 8.2 The information hub model. 

Many logistics service providers like Federal Express and UPS offer order 
tracking systems for partners to track and trace orders at all times—be it at a ware
house, at sea, at customs service, or on a truck to the customer—via the Internet. The 
platform allows supply chain members to communicate in case of delays, shrinkage, 
or discrepancies. 

Indeed, in a recent study conducted jointly by Stanford University and Accenture 
(formerly Andersen Consulting), based on a survey of 100 manufacturers and 100 retail
ers in the food and consumer products industry, companies that reported higher than 
average profits are the ones who are engaged in higher levels of information sharing 
(Figure 8.3). 

4. Electronic Synchronization 

Besides information sharing, integration also includes the exchange of knowledge by 
the partners so that they can collaborate to create synchronized replenishment plans. 
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Figure 8.3 Higher profits linked with higher level of information sharing. Source: Based on 
a survey study by Stanford University and Anderson Consulting, 1998. 

Such collaborative efforts up and down the supply chain are also best facilitated by the 
use of the Internet. One such example is the CPFR (Collaborative Planning, 
Forecasting, and Replenishment) initiative. In CPFR, both the buyer and the seller 
make use of the Internet to share their forecasts, detect major differences, and 
exchange ideas and collaborate to reconcile differences so that eventually, they would 
both have a common forecast and replenishment plan. The value of CPFR has been a 
subject of academic research as well (see Aviv 2001). 

Currently, the Voluntary Industry Commerce Standards Committee is working on 
formalizing the process models and technology framework for collaborative planning, 
forecasting and replenishment for the grocery industry. It would have companies uti
lizing the Internet, with electronic bulletin boards, to pursue the collaborative efforts. 
Nabisco and Wegmans had successfully implemented a pilot, with very encouraging 
results. The total snack nut category sales went up by 11% while the corresponding 
sales at other retailers actually declined by 9% in the test period. Nabisco's leading 
brand Planter saw its sales increased by 40% as a result of better-planned promotions 
and discounting given to Wegmans stores, which was enabled by the collaborative 
efforts in replenishment. Finally, Nabisco's warehouse fill rate increased from 93% to 
97%, while inventory dropped by 18%. Several other pilots are now under way at 
Schnuck Markets, Kmart, Circuit City, P&G, Kimberly Clark, Sara Lee, and Wal-Mart. 

The study conducted jointly by Stanford University and Accenture mentioned ear
lier again reveals interesting observations. The survey result indicates that companies 
that reported higher than average profits are also ones which are more engaged in joint 
logistics replenishment and planning programs with their trading partners 
(Figure 8.4). Clark and Hammond (1997) also found that companies engaged in syn
chronized replenishment programs had higher inventory turns that those that did not, 
based on their study of grocery manufacturers Campbell Soup and Procter and 
Gamble, and retailers Hannaford Brothers and H.E. Butt. 
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Figure 8.4 Higher profits and higher level of joint demand and logistics planning. Source: 
Based on a survey study by Stanford University and Anderson Consulting, 1998. 

Adaptec, a fab-less semiconductor company faced with both evolving supply 
processes and innovative products, also relied on advanced Internet-based solutions to 
exchange information and coordinate their production plans with their supply chain 
partners (Peleg 1999). Using a software called Alliance developed by Extricity (now 
part of Peregrine), the company communicates in real time with their foundry TSMC 
(Taiwan Semiconductor Manufacturing Company) and their assembly partners Amkor, 
ASAT and Seiko with information such as detailed and complex design drawings, pro
totype plans, test results, and production and shipment schedules. This greatly facili
tates their ability to be aware of demand and supply levels, and allows them to respond 
quickly to potential mismatch problems. It also helps to shorten their new product 
development times. With the use of Alliance, Adaptec's cycle time was cut by more 
than a half. The Alliance software has also been used by TSMC, Solectron, Ingram-
Micro, and North Face to coordinate their workflow with their supply chain partners. 

Recognizing the importance of supply chain synchronization, Cisco has embarked 
on a very ambitious project to create an e-Hub (Grosvenor and Austin 2001). The 
e-Hub will link multiple tiers of suppliers via the Internet, and it will coordinate 
supply and demand planning across the supply chain, using intelligent planning 
softwares provided by Manugistics. The e-Hub will also enable the identification 
of potential supply and demand problems early, with proper warning given to the 
appropriate parties, and resolution actions taken promptly, via the Internet. 

5. Electronic Workflow Coordination 

The Internet has created vast opportunities for cross-enterprise workflow integration. 
Such workflow can include activities such as procurement, order execution, engineer
ing change, design optimization, and financial exchanges. The result are much more 
cost-effective, speedy, reliable and less error-prone supply chain operations. 
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5.7. Procurement 

A typical manufacturing company needs to procure thousands of products from 
hundreds of suppliers. The Internet helps to manage the complexity of the procurement 
process. Numerous companies including Ariba and CommerceOne offer Web-based, 
enterprise procurement solutions that dynamically link the buyer into real-time trading 
communities over the Internet. They also automate the internal procurement process 
from requisition to order, as well as the supplier interactions from order to payment. 
The solutions enable their client companies to reduce operational costs and increase 
efficiency by automating the entire indirect goods and services supply chain. Indeed, 
most of the market exchanges, such as Covisint for the automobile industry, Exostar for 
the aerospace industry. Converge and e2open for the electronics industry, and Transora 
for the grocery industry, etc., all provide e-procurement solutions for their members. 

Increasingly, companies are also relying on scientific replenishment software to 
drive their timing and quantity decisions in procurement. For example. Long Drug 
Stores, a pharmaceutical retail chain, uses the service of Nonstop Solutions, to man
age its ordering and replenishment processes at their distribution centers and stores. 
This results in the company having exceptional inventory turns that is head and shoul
ders above its competition, and has been dubbed as the "hyper-efficient pharmaceutical 
demand chain" (Lee and Whang 2001a). 

5.2, Order Processing and Financial Flow Coordination 

Instill, a Silicon Valley startup company, has created an Internet-based service to facil
itate and process orders, as well as coordinating rebates, discounts, and other financial 
exchanges for operators (like restaurants), wholesalers and manufacturers in the food-
service industry. Its mission is to develop easy-to-use services that lower costs and 
provide valuable information for all members of the foodservice supply chain. Its 
solution replaces the traditional time-consuming, error-prone purchasing systems with 
a secure and user-friendly client program for food operators to order food products on 
the Web. In addition, the Web site serves as an information hub that links buyers and 
suppliers in the food service market (see Chen et al. 2000). A parallel company, 
ProduceOnline (now part of World Commerce Online), provides similar services for 
the $82 billion wholesale produce market linking grower-shippers (farmers) to pro
duce wholesalers, corporate food distributors and to vertically integrated retail grocery 
chains. In this way, these complementary companies strive to achieve the goals of the 
Efficient Foodservice Response (EFR) initiative (see CSC 1997). 

5.3, Procurement Coordination for New Product Introduction 

Over the Internet, buyers can accomplish complex purchasing tasks—such as 
part list management, quoting, decision-making, ordering, order change and order 
confirmation— in hours, instead of days. The Internet can also enable companies to 
tap into a bigger supply base to ensure reliable supply of the products so as to be 
responsive. Timeliness in supplier selection, order quote generation and receipt, and 
the integration of purchasing decisions with a company's internal Enterprise Resource 
Planning systems is particularly valuable in new product introduction. Solectron, the 
unprecedented two-time winner of the National Malcolm Baldrige Award, makes use 
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of Digital Buyer, an Internet-based procurement software provided by Digital Market 
(now part of Agile Software), to reach multiple suppliers and obtain price and avail
ability quotes within a day or two. In the initial pilot run earlier this year, Solectron 
was able to use Digital Buyer to get 5 out of 6 suppliers to respond to their requests 
for quotes for 55 parts within 4 hours to 2 days, generating a total of 156 quotes. This 
drastically reduces their cycle time to support their customers' new product introduc
tion process (see Fox et al. 1999). 

5A, Collaborative Design for Supply Chain Management 

As product life cycles are shorter and shorter, managing product rollovers is now a rou
tine challenge faced by many high tech companies. Product rollover, defined as the 
transition from one version of a product to its successor, is often a vulnerable time for 
a company. A successful company can lose significant market share by mismanaging a 
product rollover (see Billington et al. 1998). One of the major risks in product rollover 
is the time taken to have all the new parts ready for the rollover. Engineering changes 
involved in rollovers may require both new suppliers, new bills of materials, and new 
requirements for existing parts. Agile Software, for example, has been able to help 
companies like Dell Computer, PairGain, WebTV and Flextronics to use its Internet-
based software systems so that engineering changes can be made effortlessly (Johnson 
and Lee 2000). Product changes are very common events in the high tech industries. 
These changes can be due to component cost change, product improvements, process 
modifications, quality feedback, material shortages, and product obsolescence. Product 
changes involve the collaboration of design engineers, procurement, suppliers, manu
facturing and process engineers, contract manufacturers, service support, and product 
management. Coordinating all the activities of product changes is therefore important. 

Other new companies have emerged to support new product designs and new 
product introduction. One example is SpinCircuit in the electronics industry. By cre
ating a Universal Data Network, approved vendor lists, design data sheets, and design 
data such as EDA CAD libraries, MUP/ERP, and PDM, design engineers and manu
facturing engineers can collaborate to speed up the design and introduction process. 
The Internet has thus played a key role in supporting companies to "design for supply 
chain management." 

The Internet is also enabling innovative ways to leverage knowledge capital criti
cal to the design process. Yet2.com's website brings companies such as Boeing, TRW 
and Monsanto together to trade intellectual property, saving millions on research and 
development (Anderson and Lee 2000). 

6. New Business Models 

6,1, Virtual Resources 

The Internet facilitates information search so that multiple resources in a supply chain 
that used to act as independent resources can be tapped simultaneously to satisfy 
special needs. Resources such as inventory stockpiles and capacity can thus be pooled 
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to create "virtual resources." One example of a virtual resource is the marketplace 
operated by ChemConnect, called World Chemical Exchange, which provides a 
global-neutral market for chemical and plastic manufacturers and buyers. More than 
2,500 members, representing 80% of the world's top 25 chemical companies, now can 
conduct round-the-clock trading of chemicals and plastics of all types (Anderson and 
Lee 2000). 

Converge, the market exchange for electronics, operates a market exchange for the 
so-called secondary markets so that companies can sell and buy components and 
parts. Since the high tech industry has very short product life cycles, excess inventory 
of components and parts could result in huge obsolescence costs, while suppliers and 
manufacturers are not always able to produce more of their products that are close to 
the end of the product life cycle. Hence, the value of secondary markets to allow com
panies to trade their inventory and excess needs can be great. The costs of imbalances 
between supply and demand could be minimized. Internet-based secondary markets 
can thus benefit, in most cases, every member of the supply chain. There are, however, 
cases when this is not true. Lee and Whang (2002) use a simple inventory model to 
show that, since the price of the products transacted in the secondary market is deter
mined by the supply and demand of such products, retailers may sometimes buy less 
from the manufacturers initially. This could lead to a reduction of the manufacturer's 
profit. Hence, the impact of a secondary market to the supply chain is an interesting 
subject of research. 

6.2, Supply Chain Restructuring 

With the advance of information technologies, companies can also restructure the 
logistics flows of their products to gain efficiencies. The physical flows of products no 
longer have to follow the information flows. The Internet allows information flows to 
substitute some of the inefficient physical flows. Instead of having products go from 
one site to another in a fixed pattern, it is possible to have products produced and 
shipped directly to a customer, by-passing the many stopovers that are non-valued 
added. Cisco has been one of the most successful companies engaged in using the web 
for the sale of their products. The total annual sales of over $8 billion over the web 
constitute about 74% of the total sales of the company. The company outsources most 
of its manufacturing, while Cisco continues to use its sales force to sell to their cus
tomers. The elaborate web-based information system links Cisco and its supply chain 
partners, and takes care of all the necessary information flows. But the physical flows 
could be quite simple—55% of Cisco's sales are shipped directly from the subcontract 
manufacturers to the customers, without having to stop at Cisco's distribution centers. 

6.3, Product Upgrades 

The latest innovation by Xilinx, a semiconductor company producing field-program
mable logic devices, is to create Intemet-Reconfigurable-Logic (IRL). In this age of 
rapid technological developments, some of the products in which Xilinx integrated 
circuits reside are going through constant product generation changes that would 
require the updating of the functionalities of the Xilinx chips (see Brown et al. 2000). 
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With IRL, the field-programming logic can be modified or updated after the installa
tion at the end user's premises over networks and the Internet. These online field 
upgradeable systems can range from multi-use set-top boxes and wireless telephone 
cellular base stations to communications satellites and network management systems. 
By 1999, Xilinx had surpassed its competitors and became the market leader for field-
programmable logic. Similarly, Intuit, the financial software company, offers upgrades 
to their tax and financial planning products over the web. Customers can simply 
download the upgrade modules over the web. Microsoft, another software giant, has 
made use of the web for the upgrade of its Windows/Office products. 

6A, Service Support 

Remote sensing and diagnosis can be implemented over the Internet. A software com
pany, tuneup.com, for example, offers a remote maintenance service on PC products. 
A subscriber of the service would allow the service center to remotely collect data on 
her computer. The service center electronically checks her computer for computer 
viruses and terminates them if contamination is detected. They also advise and help 
the subscriber to install software upgrades, hardware drivers, and program add-ons 
specific to her computer. Under an ' Autotest" program, Cisco's suppliers run software 
routines that perform quality tests at their local test cells. The test data are sent over 
the Internet to Cisco, so that Cisco engineers can remotely monitor and control test 
cells. This enables them to resolve problems that the suppliers themselves cannot 
diagnose. The standardized test results across the entire supply base allow Cisco to 
scale the activity rapidly and obtain valuable information about their products that 
might not be available without such arrangement. 

6.5, Mass Customization 

The Internet enables many companies to use the web to allow customers to configure 
specific order options tailored to the tastes and preferences of the customers. Hence, 
the Internet facilitates mass customization. This has been a key feature of online retail
ers, and examples of such companies are numerous, such as eGreetings (now part of 
American Greetings) for customized greeting cards, Ford.com for automobiles, 
Voodoo and Cannondale for mass customized bicycles, Dell for computers, and Nike 
ID for personalized shoes. 

6.6, From Products to Service 

Intuit develops and markets the world's best-selling personal, small business, and tax 
preparation software, as well as a set of web-based financial tools. In the past, the 
company's products were solely software and tools. With the advances of the Internet, 
Intuit has been able to create Internet-based services. For example. Intuit used to sell 
a tax product to a customer who would then have to download the software into 
his/her computer system, input key data to complete the tax return, print the return and 
mail the return to the appropriate government agency. Today the same customer can 
enter the data through the Internet, and Intuit will complete the tax return as well as 
electronically transmit the return to the government. In addition, since Intuit has links 

http://tuneup.com
http://Ford.com
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to many key banking institutions, it can also access the appropriate documents, such 
as dividends and interests payments, and include them in the electronic filing. Many 
other services have been created as well, such as payroll for small businesses, portal 
for office supplies purchases, electronic payment of bills, and information on mort
gages and insurance agents, etc. The revenue from services, enabled by the Internet, 
is steadily increasing (Taylor 2000). Another example is eGreetings, which offers 
services to their greeting card customers: all important dates (like wedding anniver
saries) can be recorded on the customer profile database at the website, and the cus
tomer is notified by email about the coming events days in advance, and can therefore 
use eGreeting's greeting card and gift services. 

6J, Order Fulfillment by the Click-and-Mortar Model 

The high cost of order fulfillment for online retailers has been viewed as a major 
impediment for the economic viability of e-tailers. Innovative solutions are needed, 
which often require the combination of the digital channel with brick-and-mortar 
infrastructure. 7dream.com, a joint venture by seven Japanese giants, is an example of 
such a "click-and-mortar" model (see Lee and Whang 2001b). Seven Eleven Japan 
(SEJ) is the largest and the most successful convenience store chain in Japan. In 2000, 
SEJ created 7dream.com, which is a joint venture involving seven of Japan's industry 
giants: SEJ, Nomura Research Institute (NRI), Mitsui, Sony, JTB, NEC and 
Kinotrope. 7dream offers a large pool of products on its website without a store car
rying inventories, and lets customers pick up the order at a SEJ store two or three days 
later. This way, the value of Internet-based channels are combined with the power of 
SEJ's infrastructure of extensive stores and logistics. 

There are other examples of such a model. CVS, a US major pharmaceutical 
chain, has also created a web-channel for its customers to place orders by the Internet, 
while customers can have the option of picking up the orders at the CVS stores. 
ToysRUs also leverages the logistics infrastructure of Amazon.com for order fulfill
ment, while customers can order directly from the company via its website. 

6,8, Market Intelligence and Demand Management 

The application of e-business can provide a massive set of demand data that can have 
great value potential. Statistical aggregation of consumption data can provide market 
information for manufacturers and suppliers to plan merchandising decisions, promo
tion plans, and new product development decisions. Instill's suite of Internet services, 
used by an extensive set of distributors and operators in the foodservice industry, for 
example, enables business intelligence. The company consolidates industry-wide data 
and offers, as a service, business intelligence information to customers for improving 
their profitability and market positions. 

Another example of using demand data to create business values is DemandTec. 
Using extensive data, the company's proprietary scientific methods, based on sophis
ticated statistical analyses, can analyze customer demand characteristics, and help 
companies to optimize their demand management decisions, such as merchandizing, 
pricing, promotion plans, and assortments, etc. The optimization is based on nonlin
ear programming techniques, capturing the interactive effects of products, stores, 

http://7dream.com
http://7dream.com
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marketing instrument decisions, and time, as well as the supply chain cost impacts 
resulting from the demand management decisions. Such a powerful solution is made 
possible by the existence of extensive demand data. This is a new area of competition. 
Manugistics, with its acquisition of Talus Solutions, is also positioning itself as the 
key provider of the so-called Enterprise Profit Optimization solutions, linking supply 
chain management software with price and revenue management software. 

7. Supply Chain Monitoring and Measurement 

As a supply chain becomes more integrated, multiple entities are involved in fulfilling 
orders in a coordinated fashion. It becomes clear that tight monitoring and perform
ance measures are needed. Again, there have been many new developments along this 
front. 

Monitoring a supply chain is an interesting new field. Terms like Supply Chain 
Event Management, Supply Chain Process Management, or Supply Chain Execution 
Management have been used interchangeably for this purpose. There are many new 
technology solutions, and here we simply cite some examples. 

Supply chain monitoring starts with tight tracking of the processes involved in a 
supply chain. Hence, we need to have the most updated information regarding how 
products and information flow through the different parts of the supply chain. In 
manufacturing processes, DataSweep is an example of a company that has created a 
sophisticated tracking system to trace manufacturing data, such as capacity, yield, 
work in process, and machine status, etc. Such information can then be transmitted via 
the Internet to appropriate parties, and hence provides the foundation of manufactur
ing process monitoring. In transportation logistics, Savi Technologies is an example 
of a company that makes use of RFID (Radio-Frequency Identification) technologies 
to track individual products, containers like totes or pallets, and transportation vehi
cles, as they move through key choke points along the supply chain (a warehouse, a 
dock, or an airport, etc.) The information is put on a common Internet platform, so that 
total visibility of end-to-end real-time movements can be obtained. 

Tight monitoring enables companies to detect problems early, so that corrective 
actions can be taken promptly. This enables proactive supply chain management. 
Indeed, the e-Hub concept, described earlier, that Cisco is undertaking can be viewed 
as a supply chain monitoring system. Many other new ventures, such as WorldChain, 
Sourceree, and Vigilance, as well as established players like EXE, Vastera and 
Descartes, are providing monitoring services using the Internet platform. 

In the area of procurement, monitoring often requires tracking of supplier per
formance and contract fulfillment. The foodservice market exchange Instill, men
tioned earlier, provides this service for their customers. For example, a food operator 
such as the Marriott may have a contract with a food supplier, stipulating pricing terms 
based on the aggregate purchase of the products by Marriott hotels and operators (who 
often make individual and independent purchasing decisions). It is in the interest of 
Marriott headquarters to monitor the fulfillment of the contract by the individual 
hotels and operators. Instill now offers a purchase tracking service for multi-unit food-
service operators, and allows executives of food operators to view up-to-the-minute 



e-Business and Supply Chain Integration 137 

purchasing activity for better control. Its user-friendly format offers standardized 
reports to verify contract pricing, track rebates, and monitor unit buying compliance. 
Further, the manufacturers have access to the aggregate demand and tracking data 
showing how their products move through each distribution channel. Provato (now 
part of I-Many) is an example of a company that provides Internet-based software 
solutions to help companies construct and monitor compliance to contractual 
agreements. 

Supply chain integration also requires performance measures that go beyond a 
company measuring its own performance. As companies share demand information, 
collaborate on planning decisions, and exchange decision rights for supply chain inte
gration, it is important that performance is not measured locally, and that performance 
at different parts of the chain is shared with appropriate parties at different parts of the 
chain. The Internet can again be used to facilitate performance measurement across a 
supply chain. SeeCommerce, a company based in Palo Alto, was instrumental in help
ing DaimlerChrysler's service parts division, the Mopar Parts Group, improve its serv
ice performance drastically (Rajwat 2001). SeeCommerce's Internet-based software 
product, the SeeChain suite, was implemented by the Mopar Parts Group to monitor 
performances at multiple parts of the service supply chain. The investment was paid 
back in only 12 weeks. 

8. Conclusion 

e-Business has enabled supply chain integration in many industry sectors. As a result 
of e-business development, many of the core supply chain concepts or principles have 
been implemented and put into practice in a much more effective way. These concepts 
include: information sharing, multi-party collaboration, design for supply chain man
agement, postponement for mass customization, outsourcing and partnerships, and 
extended or joint performance measures. The Internet has enabled many solutions that 
accelerated the widespread practice of these core supply chain principles. Below, we 
summarize how e-business has impacted supply chain integration with respect to the 
various business processes involved in supply chain management. 

In the next few years, we will see an explosion of business-to-business applica
tions of the Internet as visionary companies develop new paradigms of e-business for 
the future. Many have already found ample opportunities in e-business. Such advance
ments have accelerated the movement towards supply chain integration. The land
scape of such integration efforts will be very different from the traditional ones. 
Companies that make use of e-business to redefine supply chain integration will have 
a tremendous competitive edge over their competitors. 
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Abstract 
Product variety has been on the increase for the last several years. Firms are striving to identify 
effective operational strategies to deal with the growth in product variety. Postponement can be 
a powerful strategy for managing product variety. In this paper, we introduce concepts related 
to postponement, discuss successful industrial applications and identify key enablers and 
factors influencing the successful implementation of postponement. 

1. Introduction 

There is a strong movement in industry towards increased product variety and shorter 
lead times, which is leading companies to strive for mass customization (Pine 1993; 
Swaminathan 2001). For example, Dell promises to deliver a customized PC within a 
few days of receiving the order. It is not uncommon for consumer electronic products 
and personal computers to be customized for each of the different retail channels 
(Johnson and Anderson 2000). National, a major Japanese bicycle manufacturer, 
allows its customers to choose from a palette of 104 different colors (Ulrich et al. 
1998). Toyota is promising to build cars to customer specification and deliver the cars 
in 5 days (Simison 1999). Greater adoption of the Internet will likely lead to even 
higher degrees of customization. 

This puts companies in a tight squeeze trying to meet the increased demand 
for variety with a shorter time span to develop, produce, and deliver products. 
McCutcheon et al. (1994) refer to this as the customization-responsiveness squeeze. 
Such an environment may hamper predictability in demand, supply, and production, 
which in turn can have a negative effect on firm-level performance. For example, 
increased product variety makes it more difficult to accurately forecast the demand for 
individual products. Lee and Billington (1994) report that for high technology prod
ucts forecast errors of 400% are not unusual. This increased forecast error typically 
leads to an increase in the amount of inventory one needs to carry for a given customer 
service level and, subsequently, can engender larger end-of-life write-offs due to 
supply-demand mismatch. In some industries with short life cycles this write-off cost 
could be enormous. For example, the cost of holding inventory in the printer and the 
PC businesses can be as high as 50% of the product cost (Johnson and Anderson 
2000). Further, increased product variety along with a requirement for short delivery 
time can reduce the ability of companies to take advantage of economies of scale and, 
consequently, limit the ability of companies to procure components and manufacture 
products in a cost-effective manner. All these factors, coupled with increased compe
tition, can squeeze profit margins. 

While the costs for meeting the increased expectation for variety and delivery 
timelines can be daunting, companies can ill-afford to ignore the customer demand. 
McCutcheon et al. (1994) present the case of an American machine tool manufacturer 
that lost market share to a Japanese competitor during the downturn in the 1980s 
because it failed to meet the variety challenge in a cost-effective manner. Moreover, 
the increase in product variety is sometimes inevitable as companies continue to 
expand into new geographies, and this can often cause end product differentiation in 
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terms of local language requirements, government regulations, and special tastes of 
the local population. For example, consumer electronics companies usually need to 
differentiate their products by local languages for end product packaging and instruc
tion booklets and manuals. The following partial listing of product differentiation due 
to local language distinctions gives an indication of the complexities faced at 
Hewlett-Packard: US English; International English; Canadian French; German/ 
English; French/English; Simplified Chinese/English; Italian/English; Spanish/English; 
Traditional Chinese/English. 

The concept of postponement is to delay the point of commitment of work-in-
process inventory into a particular end product and, thereby, gain leverage in terms of 
efficient asset utilization in a dynamic and uncertain environment. This is possible 
because postponement enables the manufacturing and distribution network to config
ure semi-finished products based on the most recent market demand information. 
Postponement naturally aggregates the demand of multiple products, which is inher
ently easier to predict than individual products. Also by delaying commitment to an 
end product, postponement shortens the forecasting horizon and, thereby, helps 
resolve some of the uncertainty of the end product demand (Whang and Lee 1998). 
Alderson (1950) appears to be the first to coin the term postponement and identify 
postponement as a means of reducing marketing costs. Alderson suggests that this 
approach could reduce the amount of uncertainty related to marketing operations. 
Zinn and Bowersox (1988) and Lee (1993) describe the operational benefits of post
ponement realized by a number of different companies. The concept of postponement 
is also referred to as end of line configuration, late point differentiation, or delayed 
product differentiation (Lee 1993). 

In this paper we present an overview of concepts related to postponement, 
describe the different types of postponement, discuss the costs and benefits related to 
postponement and illustrate successful industrial applications of postponement. 
Swaminathan and Lee (2003) present a state-of-the-art review of research and analyt
ical models and algorithms on postponement. The rest of the paper is organized as 
follows. In Section 2, we describe postponement and its alternative forms in greater 
detail. In Section 3, we discuss the various factors that influence successful imple
mentation of alternate postponement strategies. We conclude the paper in Section 4. 

2. Postponement—Concept and Alternative Forms 

A supply chain is a network of facilities that performs the functions of material 
procurement, material transformation to intermediate and finished products, and 
distribution of finished products (Lee and Billington 1994; Swaminathan et al. 1998). 
Brown et al (2000), Lee (1993), Lee et al (1993), Lee and Billington (1994), and 
Swaminathan and Tayur (1998a, 1998b) present many examples of supply chains. 

Figure 9.1 shows a schematic of a supply chain for a typical consumer electronics 
product. For example, semi-finished goods are transported from a manufacturing site 
usually located overseas in Southeast Asia either by ship or by air to a regional ware
house in Europe or North America. The semi-finished products are transformed 
to acquire the local flavor, such as filling in the appropriate local language literature, 
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Figure 9.1 An example of supply chain. 

promotional material, or power-supply cord, before being transported by surface to 
the retailer depot. The product is subsequently surface transported to the local store 
such as Wal-Mart or Office Depot where it is displayed on the store-shelf. Note that 
products acquire increasing value, functionality, and components or sub-assemblies as 
they traverse through the supply chain. Inventory can be held in different forms at 
various points in the supply chain to satisfy customer demand in a timely and cost-
effective manner. 

2.1. Alternative Forms of Postponement 

Zinn and Bowersox (1988) describe different types of postponement that could be 
implemented in the supply chain, and these include labeling, packaging, assembly, 
and manufacturing. The different postponement types loosely refer to the different 
points in the supply chain where postponement transforms semi-finished product to an 
end product after customer demand is realized. In labeling postponement a standard 
product is stocked and labeled differently based on the realized demand. This could 
be performed at the retailer at the end of the supply chain, at the distributor, or as the 
last step in the factory. For example, at a Hewlett-Packard printer division, end product 
printer packages were stored in generic packaged form at the distribution center. 
After receiving orders from the customers, a sticker in the appropriate language was 
placed on a specially identified surface of the package to differentiate between alter
nate language products. In packaging postponement products are not packaged into 
individual packs until the final orders are received. This is typically performed at the 
manufacturing or distribution site. For example, in electronics manufacturing 
semi-finished goods are transported from an overseas location to a regional market, 
such as North America or Europe, where they are localized with local language liter
ature or the appropriate power-supply, either at the company or retailer distribution 
center (Lee and Billington 1994; Feitzinger and Lee 1997). Finally, assembly and 
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manufacturing postponement refer to situations where additional assembly or 
manufacturing may be performed at the assembly or warehouse facility after demand 
is realized. We will present additional examples of the aforementioned types of post
ponement in Section 2.3. 

Clearly, different types of postponement strategies have different associated costs 
and benefits. For example, with packaging postponement, inventory costs are reduced 
due to stocking of the standard product, whereas the packaging costs are higher 
since it cannot be performed in large quantities, thereby losing economies of scale. 
Similarly, in manufacturing and assembly postponement, component costs can 
increase if that component needs to be standardized across multiple products, and in 
some cases a more complex process may have to be used. Clearly there are multiple 
ways in which postponement can be pursued, each with a different cost and service 
impact. 

An additional, extreme form of postponement is where the customer, rather than 
the manufacturer, configures the product. An everyday example of this is home 
telephone equipment, which allows the customer to choose between a rotary-dial or 
tone-dial mode after purchase. This is especially useful in emerging markets such as 
India where both types of telephone exchanges can co-exist. Xilinx, a manufacturer of 
integrated circuit (IC) chips called logic devices, provides special functionality chips 
to manufacturers of electronic products such as wireless telephones, cellular base 
stations, and network management systems. Xilinx introduced programmable logic 
devices and in-system programming capability that allowed customers to configure 
the IC device to suit their need and, thereby, helped rationalize the product offerings 
(Brown et al. 2000). Agilent Technologies adopted a similar approach for one of their 
IC chip products. In this case, the chip was redesigned to be programmable prior to 
integration with an end product, instead of differentially hardwiring the IC chip at the 
time of fabrication. This ability to postpone the decision to differentiate IC chips to 
the final moments of product integration led to a significant reduction in inventory 
costs. 

2,2, Point of Differentiation 

During postponement the commitment to an end product configuration is usually after 
an order is received from the customer. The delay point in the supply chain where 
partially finished products are held is referred to as the point of differentiation or the 
push-pull boundary (Swaminathan and Tayur 1998a; Simchi-Levi et al. 2000). Based 
on customer orders partially finished products are configured to end product. Supply 
chains usually operate under a push philosophy up to the differentiation point and 
under a pull philosophy after the differentiation point. While pull systems can help 
lower system inventory levels, the lead time may not be sufficiently responsive for the 
given situation at hand. In such cases, manufacturers may opt to hold limited safety 
stocks to meet immediate demand, while replenishing frequently. 

In the examples of labeling and packaging postponement of electronics manufac
turing presented earlier, the point of differentiation is located at the distribution 
center. Likewise, in an assembly and manufacturing postponement strategy the 
point of differentiation would be located at the site where additional assembly and 



144 Venkatesh and Swaminathan 

manufacturing is performed to transform semi-finished product to end product. 
Finally, in the extreme form of postponement exemplified by Xilinx and Agilent, the 
point of differentiation is moved to the customer site. 

Ulrich et al. (1998), based on their experiences with the bicycle industry, indicate 
that an appropriate place to locate the differentiation point is upstream of the point 
where the greatest product variety is introduced into the supply chain. Postponement 
naturally aggregates demand across multiple products at the point of differentiation. 
However, the resulting inventory savings may not offset other contending cost factors 
and a careful assessment of all the relevant costs should be made before deciding on 
the location of the differentiation point. 

2. J. Examples of Postponement 

Lee et al. (1993) describe postponement efforts in the distribution of Hewlett-Packard 
DeskJet printers. The printer product line had regional distribution centers in Europe, 
the US, and the Far East, and needed to localize the power supply module, power cord 
terminators, and manual for the different countries. In the existing operation, products 
were localized at the US factory before being shipped to the respective regional dis
tribution centers. The manufacturing plant in the US worked under a pull system, 
based on the target safety stock levels set for the different distribution centers, taking 
into account the one month transit time to the overseas distribution centers. As a result, 
a high level of safety stock was needed at the distribution centers. 

The re-engineering of the distribution process at Hewlett-Packard to implement 
postponement involved re-sequencing the transportation and localization steps so that 
localization could be performed at the regional distribution centers. This effectively 
moved the point of differentiation to the regions. This was accomplished by making 
changes to the product design, so that the power supply cord, the power cord termi
nators, and the manuals could be included later at the distribution centers. As a con
sequence of these changes, there were additional investments due to product redesign, 
package redesign, and enhancement to distribution center capabilities. However, the 
additional investment was offset by the resulting inventory savings due to postpone
ment. Other benefits included lower capital investment for in-transit inventory, 
lower freight costs due to denser packaging of generic printers (compared to loosely 
packed finished printers), and local presence of final assembly in the overseas 
markets. Figure 9.2 shows a schematic of the DeskJet printer supply chain before and 
after postponement with two example regional centers. 

Swaminathan and Tayur (1998b) describe the assembly process for the RS/6000 
server produced by IBM, where postponement was utilized at the final assembly 
stage. Each model in the product line had 50-75 end products mainly differentiated 
by ten features or components. Different end products across the product line showed 
a high degree of component commonality. Since demands for end products were 
highly random and correlated, the existing mode of operation was to start final assem
bly only after a firm customer order had been received. At the time of the research, the 
duration of the assembly process caused a sizeable percentage of customer orders to 
be delayed. The order delay problem was increasingly acute, as customers who once 
were satisfied with delivery within one month were now demanding that products be 
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Figure 9.2 Modularization of power-supply in DeskJet manufacturing at Hewlett-Packard. 

shipped within seven to ten days after the orders were placed. The change in customer 
requirements was due primarily to competition in the industry and an increase in serv
ice expectations. IBM decided to stock semi-finished inventory called vanilla boxes, 
which could be easily configured into finished products. This effectively moved the 
point of differentiation from the beginning of the assembly process to the point of 
stocking vanilla boxes. There were additional costs in terms of redesigning the prod
uct line to enable the processing of vanilla boxes, training the work force, and invest
ing capital in vanilla box inventory. The benefit of such an approach was that the lead 
time experienced by the customer was limited to the customization time starting from 
a vanilla box and, now, most of the orders could be satisfied on time. A variant of 
this approach, called the configure-to-order system, has been widely used in the elec
tronics industry. 

Xilinx utilizes a dual strategy to manage product variety (Brown et al. 2000). 
Xilinx builds to forecast up to the point of differentiation and holds products in semi
finished form called dies. Demand for end products that can be customized, tested, 
and distributed within the customer specified response time is satisfied from the 
inventory of dies. However, for certain end products that demand a response time 
shorter than the time needed to customize the dies beyond the differentiation point, 
Xilinx continues to hold end product inventory which is frequently replenished from 
the inventory of dies. Standardization up to the die creation stage enables Xilinx to 
deal with an estimated 100 different types of dies rather than 10,000 end products. 
Figure 9.3 shows a schematic of the Xilinx supply chain for original equipment 
manufacturers (OEM). 

Motorola utilizes postponement in its supply chain of cell phone products, which 
it supplies to wireless service providers (Spiegel 2001). Distribution warehouses stock 
inventory of cell-phone products, service provider logos, and any service provider 
literature. The products are customized for different service providers after the order 
is received. The aggregation of demand across different wireless service providers 
helps Motorola eliminate the need to have dedicated inventory for each provider, and 
also assures the lowest cost for warehousing and transportation. 



146 Venkatesh and Swaminathan 

Raw silicon ̂  
wafers 

Front-end 
IC fabrication 

Dies 

A Inventory of 
dies 

Back-end 
customization-
assembly & test 

End 
products 

LEGEND 

A Inventory 
locations 

Inventory of 
end products 

at Xilinx 

Distribution 
network 

A 

End products 
to OEM , 

Inventory of end 
products in the 

distribution network 

Figure 9.3 Xilinx supply chain for OEM customers. 

Japanese automobile makers manage manufacturing and distribution in two 
monthly stages (Asanuma 1991; Whang and Lee 1998). At the beginning of the first 
stage, sales-dealers provide aggregate orders, which are used to generate orders for 
components with critical parts (such as engines and chassis) and long lead times. 
Subsequently, at the beginning of the second stage, and with additional visibility to 
recent sales trends, the sales-dealers provide data for features in each car line, which 
helps make the final decision of feature selection and product mix of the vehicles 
being manufactured. This reduces the risk of misjudging the vehicle specification and, 
hence, reduces the risk of manufacturing and stocking vehicles that are not in current 
demand. 

3. Postponement: Enablers, Costs, and Benefits 

Clearly, there are several factors that can impact the success of postponement. In this 
section we discuss the key enablers and their effect on postponement. Postponement 
can be enabled by changes to the design of the product, the design of the process, 
or both. 

3,1, Product Enablers 

Postponement depends to a great extent on how easily one can store inventory in 
semi-finished forms. This in turn depends on two factors related to the product form— 
parts commonality and product modularity (Lee 1993). Parts commonality is often 
used to refer to strategies where two unique components that go into two related 
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(yet different) products are combined to create one standard component that can be 
used in both the products. Product modularity on the other hand refers to a product 
architecture where products are created by assembling a set of modules. Alternate 
product variants are created by different combination of modules, where each module 
can assume different flavors and, therefore, alternate combinations can generate a 
wide variety of end products. In some ways the two techniques—parts commonality 
and product modularity—are alternate ways to effectively handle product variety. 
Parts commonality eliminates distinction between alternate products by creating stan
dardized components and sub-assemblies, whereas product modularity enables the 
management of product variety by rationalizing the combinatorial explosion due to 
increased product variety. 

In parts commonality, if there are more common parts that are shared by multiple 
products in the product line, then it becomes easier to create semi-finished products 
that could cater to multiple end products. Commonality of parts and subassemblies 
helps consolidate parts inventory for procurement purposes. This also helps aggregate 
the demand of multiple product lines and, therefore, reduce inventory levels. Consider 
the example of the LaserJet printer at Hewlett-Packard (Feitzinger and Lee 1997). The 
principal component for LaserJet printers is called the engine and is manufactured by 
a partner in Japan. A distinction exists between the European and the North American 
markets, which are the two principal markets for the LaserJet printer. The power-
supply cord requirements for the two markets vary in terms of the voltage needed, 
220V and 1 lOV, respectively. A product redesign standardized the power-supply com
ponent so that it had dual use capability. Prior to a redesign the partner had to commit 
early in the supply chain to differentiate between the two markets. Subsequent to the 
redesign Hewlett-Packard effectively postponed the point of differentiation. Even 
though the cost for the power-supply component itself increased, inventory consoli
dation across the two market segments netted Hewlett-Packard as much as 5% in total 
costs for manufacturing, stocking, and delivering to customers annually. 

Martin et al. (1998) present an example of a dashboard instrument cluster 
produced by an automobile parts manufacturer that provides for a variety of car 
models, with as many as 18 different varieties for one car model alone. The instrument 
cluster consists of a casing with a glass front-panel, meters and associated electronics, 
and a lighting arrangement. In this case, improved parts commonality in the early 
stages of the assembly process helped to delay the product differentiation. Brown et al. 
(2000) describe the component standardization approach utilized at Xilinx, where 
the end product is designed to allow customization through software deployment at the 
customer site. The result is an IC chip that is field-programmable. This is an extreme 
case of commonality, as it is the final product that has been standardized. Similarly, in 
the early 1980s, Black and Decker rationalized its product lines by consolidating 
motor sizes. Black and Decker was able to reduce the number of motor sizes by 
five-fold, despite an increase in end products (Meyer and Lehnerd 1997). 

Sometimes it may not be cost-effective to design and standardize components 
across multiple end products. In such cases, it may be appropriate to rely on product 
modularity. Swaminathan (2001) defines a modular product architecture as one 
where: (1) a product can be made by appropriately combining the different compo
nents or subassemblies (modules) that are used in the product, and (2) customers are 
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interested in alternate options for the different modules. Ulrich et al. (1998) presents 
an example in the upscale mountain bicycle market in the United States. The bicycle 
product architecture is highly modular, and consists of a frame which is assembled 
with a component group which is made up of hubs, brakes, a crank set, a seat post, 
etc. Various bicycle manufacturers managed to offer product variety by allowing alter
nate frame geometries, frame colors, and component combinations within a reason
able delivery time-frame. In fact one Japanese manufacturer allowed its customers 
to choose from a palette of 104 different colors. Another common example is watches 
provided by idtown.com in Hong Kong, which offers a variety of customized watches 
at the same cost as a standard watch in a retail store (McCarthy 2000). The watch 
product architecture is modular and consists of the watch-body with time-keeping 
mechanism, needles, strap, dial, and crystal. Here, the manufacturer allows for differ
ent flavored modules (such as color, shape, or style) to be assembled in a variety of 
ways according to customer requirements. 

Lee (1993) identifies product modularity as a key enabler of postponement. A sim
ple way to utilize product modularity for postponement is to split a product module into 
two separate modules, so that one module is common across products and the other acts 
to differentiate between products. Consider the case of SearsAVhirlpool (Lee and Tang 
1997; Waller et al. 2000). Whirlpool split the color-differentiating module in dish
washers into two modules: a metal frame module that is common to all dishwashers 
and a color sheet module that is inserted into the metal frame based on customer pref
erence. The modularization enabled Whirlpool to hold generic dishwashers and color
ing sheets in the warehouse, and later insert the appropriate coloring sheet into the 
metal frame based on customer request. Similarly, refrigerator manufacturers assemble 
different door types, either a right-opening or a left-opening door, at the warehouse 
based on customer preference, which can depend on the kitchen design (Davis and 
Sasser 1995). In both cases, the manufacturer is able to aggregate the demand and, 
therefore, consolidate the inventory across different product categories. 

Another example is that of the DeskJet printer introduced earlier (Lee et al. 1993). 
Unlike LaserJet printers, Hewlett-Packard found that it was more cost-effective to sep
arate the power module from the printer engine. Thus the power-cord module was split 
into the receiving socket, that is common to all the printers, and the power-supply 
cord, that varied depending on the market segment. Generic printers were shipped to 
various regional distribution centers where the printers were localized, which involved 
the inclusion of the correct power-supply module, the appropriate language literature 
and manual, and end product packaging. 

3,2, Process Enablers 

Postponement can be effected through two types of process changes—^process standard
ization and process re-sequencing. These two process enablers are related, yet different. 
Process standardization involves standardizing process steps associated with different 
products in a product line so that all the products in the product line (or a subset of it) pass 
through the same process step. Typically these are the initial steps in the manufacturing 
process so that the differentiation of products can be postponed until later. Loosely, one 
can view process standardization as similar to parts commonality, except now we are 

http://idtown.com
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dealing with processes. Process re-sequencing, on the other hand, involves altering the 
sequence of processes (i.e., doing later process steps earlier) so as to create initial 
process steps that are common across different products. One of the objectives of process 
re-sequencing is to enable process standardization earlier in the process sequence. 

The examples of the Hewlett-Packard DeskJet printer and IBM RS/6000 product 
lines demonstrate process standardization used at different points in the supply chain. 
In the case of the Hewlett-Packard DeskJet printer, the process standardization 
involved the manufacturing-distribution interface, where processes up until distribu
tion were standardized and product differentiation was pushed to the regional distri
bution centers. Likewise in the IBM case, process standardization up until the vanilla 
box build stage, prior to configuring alternate end products, helped improve customer 
response times. 

As another example of process standardization consider the case of IC chip manu
facturing in Texas Instruments (Ernst and Kamrad 2000). During the early 1990s Texas 
Instruments competed in two broad product categories, memory chips called dynamic 
random access memory (DRAM) and high-end specialized microprocessors and other 
specialty chips. IC fabrication consists of placing transistors, gates, and other electronic 
devices on chips, and Texas Instruments effected a design change in both types of chips 
so that 90% of the product processes were common. With the redesigned production 
set-up the plant operated at full capacity with the DRAM, which is a commodity item, 
acting as a buffer to adjust volume in correspondence to the demand for the high-end 
chips. Texas Instruments reported an increase in the output of the high-end chips from 
10% to 60% without affecting the output of the DRAM product. Processing equipment 
in IC fabrication is very expensive, and with the redesign Texas Instruments achieved 
full capacity utilization, at the same time increasing the output of the high-end chips 
without adversely affecting the DRAM output. 

Recently, Lucent Technologies utilized a process standardization strategy in the 
early stages of manufacturing and assembly of telecommunication switching systems 
to cost-effectively satisfy a multi-million dollar order from Saudi Arabia. Details of 
the Lucent Saudi Arabian experience are presented by Hoyt and Lopez-Tello in a 
separate chapter in this book. 

Feitzinger and Lee (1997) present an example of process standardization in the 
manufacture and distribution of paints. Traditionally, paint manufacturing involves 
the production of paints of various colors and hues at the factory, which is delivered 
to the customer through the neighborhood hardware store. Splitting the above 
production procedure into two process modules would create the following steps: 
(1) a generic paint and pigment production step, and (2) a mixing of paint and pigment 
step, to generate the paint of a particular hue and color. Standardizing the initial pro
duction process module while postponing the second process module of mixing the 
paint and pigments to the neighborhood hardware store consolidates the inventory and 
reduces possible supply-demand mismatch. Applied Textiles presents another exam
ple of the use of process standardization. The textile manufacturer employs process 
standardization to hold inventory in undifferentiated form in the warehouse, which is 
later customized after receiving exact customer requirements (Business Wire 2002). 

Zara, one of the famous brands of the fashion apparel and merchandise manufac
turer Inditex, utilizes process standardization and vanilla box creation in the design 
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phase of its products (Harle et al. 2001). In the fashion apparel industry it is common 
to commit to production two years ahead of the actual sales season, causing consider
able losses due to stock-outs and inventory obsolescence (Fisher and Raman 1996). 
This is especially troublesome in an industry with short product life cycles of one 
season lasting less than 6 months. Zara introduces new products at a rapid rate; in fact 
70% of the products change every two weeks in a typical retail outlet. In order to cre
ate large variety and quick response to customers, the firm employs several strategies 
including standardization of the design modules. The concept design modules reside 
in a computer and do not represent any physical inventory. At the beginning of each 
selling season, the designers create a library of design modules that serve as platforms, 
that is, vanilla boxes, for the models that will be eventually launched. Designers at 
Zara walk the streets, go to discos, and frequent local events in order to get a feel for 
the latest fashion trends. After carefully observing the latest trends, the designers cus
tomize the library-held vanilla box designs, and create nearly 5-8 new designs every 
day. If the vanilla designs were not available to the designers, the design process could 
take several days. Even though there is no physical inventory, the design by vanilla 
box approach helps rationalize the complexity of product variety that is inherent in the 
fashion apparel industry and help manage the short product life cycle. In total, about 
12,000 new products and designs are created every year. Zara is an example of process 
standardization adapted at the design-manufacturing interface, so that the time of 
differentiation/production can be postponed. 

A complementary approach to process standardization is process re-sequencing. 
Dapiran (1992) presents the earliest reported application of process re-sequencing in 
Benetton, which manufactures apparel for the world market. Traditionally, sweaters 
are manufactured by first dyeing the yarn into different colors and, subsequently, knit
ting the garments from the colored yarn (Figure 9.4). The finished garments are then 

Knitting 

Different colored 
garments 

Different colored 
garments 

Figure 9.4 An example product with multiple color choices, and operations reversal at 
Benetton. 
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stored to be shipped to different retailers. Realizing that much of the demand vari
ability was due to customer color preference that varied by season, Benetton decided 
to interchange the knitting and the dyeing operations. The interchange enabled 
Benetton to stock "greige" (uncolored) knit garment in inventory and hence effec
tively postpone differentiation by sweater color and, consequently, reduce inventory. 
The uncolored garments from inventory were later dyed depending on seasonal 
demand, based on the most recent customer preference. Benetton had to invest in 
improving the dyeing technology so that the quality of the garments would not dete
riorate due to the process change. 

Feitzinger and Lee (1997) present another example of process re-sequencing from 
the retail apparel industry. Traditional manufacturing and distribution processes in the 
apparel industry consist of cutting and assembling the apparel to standard measure
ments, then delivering it to local retailers. The local retailer has little flexibility to fit 
the apparel to customer needs and, consequently, end-of-season discounts can be 
enormous and quite costly. The traditional process can be viewed as an assembly and 
distribution process followed by a sales process. A recent trend in the industry is to 
split the measurement and cut-and-sew operation into two distinct operations. In 
the redesigned process the cutting and assembly operation is performed after the 
measurement has been taken in-house at a local dealer and delivered electronically to 
the garment manufacturer. Here the sales process moves ahead of the assembly and 
distribution processes. This enables one to deliver custom fitted garments based on a 
pull delivery system and, thereby, reduce end-of-season discounts. 

Swaminathan and Tayur (1999) describe the assembly sequence problem for 
US Filter, a manufacturer of reverse osmosis pumps. The sequence of operations at the 
final assembly of osmosis pumps is altered to enable faster response to customers. 
Costs related to product-process redesign and worker retraining at the final assembly 
were considered to derive the appropriate sequence of operations. Garg (1999) pres
ents another application of process re-sequencing in a large electronic manufacturer 
in the telecommunications industry. The sequence of process steps involved in the 
manufacture of end products includes printed circuit board insertion and assembly, 
assembly of different modules, and final packaging of accessories and components. 
An alternate sequence of the process steps resulted in different inventory levels and 
response times for the product. The analysis enabled the firm to re-sequence the 
process steps to minimize the overall costs of operations. 

3,3, Costs and Benefits 

Costs affected by postponement can be broadly classified into the following cate
gories: logistics costs, material costs, location-specific costs, and asset-driven costs 
(Rockhold et al. 1998). In this section we will initially present how postponement 
affects asset-driven costs, with a particular focus on inventory. Subsequently, we dis
cuss the effect of postponement on other cost categories. 

From an inventory perspective, postponement can affect three types of measures— 
those related to the amount of inventory stocked, those related to the nature of inven
tory stocked (finished or semi-finished products, for instance), and those related 
to service. Due to the aggregation of demand across multiple products, one major 
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benefit of postponement is the pooling of risk associated with the different customized 
end products. This risk-pooling can decrease the amount of inventory required to support 
the same level of service. The degree of benefit depends on the unpredictability (vari
ance) and dependence (correlation) of the demand of the end products. Lee (1996) and 
Swaminathan and Tayur (1998b) have demonstrated that the benefits of postponement 
are larger when demand is more uncertain and when demands for different products 
are negatively correlated. The demands of two products are said to be negatively cor
related if the demand of one product tends to increase as the demand of the other 
decreases. Another benefit of postponement is the ability to forecast demand more 
accurately, since postponement effectively delays the point of product customization 
and, thus, shortens the forecast horizon (Whang and Lee 1998). This can cause a fur
ther decrease in inventory. Changes in inventory affect the profit and loss statement 
due to costs associated with inventory devaluation, obsolescence, and storage. 

Swaminathan and Tayur (1998b) note that postponement also plays a major role 
in affecting service. In particular, postponement can reduce the lead time faced by the 
customer, but in some cases additional inventory may be required in the form of semi
finished products (particularly in assemble-to-order settings). However, postponement 
typically reduces the total value of the items held in inventory, since more generic and 
less value-added products are held (Johnson and Anderson 2000). 

Other asset-driven costs that can affect the profit and loss statement include depre
ciation of equipment and other fixed assets such as warehouse and plant facility. 
Changes in postponement method and location can dictate the buying or selling of 
equipment or facilities. Companies may need to invest in new product or process 
design to enable postponement and, consequently, can incur additional implementa
tion costs in terms of equipment, tools, and training. As a result asset-driven costs such 
as equipment and facility costs can change. Likewise changes to the location of inven
tory can affect the amount of warehouse space needed. Note that changes in asset 
valuation—due to changes in inventory, equipment, and facilities—affect the balance 
sheet and financial performance metrics such as return on assets. 

Postponement can alter the location where finished or semi-finished products are 
held and, consequently, can alter the logistics cost structure. For example, consider 
again the SearsAVhirlpool case (Waller et al. 2000). Except for the display models in 
the department stores, the manufacturer decided to consolidate inventory in the ware
house and drop-ship orders directly to the customers, since customers were willing to 
await delivery. Sears/Whirlpool benefited from inventory consolidation and the elim
ination of transshipments between department stores (Waller et al. 2000). Logistic 
costs may also change due to changes in the density of semi-finished products. Semi
finished products can quite often be densely packed when compared to finished prod
ucts, and anecdotal reports indicate that such freight cost savings can be as much as 
50% (Lee and Billington 1994). 

Postponement can impact material cost in both usage and requisition as the needed 
material may now be bought locally at the postponement location. This includes mate
rial required to facilitate postponement such as product components or packaging 
material. Changes in material usage can also occur due to product and package 
redesign that may be needed to facilitate postponement. For example, consider the 
case of a printer division within Hewlett-Packard in the European region confronting 
a number of language options. To facilitate postponement, the end product package 
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was redesigned with a small perforated push-in dog-door on the side of the package, 
not unlike the dog-door in a house. This enabled easy insertion of a small cardboard 
box containing country specific manuals, a power-cord, marketing literature, and an 
instruction booklet. The package recess was later taped over to keep the cardboard box 
in-place. The redesign eliminated the need to reopen the end product package in the 
region which would otherwise have been time consuming and labor intensive and, 
therefore, more expensive. 

Postponement location in the supply chain can influence location-specific costs 
such as labor costs, duties, and taxes. Location-specific costs can in turn be influenced 
by tax-haven status, currency exchange rates, or local content rules. The combined 
impact of postponement on logistics costs, material costs, location-specific costs, and 
asset-driven costs can dramatically alter the profit and loss outlook of a firm. 

Companies will need to balance the savings due to postponement against the costs 
before deciding on a postponement strategy. For example, while standardizing parts 
one needs to take into account the additional design costs that may be incurred in the 
standardization, and compare that with the benefits due to economies of scale as well 
as inventory reduction that can be realized. Similarly, in process re-sequencing one 
needs to capture the additional costs involved in changing the sequence of operations 
and compare that with the benefits of postponement. 

In summary, postponement strategies have been highly successful in firms that 
face a high degree of uncertainty in demand, whose products are highly customized, 
and whose products have short life cycles (where inventory costs are significant). This 
is probably one of the reasons that many of the successful implementations have 
centered-around firms in the electronics and fashion apparel industries. For other 
firms, postponement has been useful mainly for reducing overall inventory in the 
system as well as reducing redundant process steps. 

Like any other business initiative, a firm needs to conduct a thorough business analy
sis before adopting postponement. The benefits and costs of postponements have been 
highlighted above, but there are also some risks involved. The first is the possible nega
tive effect on product positioning due to customer perception of commonality between 
different products. This can engender cannibalization between different market seg
ments. The second is the potential threat of gray markets. For example, due to stan
dardization of the product, a third party could replace the manuals or power supply that 
localizes the product and then sell the product in a different region. The third and the 
most important risk relates to changes in business processes and the consequent organi
zational impact. For example, postponement may require changes to the traditional role 
of business units, information technology functions, and the physical movement of 
materials. In light of this, it is important for a firm to realign the incentives and roles of 
business units before launching a postponement program in order to be successful. 

4. Conclusions 

As product variety increases and the capability to quickly deliver customized products 
becomes more important, firms may find that postponement holds the key to success. 
In this paper, we have presented the basic concepts related to postponement as well as 
described a sample of industry success stories. Further, we have discussed the key 
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enablers for postponement and the associated costs and benefits. The paper provides 
insights into the applicability of postponement in different scenarios and provides 
guidelines to firms for implementation of postponement strategies. 
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Over three decades ago, Gordon Moore, one of the founders of Intel, observed that 
computer processing power doubles approximately every 18 months. This so-called 
"Moore's Law" is one of the most fundamental drivers behind the rapid pace of 
change in the technology market—a pace that is indisputably one of the most chal
lenging aspects of managing high technology today. Moore's forecast has proved 
highly accurate to date; due to on-going advances in semiconductor design and man
ufacturing techniques, the pace of change shows no sign of abating over at least the 
next decade. 

The exponential rate of increase in computing power captured by Moore's Law 
has fueled rapid development in both high technology products and services, and in 
the companies that supply them. To keep pace, technology companies have been 
required to develop ever more effective methods of designing and delivering success
ful products to highly volatile, rapidly changing markets. 

In the past few decades, a multitude of business processes evolved to allow the 
technology industry to continually shorten its product lifecycles while simultaneously 
increasing the responsiveness of its product delivery processes. In brief, these processes 
combine improvements in the breadth, quality, and frequency of supply chain infor
mation: both demand information that flows up the supply chain, and available prod
uct configurations and volumes information that flows down the supply chain. This 
improved information flow has been accompanied by corresponding improvements in 
the agility of the supply chain itself, so it can respond quickly enough to this informa
tion to make use of it while the products are still on the market. 

Many of these innovations in supply chain configuration and information man
agement have been discussed at length elsewhere in the literature: postponement, 
dual-response manufacturing, and the build-to-order model. This article introduces 
one more innovation, which is a combination of new procurement techniques and a 
new model for viewing the procurement process: the "real options" procurement 
methodology. 

1. An Introduction to Real Options 

At HP, real options began in the late 1990s, as HP's procurement groups began to use 
the same strategy used by financial investors, namely, to use a "portfolio" approach 
that allowed them to "diversify" and spread the risk over a number of options for 
sourcing parts and manufacturing services. For example, rather than having one or two 
sources with long-term structured contracts, HP might have a portfolio consisting of 
various options, one of which is a long-term structured contract to meet 90% of 
expected demand, and then a short-term contract with slightly higher unit prices but 
guaranteed availability to cover uncertainties in demand variability. 

Because of the Internet and the ubiquitous nature of information, procurement is 
moving from being a contracting and negotiation function to being a contracting, 
negotiation, and trading function. The measurement and control of risk will become 
an increasingly tangible part of the procurement professional's job in the future. And, 
these same techniques—risk assessment and an approach using portfolio sourcing 
options—can often be applied to other supply chain problems as well. 
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2. Relating Real Options to Other Supply Chain Processes 

Most of the new business processes developed previous to now are the result of 
innovations in supply chain management. While not derived using real options tech
niques, many of these innovations have natural interpretations as real options, and as 
described below can be effectively modeled and analyzed using real options tech
niques. In contrast, many of the processes currently being developed and implemented, 
also described below, have been directly and consciously derived using real-options 
methods. These approaches are particularly well-suited to leveraging the new flows of 
information, as well as the greater supply chain flexibility enabled by the emerging 
business-to-business marketplaces for technology products and components. 

While the examples in this article are drawn from the technology industry, almost 
all the examples have clear parallels in other industries. The role of improved infor
mation flows and supply chain responsiveness, whether enabled by advances in sup
ply chain management, the application of real options techniques, or the integration of 
a firm's business processes with emerging business-to-business marketplaces, offers 
opportunities for substantial improvements in performance, both within firms and 
among the networks of firms that enable products to be delivered to market. 

3. Information and Business Models in High Technology 

Under more traditional business models, technology companies designed products 
with features that reflected their best estimates of customer requirements. Once 
launched, the composition of these products remained relatively static over well-
defined product life cycles of at least six months; some life cycles were a year or more. 
The products were generally manufactured to a demand forecast in planned, high-
volume production runs. Generous safety stocks of components and finished products 
were maintained throughout the supply chain to ensure high availability of the 
product, to offset demand variability and the risk of supply disruptions. 

The weaknesses of this business model are now well-understood. They lie in the 
model's lack of responsiveness to actual market conditions as they evolve. While the 
manifestations of these weaknesses are physical—substantial inventories throughout 
the supply chain, delivery of the wrong quantities of the wrong types of products to 
the market, and significant write-downs at the end of a product life—their origin lies 
primarily in the limited and often poor quality of the information flows available. 
These information flows include both demand information flowing up the supply 
chain from customers to sales, marketing, manufacturing, product design and pro
curement, and supply information that flows down the supply chain, from procure
ment, manufacturing, sales and distribution to distributors, retailers and customers. 

Without accurate, current information about supply and demand conditions, even 
a supply chain that is physically capable of high flexibility cannot respond efficiently 
to real-time changes in the cost and quantity of the products that can be produced, 
or to the mix of products that the market demands. To make an analogy to an option 
on a stock, if changes in the price of the stock over time cannot be observed, it is 
impossible to exercise an option on it effectively, and therefore to capture its value. 
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The problems caused by limited information in a supply chain are often 
compounded by strategic behavior of supply chain participants, who seek to use the 
proprietary information that they possess to their advantage. This behavior frequently 
leads to the magnification of boom and bust cycles in product manufacturing and 
availability, as firms over-order if concerned a product may be in short supply, and 
cancel orders if they expect a product may later be in excess and therefore available 
for a lower price. As documented by Lee et al. (1997), the impact of this "bullwhip" 
effect on production plans and inventories can be significant. 

Fortunately, important developments in the field of supply chain management over 
the last decade have had a significant impact on these problems. Leveraging advances 
in information technology, firms developed the ability to more effectively monitor first 
their manufacturing processes, and later their product distribution and sales channels. 
Techniques of modern supply chain management have directly affected the levels of 
inventory throughout the supply chain, and indirectly enabled more rapid identifica
tion of bottlenecks in the supply chain. More recent supply chain innovations, such as 
collaborative planning between supply chain partner firms, have further improved the 
informational efficiency of the supply chain. These improvements have come both 
through informal mechanisms, such as weekly conference calls, and formal methods, 
such as the establishment of direct links between agreed-upon components of the 
firms' internal information systems.^ 

By substantially improving the breadth, quality and frequency of the information 
flows in the supply chain, such innovations have enabled a range of more flexible and 
responsive methods of doing business. These improvements include shorter product life-
cycles and more frequent changes in product features, mix, and production volumes, all 
of which allow firms to better tailor their offerings to current market conditions. Behind 
the scenes, better information flows have allowed the reduction of component and prod
uct inventories throughout the supply chain, and closer matching of production and dis
tribution to current demand. The net effect has been to render existing or potential 
sources of flexibility, or "optionality", extremely valuable. These sources of flexibility 
in the supply chain were of little relevance when the information necessary to effectively 
exploit them was unavailable. Drawing on the analogy to stock options, the availability 
of regular, accurate, and cost-effective information on the current value of a stock is 
what allows the value of those options to approach their "full information" value. 

4. Supply Chain Innovations and Real Options 

Many of the most interesting innovations in supply chain management, and in the 
business processes and models they have enabled, have natural interpretations as real 
options—options that are enabled by improved information flows in the supply chain. 
Supply chain innovations of this kind include product postponement and dual-
response production. Supply chain enabled business processes and models include the 
build-to-order, direct-to-customer model pioneered by Gateway and Dell, and the 
outsourcing of manufacturing by technology companies to electronic manufacturing 

^ See references by Lee and Billington (1992) and Davis (1993). 
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services companies first adopted in large scale by Hewlett-Packard. Each is briefly 
summarized and interpreted from a real options perspective below. 

5. Product Postponement 

Product postponement is a product design, manufacturing, and delivery strategy that 
enables a range of customization options to be performed late in the manufacturing 
and product delivery process. Postponement allows products tailored to current cus
tomer requirements and market conditions to be delivered on short notice, while main
taining relatively small finished goods inventories. To draw on a simple example of 
postponement from the personal computer industry, a base system that contains a par
ticular processor, hard drive and chip set may be produced in high volumes at a cen
tral location. These partially complete systems are then shipped to distribution centers 
closer to the customer demand points. It is only at the distribution centers that the right 
additional hardware and software options are added in response to either shorter-term, 
more accurate regional demand forecasts, or to actually realized demand. 

From a real-options perspective, the alternative design, manufacturing, distribu
tion and late-stage customization elements of a product postponement strategy can 
easily be modeled and analyzed as features of alternative real options which a firm 
may choose to construct. Specifically, the portfolio consists of one or more "options", 
each for a corresponding asset. The number and type of each asset is determined by 
the number and type of different end products enabled by the chosen customization 
alternatives, and the exercise price for each asset is the cost of the alternative 
customization for that asset. 

For example, a firm may be able to create the flexibility to sell computers into the 
strongest of three alternative international markets by postponing the type of power 
supply and the language of the software installed. Alternatively, it may choose to post
pone the installation of a system's graphics chip to enable late-stage customization of 
its graphic capabilities. In each case, the value of the option created must be weighed 
against its cost, which is the cost of maintaining inventories of the "base" system and 
of relevant customization components at each postponement location. Postponement 
options are accordingly most valuable when there is substantial uncertainty about 
which product features will be in demand, and when the cost and risk of maintaining 
postponement-related inventory is low. Finally, postponement options also allow the 
firm to benefit from the flexibility to select the components used in the customization 
process based on their current cost and availability. 

6. Dual-Response Manufacturing 

Under dual-response manufacturing, a firm utilizes two types of capacity to balance 
lead times against cost: one resource with long lead times but lower cost, and one 
resource with short lead times and a higher cost. Capacity resources with different 
characteristics of this kind may be associated with different manufacturing processes. 
For example a high-volume, highly automated process can be balanced against a 
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low-volume, more manual process. Another way to balance capacities is to use 
relatively similar processes located in regions with different economic characteristics, 
such as a facility located in a region with lower labor costs, such as China, and another 
facility with higher labor costs offset by a prime location close to the end markets. 

Having access to two manufacturing resources with different costs and lead times 
allows a firm to tailor its production to better match the characteristics of its demand. 
For example, it may choose to use higher cost but more flexible capacity resources to 
produce the initial product volumes required to support the launch of a product it 
wishes to speed to market, or for a product with uncertain prospects for success—an 
uncertainty that will be significantly reduced after the product's launch. The firm may 
then transfer subsequent production to the lower-cost resource to support high-volume 
production, and use the short lead time, higher-cost resource only as a supplement, to 
manage short-term fluctuations in demand or supply. 

From a real-options perspective, dual-response manufacturing can be represented 
with two capacity options: the first option has a long exercise lead time and low 
exercise price, while the second option has a much shorter exercise lead time but 
higher exercise price. Modeling manufacturing resources as capacity options with 
lead times makes it clear that there are costs associated with longer lead times other 
than simply waiting longer—namely, that production plans must be based on more 
distant, and thus more uncertain, forecasts of demand. This requirement increases the 
likelihood that the option will be exercised for either more or less units than the firm 
will actually require in the future, with a corresponding increase in risk. Because few 
financial options have exercise lead times, "exercise risk" of this kind in real options, 
while quite common, is frequently overlooked. 

Given the cost, risk, and lead time trade-offs among alternative capacity options, 
the optimal portfolio of manufacturing options for a firm to maintain over time will 
depend on two things: the variability of the demand for the firm's products over their 
product lifecycles, and the specific cost, reliability, and lead time characteristics of its 
manufacturing options. Also, there is clearly no reason that a firm should limit itself 
to only two manufacturing options if a wider range of distinct capacity options are 
available. The same concepts and analytical approach apply to the more general case 
where there are three or more capacity alternatives. 

6,1, Example: Dual-Response Manufacturing of HP Inkjet Printers 

Hewlett Packard has used dual-response manufacturing to supply Inkjet printers to North 
America for several years. Initially this was done using a combination of high volume, 
low-cost production resources in Singapore and higher-cost, shorter lead time production 
resources in Vancouver, Washington. More recently, substantial production has been 
moved to Guadalajara, Mexico, which offers a wide range of recently-built manufactur
ing resources and geographic proximity to the primary demand points of North America. 

7. Build-to-Order, Direct-to-Customer Business Model 

The build-to-order, direct-to-customer business model relies on information flows and 
generates physical and financial flows very different from those of the traditional PC 
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industry business model. Under this model, a company communicates to prospective 
customers, by either telephone or through the Internet, which products and features 
are currently available and what their current costs are. The customers in turn specify 
the configuration of the particular product they wish to buy. Once the customer's 
request is complete, the company then immediately bills the customer and individually 
builds and ships their product. 

Companies that use the build-to-order, direct-to-customer model, such as HP, 
frequently interact with their suppliers using a similar just-in-time approach that is 
driven by completed sales. One example is HP's shopping web site. Another would be 
a series of direct-order kiosks at major U.S. resellers (such as Staples). In HP's build-
to-order arrangements, suppliers are required to maintain component inventories at or 
near HP's factories, at their own risk and expense. When HP includes one of their 
components in a system they are notified immediately, and only at that time do they 
bill HP. Because HP sells and bills its customer for the computers it produces before 
it builds the computers or pays its suppliers for their components, it is able to avoid 
both component or finished goods inventory. In addition, the financial flows which 
result generate the much-sought-after negative "cash-to-cash" cycle, under which a 
firm receives payment from its customers before it pays its suppliers. 

The need to carry and finance inventories of components doesn't go away, of 
course; it is simply shifted to the supplier. As a result, overall improvements in the 
efficiency of the supply chain come principally from improved information flows 
about the number and types of products customers currently wish to buy. 

7.1, Call Options on Spreads in Build-to-Order Environments 

From a real-options perspective, the build-to-order, direct-to-customer business model 
can be viewed as creating a set of call options on spreads. The spread for a particular 
option is the difference between the price at which the company is able to sell a 
product with a particular configuration, and its cost of delivering that product. 
Because the company only buys components after it sells a product, it knows the 
precise payoff of each of its spread options, and can avoid these risks: purchasing 
the wrong components, purchasing components in the wrong amounts, building the 
wrong products, or building products in the wrong amounts. 

7.2, Call Options in Traditional Business Models 

This "call option on a spread" viewpoint can also be applied to traditional technology 
manufacturing business models. Under the traditional model, the relevant spread is the 
cost of specific products built with components purchased under procurement 
contracts, and the price those products can be sold for over their associated product 
lifecycles. Because a time lag exists between the time the component procurement 
contracts are signed and the time the products in which they are incorporated are sold, 
there is a substantial delay between the time the price and quantity of the component 
side of the spread is locked in and the time the price and quantity of the product side 
of the spread is determined. As a result, the ultimate payoff yielded by the spread 
option is uncertain at the time that the option is exercised. The extent of this payoff 
uncertainty is determined by the level of uncertainty about the number of products the 
firm will be able to sell and the price at which those sales will occur. On one side, 
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the firm faces the risk that it will be left with excess components or finished goods 
inventory, and on the other that it will lose sales due to an excess of demand relative 
to available supply. 

7,3, Comparison of Build-to-Order versus Traditional Manufacturing Methods 

A more careful review of the differences between the spread options generated by the 
build-to-order, direct-to-customer business model and those generated by the tradi
tional technology manufacturing business model reveals three additional significant 
differences: 1) the range of distinct options generated, 2) the volatility of the spreads 
for which the options are written, and 3) the frequency at which the options can be 
exercised. 

1. Number of Options Generated The "no advance commitment" approach to 
component sourcing practiced by build-to-order, direct-to-customer companies, com
bined with its configure-to-order approach to manufacturing and sales, provides it 
with substantial flexibility in the mix of components sourced and the configuration of 
products built over time. This flexibility creates a large number of distinct product 
spread call options over time. In addition, the direct customer interactions during the 
sales process allow these companies to bring component and product configurations 
with desirable cost and performance characteristics to the attention of their customers 
on almost a real-time basis. This helps these firms to avoid lost sales due to shortages 
of particular components when acceptable substitutes are available. More generally, 
the build-to-order model enables the firms to always exercise the spread options that 
are most valuable at any given time. 

2. Volatility of Spreads Because direct companies buy their components and sell 
their products in what are, in effect, spot markets, the value of their spread options are 
enhanced by the generally volatile nature of these markets. In contrast, under the tra
ditional technology manufacturing model, firms generally buy their components and 
sell their products under contracts that may last three to six months, and in some cases 
extend to a year or more. The prices negotiated under these contracts are generally sig
nificantly less volatile, which in turn reduces the value of the spread options created. 

3. Frequency at which Options can be Exercised The ability of direct companies 
to purchase components on a spot basis and to direct customers toward particular 
product configurations on a near real-time basis allows them to exercise different 
product spread options on a daily, sometimes even an hourly, basis. This allows them 
to capture the value of options with the greatest value at each point in time. In con
trast, under the traditional technology manufacturing model a firm can only select a 
product spread option to exercise when it introduces a new product, which clearly 
occurs much less frequently. 

8. Electronic Manufacturing Services Firms 

Over the last five years the proportion of technology products manufactured by contract 
manufacturing firms—now increasingly known as electronics manufacturing services, 
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or EMS, companies—has grown dramatically, and the use of EMS companies is 
rapidly becoming the standard manufacturing process for many technology 
companies. The initial success of EMS firms was made possible by their investment 
in networks of large, efficient manufacturing facilities around the world which 
allowed them to offer lower costs and global manufacturing reach. More recently, they 
have leveraged these networks of manufacturing assets by developing the ability to 
build and test prototype products along with their associated manufacturing processes. 
Then, by using identical processes in each of their facilities worldwide, EMS firms 
can ramp up global production of the products extremely rapidly. Finally, while the 
original equipment manufacturers (OEMs) still generally source the components their 
EMS partners use to build the OEM-specified products, EMS firms are increasingly 
bundling the procurement capabilities necessary to support the delivery of products, 
which have increasingly shorter product lifecycles and increasingly more volatile 
demand. 

The emergence and development of EMS firms has played a critical role in 
enabling flexible, low-cost production of the highly volatile, short-life cycle products 
now common in the technology industry. By pooling demand across many customers, 
EMS firms are able to smooth production and support investments in both a wide 
range of capacity resources and in the advanced manufacturing management 
processes necessary to generate the greatest value with those resources. Their cus
tomers benefit from greater flexibility and lower costs, and by avoiding the need to 
make the investments in the capital assets and large labor forces necessary to support 
internal manufacturing—resources which now increasingly look out of place on the 
balance sheets and income statements of technology firms. In essence, EMS firms 
have given technology firms flexible access to a wide range of manufacturing options, 
where previously they held a much smaller number of less flexible and more capital 
and labor-intensive options. 

9. A Complete Real-Options View of the Firm 

The discussion and examples above have identified the principal sources of "option-
ality" in the processes for the design, procurement, manufacturing, and sales of 
technology products. These options include supply chain innovations such as post
ponement and build-to-order processes, alternative manufacturing capacity resources 
leveraged by dual- or multi-response manufacturing strategies, the execution of these 
strategies through EMS firms, and the use of alternative sales channels, including 
traditional retailer and distributor channels and direct-to-customer sales channels. 
From this range of options, a firm must select a portfolio of options to develop and 
monitor. Then, over time, the firm must identify the optimal subset of that portfolio to 
exercise at each point in time. A visual depiction of this options-based view of the firm 
is shown in Figure 10.1. 

In the hub-and-spoke structure in the figure, the spokes on the left side represent a 
firm's procurement alternatives, and the spokes on the right its sales alternatives. The 
circle in the middle represents the firm's portfolio of product design, manufacturing, and 
marketing options. The composition of this portfolio is determined by the collection of 
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Figure 10.1 Options-based view of procurement and sales. 

procurement relationships, manufacturing resources, and sales and marketing strategies 
it selects over time. Before discussing how a firm can identify the optimal portfolio 
of options to develop and exercise over time, it is useful to briefly review the set of 
procurement and sales alternatives represented in the figure. 

9,1, Procurement Options 

In addition to the traditional relationship based approach to procurement. Figure 10.1 
includes spokes for spot-market buys and "structured contracts." The term "structured 
contract" is used to refer to a contract between a manufacturer and supplier that either 
specifies fixed prices and quantities, or in which prices and quantities are bounded to 
defined ranges. Relative to less structured, relationship-based procurement contracts, 
where commitment and risk sharing usually occur informally and the terms of the 
relationship are typically long, structured contracts may be either short- or long-term 
in nature, and provide defined levels of commitment and risk sharing between the two 
parties. In contrast, spot-market purchases provide great flexibility, but offer no assur
ance of availability or price. At present, there are few active spot markets in technol
ogy components, and the majority of procurement is done under relationship-based 
contracts. This is beginning to change, due to the emerging role of electronic market
places and sales channels. For example, in May 1999 Hewlett-Packard launched 
an electronic marketplace focusing on component parts and finished goods. This 
company, TradingHubs.com, has since developed into a multi-company electronic 
exchange called the high-tech marketplace, or converge.com, which is attempting to 
create active spot markets. 

9,2, Sales Options 

In addition to the traditional contract-based relationships with distributors and 
retailers through which branded, announced products are sold. Figure 10.1 includes 
spokes for direct sales channels, "branded specials," second brands, and sales of com
ponents. In comparison with the traditional indirect distributor and retailer based sales 
channels, direct channels allow the products and prices which a firm offers to be 
varied dynamically in response to current market conditions for both components and 

http://TradingHubs.com
http://converge.com
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end products. There are drawbacks to the direct model, however, including the higher 
logistics costs associated with shipping systems individually rather than in bulk, and 
the fact that at present only a relatively small percentage of buyers make their 
purchases directly. 

Branded specials attempt to deliver benefits similar to those offered by direct 
sales. They allow both opportunistic procurement, and product offerings tailored to 
current market demand, but deliver these benefits through traditional indirect chan
nels. This is done by offering, through indirect channels, specific product configura
tions designed to capitalize on a particular market opportunity in well-defined and 
limited volumes. For example, in response to a shortage of a key component of a 
branded, announced product, such as a microprocessor in a personal computer, a firm 
may offer a branded special that is identical to the product except that an alternative 
close substitute component is used to replace the component that is in short supply. 
By offering the branded special the firm is able to take pressure off demand for its 
branded announced product, for which it may be facing shortages, allowing it to main
tain customer goodwill and avoid losing sales to competitors. Alternatively, the firm 
may offer a branded special in response to a specific product market opportunity, 
perhaps in the form of a request from a key distribution partner that feels it can cap
ture a particular sales opportunity with a product slightly different from those the firm 
currently offers. 

Second brands offer similar benefits to branded specials, but with greater differ
entiation from the firm's primary product offerings. Like branded specials, they may 
be used to mitigate the effect of adverse component supply conditions. Relative to 
branded specials, they allow the firm to ship products with combinations of features 
perceived to be desirable to some segments of the market, but far enough from opti
mal that the firm does not wish to offer them under its primary brand. They may also 
be used to profit from lower margin or other more specialized market opportunities for 
which the firm prefers to use a second brand rather than its primary brand. An exam
ple of a second brand is HP's creation of the Apollo brand of Inkjet printers, which 
allows it to capture a wider range of opportunities in a market where its primary 
Hewlett Packard brand comprises over 50% of sales. 

Finally, the firm may choose to sell the components by themselves. This is most 
likely to be motivated by the need to reduce excess inventories created by weaker than 
expected demand for one or more of its products. On occasion, however, the firm 
may choose to "overbuy" components to benefit from volume discounts, or may find 
that in certain environments the components it holds may be more valuable than the 
products it is able to build with them. 

10. Constructing a Firm's Optimal Portfolio of Operating Options 

Together with a firm's product design, manufacturing, and marketing alternatives, the 
set of inbound procurement and outbound sales alternatives available to it represent 
the set of building blocks from which it must construct its portfolio of operating 
options. Given the wide range of choices available to it, the obvious question is: What 
portfolio should it choose? 
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A definition of a firm's optimal portfolio of operating options is easy to state; it is 
simply the portfolio with the greatest value. Identifying this portfolio is substantially 
more difficult, however, for two principal reasons. First, there are many possible 
portfolios to choose from. Second, both the value of, and optimal exercise policy for, 
individual real options varies with the portfolio of which they are part. 

10.1, Many Possible Portfolios 

The range of inbound procurement, product design, manufacturing, marketing, and 
outbound sales alternatives possible under the general business model of Figure 10.1 can 
be combined to form many possible portfolios of operating options. For example, even 
if a firm arbitrarily chose to limit its consideration to portfolios with only two inbound 
sourcing alternatives, two manufacturing alternatives, and three outbound sales channel 
alternatives, it would still have twenty-four different portfolios to consider. 

To choose among these portfolios it must estimate the value of each. To estimate 
the value of an individual portfolio it must determine the optimal exercise policy for 
the options in the portfolio over time. This requires that it estimate the optimal sourc
ing, product design, manufacturing, marketing, and selling strategy for the portfolio 
under the range of possible future market conditions. Furthermore, since some of the 
options require multi-period commitments, such as long-term procurement or sales 
contracts, to determine their optimal exercise policy the consequences of alternative 
exercise policies must be evaluated over a sequence of future periods. 

10.2, Portfolio-Dependent Option Values and Optimal Exercise Policies 

There is a fundamental difference between real options and financial options that 
makes portfolios of real options significantly more difficult to evaluate than their finan
cial counterparts. This difference is that both the optimal exercise policy and value of 
a real option will in general depend on the composition of the portfolio of real options 
of which it is a part. The reason for this is that real options represent business decisions. 
As a result, when exercised, they change the characteristics of the business upon which 
they are defined. When a firm exercises one of its real options, and, by doing so, 
changes the characteristics of its business, the optimal exercise policy for and value of 
each of the firm's other real options will in general also change in response. 

For example, the option to buy from a spot market is much less valuable to a firm 
that holds a contract that allows substantial variation in the volume it takes under the 
contract than a firm that does not. Similarly, a firm that has a well-developed online 
sales channel may assign a much lower value to developing relationships with other 
online channels than a firm that has no online channel of its own. In contrast, there are 
no interactions of this kind for financial derivatives. This is true because the value of 
financial derivatives is, by the definition of a derivative, determined based on the value 
underlying financial instruments on which the derivatives have no effect. Rather than 
derivatives, an appropriate parallel term for real options might accordingly be 
"controllers" of their underlying assets. 

This important difference between real and financial options is what makes it 
necessary to determine the optimal exercise policies for, and values of, the options 
included in each portfolio of real options separately. Doing so clearly requires a 
substantial amount of work. In contrast, the optimal exercise policy for, and value of, 
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each of a set of financial options can be determined once, and the value of any possible 
portfolio then determined simply by summing the values of the individual options 
included in it. For financial options, this "portfolio effect" only becomes relevant 
when a measure of the risk of the portfolio as a whole is desired, since to determine 
this risk an analysis of the correlation, or more accurately the joint distribution, of the 
payoffs of the options in the portfolio is required. 

11. A General Approach to Real Options 

The complexity of conducting a comprehensive analysis of each of a firm's possible 
portfolios of real options creates a need for a more pragmatic approach capable of cap
turing the most important features of a comprehensive analysis. At a minimum, such 
an approach must help the firm choose an appropriate set of options and provide guid
ance on how to best exercise those options over time. Fortunately, the recent trends in 
the evolution of the technology industry described above allow this to be done with 
increasing efficiency and effectiveness. 

/ / . / . Selecting Options 

As noted above and summarized in Figure 10.1, the building blocks from which a 
firm's option portfolio is built are its resources for product design, procurement, man
ufacturing, marketing, and sales channels. Of these, the firm's manufacturing, and 
sales channel resources have traditionally required the largest investments and been 
the least flexible, and have thus merited the greatest attention. Due to the evolution 
of the manufacturing and sales business processes and models of the technology 
industry described above, however, both of these categories of decisions have become 
substantially simpler to make in recent years, as described below. 

The trend toward the outsourcing of manufacturing to electronic manufacturing 
services firms has given technology firms flexible access to a wide range of manufac
turing technologies distributed throughout large international networks. From a real-
options perspective, the development of the EMS industry can be viewed as offering 
flexible access to a diversity of low-cost manufacturing options. The flexibility of this 
new contractual access to manufacturing resources allows firms to carefully match 
their manufacturing assets to their manufacturing requirements over time. From a real-
options perspective, the firms exercise capacity options only when they are sure that 
the options will have a positive payoff. In contrast, the long-term nature of the capac
ity options previously available to firms forced firms to assume substantial risk of loss, 
because they essentially forced the firms to make long-term manufacturing invest
ments that did not necessarily pay off over time. As a result, the old manufacturing 
options were difficult to analyze and risky to exercise. In contrast, the new manufac
turing options are both simple to analyze and can be exercised with little or no risk. 

On the sales channel side, most technology firms have an established set of 
indirect sales relationships. As a result, the sales channel resources among which they 
must choose are generally either direct sales channels or other online channels, most 
of which are relatively inexpensive to establish. Since a firm should create any option 
as long as its value is greater than its cost, the firm does not need to perform detailed 
analysis of inexpensive options that have the potential to create substantial value. 
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As a result, it makes sense for most firms to develop a range of new online sales 
channels. In fact, most firms are already doing so. 

This trend towards online sales channels reflects another important difference 
between real and financial options, which is the advantage that many real options are 
proprietary. As a result, they are available to their holders at their cost, rather than their 
market value. In contrast, since financial options can be freely created, they are always 
priced at their market value. 

In summary, the evolution of highly flexible contract-manufacturing options and new 
low-cost sales alternatives both increases the value of a firm's option portfolio, and sub
stantially simplifies the portfolio analysis, including both valuation and optimal exercise 
timing. The creation of the new business processes and models that have enabled this 
change is of course not coincidental, nor is it an external event unrelated to the econom
ics of the technology industry. Rather, it reflects a broad realization in the technology 
industry that substantially more value can be created given the highly volatile and 
dynamic nature of the industry when technology businesses are operated in this way. 

11,2, Monitoring Markets Over Time 

The greater flexibility enabled by outsourced manufacturing and online sales channels 
allows technology firms to be highly responsive to market conditions and evolving 
opportunities. To capture these opportunities, firms must actively monitor markets for 
components, manufacturing resources, and their current and prospective products, and 
adjust their exposures to each through contracts, partnerships and trading relationships 
over time. Given this trend toward market-based strategies, the performance of tech
nology firms will increasingly depend on their ability to analyze, interact, and man
age risk through markets. Similar pressures are at work for firms in other industries 
that purchase primary inputs or sell primary outputs in active markets, such as firms 
in the energy, metals, chemicals or agriculture industries. As the technology industry 
makes this transition, expertise in manufacturing facilities investment and processes— 
critical competencies of technology firms in the past—will grow increasingly periph
eral, while expertise in market analysis, contracting, trading and risk management will 
grow increasingly central. 

From a real-options perspective, the trend away from long-term facilities invest
ments, procurement contracts, and product offerings, and towards shorter-term, market-
based trading and contracting, substantially simplifies the analysis of the optimal 
exercise decisions of a firm's real options. 

12. Meeting the Management Challenges of the Emerging Technology 
Industry Business Processes and Models 

The combination of the rapidly-increasing breadth and depth of markets for technology 
components, manufacturing services, and products, and the associated rapidly-
decreasing cost of acquiring, altering and replacing operating options in the technology 
industry is generating dramatic changes in the characteristics of the real options 
portfolios available to technology firms. These changes are making it possible for 
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technology firms to be both more efficient and more responsive to market opportunities, 
allowing them to deliver products with shorter life cycles and rapidly changing 
configurations in flexible volumes at competitive prices. 

To support significant changes in business processes and models of this kind, 
however, substantial changes in the skill sets, internal processes, and information 
technology infrastructure of technology companies are required. For example, while 
a senior manager responsible for manufacturing in an established technology firm 
today may have twenty years of experience managing manufacturing operations, he or 
she may no longer actually manage any manufacturing operations at all. Instead, her 
day may be spent primarily by engaging in negotiations, contracting and trading 
with external manufacturing partners and suppliers. Equally problematic, the same 
manager may still be measured on metrics such as per unit cost that were designed 
to measure the efficiency of internal manufacturing processes rather than the firm's 
current contracting and trading based methods of doing business. 

To be effective under the emerging business processes and models of the technology 
industry, managers of technology firms must develop expertise in contracting, trading and 
risk management similar to those found in industries where the role of markets is well 
established. To encourage this transition and to create the incentives and performance 
metrics necessary to support it, performance measures based on return on capital adjusted 
for appropriate measures of risk should replace existing asset- and cost-based measures. 

While including risk measures in performance measurement and control systems 
is clearly crucial in any trading or contracting environment, doing so presents sub
stantial challenges in an environment where risk, while always present, has in the past 
generally not been measured or managed. This transition can be facilitated with a 
combination of explicit risk management training for current staff and the gradual 
introduction of risk management techniques to key business risks. Both steps may ini
tially be lead by external experts in risk, working either as consultants or as new staff 
members recruited from industries where such practices are well established. 

The final management challenge created by the new technology business 
processes and models is the need they create for very close coordination across the key 
business functions of a firm, including design, procurement, manufacturing, market
ing and sales. Coordination of this kind is essential if a firm is to realize the full value 
of its portfolio of real options, which as described above requires that the firm be able 
to combine flexible and opportunistic methods of sourcing, manufacturing and sales 
to deliver profitable products to market over time. Like the effective measurement and 
management of risk, achieving integration of this kind is likely to require significant 
changes in internal business processes and performance metrics. Fortunately, the same 
markets that are creating the need for this transition can also provide the appropriate 
transfer prices and performance metrics necessary to support these changes. 

13. HP's Real Options Business Model 

A risk portfolio management strategy addresses three important procurement issues: 
short-term discounting, long-term assurance of supply and price stability, and least-
cost infrastructure. The approach begins with the business methodology shown 
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Figure 10.2 Portfolio contracting and procurement process. 

in Figure 10.2. This process is supported by analytical tools, and specific strategies 
such as online auctioning are implemented using systemic IT tools. 
The portfolio procurement process includes the following stages: 

• Strategy and Governance In this stage, the planners establish risk/return priorities, 
similar to a financial portfolio where the investor specifies the acceptable level of 
risk for an expected return. This in turn influences what kind of sourcing portfolio 
to create, and determines the mix of sourcing that would be most appropriate. 
For example, suppose we are creating a component sourcing portfolio for a new 
product. For the bulk of the parts, we want to use structured contracts that include 
specific volume and price commitments, but we also want to include some short-
term sourcing with assured supply to cover demand variability. A portfolio that is 
optimized for +/—20% demand uncertainty would have a different mix of sourcing 
than a portfolio that is optimized for +/—50% demand uncertainty. 

• Source Solicitation In this stage, potential sources are invited to submit bids for 
the sourcing. This can be done by procurement groups who contact potential sup
pliers directly, or through announcements, online forums such as auctions, and other 
public venues. 

• Portfolio Evaluation After collecting a sufficient number of bids, the next task is 
to evaluate each of these potential sources against the original parameters set forth 
for the portfolio during the Stategy stage. The question is, what minimum price to 
take (if selling) or what maximum price to pay as a buyer. When evaluating portfo
lio alternatives, it is important to consider the total sourcing cost, not just the mate
rials price. The expected NPV of the total sourcing cost and the standard deviation 
of same consists of three contributing cost streams: inventory-related costs, price 
performance (expected price and standard deviation), and availability (or the cost of 
expected and maximum shortages). 

• Contract Execution If a source looks good, a contract or agreement is created. 
Note that not all sourcing options use standard contracts. There are different types 
of contracts that define who assumes which portion of the risk. 
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• Contract Monitoring Once the portfolio is created and put into action, the sources 
need to be monitored for compliance and also for value. If at any point the portfo
lio fails to deliver expected value (a "trigger action"), the procurement team must 
re-evaluate the portfolio and make adjustments as needed. This includes the use of 
automated tools that scan the market for current pricing, to ensure that the portfolio 
reflects current market conditions. 

A contract can contain a mix of structured and unstructured elements, using three 
basic types of controls: price controls, volume controls, and service levels. Usually 
there is a tradeoff between one or another of these. 

• Price controls Include flexible price contracts with floors and ceilings on prices, 
discounted market price agreements, fixed payments (as in a structured contract), 
fixed prices for specified time periods, and even flexible currency exchange rate 
agreements between partners from different countries. For example, if the two cur
rencies stay within a specified range, one partner or the other will benefit while the 
other loses. However, if the currency exchange rate disproportionately favors one 
currency over the other, then the winner agrees to share the gains with the loser. 

• Volume controls Can specify minimum and maximum quantities, among other 
things. Another form of volume control is constraints on how much a forecast can 
be adjusted from one month to the next. For example, the buyer might be allowed 
to adjust next month's forecast up or down by 10%, and to adjust the forecast for 
2 periods away by +/—25%. 

• Service level controls Can include service level commitments with incentives and 
penalties. Sometimes the buyer can negotiate higher service level commitments in 
return for other concessions, such as a price premium of some sort. 

HP has used the portfolio approach successfully when negotiating for electricity 
at its San Diego facility, and is actively applying similar approaches to other com
modities such as memory. The table below shows a price comparison for sourcing 
electrical power using today's approach (short-term buying with no contractual agree
ment, market rates) versus a portfolio approach using a combination of fixed flat rates 
supplemented with a flexible/fixed price option for peak times. 

Market Index ($) Portfolio Approach ($) 

Quarterly cost 555K 352K 
Standard deviation of cost 49K 2K 

14. Conclusion 

In conclusion, the real-options approach offers many potential benefits to technology 
firms that seek to diversify their risk in new ways, to offset the rapid pace of change in 
the industry today. Both the direct and indirect application of real-options methodolo
gies offers the potential for risk management even beyond that of other supply chain 
improvement methods, and can both supplement and enhance those other methods. 
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Abstract 
Coordination problems arise in supply chains characterized by multiple customer segments 
differentiated by their service requirement (in terms of product availability or fillrates) and 
their willingness to pay for such service. The purpose of this chapter is to study strategies 
and methodologies for managing service differentiated customer classes in a supply chain. 
Our research approach is to combine extensive field studies with rigorous analysis. We build 
model frameworks based on our experience with a leading manufacturer of semiconductor 
testers and a research project for a military service parts supply chain. We study two particular 
service differentiation strategies: (1) Service differentiation based on delivery lead times, 
and (2) Service differentiation based on inventory rationing. We draw practical conclusions 
of managerial interest from our models, which can have a significant impact on efficient 
management of service differentiated supply chains. Our analysis shows that service differ
entiation is an appropriate strategy for satisfying customer requirements in a cost effective 
fashion. 

1. Introduction 

A supply chain can be viewed as a corporation plus its supply network, its distribu
tion network, its alliance network, and its end users involved in procuring, producing, 
and delivering products and services to customers. The last decade has witnessed an 
explosive growth in the supply chain applications industry. This growth has been 
fueled by rapid strides made in technology such as the internet, and rapid commer
cialization of ERP software. There are numerous success stories and examples of real 
life implementations of supply chain management with benefits ranging from reduc
tion in total supply chain cost, increase in on-time delivery, reduction in supply chain 
inventories, and increase in revenues. 

Concurrent with developments affecting supply chain performance is a heightened 
awareness of the needs of the end customer. A movement towards provision of 
"customer centric" supply chain solutions has taken place. Such solutions require 
increased coordination, flexibility, and responsiveness in fulfilling customer demands. 
The management of activities in a supply chain to provide customer centric solutions 
is especially challenging in supply chains characterized by multiple customer seg
ments differentiated by their service requirement (in terms of product availability 
or fill-rates) and their willingness to pay for such service. Leading management 
consultants have emphasized the need to segment customers based on the service 
needs of distinct groups and the need to adapt the supply chain to serve these segments 
profitably (Anderson et al. 1997). 

Companies have traditionally taken a uniform approach to logistics network 
design in organizing their inventory activities to meet a single service standard. 
For some, the logistics network has been designed to meet the average service 
requirements of all customers; for others, the goal has been to satisfy the toughest 
requirements of a single customer segment. Neither approach can provide the 
service requirement for each segment in a cost effective fashion. There exists a need 
for strategies and methodologies to adapt supply chains to serve differentiated 
customers in a cost effective way. 
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This chapter has been motivated by two research projects, one with Teradyne, Inc. 
and the other with the U.S. Navy and the Defense Logistics Agency (DLA). Their pur
pose was to study coordination issues related to service parts supply chains. Service 
parts logistics systems provide support, through service part availability, to the after-
sales service operations of firms. These logistics systems are critical in the military 
and in many commercial industries. The inventory tied up in these logistics systems 
can exceed billions of dollars (Cohen et al. 1998; Cohen et al. 1999). 

There has been a wide stream of literature on service parts logistics dating back 
more than thirty years. Sherbrooke (1968) developed the well-known METRIC 
(Multi-Echelon Technique for Recoverable Item Control) model for management of 
repairable items. This seminal work generated a whole new research area in multi-
echelon inventory control, as indicated by the works of Simon (1971), Deuermeyer 
and Schwarz (1981), Graves (1985), Cohen et al (1986, 1988, 1989, 1992) and very 
recently, Wang et al. (2000a, 2000b). The benefits of using these techniques are enor
mous, as illustrated by Muckstatdt and Thomas (1980) and Cohen et al. (1990). 

Despite wide theoretical developments in the multi-echelon inventory literature, 
the application of these theoretical models to complex real-world problems faces sig
nificant barriers. The application of the work of Sherbrooke (1968) to the military and 
of Cohen et al. (1986, 1988, 1990) to the computer industry are a few examples. Most 
companies still use ad hoc rules for controlling their supply chain operations. A prin
cipal reason for this situation is the absence of models which capture key issues such 
as multiple customer classes. There exists vast potential for improvement by using 
methodologies based on a rigorous analysis which relate to real situations. 

Cohen and Lee (1990) point out two key features in managing service part supply 
chains: Requirements Prioritization and Service Allocation. Requirements prioritiza
tion concerns the application of different stock issuing procedures for each class 
of customers defined by the design of the system. A typical scheme involves priori
tization of demand fulfillment between high and low priority customers. Service 
allocation involves setting segment-specific service targets for each part. The prefer
ences for each customer group should be considered when these targets are chosen. 
In addition, Cohen and Lee (1990) point out the importance of using incentives 
when there are multiple entities in the supply chain and when direct control is not 
possible. 

The purpose of this chapter is to study strategies and methodologies for managing 
service differentiated customer classes in a supply chain. We will focus on service 
parts supply chains, but the results of our analysis are relevant to all supply chains fac
ing differentiated service requirements. Our research approach combines extensive 
field studies with a rigorous theoretical analysis. We have built model frameworks 
based on our experience with the military and semiconductor equipment supply 
chains. We describe the results of rigorous analysis supported by these models that 
have generated significant contributions to the theory of service differentiated supply 
chains. We also relate our findings directly to practice and draw conclusions relevant 
for managers. 

The rest of this chapter is organized as follows. In the next section, we describe 
the two service parts supply chains of interest and pose research questions associated 
with provision of cost-effective customer service differentiation. Sections 3 and 4 
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introduce the formal models used to address issues related to service differentiations 
based on delivery lead-time and inventory rationing, respectively. We then make some 
conclusions and draw managerial insights in section 5. 

2. A Description of Two Supply Chains and Research Questions 

This chapter draws heavily from two research projects conducted at the Fishman-
Davidson Center for Service and Operations Management at the Wharton School of 
the University of Pennsylvania. The first involves a study of the after-sales service 
environment at Teradyne Inc., a leading semiconductor equipment manufacturer 
(Cohen et al. 1999). The second project involves a study of the supply chain used by 
the Navy to procure and distribute consumable parts for the support of military 
weapon systems (Cohen et al. 1998). The objective of both studies was to identify 
opportunities for improving service and reducing cost. In the next two sub-sections 
we describe these two projects and pose research questions that are relevant for 
practice. 

2,1, After-Sales Service at Teradyne, Inc, 

Teradyne is a major manufacturer of electronic testers, which semiconductor and 
other high-technology electronic manufacturers use in their capital-intensive produc
tion lines. The testers are often bottlenecks in such lines, and therefore, their reliabil
ity is essential. It has been estimated, for example, that one hour of tester downtime 
can cost a typical semi-conductor fabrication plant user as much as $50,000. The 
testers are complex electronic devices, composed of many circuit boards as key com
ponents. The boards, though quite reliable, are subject to random failures. Therefore, 
customers demand prompt and reliable parts service, and providing it is critical to 
Teradyne's long-term success. 

The Replacement-Parts-Service (RPS) division of the company provides and 
repairs service parts for customers. It manages over 10,000 different types of parts and 
distributes them through a global, multi-site logistics network. Many of these parts 
have a high unit cost (as high as $10,000) and a low usage rate (as low as a few pieces 
a year worldwide). RPS must therefore allocate its inventory investment efficiently 
across its stocking locations to achieve a high level of service, which is measured in 
terms of parts availability. Since the boards are expensive, it is well worthwhile to 
repair and reuse them. 

RPS tries to maintain the uptime of its tester equipment at all customer sites. 
To do so, it must replace and repair parts rapidly, relying on its extensive service-parts 
logistics and repair network. The logistics network has a two-echelon structure: 
a single central depot at the top echelon and multiple local stocking centers at the 
lower echelon. The local centers located close to customers hold parts inventory to 
serve customers within their respective regions and depend on the central depot for 
inventory replenishment. The central depot operates a parts repair center and thus 
replenishes its own inventory through repaired parts. All defective parts are shipped 
back to the depot for repair. RPS routinely uses rapid (next day or faster) transportation 
service for parts delivery. 
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Even with such an extensive logistics network and prompt service offered by 
Teradyne, many tester users believe that it is too costly to them to have the testers 
down for hours while waiting to receive the parts needed for machine repair. As a 
result, those customers maintain their own on-site inventory of frequently used parts 
to replace defective parts within minutes when their testers fail. 

In this environment, Teradyne realized that their traditional strategy of uniformly 
providing a "gold standard" service (i.e., immediate delivery of parts) to all of its cus
tomers was not appropriate—those customers stocking their own on-site inventory 
may not need such service for the purpose of inventory replenishment. They therefore 
introduced a two-tier service policy based on part delivery lead-time. The first tier 
is an emergency service (ES) where a customer demand for parts is to be filled imme
diately from the appropriate stocking location. In this case, the delivery lead time 
for the ES is essentially zero. The second tier is a regular replacement service (RR) 
where a customer demand is not filled until T days later. That is, the RR service has 
a delivery lead time of T days. While RR service is slower, it compensates customers 
for the delay with a substantially lower price. Such a lower price is justified by the fact 
that Teradyne will need less inventory (safety stock) to meet the same service level for 
RR type of demands. Customers have the flexibility to choose which class to use, 
based on their cost versus parts requirement trade-off. We observed that customers 
typically choose the RR service when they order parts to replenish their on-site inven
tory and use the ES service when the parts are out of stock at their own site while 
needed for repairing a failed tester or when they did not stock the parts initially. 

Through this innovative two-tier service, Teradyne has improved customer satis
faction and, at the same time, reduced its own inventory. However, its managers would 
like to understand this system better and learn how to optimally operate such a sys
tem. Our research project with Teradyne therefore raised the following questions 
related to the design and control of such systems: 

• What is the level of inventory required to achieve a desired service level? How 
should this inventory be allocated across different locations? 

• How much savings (inventory reduction) can be achieved through introduction of 
an RR service class? 

• How does the length of the delivery lead-time and the ratio of the RR/ES demand 
affect system performance? 

In section 3 of this chapter, we develop formal models to address these related 
managerial issues. 

2,2, A Study of the Military Supply Chain 

In the early 1990s, Congress issued a mandate to move the management of consum
able service parts for weapon systems from the individual military services (i.e.. Navy, 
Army, Air Force, and Marines) to a central Defense Logistics Agency (DLA). This 
new arrangement offered an opportunity to allocate inventory expenditure more effi
ciently by taking advantage of economies of scale in ordering and inventory pooling. 
The new system offers a number of challenges in managing the service parts supply 
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chain for weapon systems. The supply chain is complex because of the high technology 
weapon systems and a geographically dispersed installation base. The service parts 
environment can be described as a low demand, high cost and high criticality environ
ment. The changing lifecycles of weapon systems add another dimension of complex
ity in managing the supply chain. This change in supply chain structure has caused 
coordination problems between the Navy and DLA, with the Navy aiming to provide 
sufficient inventory coverage for critical items and DLA aiming to control costs. 

The population of service parts going into weapon systems has a wide distribution 
in terms of part and system attributes. The parts could differ in terms of attributes such 
as cost, demand, lead-times, commonality etc. In addition to these attributes, the mil
itary assigns a variety of codes to each part to indicate how that individual part should 
be managed. A commonly used code for indicating the service requirement of a part 
is the weapon system indicator code (WSIC). The WSIC code is a combination of two 
codes: An essentiality code indicating how critical a part is to the operation of the 
weapon system it goes into, and a criticality code indicating how critical the weapon 
system itself is to the fulfillment of user location's missions. These essentiality codes 
and criticality codes indicate priority assignments with the expectation that the parts 
with higher priority will get better service. Figure 11.1 gives a matrix representation 
of the priority codes,^ with WSIC code A representing highest priority and WSIC 
code Z representing lowest priority. 

The priority codes are often based on engineering specifications about the conse
quences of part failure. Elaborate methodologies exist for assignment of these prior
ity codes to parts in the military. Another reason for use of these priority codes is due 
to the high level of inventory investment in service parts, and the complex process of 
managing them. Stocking all service parts to provide a high level of service is an 
expensive proposition. By using priority codes, the parts with really high priority can 
get a high level of service, but the average inventory cost can be lowered by reducing 
the inventory of low priority parts. Thus the use of priority codes can enable the 
military to allocate inventory investment more effectively. 

Essentiality of Part to Operation of System 

Group Code 
Most Critical(A) 

Criticality 
of the System Critical (B) 
to Mission 

Least Critical(C) 

Essentiality Code 
1 2 3 4 

A 
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W 
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M 

X 

C 

N 

Y 

D 

0 

Z 

Code A indicates highest level of criticality 

Code Z indicates lowest level of criticality 

Figure 11.1 WSIC priority codes used by military. 

The actual codes used by the military have been disguised. 
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The change in supply chain structure has posed additional challenges to the 
service parts management for the military. A high degree of part commonality exists 
between the military services. Thus, the supplier (DLA) now could be supplying the 
same common part to the Navy, Army, and other services. However, each military 
service could assign a different priority code to the same common part indicating 
a different service requirement. The challenge to the central supplier (DLA) is to be 
able to provide the differentiated service to these customer classes in a cost effective 
way. Another issue that DLA faces is how to charge customers for their differentiated 
service requirements. 

In section 4, we propose and analyze a service differentiation strategy based on 
inventory rationing to address these issues. 

The goals of this chapter are two-fold. First, through modeling and rigorous 
analysis of these practical problems, we develop frameworks and methodologies for 
effective management of service differentiated supply chains. Second, we draw 
practical conclusions of managerial interest from our theoretical models which can 
have a significant impact on efficient management of service differentiated supply 
chains. The next two sections present two frameworks for managing differentiated 
service requirements. 

3. Differentiating Service on the Basis of Delivery Lead-Times 

In this section, we develop formal models for analyzing customer service differentia
tion strategy based on part delivery lead-times. Delivery lead-time is defined as the 
time from when a customer demand arrives to when the demand is to be filled. 
Motivated by Teradyne's service parts logistics system, we consider models with two 
basic service classes: an emergency service (ES) with a delivery lead-time of zero and 
a regular (parts) replacement service (RR) with a delivery lead-time of 7 days. 

Since our focus is on repairable service parts which typically have low demand 
and high unit costs, our models will assume independent Poisson customer demand 
arrivals, a one-for-one policy for inventory control and i.i.d. replenishment lead times. 
These assumptions have been widely adopted in the literature for repairable inventory 
systems (e.g., Nahmias 1981). 

A key step for analyzing such stochastic models is to derive the various system 
performance measures for a given stocking policy (e.g., customer waiting time distri
bution and part availability service level, etc.). For that purpose, we will first consider 
the service differentiation strategy for a single location system. We then extend the 
analysis to a two-echelon network. With a performance evaluation procedure ready, 
we then address managerial issues related to such a service differentiation strategy. 

3,1, Single Location System 

The single-location inventory system faces two classes of demand: ES and RR. An ES 
demand is satisfied with a good part immediately upon its arrival. An RR demand 
has a due date, which is (constant) T days (the delivery lead-time) after its arrival. 
All RR demands have the same delivery lead-time. The two demand classes form two 
independent Poisson arrival streams with rates of A^ / = 1 for ES and / = 2 for RR. 
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The system uses the same pool of inventory to satisfy both classes of demand 
by following the "first-due-first-serve" rule, and all unsatisfied demands are fully 
backlogged. The system follows the one-for-one policy for inventory replenishment. 
That is, for each demand arrival, there is a corresponding inventory replenishment 
order being placed. Let S be the base-stock level. The inventory replenishment lead-
time is the time elapsed from a customer arrival to the receipt of the corresponding 
replenishment order. For a given demand class, inventory replenishment lead-times 
corresponding to different customer arrivals are assumed to be independent and 
identically distributed; replenishment lead-times corresponding to different classes 
are independent. Let L̂  denote the replenishment lead-time corresponding to class /, 
/ = 1 and 2, and G/(-) be the cumulative distribution function of L̂ . 

For any given inventory stocking policy, Wang et al. (2000b) derive the exact 
system performance evaluations, including the customer random delay (waiting time) 
distributions and inventory availability service levels for ES and RR customers, 
respectively. In the following two subsections, we summarize those key results. 

3.1.1. Probability Distributions of the Random Customer Delays Customers 
arriving at the system will experience random delays, due to stockouts. The probability 
that the delay experienced by an ES customer is less than r time units, denoted by 
FI(T), can be calculated by following expression: 

FI(T) = Pr{5 - e(T) + 7?(T) > 1} + Gi(T)Pr{5 - e(T) + 7?(T) = 0}, 

where Q{T) and R{T) are two independent Poisson random variables with mean values 
of AI^I(T) +A2^2('̂ ) and Airi(T) +A2r2(T) respectively, where 

r 00 

q,{r) = [1 - G,{x)]dx. (1) 
"^ T 

r 00 

q^ir) =\ [1 - G^ixMx, (2) 

r,(T) = f 'GI(X)JX, (3) 

r2,tM= r^^G2(x)dx. (4) 

Similarly, the probability distribution of random delays experienced by RR 
customers can be computed as 

F2(T) = MS - Q(T) + 7?(T) ̂  1} + G2(r+ T)Pr{5 - Q(T) + R(T) = 0}, 

where, Q(T) and R(T) are exactly the same as those in FI(T). Comparing FI(T) with 
F2(T), we see that ES and RR customers will in general experience different random 
delays, even though the system uses the same pool of inventory to satisfy both classes 
of customers on a "first-due-first-serve" basis. Similarly, as shown in the next 
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sub-section, ES and RR customers also experience different service levels. These 
results are rather count-intuitive. 

3.1.2. The Availability Service Levels The level of customer service, by definition, 
is the probability that a demand is filled without delay. That is, the probability that 
the system has on-hand inventory at any moment of a customer's arrival. Thus, this 
service level can be computed as the probability distribution function of the random 
delay evaluated at r = 0. Let /3i denote the service level for ES customers. From FI(T), 

we have 

/3i = Fi(0) = MS - 2(0) + 7?(0) > 1} + Gi(0)Pr{5 - 2(0) + 7?(0) = 0} 

= Pr{5-2(0) + 7?(0)>l}, 

where, the last equality follows since Gi(0) = 0. 2(0) and 7?(0) are mutually inde
pendent Poisson random variables with mean values of Ai^i(O)+A2^2(0) and 
Airi(O) + A2r2(0) respectively, where, ^i(O), ^2(0), ^i(O), and r2(0) are evaluated from 
(1) to (4) respectively. 

Similarly, the availability service level for the RR customers, denoted by /32, can 
be obtained from the waiting time distribution ^2(7) as 

/32 = F2(0) = MS - 2(0) + R(0) ^ 1} + G2(T)MS - 2(0) + R(0) = 0}. 

From the expressions of /3i and ^2 we see that RR customers will experience a 
higher service level than ES customers as long as there is a non-zero probability that 
the replenishment order corresponding to an RR demand arrives before the demand 
due date (i.e., G2(r)>0). 

3.2. Extension to Two-Echelon Systems 

We now consider a two-echelon system that consists of a central depot (CD) and 
multiple distribution centers (DCs). The DCs serve customers by providing good parts 
and receiving defectives, and the CD repairs the defectives and replenishes the DCs 
with good (repaired) parts. 

Each class of demands arrives at a DC according to a Poisson process. The 
demand processes are independent of each other across different classes and DCs. 
At each DC, the two demand classes share the same good parts inventory and are 
satisfied according to a "first-due-first-serve" rule. The due date for an ES demand 
is its arrival time, and that for an RR demand is a delivery lead-time after its arrival. 
The delivery lead-time may be different across the DCs. 

As before, we invoke a one-for-one replenishment policy that is in use at all DCs. 
That is, when receiving a demand of either class, a DC places a replenishment 
order immediately with the CD. The DCs replenishment orders are filled with good 
parts in a "just-in-time" fashion at the CD: if the order is triggered by an ES demand, 
it is filled immediately; and if the order is triggered by an RR demand, it is filled 
a "transportation-time" earlier than the customer due date so that it will reach the DC 
just-in-time. 
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The defectives are relayed to the repair facility at the CD as soon as they are 
received at a DC; thus, the good part inventory shelf at the CD also operates under 
the one-for-one replenishment policy. A depot replenishment lead-time starts at the 
time a DC replenishment order is placed and ends when the defective is repaired and 
returned to the CD good part shelf. Depot replenishment lead-times corresponding 
to different orders are assumed to be i.i.d. This assumption is commonly used 
for repairable inventory models and is referred to the so-called "ample capacity" 
assumption. 

Following an approach similar to METRIC, the multi-echelon network can be 
decomposed into single location subsystems. The depot subsystem is a single location 
system whose demands are DCs' replenishment orders. Note that the replenishment 
orders are also of two types: those triggered by customer ES demands are to be satis
fied immediately, and therefore, they are of ES type. Those triggered by customer 
RR demands are to be satisfied later, and therefore, they are of RR type. For the depot 
inventory system, the demand rate of ES type is the sum of ES demand rates of all 
DCs, and the demand rate of RR type is the sum of RR demand rates of all DCs. 
Clearly, these two demand streams are independent and Poisson. Therefore, the 
steady-state performance evaluations derived in the previous subsection for a single 
location system can be applied to the CD subsystem. 

Each DC is also a single location system with two demand classes. Its replenish
ment lead-time is the sum of the good part transportation time from the CD and a pos
sible random delay when the CD is out of stock when it needs to ship a unit to the DC. 
The system reduces to a single location system analyzed in the previous subsection 
when we follow the METRIC approach to approximate the replenishment lead-times 
(corresponding to a given service class) as i.i.d. random variables, whose distribution 
is the convolution of the transportation time and the random delay experienced at 
the CD. The latter is obtained from the analysis of the CD subsystem. 

3,3, Model Application and Policy Analysis 

With the system performance evaluations derived above, we can address various key 
managerial issues related to system design and control under the two-tier service 
based on delivery lead-time. For example, what is the necessary inventory to achieve 
desired customer service levels? How much saving (inventory reduction) can be 
achieved through the introduction of the RR service to a system with a single class 
(ES) service? How do the length of the delivery lead-time and the ratio of RR demand 
and ES demand affect system performance, etc.? 

To address those managerial issues, we formulate a system optimization model. 
We consider a two-echelon network with N DCs. To achieve a target customer service 
level at each DC, the decision is to find the minimum required total inventory and its 
allocation among different locations within the network. Since the achieved service 
level for RR customers will always be higher than that for ES customers in the 
system, one can constrain the service for ES customers. Formally, let S^ denote the 
base stock level at location n,n = 0,\,... ,N, where n = Ofox the CD. Let /3i ,̂ (5„, SQ) 
be the achieved service level for ES customers at DC n, n=l,..., N, and /3i „ be the 
corresponding target service levels. Note that the achieved service at a given DC 
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depends only on its own base stock level and the CD's base stock level. Then, we have 
the following optimization problem: 

i=0,l,...,N} ^ 0 "^ 2j^n W) {S„:n=0,l,...,N} 

subject to 

/3i,,(5„5o)^/3i,, n=h...,N. (6) 

Wang et al. (2000b) developed efficient algorithms for solving this problem to 
optimality. 

The above optimization model has been implemented at Teradyne, Inc., and is 
used both for tactical operations and for strategic policy analysis. At the tactical level, 
the model provides Teradyne with the optimal allocation of inventory for its 
over 10,000 different service parts throughout a world-wide logistics network. At 
the strategic level, it facilitates policy analysis related to supply chain/network re
configuration, service, and cost trade-off, etc. As a result, Teradyne has reduced its 
inventory cost by over twenty percent and, at the same time, has dramatically 
improved its customer service. 

To illustrate the benefit of service differentiation, we consider the inventory 
reduction for a typical part managed by Teradyne. We consider the system with 
5 (i.e., N=5) identical DCs. The total demand rate of the two service classes at each 
DC is 10 units per year. Depot replenishment lead-time corresponding to both service 
classes is Normally distributed with a mean of 35 days and a standard deviation of 
10 days. Transportation time from the depot to each DC is Normally distributed with 
a mean of 5 days and a standard deviation of 1.5 days. 

We study how much inventory reduction can be achieved through the introduction 
of the RR class, and how this reduction is affected by the delivery lead-time for the 
RR class and by the ratio of the ES demand rate to the RR demand rate. We let 
the delivery lead-time vary from 0 to 60 days, and let the total demand rate of 
10 units/year be divided between the two classes in three different ways: Ai = 7, 
A2 = 3; Al = 5, A2 = 5, and Ai = 3, A2 = 7. For the target service level of 90%, Table 
11.1 illustrates the minimum required system-wide stock levels. Each row represents 
one of the three demand breakdowns. From these results we see that the inventory 
reductions are significant. For example, with half of the demand being RR, if the 
delivery lead-time is 30 days, the required inventory is reduced from 14 units to 11, 
which is a more than 20% reduction. 

Table 11. 1 Total 

Delivery Lead-Time 

Ai = 7,A2 = 
Ai = 5,A2 = 
Ai = 3,A2 = 

= 3 
= 5 
= 7 

Required Inventory for the Target Service Level of 90% 

(days) 0 

14 
14 
14 

10 

13 
13 
12 

20 

13 
12 
10 

30 

12 
11 
9 

40 

12 
10 
8 

50 

11 
9 
7 

60 

11 
9 
6 
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4. Differentiating Service Based on Inventory Rationing 

The practice of rationing inventory (or capacity) among different customer classes 
has become an increasingly important tool for balancing supply with demand in envi
ronments where requirements for service can vary widely. The practice of issuing 
stock to some customers while refusing or delaying demand fulfillment for others is 
analogous to the highly successful yield management policies adopted by airlines 
and hotels in recent years. In this section, we propose a stock rationing scheme that 
is useful for managing inventory in a continuous review {Q, r) environment with two 
customer demand classes defined by unique arrival rates and service costs. The 
scheme is characterized by a threshold inventory level, K, which signals when to 
reserve stock for higher priority customers. The associated {Q, r, K) inventory policy 
serves all customers on a first-come-first-serve basis while on-hand inventory is above 
K, and cuts off service to low priority customers when on-hand inventory falls below 
this threshold. 

Our interest in this policy grew from an empirical study of the military's logistic 
system supporting service parts for military weapon systems (Cohen et al. 1998). The 
military recently moved the management of these parts from the individual military 
services (e.g., separate Army and Navy warehouses) to a central inventory control 
point within the Defense Logistics Agency (DLA). While this change offers inventory 
pooling benefits for common parts, it has led to some disagreement across the mili
tary services about the appropriate safety stock levels. The problem stems from the 
fact that the criticality of a part often differs significantly for each military service. 
DLAs current policy for managing these demand classes is to "round-up" each part's 
availability requirements across the various military services. For example, if the 
Army requires a service level of 85% while the Navy requires 95%, DLA stocks the 
part to meet an aggregate service level of 95%. Once stocked, inventory is allocated 
to customers on a first-come-first-serve (FCFS) basis. There are two obvious short
comings to this approach. First, by rounding-up requirements, DLA may be investing 
too much inventory in non-critical items. Second, processing orders on a FCFS basis 
allows a low priority customer to possibly preempt more critical customers. The mil
itary's previous strategy of managing separate pools of stock for each service avoided 
these problems, but did so at the cost of no inventory pooling. A threshold rationing 
policy, similar to the {Q, r, K) policy studied here, has been proposed as a way to avoid 
the problems inherent in the round-up policy while still taking advantage of inventory 
pooling. 

4.1. Model Framework 

We assume inventory is held and replenished over time to fill recurring demand 
from two customer classes^ / = 1,2. We assume demand for class / follows a Poisson 
process with rate Ap implying a total demand rate for the item of A=Ai+A2. 

^ While DLA experiences as many as twelve demand classes, the percentage of parts shared across more 
than two demand classes is relatively small. Thus the two-class case is thought to capture most of the 
pooled demand. 
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Figure 11.2 Typical cycle for a {Q, r, K) policy. 

All unmet demand is backlogged and incurs two penalty costs: a stockout cost per unit 
backordered (TT )̂ and a delay cost per unit per period of delay (TT^), where / = 1,2. 
We further assume the penalty costs for class 1 demand is at least as large as that of 
class 2 (i.e., TTI > 77-2, rr^ > rr^. We will refer to class 1 demand as "higher priority" 
for this reason. 

Our proposed {Q, r, K) policy operates as follows. When the inventory position 
(on-hand plus on-order minus backorders) reaches the level r, a replenishment order 
for Q units is placed and arrives T > 0 time units later. Demands from both classes are 
filled on a FCFS basis as long as the on-hand inventory level is greater than or equal 
to K. Once the on-hand inventory level falls below K, class 2 demand is backlogged 
(i.e., no longer filled) while class 1 demand continues to be filled as long as inventory 
is available. 

Figure 11.2 illustrates a typical inventory cycle for the {Q, r,K) policy. In this 
example, K is set lower than the reorder point r. This is not required in general. Notice 
that on-hand inventory is initially depleted at the aggregate demand rate A. Once on-
hand inventory reaches K, the rate of depletion reduces to A i since class 2 demands 
are backlogged. It is important to note that class 2 backorders may exist when there is 
positive on-hand inventory, while class 1 backorders only occur when the system runs 
out of stock. 

Our objective is to determine the policy parameters (Q,r,K) which minimize 
expected annual cost for the system. We assume that each replenishment order incurs 
a fixed setup cost of s, while inventory holding costs are incurred at rate h for each 
unit of inventory carried on-hand. Let C(Q, r, K) denote the expected annual cost for 
a given (g, r, K) policy and H{Q, r, K), S(Q, r, K), and D(Q, r, K) denote the associated 
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expected annual holding, setup, and penalty costs, respectively. Our problem can be 
summarized as follows. 

ming,,,j^,j^ <, + g C(2, r, K) (7) 

C(e , r, K) = S(Q, r, K) + H(Q, r, K) + ^ ( 2 , r, TT) 

Note that since the maximum possible on-hand inventory is r + 2 , we limit our search 
for optimal threshold rationing level to K^r-\- Q. 

Static threshold rationing policies can be further constrained by the mechanism 
they use to clear backlog orders when a replenishment order arrives. Note that Nahmias 
and Demmy (1981) ignore this issue by assuming at most one order is outstanding at 
any point in time. The most obvious clearing mechanism is simple "priority clearing", 
which gives priority to class 1 backorders and only fills class 2 backorders if on-hand 
inventory (after filling all class 1 backorders) is greater than K. Since class 1 stockout 
costs are always greater than class 2 stockout costs, this policy is a preferred backorder 
clearing mechanism. But, it is difficult to analyze this priority clearing mechanism ana
lytically since the on-hand inventory and backorders depend in a complicated way on 
the order arrival process. For this reason, we introduce an alternative backorder clear
ing mechanism, which serves as an approximation to the "priority clearing" mecha
nism. The idea of this mechanism, referred to as "threshold clearing" is to clear 
backorders in the same manner as orders would be filled had there been more inven
tory available at the time demand arrives. Although the threshold clearing mechanism 
may clear some class 2 backorders before class 1, the probability of that happening will 
be quite low if the fillrate for class 1 demand is high. In this case, the threshold clear
ing mechanism is a reasonable approximation to the priority clearing mechanism. 

Deshpande et al. (2001) provide performance measure computations for the 
(Q,r,K) policy. Using the performance measure computations, the objective function 
C\Q, r, K) can now be written as 

-'T, 
s^+Yylr.,G'^y,K) 

where 

C\Q. r, K) = — (8) 

^Xi7T,a,(y, K) + \2^2Ci2{y.K) (9) 

where bi {y, K) is the average class / backorders for inventory position y and rationing 
level K, and ai {y, K) is the fraction of time out of stock for class /. An intuitive 
interpretation of G^{y, K) is as follows. G^{y, K) indicates the rate at which inventory 
holding and shortage costs accumulate at a random time t + T if the inventory position 
at time ti^y and the threshold rationing policy is used. The structural results derived in 
Deshpande et al. (2001) imply the following important property for G^{y, K). 

Theorem 1 G^{y, K) is convex in y if ATTI < (/Z + TTI) and A77-2 ^ (/z + 77-2). 

Using the above convexity results Deshpande, Cohen and Donohue (2001) 
derived an efficient algorithm for computing the optimal parameters (Q,r,K). Using 
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this algorithm, we conducted an extensive numerical study on data obtained from the 
military. The results of this study are presented in the next section. 

4.2. Cost Comparison: (Q, r, K) versus Traditional Policies 

In this section we compare the cost of our static (Q, r, K) policy to traditional round-up 
and separate stock policies used previously in the military. In the traditional "round
up" policy the requirements for both customers are rounded-up to the highest level of 
requirement and then demand is satisfied for both classes on a first-come-first-serve 
basis from the common stock, while in a separate stocking policy, two separate stock
piles are kept for the two customer classes based on the individual service require
ment. The goal of this section is to quantify the benefits to the military of the proposed 
policy over other traditional policies. A secondary goal is to identify conditions under 
which our proposed policy works well in industries other than the military. 

To test the cost effectiveness of the rationing policy, we used 54 problem sets rep
resenting the military environment and other industries. We generated 54 problem sets 
varying in setup cost {s = 200, 100, 0), ratio of class 1 versus total demand, and ratio 
of class 2 versus class 1 penalty cost. Our order setup cost scenarios were chosen to 
reflect three different industry categories: high tech industries, such as Aerospace, 
Defense and Semi-conductor equipment, having extremely high setup costs, computers 
and telecom industries with more moderate setup costs, and commodity and pack
aged goods industries who enjoy little or no setup cost. The impact of setup cost is 
important as it affects the order quantity. For example, for the extreme case of zero 
setup cost, the optimal order quantity is one. Within each of these industry categories, 
we consider a broad range of customer diversity scenarios. The demand ratios were 
chosen to capture cases where class 1 demand is less than, equal to, and greater than 
class 2 demand (Ai/A =0.25,0.5,0.75). We also consider six possible categories for 
the ratio of class 2 to class 1 penalty costs (772/771 = 0.05, 0.1, 0.2,0.25, 0.5,1, with 77i 
held fixed at $6000). We chose a wide range of stockout ratios since this difference 
triggers the degree of rationing needed in the inventory policy. The lead-time r was 
assumed to be 3 months throughout with holding costs of h = $250, which is typical 
of the military environment we studied (Cohen et al. 1998). As expected, the {Q, r, K) 
policy outperformed both the round-up and separate stock policies in all cases. A more 
interesting question is under what conditions does the {Q, r, K) policy provide the most 
benefit relative to these traditional policies. 

Table 11.2 provides some insight into this question by reporting the percent ben
efit (i.e., percent decrease in expected cost) of the {Q, r, K) policy versus the round-up 
and separate stock policies for the equal demand case (Ai/A = 0.5). Overall, its bene
fit is greater relative to the separate stock policy, with cost reductions of 
34.15-47.86%. Its benefit over the round-up policy is more sensitive to the values of 
s and 772/771, with reductions ranging from 0% to 37.68%. 

The main advantage of a {Q, r, K) policy over round-up is its ability to provide dif
ferentiated service to the lower cost, class 2 customer. Consequently, we would expect 
a (2, r, K) policy to offer the most benefit when the class 2 delay cost is significantly 
less than the class 1 delay cost. In Table 11.2, we see that the benefit of a {Q, r, K) 
policy over a round-up policy does indeed increase as the two delay costs diverge 
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Table 11.2 
Policies 

^ 2 / ^ 1 

0.05 
0.1 
0.2 
0.25 
0.5 
1 

Benefit of Rationing Policy versus Round-up 

% Benefit versus Round-up 

s = $200 

17.78% 
13.28% 
8.48% 
7.38% 
4.51% 
0.00% 

s = $100 

23.03% 
16.62% 
12.13% 
10.20% 
5.72% 
0.00% 

s = $0 

37.68% 
30.25% 
18.60% 
15.16% 
8.94% 
0.00% 

1 and Separate Stock 

% Benefit versus Separat 

s = $200 

34.15% 
34.55% 
36.70% 
37.92% 
42.86% 
43.76% 

s = $100 

34.08% 
34.17% 
38.78% 
39.26% 
42.88% 
44.46% 

e Stock 

s = $0 

37.72% 
42.10% 
42.28% 
42.50% 
47.06% 
47.86% 

(i.e., as 7r2/7ri decreases). In contrast, the main advantage of a {Q, r, K) policy over a 
separate stock policy is its ability to pool inventory and thus offer the same differ
entiated service with less inventory investment. These pooling benefits are most 
pronounced when the two delay costs are the same (i.e., 7r2/7ri = 1) since no rationing 
occured in this case (see Theorem 1). Table 11.2 confirms that the benefit of a {Q, r, K) 
over a separate stock policy is indeed greatest when 7r2/7ri = 1. As the delay costs 
diverge (i.e., 7r2/7ri decreases), the {Q, r, K) policy chooses to pool less inventory (i.e., 
increase its threshold level K) and thus its benefit over the separate stock policy, while 
still significant, decreases. 

It is interesting to note that the benefit of the {Q, r, K) policy over either traditional 
policy appear to increase as the order setup cost decreases. This is because when setup 
costs are high, batch size increases and cycle length increases. As a result a high level 
of service is provided to all customer classes and the effect of the reorder levels on 
cost will be decreased. In this environment, the effect of service differentiation will be 
less important. Conversely, when setup costs are low, batch sizes are low and the 
reorder level has a greater impact on overall cost. In these cases the round-up policy 
causes a significant increase in reorder levels, leading to relatively higher ineffici
encies. Similarly, when setup costs are low, using two separate higher reorder levels 
causes the separate stock policy to be inefficient compared to the (Q,r,K) policy. 

The general trends illustrated in Table 11.2 also hold for the other values of (A /̂A) 
in our data set. Figure 11.3 provides some additional insight into how the benefit of 
our proposed policy varies with (A /̂A) by graphing the costs of the three policies 
for different demand ratios, changing the percentage of demand attributed to class 1 
customer while keeping total demand constant. The separate stock policy, intuitively, 
is identical to the (Q,r,K) policy when demand consists entirely of one customer type 
(i.e., A|/A = 0 or 1). Figure 11.3 shows that the (Q, r, K) policy is beneficial, relative to 
the separate stock policy, in all but these two extreme cases. In fact, the cost of the 
separate stock policy increases significantly, relative to the (Q,r,K) policy, once even 
a small percentage of class 1 or 2 customers enter the mix. In contrast, the round-up 
policy is identical to a (Q, r, K) policy only when demand consists entirely of class 1 
customers (i.e., Â /A = 1). As the percentage of class 1 customers decreases, the ben
efit of using a {Q, r, K) policy over a round-up policy increases monotonically. This is 
because the (Q,r,K) policy saves on inventory as the percentage of class 2 customers 
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Figure 11.3 Optimal policy cost versus Ai/(Ai + A2). 

increase and more customers tolerate a lower service level. The round-up policy is 
most inefficient when class 1 demand is relatively small, since here it supports a large 
fraction of demand at a higher service level than needed. 

These numeric results suggest that our proposed (Q, r, K) policy offers a significant 
cost benefit over tradition round-up policies when delay costs are significantly differ
ent between classes, and demand consists of a large proportion of class 2 customers. 
These conditions are quite broad and apply to a large number of industries including 
commodity, and some segments of high tech. The policy offers little benefit when both 
the proportion of class 1 demand is high and the delay costs are roughly the same for 
the two classes. Turning to the comparison with traditional separate stock policies, our 
proposed policy offers a significant benefit as long as there is a reasonable mix of cus
tomer classes (i.e., kilki^O or 1). This benefit is substantial in most cases and 
increases in magnitude with 772/771 and decreasing setup cost. 

Based on data obtained from the military we analyzed the degree of "round-up" of 
priority codes for parts. If a common part was assigned multiple priority codes by the 
different military services, then DLA "rounded-up" the priority code to the highest 
code and stocked the part accordingly. Figure 11.4 shows the reassignment of priority 
codes by DLA which were originally assigned priority code Z (least priority) by the 
Navy. The data shows that only 40% of the parts assigned as priority code Z by Navy 
were retained in the same category, while the rest got rounded-up to a higher priority, 
with as many as 14% being assigned to the highest priority category A. Thus this data 
and the numerical study above suggests that our proposed policy offers significant 
benefits in cost reduction to the military as compared to the current round-up policy. 
Our proposed policy would offer substantial benefits for the parts which got rounded-
up to a significantly higher priority code. The proposed rationing policy is currently 
being implemented by the military. 
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Figure 11.4 DLA classification of Navy SKU's with WSIC code Z. 

5. Managerial Insights and Conclusion 

An important issue in supply chain management is to develop mechanisms to simul
taneously meet differentiated customer service requests in the most cost-effective way. 
In this chapter we presented two service differentiation strategies based on actual field 
studies. We summarize the findings of our two studies below. 

In the first study, motivated by Teradyne's after-sales service parts supply chain, 
we considered the service differentiation strategy based on part delivery lead-times. 
This strategy differentiates and simultaneously meets the service requirements of 
emergency customers who need an immediate part delivery and of non-emergency 
customers who can tolerate a delay in part delivery. We built a model framework to 
study the impact of such a strategy on the supply chain performance. We first derived 
the system performance evaluations for any given policy parameters. The results were 
obtained for a single location system and then extended to multi-echelon networks. 
We then developed a procedure for the optimal allocation of inventory within the 
logistics network. This study has lead to the following important managerial insights 
and contributions: 

1. Service differentiation based on delivery lead-time is a cost effective strategy for 
managing after-sales service parts supply chain. In the context of after-sales service 
parts supply chain, many customers require an extremely high standard of parts 
service to support the up-time of their field equipment which is often expensive and 
constitutes bottleneck of some large-scale manufacturing plants. Such a high standard 
of service in reality is characterized by an immediate delivery of parts by a service 
provider. On the other hand, as far as parts delivery is concerned, there are also some 
non-emergency customers in the system. Realizing the criticality of the availability of 
service parts to the operations of equipment, these customers may actually stock their 
own parts on-site and rely on service providers only for the purpose of inventory 
replenishment. As a result, these customers do not need a service of immediate delivery, 
which is often very expensive. Thus, the strategy of a service differentiation based 
on delivery lead-times naturally fits into this overall environment. Our model shows 
that such a strategy leads to significant savings in supply chain costs, in the form of 



Managing Supply Chains with Differentiated Service Requirements 193 

reduced levels of safety stock for the service providers. Such cost savings can then be 
shared between the service provider and customers, for example, through a reduced 
service charge to customers (as implemented by Teradyne). 

2. Our model framework and effective solution procedure provide a set of tools 
for direct applications. Indeed, our models developed in this study have been imple
mented by Teradyne to facilitate the management of their global service parts supply 
chain. The models are used both for strategic policy analysis (e.g., supply chain 
network design, service differentiation parameter choice, etc.) and for tactical opera
tions (e.g., optimal allocation of inventory). As a result, Teradyne has significantly 
improved their supply chain performance (see, Cohen et al. 1999 for related results). 

In the second part, motivated by a study of military logistics, we presented a serv
ice differentiation strategy based on inventory rationing. We considered a model with 
two demand classes, differing in delay and shortage penalty costs and demand arrival 
rates. We developed a model for analyzing a threshold rationing policy under a con
tinuous review (Q, r) inventory framework. Our model includes some key practical 
features such as positive setup costs, positive lead-times and customer backorders in 
a continuous time framework, which have not been previously addressed in literature. 
A numerical study was carried out to identify the benefit of rationing over not 
rationing, and to illustrate the tradeoffs involved. Our numerical study shows that 
significant cost reduction can be achieved by using a threshold rationing policy over 
a round-up or separate stocking policy. 

Based on our study, we offer the following specific managerial contributions: 

1. We quantify the potential savings in switching from commonly used policies to a 
threshold inventory rationing policy. Our analysis shows that a threshold rationing 
policy can significantly reduce inventory costs over current practice and at the same 
time provide the differentiated service required by customers. Thus our analysis 
provides a cost justification to upper level managers for moving to a new allocation 
policy. 

2. We define the conditions under which such a policy is most attractive. In our 
analysis we establish conditions under which implementing a rationing policy would 
lead to significant cost savings. We show that the rationing policy is most attractive 
when there exists a wide difference in the stockout costs for the two classes, and when 
the critical class demand is a small fraction of total demand. By using the insights 
from this analysis, managers can decide which service parts should be managed by a 
rationing policy and which parts should not. The analysis also quantifies the cost sav
ings that can be expected for a service part with given demand characteristics over 
current policies. 

3. The proposed policy is easy for managers to understand and implement. These 
results are important for managers because moving from a first-come-first-serve 
policy to a rationing policy is a sensitive issue and managers would fully like to under
stand its implications. 

In summary, this chapter focused on supply chains where customers are differen
tiated based on service requirements. Our field studies with Teradyne and the military 
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showed that customer (service) requirements are becoming more and more 
segmented. Hence there exists a need for developing strategies and methodologies for 
managing service differentiated supply chains. We proposed and analyzed two ways 
of managing such systems: Service differentiation based on delivery lead-times, and 
service differentiation based on inventory rationing. Although the two service differ
entiation strategies studied here are specifically based on service parts supply chains, 
we believe that they can be applied to other industry environments as well. Our analy
sis shows that service differentiation is an effective strategy for satisfying customer 
requirements in a cost effective fashion. 
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1. Introduction 

One critical component of successful supply chain management (SCM) is tight inte
gration among supply chain partners—by sharing information. Recent advances in 
information technology and the basic premise of SCM have contributed to the trend 
of information sharing. Information sharing allows the supply chain to achieve effi
ciency gains in various forms like lower inventories, higher service levels, lower logis
tics cost, and better customer satisfaction with fresh products. Types of information 
shared by supply chain partners are point-of-sale data (POS), sell-through data, inven
tory levels, demand forecasts, order status, performance measures, and production 
schedules (Lee and Whang 1999). An important aspect of such information sharing is 
that it takes place at the supply chain level, beyond the boundary of an enterprise. A 
supply chain that acts on fast flows of information is here called data-rich supply 
chain management. Our key case of learning data-rich SCM is Seven Eleven Japan 
(SEJ)—the leading convenience store chain in Japan. 

2. About Seven-Eleven Japan 

Seven-Eleven Japan (SEJ) is the largest convenience store chain in Japan. Under the 
strong leadership of Mr. Suzuki, Chairman and CEO, SEJ has maintained the top posi
tion in convenience stores in Japan since it opened its first store in downtown Tokyo in 
May 1974. For the last fiscal year ending February 2000, SEJ's total sales were ¥1,963 
billion (about US$18 billion) with record operating revenue ¥327 billion (US$3 billion) 
and net income ¥68.2 billion (US$620 million). This marks the company's 7th consec
utive year with the highest operating income in the Japanese retail industry. It also has 
significantly higher sales per square foot or per store than its competitors. Its average 
inventory turnover time ranges between 7 and 8.4 days, so a store on average sells its 
inventory in a week or so. If one had invested ¥100 in SEJ' stock in 1980, it would be 
worth ¥300,000 in early 2000. As of March 31, 2000, SEJ's market capitahzation 
reached $95 billion, making it the third most valuable retail company in the world (after 
Wal-Mart and Home Depot). 

SEJ has about 8,000 stores in Japan, growing by 400-500 each year. A SEJ store 
is on average only 1,200 square feet, about half the size of its US sister store. Thus, 
unlike large supermarkets carrying more than 100,000 SKUs, SEJ's typical store can 
afford only 3,000 SKUs. Sales can be classified as processed foods such as drinks, 
noodles, bread, and snacks (32.9%); fast foods such as rice ball, box lunch, and ham
burgers (31.6%); fresh foods such as milk and dairy products (12.0%); and non-food 
items such as magazines, ladies stockings and batteries (25.3%). In Japan SEJ is the 
number one outlet for fast foods, batteries and ladies stockings, and the number two 
outlet for magazines and paperbacks. 

Behind SEJ's success is the way the company operates its supply chain. The com
pany has created a solid information system that enables the company to have timely 
and comprehensive signals about the market demands, and an intelligent process to 
turn such data into useful information for product replenishment as well as new prod
uct creation. The company has also developed an extremely agile logistics system that 
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supports the replenishment of products to the stores. Below we review SEJ's feedback 
loop that starts with data, turned to information, decisions, actions, sales, and then 
back to data. See Mendelson and Ziegler (1999) for an extensive coverage of "smart" 
supply chains. 

3. Data to Information 

In 1991, SEJ started using an Integrated Service Digital Network (ISDN) to link their 
retail stores with the headquarters (HQ). The two-way data/voice communication net
work enables franchisees to directly access the host computer and the central database 
containing the POS data and their analyses. In 1998, the fifth generation system was 
introduced to combine store-level information tracking into the supply-chain-level 
information system, by utilizing new client applications, satellite communications and 
the Internet connections. 

When a customer comes to the checkout counter with a basket of items, the clerk 
keys in the customer's gender and (estimated) age on a separate keypad and then scans 
the bar codes of purchased items. These sales data are passed on to SEJ's HQ via 
ISDN. At the same time, the data are processed by the store computer (SC) system that 
controls all computer equipment and peripherals in the store. The SC enables the store 
manager and SEJ's HQ to update and analyze POS data simultaneously. SEJ's infor
mation feedback loop operates in two cycles—daily and weekly. Upon receiving POS 
data, HQ aggregates them by region, products and time, and makes it available to all 
stores and suppliers by the early morning of the following day. Store managers can 
analyze the hourly sales trend and stockout rates of all SKUs by customer groups. This 
is the daily cycle of SEJ's information feedback loop. 

The weekly cycle of SEJ's information feedback loop operates as follows. Every 
Monday, Chairman Suzuki presides a business meeting in Tokyo attended by 100 cor
porate managers. In the morning, they review the performance of stores for the previ
ous week, and in the afternoon, develop strategies for this week. On Tuesday morning 
the conclusions of the meeting are debriefed to Operation Field Counselors (OFCs) 
who came to Tokyo's HQ by Monday night. Each OFC is in charge of about eight 
stores and plays the critical role of linking SEJ stores with HQ. On Tuesday afternoon 
regional meetings are held where regional tactics are developed. Local factors such as 
weather, temperature, effectiveness of TV commercials, events (e.g., school sports and 
road construction) and consumer taste trends are captured in the analysis and tactics 
development. At night they fly back to their regions and visit their respective stores to 
deliver the messages developed at HQ and help implement the tactics recommended 
for the week. The OFC also collects information at the stores and prepares a weekly 
report for the district manager who shares it at the managers' meeting on Tuesday. 

4. Information to Decisions 

Using the processed information centrally and locally, SEJ makes a host of decisions 
such as replenishment, merchandising, layouts and new product development. First, 
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the POS data and the feedback from the weekly meetings are summarized in a list of 
recommended SKUs as well as tactics for ordering decisions. The store manager 
would walk along the store isles carrying a hand-held device, which can be used to 
check stock levels and sales trends, and which can be used to place orders via the 
ISDN to HQ. Aggregated orders are then transferred to the manufacturers, whole
salers, and distribution centers for use in planning and logistics. Orders for fast food 
and fresh food items are placed three times a day, magazines once a day, and 
processed food items three times a week. 

SEJ also uses sales trends to decide whether to keep or drop an item. Typically, a 
new product reaches its sales peak in a week or two and begins its decline several 
weeks later. When per-store sale declines to a certain level, the product is deleted from 
the recommendation list. The life span of a product is shrinking over time, and new 
products are introduced and dropped at a faster rate. Of 3,000 SKUs carried by each 
store, about half of them are replaced every year. In addition, such data are also used 
to forecast future trends and consumer needs to assist manufacturers in new product 
development. For example, in the early 1990s, half-prepared fresh noodles sales were 
going up at the expense of dry ramen (thin coiled noodle). Catching the trend of fresh 
noodles early, SEJ developed a new category of fresh noodles jointly with a manu
facturer Nisshin. Another example is the new Seven Meal Service program. SEJ has 
enough data support to launch the meal delivery services for people who need outside 
help in daily meal preparation, including the elderly, caregivers and unattended resi
dents. The data and analysis also allow SEJ to adjust the layout of the store multiple 
times a day. For example, a store may detect the sales pattern of different sizes of milk 
at different hours of the day, and the store manager can generate delivery requests for 
the day to minimize the total cost of underage and overage. Milk products can also be 
re-arranged in the refrigerator several times a day, so that customers can easily pick 
up their favorite choices. 

The lesson here is that, in order to have the right product replenished at the right 
time and place, comprehensive data on the sales, purchase patterns, and customer pro
files, as well as the store characteristics, the local environment and local store con
straints, are critical. SEJ's information system is designed such that each store can 
provide itself with local information for its self-improvement. Each store clerk or 
manager keeps a diary about the local situation (such as high school sports events, 
road construction, weather, and so on). This information is archived in the database 
for later retrieval. For example, the store manager can hit a certain function key to 
retrieve all the records on the same day of the week a year ago. This way the store 
manager can make informed decisions, balancing the proposed regional tactics with 
past local experience. For SEJ, this amounts to making an intensive effort to collect 
such data, and putting in place a labor-intensive process to get the human inputs from 
store managers, the OFCs and the HQ's planners to create replenishment plans and 
merchandizing decisions. This enables the shelf to have the right quantity of the right 
products. The process seems laborious—holding weekly meetings, having OFCs fly 
to Tokyo every week and visit the stores more than twice a week, the store managers 
checking on individual SKUs for store replenishments and merchandizing decisions, 
and the collaborative arrangements with suppliers for new product development. But 
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this is their way of collecting the best intelligence and knowledge of the stakeholders 
to achieve smart replenishments. 

Another lesson is the complementarity of daily and weekly cycles. The weekly 
cycle may be viewed as di planning system that operates at a tactical level. It captures 
the trend of the market in general, but fails to capture the ever-changing situations of 
the store and local settings. This weakness is complemented by the daily cycle that 
serves as an execution system. By sharing daily POS data across the supply chain, 
upstream partners are better prepared to make adjustments against stores' possible 
deviation from the weekly ordering plan. Thus, the two cycles are designed to com
plement each other to reduce the risk of managing the supply chain against the volatile 
demand. 

5. Decisions to Actions 

In a conventional Japanese distribution system, each manufacturer usually has its own 
designated wholesalers that exclusively distribute its products. And SEJ needs fre
quent deliveries to their stores with small lot sizes, due to the limited storage space in 
its stores. These two facts translate to too many deliveries to the store per day. To 
reduce the cost of excessive receiving and handling, SEJ created Joint Delivery 
Program. Product groups that require the same temperature zone would be cross-
docked at a single supplier distribution center (SDC) and delivered in truckloads to 
groups of SEJ stores in different geographical regions. The SDC is jointly operated by 
the suppliers of the products. Such consolidation and cross-docking decreases the 
average number of deliveries to each store from 70 per day (in 1974) to 12 per day in 
1990, and then to 10 per day at the present time. 

Store deliveries were carefully scheduled as to which route to be taken at what 
time. This timetable is strictly followed with 10 minutes error margin only. The aver
age time drivers spend at one store is one minute and a half. The transportation com
pany maintains radio communications with drivers, and HQ keeps a log on all 
activities of delivery. When delivery is late by more than 30 minutes, the transporta
tion company pays the store a penalty equivalent to gross margin of the product 
delivered. When such an emergency arises, drivers, the store manager and SEJ's HQ 
communicate with each other to arrange special responsive actions. 

To handle the uncertainties of traffic situations in Japan, SEJ diversified its trans
portation mode to include trucks, motorcycles, ships and helicopters in its vehicle 
portfolio. This agility was best utilized on the day of the Kobe earthquake. On that day 
SEJ could deliver 64,000 rice balls to Kobe by 11:00AM, using seven helicopters and 
125 motorcycles, while the average speed on the Kobe highway was 2 miles per hour, 
due to the earthquake. In fact, SEJ has no store in the Kobe area, and these rice balls 
were all for charity. 

Given the importance of frequent replenishments to prevent stockouts, the invest
ments that SEJ put into the logistics system is understandable. Without such an agile 
logistics system, all the power of the intensive data-rich decision processes described 
earlier would be futile. 



204 Whang 

6. Data-Rich Supply Chain Management 

SEJ's excellence in performance was not achieved overnight, but continuously over 
twenty six years. For example, the average daily sales per store used to be ¥366,000 
in 1977, but is ¥681,000 in 2000 (see Figure 12.1). During the same period the average 
inventory turnover time changed from 25.5 to 8.4 days, while the average gross 
margin changed from 24.0% to 30.0%. This continuous improvement (or "kaizen" in 
Japanese) was achieved by the information feedback loop which itself has been 
continuously upgraded. Note also that SEJ's system spanned the entire supply chain 
consisting of franchisees, SEJ headquarters, suppliers and logistics service providers. 
In that sense, SEJ is a true instance of data-rich SCM. 

There may be many drivers to data-rich SCM, but SEJ's is most of all geared 
towards efficient utilization of scarce shelf space due to the high cost of real estate in 
Japan. In other words, the high shadow price associated with the expensive shelf space 
constraint justifies the investment in information and logistics system. A retailer in 
other countries like the U.S. might as well invest the same money in expanding the 
shelf space. Another key driver of data-rich SCM would be the short shelf life of the 
products. Since processed foods and weekly magazines constitute a large part of SEJ's 
business, SEJ finds it worthwhile to invest in freshness, and data-rich SCM has 
become the instrument to deliver freshness. The value proposition would become 
weaker for other products. Given these observations, SEJ may derive an unusually 
higher benefit from data-rich SCM than other retailers. 

Yet another important driver of data-rich SCM is top management. While data-
richness may be a natural and inevitable outcome of the business environment, note 
that it is not a mandate or necessity in retail business, but a strategic choice by 
the management. In fact, many Japanese retailers operate on "thin" information 
systems much cruder than SEJ's or most of their US counterparts. In that sense, the 
management of SEJ deserves the full credit for achieving data-rich SCM. 
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7. Store Location Strategy of SEJ 

Choosing the store location is one of the most important decisions for a retail chain. 
SEJ has its own method of selecting new stores called the "Dominant Opening 
Strategy (DOS)." According to this strategy, SEJ selects specific regional markets and 
covers them with many stores within small proximity. For example, there are almost 
3,000 stores in the Greater Tokyo area, while there are no stores at all in Kobe. Until 
1985 there were no stores in Osaka (the second largest metropolitan area in Japan), 
but since then SEJ opened an average of 200 stores per year in that area. Even after 
26 years of its operation SEJ stores are only located in 25 out of 47 prefectures of 
Japan. 

The purpose of this DOS is manifold. First, it maximizes efficiency of distribution 
by exploiting scale economy in logistics. Since each truck covers demands from a 
large number of stores in a small geographic area, it reduces both delivery time and 
the number of trucks for the same number of stores. It also minimizes competition and 
sharpens its brand reputation. Further, SEJ faces less danger of cannibalization among 
stores, since 48% of SEJ's customers live within 500 meters from the stores, and 63% 
within 1,000 meters. But perhaps the most important factor to the DOS is the scale 
economy in information processing. Since Japan's geographic regions are heteroge
neous in weather, events, economic situations, demographics and industrial composi
tion, collecting a small sample of POS data from each region would not reveal 
meaningful demand patterns. By contrast, the DOS allows SEJ to extract enough data 
from each small homogeneous area to detect significant demand patterns, and finally 
develop a consistent plan applicable to all stores in the area. Thus, the DOS is 
critically related to SEJ's data-rich SCM. 

8. E-Commerce, the SEJ Way 

Facing the challenges of various new entrants in the Internet age, SEJ responded with 
7dream.com formed as a joint venture with six other Japanese giants—Japan Travel 
Bureau, Nomura Research Institute, Sony, NEC, Mitsui, Kinotrope (see Whang 2000). 
The primary feature of 7dream.com is the Click and Mortar (CAM) model whereby 
customers order online at the website www.7dream.com but pick up at a store three 
days later when the order arrives. The idea is to make use of SEJ's existing infra
structure of physical assets and partnerships to support the delivery process. Since the 
physical assets are located at convenient locations for customers to visit, and deliveries 
from the supply source to these physical locations are economical, the customers are 
willing to pick up the last mile to connect themselves with these physical locations. 
This way 7dream offers a large pool of products on its website without a store carrying 
inventories. 

Another important component of 7dream.com is a kiosk called MMK (Multimedia 
Kiosk) at each SEJ store. It is a special-purpose computer that serves as a gateway 
from a SEJ store to its DCs and suppliers. One use of MMK is for customers without 
an Internet connection to stop at a SEJ store and order items not available at the store. 
In addition, using the MMK, customers can bring their digital film to the store and 

http://7dream.com
http://7dream.com
http://www.7dream.com
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have it developed using a thermo-activated printer inside MMK, in alhance with 
Fuji Film. In a similar fashion, one can custom-make one's music MiniDisk (MD) on 
the MMK. Tdream has a direct link to the Sony Entertainment System. A customer can 
create an MD on demand from a song list, using the MD writer of MMK. 

While the CAM model of SEJ has numerous merits, there remains the question of 
whether it would work outside Japan, a country with unique lifestyles and business 
practices. First, most Japanese commute to work by rail, instead of driving. 
Convenience stores are everywhere, particularly near each railway station. If you live 
in Tokyo, you may encounter three or four convenience stores during ten minutes of 
walk from the railroad station to your apartment. Hence, asking the customer to pick 
up the order at a SEJ store is not viewed as an inconvenience. Second, Japan (like most 
Asian countries) is a primarily cash-based society where the use of personal checks 
and credit cards is not as widespread as in the US or Europe. Thus, the store plays an 
additional role of collecting payment for e-Commerce. Third, this specific 
e-Commerce solution avoids the potential problem of channel conflicts by involving 
franchisees as stakeholders. This is a big relief to Japan's rather conservative business 
community. 

Lastly, but perhaps most significantly, one may view the SEJ or other Japanese 
convenience stores as serving the function of "village refrigerators." Due to the high 
real estate cost, most Japanese homes are small, so they carry only several days' worth 
of household supplies. The rest is stored at the "pooled" warehouse, that is, SEJ or 
other convenience stores. While this saves storage space, individuals need frequently 
visit the stores, but conveniently located stores minimize the cost of travel. The trade
off between storage space and frequent visits reminds us of the "kanban" system that 
is characterized by near-zero inventory and continuous replenishment. In that sense, 
Japan's convenience stores are a household version of the factory-based kanban 
system. If we extend the argument one layer up, we reach the logic of 7dream.com. 
Since SEJ stores themselves also face tight space constraints, it is understandable to 
involve the distribution center as the pooled warehouse for stores. The twist here is the 
Internet link that offers a direct channel to transmit consumer orders, which are then 
shipped to order. From a broad perspective, the Internet link is just another piece of 
data-rich SCM. Note that if there were a central planner, she would design the same 
distribution system in the face of space constraints, but the market seems to have 
implemented the centralized solution in a decentralized manner. 

9. Conclusion 

SEJ offers a set of lessons on data-rich SCM. First, SEJ has achieved excellence both 
in demand and supply management by creating a tight feedback loop from markets to 
supply lines. Market signals are immediately captured and acted upon by the supply 
chain, thus leaving no room for any knowing-doing gap. Second, within SEJ, data 
replace luck and gut feeling in business decisions ranging from stocking, merchan
dising, layout and new product development, to store location selection and Internet 
strategies. Systematic interpretation of data signals and cumulative understanding of 
the causality in the business forms the core competency that is not easily replicated by 

http://7dream.com
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competitors. Third, data-rich SCM requires cooperative partners (both suppliers and 
franchisees) and disciplined workers in order to maintain data integrity and robust 
execution of decisions. 

Fourth, the implementation of data-rich SCM inevitably depends on the culture 
and lifestyle of the economy. What works in Japan may need significant modification 
in other economies. For example, Tesco, a British grocery chain, exploits credit cards 
(incentivizing with reward points) to collect consumers' demographic and purchase 
data. Also, CVS, a major US pharmaceutical retail chain, has adopted an e-Commerce 
strategy similar to 7dream.com. Today, CVS.com offers over 5,000 items, but cus
tomers are given the option to pick up their orders at CVS stores. Indeed, 65% of the 
online purchases are picked up by the customers at the stores. But the consideration 
here is not shelf space, but time saving for customers. Recently, many CVS stores 
have drive-through windows for speedy pickup. Fifth, there are numerous other prac
tices of data-rich SCM in various forms—including Cisco, Gap, Frito Lay and Wal-
Mart. Moreover, SEJ's data-rich SCM has been widely copied and matched by its 
Japanese competitors like Family Mart, Lawson, AM/PM and Sunkus. As a result, the 
whole category of convenience stores in Japan enjoys success and growth unmatched 
by convenience stores in other countries. 
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In June 1998, Lucent Techologies had the opportunity to replace the digital switches 
for a large network in Saudi Arabia. The existing network was not Y2K compliant, and 
the existing vendor was not able to bring the system into compliance in accordance 
with the customer's requirements. The customer solicited a bid from Lucent. 

The project would be worth hundreds of millions of dollars, and could be expected 
to lead to significant additional business, but only if Lucent was able to complete the 
installation by mid-1999, in time to allow full testing well before January 1, 2000. 
Lucent's digital switching product, the 5ESS® Digital Switch,^ was sophisticated and 
custom built, usually taking between twenty-three and twenty-five weeks to deliver 
from the time an order was placed. In order to meet the Saudi deadline, Lucent would 
have to deliver within three weeks of receiving the details for each of the sites where 
switches were required. 

To further complicate the situation, Saudi Arabia was supplied by Lucent's Tres 
Cantos factory in Spain, which did not have sufficient capacity to meet the needs of 
this potential order. Lucent's European organization used a different engineering 
system than the United States, so assemblies could not be built in the company's large 
Oklahoma City plant for use in Europe or Saudi Arabia.^ 

In order to obtain this business, Lucent had to find a way to overcome capacity 
constraints, as well as to dramatically improve delivery time. And it had to solve these 
problems quickly, since the customer needed to move fast, with the Y2K deadline 
rapidly approaching. Lucent's response was expected within a week. 

1. Lucent Technologies and the 5ESS® Digital Switch 

Lucent Technologies was formed from the 1995 restructuring of AT&T. Lucent 
focused on communications equipment, and included the AT&T's research organiza
tion, Bell Laboratories. Lucent went public in April 1996 when AT&T sold approxi
mately 17.6% of its holdings for just over $3 billion. It became fully independent 
when AT&T distributed the balance of its holdings to shareholders in September 1996 
in the largest stock distribution in United States history. 

When it became independent in 1996, Lucent operated in more than ninety coun
tries, and was organized into four units, the largest of which was the Network 
Systems, which generated more than half of Lucent's revenues, and manufactured 
the 5ESS® Digital Switch. This unit provided networking systems and software to 
local and long distance telephone companies and cable companies. 

The 5ESS® was Lucent's flagship product—a large-scale, software-based digital 
switching platform that provided digital, voice, data, video, wired, or wireless com
munications service. It connected end-users to central phone offices, and phone 
offices to each other. A full sized switch was capable of serving up to two hundred 
fifty thousand subscriber lines (connecting end-users to a phone office), and over one 
hundred thousand trunk lines (connecting phone offices to each other). 

^ 5ESS is a registered trademark of Lucent Technologies. 
^ Lucent had acquired much of its European operation from PhiHps, and it used a different engineering 

system, including different part number conventions, from that used in the United States. 
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The switch was based on a modular design, making it relatively easy to 
expand capacity. A Switching Module (SM) connected all external lines and trunks, 
and was the basic unit of system expansion. A Communications Module (CM) han
dled functions between SMs, such as changing between voice and data channels. The 
Administrative Module (AM), a mainframe computer, was responsible for resource 
allocation, global call processing, and administrative functions (Figure 13.1). 

The product, with outside paneling removed, is shown in Figure 13.2. 
From a manufacturing perspective, the modules consisted of several types of 

assemblies: printed circuit boards, cables, power supplies, and other assorted electri
cal and mechanical components that were mounted in cabinets. There were 298 dif
ferent circuit boards, 22 different cabinets, and 21 other units (such as fuses and power 

Switching 
Module (SM) 

Communication 
Module (CM) 

Administration 

Module (AM) 

Switching 
Module (SM) 

Figure 13.1 An administrative module, communication module, and switching module are 
required for a complete 5ESS system. Additional capacity is provided by adding more 
switching modules. 

^B^^W 

Figure 13.2 5ESS®, without outside covers, front view (left) and rear view (right). Source: 
Lucent Technologies. 
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supplies). These were combined with custom-built assemblies, such as build-to-order 
cables, in order to create the customized product required for each site. 

A typical system might consist of six or seven cabinets full of circuits and cables, 
costing in the range of $1 million. The configuration of each switch was determined 
by the detailed requirements of the order, as well as the results of an on-site inspec
tion by Lucent engineers. For instance, a peripheral cabinet could handle up to 1,792 
analog lines using up to 78 cables. Several of these could be attached to an SM proces
sor. Thus, the cabling between the SM modules and the peripherals depended on the 
required analog traffic level for the site. 

2. The Original Process 

The complete production process, from order receipt to customer acceptance, 
involved many steps, most of which depended on the previous step (Figure 13.3). The 
process started with the site inspection by Lucent engineers, who evaluated the exist
ing facility and network connections. This information was sent to a group that deter
mined the precise hardware and software configuration needed to meet the customer's 
requirements. The group used a suite of sophisticated tools to analyze the site and 
model the signal interactions between the existing network and the new switches. This 
information was used to generate a bill of materials for the system. 

The basic product was then manufactured, and custom parts, such as cables added. 
The system was then shipped, cleared through customs, delivered to the customer's 
site, installed, and tested. In the case of Saudi Arabia, the logistics often proved 
difficult. Shipment by sea was inexpensive but took about ten days. Shipment by air 

Step 

1 
2 

3 

4 

5 

6 

7 

Description 

Floor Plan — survey customer site 
Office Engineering — develop 
detailed production specifications to 
meet specific customer requirements 
Production — build components 
required for product based on 
engineering documents 
Transportation — deliver to assembly 
and test facility in customer's country. 
Includes shipping and customs 
clearance. 
System Integration and Test — 
assemble and test fully configured 
system at Lucent facility in customer's 
country 
Local Physical Distribution — deliver 
material to customer site 
Installation — install and test 
equipment. Includes time required for 
final customer acceptance testing. 

Time 
Required 

4 wks 

4 wks 

4 wks 

8 wks 

1 wk 

2-4 wks 

Figure 13.3 Production process before redesign. Each step is begun after completion of the 
previous step. Total time required is 23-25 weeks. 
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was fast, but expensive. Customs clearance could take weeks, and the timing of clear
ance was unpredictable. 

3. Lucent's Manufacturing System and Capacity 

The switch was manufactured by a worldwide network of Lucent facilities. The largest 
was in Oklahoma City, in the United States, which had been the original supplier of 
the product worldwide. In the 1990s, facilities had been added in other countries, in 
some cases as a way of entering these markets. By the late 1990s, the supply network 
had grown so that geographic areas were supplied primarily by facilities within their 
regions. The factory at Tres Cantos, Spain was established in 1990, and was the 
Global Provisioning Center for the EMEA (Europe, Middle East, and Africa) region. 
Several smaller plants in other European countries provided assembly and test of 
products for their local markets, using parts supplied primarily by Tres Cantos. 

During the 1990s, Lucent's capacity for producing the 5ESS® grew due to the 
development of factories worldwide, but the need for capacity had not kept up with 
this growth, largely due to design changes. For instance, in the early 1990s, when a 
customer wanted a new phone line, the phone company would have to add a circuit 
board called a "line card." This was the highest volume circuit board made by Lucent. 
However, the product had been redesigned so that one board could supply eight sub
scribers, and then redesigned again so that it could supply thirty-two subscribers. 
Similar changes had been made to other assemblies, so the effective capacity of the 
overall supply chain had grown dramatically, and there was a worldwide capacity 
surplus with the greatest available capacity in the United States. 

4. Problems in Fulfilling the Order Requirements 

In order to meet the Saudi customer's needs, Lucent had to overcome two serious 
problems: insufficient capacity in Europe to meet the requirements of the order, and 
an overall fulfillment cycle that was too lengthy. 

Capacity Despite the overall capacity surplus (Figure 13.4), the production 
requirements of the Saudi order were well beyond the capacity that existed at Tres 
Cantos, even if it utilized other European facilities, and even if it worked on no other 
orders. The Saudi order required production to be completed over a 12 month period 
starting in August, with initial production of 80 cabinets and 8,800 circuit packs, 
ramping to a maximum of 480 cabinets and 52,800 circuit packs by December. 

One possible solution was to use the large United States facility in Oklahoma City 
(OKC), which had ten times the capacity of Tres Cantos, and sufficient capacity to 
meet the Saudi order requirements without impacting other production demands. 
However, Europe and the U.S. used different engineering systems, including different 
part numbers. Modules built in the U.S. were not necessarily compatible with those 
built in Europe, or with the European networks into which they would be installed. For 
OKC capacity to be used for the Saudi order an extensive engineering effort would be 
required. In addition to the Tres Cantos and Oklahoma City facilities, Lucent had 
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OKC 
TC 

Circuit Packs 
Capacity 

Per month 

250,000 
25,000 

Current 
Utililzation 

60% 
53% 

Available 
Capacity 

Per month 
100,000 
11,750 

Cabinets 
Capacity 

Per month 

1,333 
208 

Current 
UtiHzation 

60% 
44% 

Available 
Capacity 

Per month 
533 
116 

Figure 13.4 Capacity situation at Oklahoma City (OKC) and Tres Cantos (TC), before the 
Saudi program. 

small production sites in Poland and Russia. It had an Asian assembly network, with 
a hub in Taiwan, and access to a Saudi-owned factory used by manufacturers in many 
industries to provide local content for large capital equipment projects. 

A second possibility was to increase the capacity in Tres Cantos to meet the needs 
for the Saudi project. In order to meet this demand, the capacity at Tres Cantos would 
have to be dramatically increased, to more than double its existing level. At the time, 
there were a significant number of highly skilled, but unemployed workers who could 
be hired and trained. Additional capital equipment would need to be procured and 
installed. This would cost over $10 million, and take months. Of most importance, this 
project would be completed in a year, so the workers would have to be laid off, any 
equipment would be surplus. And, Lucent was already in a serious overcapacity 
condition, so adding additional capacity was undesirable. 

Another alternative was to do a significant amount of production in Saudi Arabia. 
However, most critical components, such as the circuit boards, would have to come 
from Europe or the United States, and would depend on the required configurations. 
Lucent used a Saudi-owned plant for minor assembly functions, but this was imprac
tical for such a large project, with a tight delivery time requirement. 

Delivery Time Assuming that the capacity issue could be solved, the second 
serious problem was delivery time. The existing process was totally inadequate to 
meet the customer's needs. From the time that the technical requirements were known 
for a specific site, Lucent had three weeks to get the equipment to the site and begin 
installation. Yet, customs clearance alone could easily take three weeks. Since the 
product was custom configured, it wasn't possible to stockpile completed systems in 
Saudi and await the details for each site. 

5. Postponement: The Key to Solving the Problems 

Lucent's approach to solving the problems posed by the Saudi opportunity was based 
on the strategy of postponement—redesigning and building the product so that most 
of the time, cost, and effort could be added before Lucent needed to know the final 
site-specific details. This approach, described in Chapter 9, combined with forward 
provisioning of common modules, enabled the company to respond to the customer's 
requirements. 

In Chapter 9, the two phases of production process were described. In the first, the 
"push" phase, the manufacturer builds in anticipation of demand. Parts and completed 
assemblies are placed in stock until needed to fulfill customer demand. In the "pull" 
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Push-pull boundary 

- • •A 
/ 

Build-to-stock ("push") ^—^ Build-to-order ("pull") 
portion of production cycle portion of production cycle 

Figure 13.5 The push-pull boundary differentiates the part of the production process that are 
built to stock from those that are built to order. 

phase, the product is manufactured or configured to meet a specific customer require
ment. The push-pull boundary is influenced by two primary factors: the amount of 
product standardization, and the point in the process at which the first customization 
occurs (Figure 13.5). 

In the original Lucent production process the push-pull boundary was at the far 
left. This approach minimized inventory, as only parts would ordered by customers 
will be built, but led to the unacceptably long delivery times at the heart of Lucent's 
problem with the prospective Saudi order. Clearly, if there was a solution to the prob
lem, it lay in finding a way to move the push-pull boundary to the right. However, the 
nearly infinite number of potential configurations of the 5ESS® dictated that there was 
a limit to how far to the right the boundary could be moved. 

The appropriate distribution between push and pull activities could be optimized to 
meet the needs of the situation. The tools available to do this, described in Chapter 9, 
were standardization, product design, and process design. Lucent used these tools to 
redesign their process to meet the needs of the Saudi Arabian Y2K order. 

6. Relieving Lucent's Capacity Constraints 

The imbalance of available capacity in the various Lucent facilities, and the size of the 
potential Saudi order, required that Lucent find a way for parts made in OKC to be 
used together with those made in Tres Cantos, and to be compatible with the needs of 
the Saudi network. This required a concentrated design effort, and the changes were 
made in a way that was also instrumental in solving the delivery time problem. 

The Supply Chain Engineering group, a small unit of the Tres Cantos Supply 
Chain Management organization whose members had strong industrial and operations 
engineering backgrounds, took a careful look at the product. There were an almost 
unlimited number of options and configurations, many of which were irrelevant to the 
customer. For instance, cabinets could be loaded from the top, leaving lower racks for 
expansion, or from the bottom, leaving upper racks for expansion. Different organi
zations within Lucent had their own conventions for these decisions. While this deci
sion affected the part requirements (for instance, cable lengths and routings), it made 
no difference whatsoever to the customer. Such "options" were quickly eliminated. 

In another case, the analog cabling required for connecting to local phone 
networks varied depending on the amount of traffic it was required to handle. For 
maximum traffic, 78 cables were required, supporting 1,792 analog lines. Normal 
practice was to design the system for the specified traffic. However, if all systems had 
sufficient cabling to handle the maximum number of lines, the system would be 
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simplified at a relatively modest materials cost, with potential savings from reduced 
expediting charges. 

In this way, options that existed for the convenience of Lucent were identified and 
standardized. Options that offered truly important differences to the customer were 
maintained. An essential factor in the product evaluation was the consideration of total 
manufacturing cost, including the costs involved in planning, building, and maintain
ing multiple variations of an assembly. When these considerations were included, it 
was often found that increasing the materials cost of many custom assemblies to 
create one standard version was beneficial. 

Assemblies that could be designed into a standard configuration were identified, 
and called "Basic Network Elements" (BNEs). These were generally intermediate 
configurations between the low-level circuit boards and the top level, site-specific 
configurations. The BNE assemblies were configured so that they could be tested in 
Tres Cantos and assembled on site into the finished system. 

Parts that could not be defined into BNEs (mostly custom cables), were referred 
to as "deltas." Eventually, 95% of parts were included in BNE assemblies, with only 
5% requiring custom manufacturing. 

The next step was to find a way for BNEs to be manufactured in the company's 
large OKC facility. The European engineering group met with their counterparts in the 
U.S. to specify a front-end engineering configuration that OKC could use to produce 
BNEs. OKC built one sample of each BNE, which was tested to ensure that it was 
identical to those specified by the EMEA design process. Once a BNE was certified, 
it could be reproduced in large quantities in the OKC facility, relieving the Tres 
Cantos capacity constraints. All fixtures and procedures that would be used to assem
ble the BNEs into the final system and test their performance also had to be certified. 

While a focused engineering effort was needed to define the BNEs and certify them 
for production in OKC, it was much less difficult than revising the engineering system 
so that fully configured systems for European customers could be built at OKC. 

7. Postponing the Configuration Decision for Saudi Y2K Units 

The BNE/delta design change not only solved the problem of meeting the capacity 
requirements of the Saudi Y2K program, it also made it possible to implement a 
postponement production strategy that addressed the delivery time issue. 

Using BNEs, Lucent was able to build commonly used modules to stock, before 
the specific requirements for each site were known. This could be done using normal 
production processes, with reasonable lead times. Only the delta parts needed to be 
custom designed and built based on site-specific specifications. 

Once site-specific information was available, a fast-response engineering team 
identified and designed the required delta components. The delta assemblies were 
built either by a cable assembly plant in Saudi Arabia, or in Europe for air shipment 
to the site. Because these assemblies were a small part of the overall product, the extra 
cost incurred by the fast-response process was acceptable. 

The redesigned process moved the push-pull boundary far in the direction of 
the customer (Figure 13.6). The customer was aware of only the time required for 
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Original build to order (BTO) process 

A 
Build to stock (BTS) with "Lucent Standards" 

A 
BTS with common 
building blocks A BTO for options 

A DiKJ lor op Lions 

• 
Figure 13.6 The decoupling point (triangle) between the factory and customer demand by 
those items that are made to stock and those that are made to customer order. Using BTS with 
Lucent standards was unacceptable because it did not allow for the required site-specific 
configurations. The redesigned process is shown in the third row, in which common modules 
were built to stock, and unique modules built to order. 

the pull portion of the process, so Lucent was able to meet their delivery time 
requirements. 

The BNE/delta production process pushed this decoupling point far in the direc
tion of the customer order, so that only a small amount of time and inventory was at 
risk regardless of the configuration that was required to meet the customer's needs. 
Long lead-time processes were incorporated into the push side, with short customiza
tion processes incorporated in to the pull side, thus reducing time required to respond 
to customer demand. 

8. Provisioning and Parallel Processing—the Final Pieces of the Puzzle 

The postponement strategy enabled Lucent to do most production before the final cus
tomer configuration was required, but it didn't fully solve the delivery time problem. 
Lucent had to deliver product to the site, and begin installation, within three weeks of 
learning the site requirements. Site requirements would become available throughout 
late 1998 and 1999, depending on the construction of some Saudi facilities and the 
evaluation of others.^ 

The total production and shipment process was still much more than three weeks, 
but now most of this time was not apparent to the customer, and didn't impact the time 
between receiving site-specific details and delivery. 

The process worked as follows. Certified BNE assemblies could be sourced from 
any Lucent facility. They were shipped to Tres Cantos, which served as an integration 
facility. A distribution center was established in Saudi Arabia. BNE assemblies were 
shipped by sea, and stored at this center after clearing customs. When a final config
uration was determined, the required BNE equipment was shipped from the distribu
tion center and installed. Thus, very shortly after determining the site-specific 
requirements, almost all of the equipment, together with Lucent installation engineers, 
would arrive at the site. 

^ Although the project was basically a replacement of existing equipment, at many sites, new facilities were 
being constructed. 
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Figure 13.7 Parallel processing after the site requirements were known (triangle) allowed the 
customer's schedule to be met. 

When the site-specific details were known, the required delta assemblies, mostly 
custom cables, were designed by a fast-response group in Europe. A cable assembly 
facility was set up in Saudi Arabia so that cable components could be forward provi
sioned in order to avoid customs delays once the assembly requirements were deter
mined. In some cases, delta assemblies were built in a special manufacturing center in 
Europe, and flown to Saudi Arabia. When the delta parts arrived on site the installa
tion team would return to complete the installation and final test. In the original 
process, final assembly was done in Tres Cantos. In the revised process, the final 
assembly was done on site. 

This parallel processing dramatically reduced the production time as viewed by 
the customer, to a level that met customer requirements (Figure 13.7).^ 

9. Organizational Issues 

The implementation of this change in design and production strategy involved many 
parts of the Lucent organization. The Saudi project received high priority from Lucent 
senior management, which helped break through organizational resistance. At lower 
levels, there was reluctance to changes in responsibility, but those involved realized 
that the overall project was important, and that these changes were required. For 
instance, the Tres Cantos factory previously did final assembly and test, but now 
tested only BNE modules and deltas. The installation engineers were required to do 
the final assembly and test of the full system at the customer site. The engineering 
staff that had previously specified complete systems now analyzed requirements 
according to the need for BNEs and deltas. A fast manufacturing team was needed to 
rapidly design and produce delta parts. A new logistics system was needed to manage 

^ The first units were not available within three weeks of the order, due to the time required to implement 
the BNE/delta strategy. Lucent reviewed their plans with the customer, who agreed to the approach. Within 
a few months, shipments and installations were being made within the customer's required schedule. 
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the BNE inventory stockpiled at the Saudi distribution center. A tracking system was 
needed to ensure that the right BNEs and deltas arrived at each site. 

10. Results 

Lucent reviewed their plans for the revised process with the Saudi Arabian customer, 
resulting in a delay of the delivery schedule for the initial units to allow for the process 
modifications. Once the revised process was in place, the time between receiving a 
customer request and the time that parts and installation personnel arrived on site was 
reduced by 80%. Instead of waiting months, which had been the previous norm, parts 
and installers arrived within 7-10 days. 

Capacity from all over the world was utilized. Tres Cantos supplied nearly half the 
assemblies, with Oklahoma City and Bydgoszcz, Poland also supplying substantial 
amounts. Assemblies were also supplied from Lucent plants in Taiwan and Russia. 
The project was profitable, and completed on schedule. Lucent also received follow-
up orders, adding to the total value of the project. 

The changes instituted for the Saudi Arabian project were continued by the Tres 
Cantos team for its customers in the EMEA region, and initiatives were made to trans
fer this approach to new product lines.^ 

11. Conclusion 

Postponing the point at which products are customized offers many advantages to a 
company—in particular, reduced inventory and the ability to respond rapidly to cus
tomer demand and changes in the marketplace. In order to optimize the point at which 
made-to-stock and made-to-order assemblies are decoupled, the "push-pull bound
ary," both product and process design must be considered. Ideally, this will be done as 
part of the initial product conception and development. However, it is possible, even 
with mature, complicated products, to modify the product and process design to 
enable the manufacturer to improve responsiveness while simultaneously maintaining 
low inventory levels. 

Lucent Technologies utilized this approach in order to take advantage of a signif
icant opportunity that would have been impossible using their existing product and 
process design. The company redefined the product design so that most modules were 
standardized, and could be sourced from multiple locations. These modules were 
forward-provisioned so that they could rapidly be moved to customer sites for installa
tion. Unique modules were minimized, and fast-response capabilities developed to 
address these assemblies. 

Postponement is a powerful tool, and carefully evaluating the point at which a 
product becomes customized should not be overlooked in product and process 
design. 

^ Eventually, the production of the 5ESS® was outsourced, and the contract manufacturer did not 
immediately adopt the BNE/delta approach, resulting in an increase in delivery time. 
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Abstract 
A strategy for improving supply chain management is to configure products late in the supply 
chain and to increase commonality across products. The extreme case is configuration by 
customers and standardization of end products. This paper presents the concepts required to 
measure the performance implications of changes in the supply chain strategy. It further 
describes the experiences of a company that implemented such a strategy. During the 
implementation of this new strategy, the old and the new supply chain operated in parallel 
because not all customers adapted to the new processes and products at the same time. The 
existence of two supply chains simultaneously provides a good example of the challenges that 
exist in designing measurement systems that would allow a useful comparison of performance 
across both supply chains. 

Keywords: supply chain management, performance measurement, performance indicators, 
standardization, postponement 

1. Introduction 

The complexities of many current supply chains offer opportunities for improvement, 
and companies can gain a competitive edge by designing products and processes that 
support supply chain management. A useful strategy is to configure a product to a 
customer's specifications as late as possible in the supply chain (Feitzinger and Lee 
1997) and to increase commonality of parts and modules across products or genera
tions of products (Robertson and Ulrich 1998). This is a strategy of postponement and 
standardization. 

Measuring the benefits of postponement and standardization requires carefully 
designed measurement systems that capture the trade-offs imbedded in this strategy. 
What are informative performance measures to evaluate traditional supply chains and 
reengineered supply chains that make use of postponement and standardization? The 
literature on performance measures in logistics provides classification schemes and 
definitions for performance measures. However, it has not addressed the questions of 
how to evaluate the adequacy of a measurement system and of what are the imple
mentation issues that arise when companies actually start using these measures to 
assess the performance of supply chains. While companies have been improving their 
logistics performance measurement systems (Fawcett and Cooper 1998), an adequate 
framework to assess the benefits and limitations of various measurement systems is 
still lacking (Chow et al. 1994). 

This paper introduces a framework to assess the adequacy of measurement 
systems in reflecting supply chain performance. At a theoretical level, we develop a 
set of criteria to evaluate the features of measurement systems that affect their ability 
to reflect performance. Next, we apply the framework to analyze the measurement 
implications of a new strategy of postponement and standardization in a company 
moving away from a traditional supply chain model. The company operates the exist
ing supply chain and a new supply chain at the same time. The aim of this paper is to 
inform companies and researchers when evaluating performance measures in supply 
chain management. 
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The paper is structured as follows. In section 2 we discuss a strategy of postpone
ment and standardization. We review literature on performance measurement in 
logistics in section 3, while measurement issues related to the evaluation of post
ponement and standardization are discussed in section 4. We describe a case study that 
demonstrates these measurement issues in sections 5 and 6, and section 7 concludes 
the paper. 

2. Postponement and Standardization 

The concept of postponement means that a product or a production process is 
designed to delay the point of customer specification as much as possible (Lee 1996; 
Lee and Tang 1997; Feitzinger and Lee 1997). Work-in-process is not committed into 
a particular finished product until a later point in the supply chain. This approach also 
allows postponing decisions until a later point in time: for example first a decision is 
made on the production volume for a family of similar products and only later the 
committed production volume is allocated among the products within the family 
(de Kok 1990). The extreme form is postponing decisions to the very end of the supply 
chain when the customer makes a decision to use a product in a specific way. 

There are many advantages of a strategy of postponement of customer specifica
tion. One benefit is inventory reduction, because holding inventory of a non-specific 
product requires less safety stocks compared to holding inventory of several specific 
products. This benefit is quite similar in many ways to the pooling effect of multi-
echelon inventory systems. A company may choose, however, not to fully reduce 
inventories in order to improve service (such as on-time delivery). Lee and Tang 
(1997) model delayed product differentiation as making more operations common, 
and they analyze the costs (required investments, additional material and process
ing costs) and benefits of such a strategy. They formalize three basic approaches 
for delayed product differentiation: (1) standardization, (2) modular design, and 
(3) process restructuring. Standardization and modular design have an impact on 
product design. Process restructuring may involve, for example, changing the order in 
which activities are executed. However, product redesign and process restructuring 
may also involve additional costs (Lee and Billington 1995). 

Standardization is one way to achieve postponement. It involves sharing compo
nents and designs across products or even across generations of products. 
Standardization facilitates the use parts, subassemblies, or modules in several end 
products. For example, a group of end products can use the same core subassembly, 
but achieve different functionalities through the use of other subassemblies. 
Postponement is possible until the specific subassemblies are added. However, if the 
end products are built around different cores, these end products have to be specific 
from the very beginning. Standardization is required "before" the point of customiza
tion. An extreme case of standardization is when all final products are identical and 
the customer customizes them. The literature discusses many potential benefits and 
costs of standardization, typically for component sharing. Potential benefits include 
lower investments in design and in production (such as tooling and other fixed costs), 
lower unit variable costs because of economies of scale, and lower overhead costs due 



224 Davila and Wouters 

to reduced complexity (Ulrich and Ellison 1999; Fisher et al. 1999). However, 
component sharing may involve the cost of performance degradation or excess 
capability of shared components (Fisher et al. 1999) and revenue losses because 
customers prefer unique products (Ramdas and Sawhney 1999). Hillier (2000) uses a 
multiple-period model to show that the extra purchasing costs of common components 
that are more expensive than the components they replace, may overwhelm the 
savings achieved from smaller safety stocks. 

Standardization and postponement involve both savings and additional costs, and 
a careful evaluation is warranted. This evaluation requires simulating the financial 
impact of changes in advance and then measuring the actual costs and benefits. 
Modeling the consequences of standardization and postponement has been done 
mainly for inventories, but many other relevant aspects are still difficult to understand, 
such as the effects of standardization on complexity costs, learning curves, and 
customer satisfaction (Billington and Davis 1992). 

An important advantage of postponement and standardization is the simplification 
of the logistics around the supply chain. Figure 14.1 presents the two supply chains 
for the company that we studied. The old supply chain required customization (con
figuration work) after the product left the manufacturing plant but before it reached 
the customer. The new supply chain pushes standardization and postponement to the 
extreme: customers do their own customization if any. The company expects to reduce 
costs and improve service through the new supply chain. The basic characteristics of 
these two supply chains are described in Table 14.1. 

The new supply chain offers several benefits. Inventory turns can increase because 
a generic product that supplies many different customers requires holding less inven
tory than a range of products where each one is specific of one customer. Inventory 
turns may not be increased to the full extent possible to improve service to customers, 
either measured as on-time shipments, or as the ability to commit to the requested 
shipment dates. Savings also accrue because products do not need to be manipulated 
at the logistic sites—unpack, configure, and repack. Furthermore, configuration at the 
customer site instead of at the logistic sites may improve quality because configura
tion and assembly are integrated and handling is reduced. 

Manufacturer OEM Customers 

Manufacturing h - ^ Inventor^of 
generic proCLict 

InventoriesXjf 
customer-specific 

Rroducts 

Configuration 
and assembly 

Test 

The "Old" Supply Chain includes Configuration and Inventories of customer-specific products, while in the 
"New" Supply Chain products are shipped from the Inventory of the generic product to OEM customers 

Figure 14.1 Supply chain strategy of standardization and postponement. 
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Table 14.1 Characteristics of the Two Supply Chains 

Old supply chain New supply chain 

• Based on a strategy of fully adapting • Based on a strategy of standardization 
to customer needs. and postponement. 

• Company manufactures a generic • Generic product is kept on stock and 
product that is shipped to the logistic shipped to customers. This requires 
sites. developing specifications that work for 

• Generic product is configured at the all customers. 
logistic sites. • For those specifications that need to be 

• Configured product is kept on stock customer specific, configuration is 
and shipped to customers. postponed until the customer uses the 

• The old supply chain shares the product. 
inventory of generic products with the 
new supply chain. 

Common to the new and old supply chain 
• Customers test the product when it is integrated into their own product, and they 

provide feedback about product quality. 
• Customers that have accepted a standard product use the new supply chain while 

customers that still require customization use the old supply chain. 

3. Logistics Performance Measures 

While traditional performance measures are based on costing and accounting systems, 
measuring logistics performance requires a more balanced set of physical measures at 
various points along the supply chain (Andersson et al. 1989; Fortuin 1988; Flapper 
et al. 1996). A performance measure can be defined as a metric used to quantify the 
efficiency and/or effectiveness of an action (Neely et al. 1995). We refer to Bowersox 
and Closs (1996) for an overview of performance measures used in logistics. Based 
on Neely et al. (1995) and Beamon (1999) the following is a scheme for classifying 
performance measures in logistics: 

• Resources 
- Expenses (distribution costs, storage costs, service costs) 
- Assets (inventory carrying costs, costs of assets in place) 

• Output 
- Financial (sales, profit, return on investment) 
- Time (customer response time, delivery lead time, on-time deliveries, fill rate) 
- Quality (reliability, shipping errors, customer complaints) 

• Flexibility 
- Volume flexibility (ability to respond to changes in demand) 
- Delivery flexibility (ability to respond quickly to tight delivery requests) 
- Mix flexibility (ability to respond to changes in the mix of products demanded) 
- New product flexibility (ability to respond to demand for new products) 

Note that flexibility could be considered to be of a different nature compared to 
resources and output. Flexibility can be seen as "a means to an end": the ability to 



226 Davila and Wouters 

produce a certain output with certain resources under varying conditions (such as: still 
deliver on-time and efficiently even when demand increases strongly and unexpectedly). 

The development of a performance measurement system in logistics may conceptu
ally be separated into phases of design, implementation, and day-to-day use (Bourne 
et al. 2000). The design phase is about identifying key objectives and designing meas
ures. In the implementation phase, systems and procedures are put in place to collect 
and process the data that enable the measurements to be made regularly. In the 
day-to-day use phase, managers use the measurement results to assess whether the strat
egy is successfully implemented, and in certain circumstances it may lead to challenging 
the strategic assumptions. The design, implementation, and day-to-day use of a set of 
performance measures is not a one-time effort, processes are required to make sure that 
the system keeps being reviewed and aligned with strategy (Bourne et al. 2000; Medori 
and Steeple 2000; Beamon and Ware 1998). Review processes imply that a measure may 
be deleted or replaced, the target may change, and the definitions of the measure may 
change (Bourne et al 2000). We refer to Chow et al (1994), Neely et al (1995), and 
Beamon (1999) for reviews of the literature on performance measurement in logistics. 

Although all three phases of developing a measurement system are hard, the 
implementation and day-to-day use have received less attention than the design phase. 
Thus, more detailed information about how companies define and measure perform
ance, and about the limitations of these performance metrics (Chow et al 1994). In 
this paper we introduce criteria to evaluate the implementation of a measurement 
system and use them to compare the performance of a supply chain that uses post
ponement and standardization to a more traditional supply chain. 

4. Framework to Assess Measurement Systems 

In this section, we present a framework to assess measurement systems that are used 
to evaluate supply chain strategies like product standardization and postponement of 
customer configuration. Three different factors affect the adequacy of measurement 
systems. The first factor is the design of the supply chain itself as embedded in a 
broader environment. The criteria to assess the potential problems that may arise in 
measuring performance are the following: 

1. Interdependence Supply chains are artifacts created by selecting a number of 
companies that have supplier/customer-relationships. Typically, each company in 
the defined supply chain has relationships with other companies as well that are not 
considered when analyzing the particular supply chain. We analyze a supply chain 
as an isolated system, while in fact it has many interconnections to the "supply web" 
of which the supply chain is a subsystem, and the existence of these interconnec
tions create measurement challenges. For example, the two supply chains in 
Figure 14.1 are interconnected through a common stock point of generic products. 
From this point goods are either shipped to customers or made into configured units. 
The inventory level of generic products is partly determined by internal demand to 
supply the configuration process, which biases the results if internal demand differs 
significantly from customer demand for configured products. Similar implications 
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for the design of measurement systems with respect to measuring bullwhip effects 
in supply chains have been discussed in the literature (Fransoo and Wouters 2000). 

2. Confounding effects Supply chains differ in many ways, and these differences 
may overlap when comparing supply chains. For supply chains that differ in sev
eral criteria, it is difficult to identify which criteria cause performance differences 
between supply chains. The old and the new supply chain in Figure 14.1 may not 
only differ with respect to standardization and postponement, they may also differ 
in the types of customers that they serve. The two effects may be confounded if the 
company has different policies towards the customers that use one of the supply 
chains either by being more responsive to these customers or by giving higher 
priority to their orders. If those important customers take predominantly products 
from the old or the new supply chain, performance differences do not only reflect 
the impact of postponement and standardization. 

The previous criteria are related to the impact that the supply chain as part of a 
larger system may have on measuring performance. The second factor that affects the 
measurement system is the quality of each of the measures included in the system. The 
criteria to evaluate individual measures are: 

3. Data requirements Implementation of performance measures requires data. The 
comparison of the two supply chains in Figure 14.1 requires data that may not be 
available at all, or not at the right level of detail, or not with the required accuracy, 
or not comparable across customers. Data also need to be available quickly after 
completion of the period of time that was measured to avoid delays in taking action 
if required. 

4. Noise A performance measurement may be affected by outside events that make 
performance hard to assess even if nothing inherent to the system itself has 
changed. For example, unexpected changes in customers' demand may temporar
ily increase inventories or if demand greatly exceeds expectations the service level 
may be negatively affected. All these unexpected events add noise that mask the 
real performance of the supply chain. 

5. Validity A performance measure is usually a means to an end. It is not the true 
objective itself, but it is a translation of a notion of performance into a number that 
can be calculated with available data, and this fact poses the question of whether 
the performance measure is really capturing what it is intended to measure. The 
two supply chains in Figure 14.1 can, for example, be compared in terms of on-
time delivery, but it really is about service to the customer. On-time delivery obvi
ously has something with service, but it is not typically the full story. Moreover 
"on-time" can be measured in many different ways and the one that is chosen has 
to be the closest to what customers really value. 

6. Link to value creation Non-financial performance measures assume a relation
ship between the process that they reflect and value creation. This relationship may 
be distant or close to an actual measure of value creation. For example, investments 
in information technology are assumed to be linked to value creation, but proving 
such a link may be hard because of complementary changes that are needed for 
these investments to be reflected in value measures. 
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7. Allocation of fixed costs Cost-based performance measures often require 
allocation of fixed costs, which introduces issues such as the controllability of 
fixed costs within the measurement period, and arbitrariness because of imperfect 
causal relationships as part of the allocation scheme. A typical problem is the 
allocation of excess capacity. It is common to have cost systems allocate the cost 
of excess capacity. When this allocation happens, cost savings are not identi
fied until the resources associated with the excess capacity are eliminated. In 
Figure 14.1, the old and the new supply chain share resources, and measurement 
issues are involved if excess capacity is being generated—as we would expect if 
the new supply chain simplifies the logistics—and if the fixed costs of these 
resources are allocated to both supply chains. 

In addition to the characteristics of the supply chain itself and of the individual meas
ures, the design of the overall measurement system is the third factor that needs to be 
assessed. The criteria to evaluate the quality of the measurement system are: 

8. Causality Measuring performance is the starting point for improving perform
ance, so the user wants to know which actions must be taken to improve meas
urement results, especially those that are disappointing. The causal links between 
various measures need to be understood and reflected in the performance meas
urement system. For example, knowing the level of on-time delivery is not as use
ful if managers are not aware of the ways they can change it. The measurement 
system needs to explicitly measure the causes of on-time delivery if it is to be 
informative to managers (Kaplan and Norton 1992). 

9. Completeness Performance measures need to capture the different aspects of 
performance that are relevant in a particular situation. The set of measures have 
to reflect the different dimensions of performance linked to the supply chain. The 
comparison of the two supply chains in Figure 14.1 needs to be based on all the 
attributes of a supply chain including quality, time, cost, and flexibility. Leaving 
one of the performance dimensions out would jeopardize the conclusions that can 
be extracted from the measurement system. 

10. Congruence In addition to including all the performance dimensions, the meas
urement system has to weight the various measures according to their importance 
to the strategy of the company. If the objective of redesigning the supply chain 
in Figure 14.1 is to save costs at the logistic sites, then the ability to reduce 
costs spent at these sites should be weighted more than the efficiency of the 
configuration process. 

11. Trade-offs between performance measures The set of performance measures 
should also help to better understand the interactions and trade-offs between the 
different aspects of performance. An important trade-off in comparing the two 
supply chains in Figure 14.1 is between inventory and service. 

5. Quantum: The Generic Drive Program 

In this section we illustrate the measurement framework presented above with empir
ical data from a case study conducted at Quantum Corporation, a diversified mass data 
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storage company committed to achieving customer satisfaction through high quality 
and reliability. Quantum is the highest volume global supplier of hard disk drives for 
personal computers (PCs), a leading supplier of high capacity hard drives and the 
worldwide revenue leader among all classes of tape drives. Quantum sells a broad 
range of storage products to OEM and distribution customers worldwide. Quantum's 
sales for the fiscal year ending March 2000 were $1.4 billion for Quantum's DLT and 
Storage Systems Group and $3.3 billion for Quantum's Hard Disk Drive Group. 

Quantum worked with its supply chain partners to redesign the product in such a 
way that simplifies the supply chain and reduces costs. The initiative involved the 
Personal Computing Storage Division (PCSD) drives within Quantum's Hard Disk 
Drive Group and was focused on personal computer OEM customers, such as Apple, 
Compaq, Dell, Hewlett-Packard, IBM, and Gateway. The case study is depicted in 
Figure 14.1. 

The initial supply chain is structured as follows: The disk drives are manufactured 
by Quantum's manufacturing partner Matsushita-Kotobuki Electronics Industries Ltd. 
("MKE") in Japan. MKE ships the drives to Quantum's four logistics sites in Japan, 
Singapore, North America, and Ireland. At the sites a large percentage of drives are 
adjusted to customer specifications. The customer-specific disk drives are stocked 
either at Quantum's logistical sites or in third-party warehouses close to OEMs. 
Inventories are replenished based on what customers pull from these stocking points. 
Disk drives are shipped to customers and integrated into PCs, and customers report 
integration failures to Quantum. 

Quantum redesigned the supply chain through the Generic Drive Program initia
tive based on the following ideas: first, avoid variety when possible by finding speci
fications that are common for all OEMs; second, postpone the configuration of those 
specifications that need to be customized to the point in the supply chain where the 
drive is integrated into the OEM's product. The new supply chain is simpler and aimed 
at eliminating configuration activities once the products have left MKE's factory. 
A generic drive is defined as a product that remains with factory standard configura
tion ("generic") until it is integrated into the customer systems. In the new supply 
chain generic drives are received into the logistic sites and shipped from there to 
OEMs without requiring configuration activities. Generic drives may be stocked at 
Quantum's logistic sites or in third-party warehouses or shipped directly from MKE. 
Processes and tools are set-up on customer lines to configure the drive if needed. 

The implementation of the initiative required working closely with OEM 
customers to communicate the benefits—cost reduction and better service—and to 
redesign processes. Differences between generic and configured drives concerned 
features such as packaging and labels relevant to OEM processes. The Generic Drive 
Program did not affect the technical specifications of the products, so there were no 
implications for the users of the OEM products. In contrast, there were significant 
implications for the manufacturing partner MKE. Since OEM customers have differ
ent testing requirements for the disk drives they use, a new testing procedure was 
implemented at the end of the MKE production line that included the toughest require
ments of all OEM customers. This demanding procedure was needed to make sure that 
every unit was acceptable to all OEM customers, without undergoing any additional 
downstream configuration or testing. 
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The company expected to benefit from the program in several ways. (1) Eliminate 
to a large extent the costs of configuration activities. (2) Reduce costs through lower 
inventory levels. Custom drives can only be shipped to one particular customer, while 
generic drives can be sent to all customers, and this enables lower safety stocks without 
reducing service levels. Also, the pool of generic drives can be used to have fewer stock-
outs and more possibilities to approve upside requests. (3) Increase overall customer 
satisfaction as measured in the quarterly business reviews of Quantum by its customers. 

The Generic Drive Program had implications for product design. For example, 
product labels were designed so that all OEMs could use them. A major change con
cerned a technical specification for disk drives that was determined by the position of 
a jumper switch. This switch determines whether the drive will behave as a so-called 
DS or CS drive. Most OEM customers required the jumper switch set to CS, but the 
factory setting used to be DS. Changing this setting was one of the configuration 
activities that needed to be performed. The activity required unpacking, changing the 
jumper switch setting, and repacking each unit. Through the Generic Drive Program, 
the factory setting was changed from DS to CS. In the future, the influence of the 
Generic Drive Program on product design was expected to go further. Software solu
tions will be developed for specifications such as DS versus CS instead of hardware 
selection settings. Products will also have a feature called Device Configuration 
Overlay that will become an industry standard to allow OEM customers to easily 
configure a disk drive when it is being integrated into a PC. 

The Generic Drive Program had strategic implications as well. Quantum's manu
facturing strategy aims to achieve low cost and high quality by having a high volume 
production system and performing the configuration activities outside the factory. 
Competitors have invested in the capability to do configuration in the factory. 
Competitors' strategy requires higher investments to enable flexible production and 
configuration activities. The adoption of the generic drive by OEM customers makes 
it possible to fully exploit the low cost production system while avoiding the disad
vantages of having to do downstream configuration activities, thus eliminating the 
need for flexibility that is the competitors' source of competitive advantage. 

6. Measurement System for the Generic Drive Program 

In this section we introduce the measurement system that Quantum used to assess the 
benefits of the Generic Drive Program. The measures used were: 

• Inventory turns, as measured by sales/inventory value; 
• On-time shipments, as measured by % orders shipped on or before promised date; 
• Responsiveness, as measured by % orders that were promised on or before the date 

asked by the customer; 
• Quality, as measured by # defects as % of products; 
• Cost measured as cost per unit. 

A strategy of postponement and standardization should result in higher inventory 
turns, more on-time shipments, better responsiveness to customers, fewer failures, and 
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lower unit costs. Data was gathered for seven product families. Within each family, 
there were several generic products (e.g., with different capacities), and each generic 
product was configured into several configured versions (for different customers). 

6,1, Inventory Reduction 

Inventory turns, a standard inventory performance measure, is used to evaluate the 
reduction in inventory in the new supply chain. We use the following symbols: 

Ss = inventory of standard product s 
Sj = inventory of configured customer-specific product j 
Wj = work in progress of configured customer-specific product j 
Dg = demand per period for standard product 
Dj = demand per period for configured customer-specific product j 
Vs = intermediate demand per period for product s to configure this product and create 

customer-specific products 
Cj = product cost of customer-specific product j 
Cs = product cost of standard product s 

Total inventory turns per period of the standard products is: 

_ SD, + SV, 

The inventory turns per period of the configured product is: 

In case the product actually consists of a group of products with different product 
costs, the definitions of the above metrics are not adequate because each product has 
the same weight in these metrics. However, low inventory turns for expensive prod
ucts are more costly to a company compared to low turns for inexpensive inventory. 
The performance metric can take this into account by using the product cost to arrive 
at the weighted average of inventory turns. Total inventory turns per period of the 
standard product is: 

The inventory turns per period of the configured product is: 

T = ^c,{W,+ S,) 

Measurement results in the case study indicated that the generic products had a 
higher inventory turnover. Inventory turns of the generic product are 2.87 per month, 
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while inventory turns of the configured product are 2.33 per month. These measures are 
the averages of 2 X 18 monthly inventory turns data of generic and configured products 
respectively, and based on these monthly data there is a statistically significant differ
ence (/7<0.05, one-tailed Wilcoxon signed ranks test, which is used throughout this 
paper). At the level of individual product families, results are that two product families 
have significantly higher turns for the generic product, while for the other five product 
families there is no statistically significant difference. See Figure 14.2. 

6.1.1. Measurement Issues Measuring inventory turns illustrates the measurement 
issues that arise as a result of interconnections between the two supply chains. The 
inventory of standard products is used both for satisfying customer demand in the new 
supply chain as well as for satisfying demand for configured products in the old supply 
chain. The variability of the internal demand might either be higher or lower compared 
to external demand. Suppose the configuration process requires a steady inflow even if 
customer demand for configured products may have variability; then the company 
needs less safety stock of generic products. In this case, the measurement of inventory 
turns of the generic product is biased and looks overly favourable compared to the 
inventory turns of configured products. When the company starts selling more generic 
products directly to customers, the steady inflow of products into the configuration 
process is replaced by irregular customer demand. On the other hand, the inventory 
turns as calculated provide a fair comparison if the variability of internal demand is the 
same as the variability of external demand for configured products. In other words, this 
measure of inventory turns gives a fair reflection of the supply chain performance if 
the customer demand patterns of Dj are reflected in the intermediate demand Vj 
coming from the configuration process. We did not collect data on Vj in our case 
study since internal demand reflected customer demand for configured products, 
minimum batch sizes did not play a significant role in the configuration process, 
and work-in-progress inventories that could dampen Vj compared to Dj were low 
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(WIP is on average 4.6% of monthly volume shipped, which represents about 1.5 days 
of demand). 

Furthermore, the Quantum case study provides a good example of how to deal 
with measurement issues related to level of detail of the required data. Each product 
family consisted of several generic products, and each generic product was configured 
into several configured versions (for different customers). The word "product" is used 
here for a product defined by: the product family to which it belongs, the storage 
capacity, the interface, and the customer code (which can also be the code for the 
"generic" version). For management purposes, information on inventory turns was 
required at the level of product families (per month, per logistic site). However, to esti
mate this measure, it was necessary to have access to the split between generic and 
configured inventory levels and shipment data down to the product level. The cus
tomer code allowed creating the level of detail required in the inventory turns data and 
in the other data that we discuss in the remainder of this paper to be able to make a 
distinction between generic and configured products. 

Noise is another measurement issue that can be illustrated using the experiences 
in the case study with measuring and comparing inventory turns. Inventory turns in 
the case study were based on a weighted average of the inventory turns of different 
products within each family, weighted by total costs per product (unit cost X number 
of units). Inventories were valued at a product cost equal to the transfer price that 
Quantum paid to its manufacturing partner. These prices were adjusted quarterly, 
which is why product costs and inventory values were also adjusted every quarter. 
Price changes may affect the inventory turns even if there are no changes in the under
lying physics of the process. Thus affecting conclusions about the performance of the 
supply chain even if nothing changed. Allocation of fixed costs may also be a source 
of noise although not in the case we studied. Quantum avoided this problem by assum
ing that product cost was the same for a generic product and its configured products, 
and the costs of configuration activities were not allocated to configured products. 
While not allocating costs has certain disadvantages, in this case it prevented cost 
allocation effects (noise) that could distort the measurement of inventory turns of 
generic products versus configured products. This fact also explains why a compari
son of the cost per unit of generic products versus configured products could not be 
used as a performance measure in this study. 

Inventory turnover is a valid measure of the cost of carrying inventory, but it is not 
necessarily a complete measure (so it may not fully capture this aspect of perform
ance). Higher inventory turns are associated with lower cost of carrying inventory as 
long as interest rates do not change. 

Inventory turns also exemplify the congruence properties of a measure. Notice that 
the importance of inventory turns—its link to value creation—depends on the cost of 
capital of the company. Higher cost of capital will make this measure more relevant 
to the profits of the company. Inventory turns may be affected by changes in the mix 
of products. If the cost of the product is used to weigh the importance of different 
products in estimating inventory turns, this performance measure may change only 
because of changes in the volume of products that have different costs (and therefore 
weights). The changes in inventory turns are not a reflection of improvements in the 
execution of a process but simply a change in mix. 
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To summarize this section: inventory turns of the "old" and the "new" supply 
chain in Figure 14.1 can be compared, but this comparison creates measurement 
issues that concern the interconnections between the two supply chains, the level of 
data required, and noise created by the inventory valuation system. 

6,2, Service Improvement 

The opportunities that the new supply chain offers can be used not only to reduce 
inventories, but also to maintain higher safety stocks that enable achieving better on-
time delivery and greater responsiveness to customer requests. This is the second area 
to compare the new supply chain with the old supply chain. 

Time performance measures are based on the actual timing of an event relative to 
the target time frame, such as the delivery moment of an order at a customer's distri
bution center relative to the promised delivery moment. Early definitions of time per
formance measures are in Conway et al. (1967). On-time delivery can be measured as 
the percentage of orders delivered on or before the agreed time. Sometimes compa
nies differentiate between early and on-time deliveries. 

L = lateness in delivery 
to = date when order was placed 
t^ = date requested 
tc = date to which the company committed 
ts = actual date the order was delivered 

Note: The moments t^, t^, and t^ should refer to the same event, such as the shipment 
from the supplier's DC, or receiving the shipment at customer's DC. 

# orderline t, > C 
# orderlines 

Note: The number of orderlines in both the numerator and the denominator should 
refer to the same period, which is the period for which the lateness is supposed to be 
measured. However, this measurement does not reflect how late orders are, if they are 
late. It differs whether the same % of orders is late on average, for example, 1 day or 
10 days. Another measure is the weighted lateness. 

A = average days late of late orders 
L^ = weighted lateness = LXA 

# days late 
A = 

^w ~ 

# orderlines t^ > t^ 
# days late 
# orderlines 

Note: the number of days late should be measured for the same period as for which 
the number of orderlines is measured. 

Measurement results in this case study show that generic products have a better on-
time delivery performance. Measurements are based on the total number of orderlines 
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shipped late during 20 months of data as a percentage of the total number of orderlines 
shipped, which gives lateness expressed as a percentage of shipments (L). We do not 
report these results, but we report the percentage of late shipments of generic products 
relative to the percentage of late shipments of configured products: L of generic prod-
ucts/L of configured products. This ratio is 0.97 and values less than one indicate that 
on-time performance of generic products is better (fewer late deliveries). The weighted 
lateness L^, again based on 20 months of data, differs more between generic and con
figured products. Figure 14.3 shows the ratio of the weighted lateness of generic prod
ucts over the weighted lateness of configured products, and again a ratio less than one 
indicates that on-time delivery performance of generic products is better. This ratio is 
0.67 overall. Using a Wilcoxon signed ranks test comparing the monthly data on L^ of 
generic and of configured products gives a marginally significant result (p = 0.077, 
one-tailed) for weighted lateness. Results at the product family level vary, and results 
are statistically significant for 2 of the 7 families. 

There is another aspect of service that has to do with the company's flexibility in 
responding to delivery dates requested by the customers. We called this "responsive
ness." In many business-to-business transactions customers request a certain delivery 
date, and the company commits to that date or to another date, usually later. The late
ness in committing to customer requests can be measured in the same way, on the 
basis of comparing t^ and t^. The extent to which the company commits to the date that 
was requested by the customer is the counterpart of the extent to which the company 
delivers on the committed dates: by committing to easily obtainable delivery dates, 
lateness in delivery is low but lateness in committing is high (and vice versa). 

Measurement results in this case study showed that against expectations, respon
siveness was higher for configured products. Customer requested dates are more often 
or more closely committed to for configured products compared to generic products. 
Again we report ratios. The overall ratio for lateness of commitments L is 2.3 and this 
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1.4 

1.2 

Ratio < 1 indicates — • I 
better on-time delivery 
performance of ^-^ 
Generic products 

0.6 

0.4 

0.2 

Total*^ Fam F Fam A Fam B* Fam 0* Fam D Fam E 
Families are sorted in order of unit volume. 

Statistically significant results at the 5% level are indicated by * 
while ** indicates a marginally significant result at 7.7%. 

Fam G 

Figure 14.3 On-time delivery. On-time delivery is measured as the Weighted lateness 
of shipments L .̂ The y-axis indicates a ratio: L^ of Generic products ^ L^ of Configured 
products. 
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value of more than one indicates that generic products are confirmed less often on the 
requested dates compared to configured products (more lateness in order commit
ment). Results for weighted lateness L^ are in Figure 14.4, which shows the ratio of 
the weighted lateness of generic products over the weighted lateness of configured 
products. Overall the ratio is 2.5. A test comparing the underlying monthly data shows 
that the difference is statistically significant. Results at the product family level vary 
widely, and there are statistically significant differences for 5 of the 7 product fami
lies, whereby 3 of these 5 results are in the opposite direction (with generic products 
having a higher lateness). We will explain these results in the discussion of measure
ment issues. 

6.2.1. Measurement Issues The performance metrics on service and flexibility 
illustrate the measurement issues that arise because different supply chains serve 
different customers, and hence a comparison between supply chains is confounded 
with a comparison between customers. Some customers take the generic product, 
while other customers take a configured customer-specific product. To the extent that 
differences between customers may have an impact on the performance measure, it 
will reflect both differences between the performance of the supply chains as well as 
differences between customers. In the case study, flexibility was better for the 
configured products, and the company explained this result as follows: during the 
period for which data have been gathered, many very important customers took 
configured products, and responsiveness to these customers had a very high priority, 
and that was why the configured products that these customers take, showed a better 
performance regarding commit to customer request. 

Another way in which supply-chain differences and customer-base differences can 
be confounded, is when customers differ with respect to how long in advance they 
place orders. The longer this time, the easier it is for the company to commit to the 
date requested. This effect can theoretically be measured in the following way: Orders 

Ratio < 1 indicates —| 
better responsiveness^ 
performance of 
Generic products Total* Fam Â  Fam F* Fam B Fam 0* Fam D Fam E' 

Families are sorted in order of unit volume. 
Statistically significant results at the 5% level are indicated by *, 

Fam G* 

Figure 14.4 Responsiveness. Responsiveness is measured as the Weighted lateness of 
commitments L .̂ The y-axis indicates a ratio: L^ of Generic products ^ L^ of Configured 
products. 
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are divided into separate groups based on how long in advance the order was placed 
(the difference between t^ and tj^). Within each group the lateness is determined and 
for the two separate supply chains. Here the lateness of orders is expressed as the dif
ference between requested date and shipped date (t^ — t^), and this lateness is given for 
different classes of the reaction times. In the case study this also introduced measure
ment issues related to availability of data, because the research data did not contain 
order placement dates, but the dates the orders were entered in the database. This is 
why some orders showed a negative reaction time (requested date before the order 
creation date), which should not occur if the true order placement date is used. 

The performance metrics used in this study are approximations of service and 
flexibility and as such the comparison of both supply chains may not be completely 
valid. Service and flexibility encompass more aspects than measured by these two 
performance measures. For example, the researchers introduced the weighted lateness 
that considers how many days orders are late, if late. But customers use different 
criteria when they attach weights to late orders (or to late commitments), for example 
they may consider large orderlines (measured in units or value) more important than 
small orderlines, or orderlines for particular products may be more critical, or lateness 
may be a bigger issue in certain periods. To take this argument further, customers 
may consider other aspects of flexibility more relevant than committing to requested 
dates, such as allowing upside or downside requests with short reaction time. The per
formance measures are valuable and measuring these provides important information. 
Our discussion only aims to be reflective of the measures used to compare supply 
chains. 

Another measurement issue concerns both the availability of data as well as com
parability of data across customers. The service measures discussed above are based 
on a procedure in which customers request a delivery date and the company commits 
to such a date. However, different arrangements might apply, such as vendor managed 
inventory (VMI) and consignment stocks. Under VMI there are no customer orders, 
since the supplier monitors the inventory levels that are available for particular cus
tomers and decides on when and how much to replenish the inventory. The customer 
pulls products from a stocking point, which can be at the customer premises in the 
form of a consignment stock, or at the supplier or a third party warehouse close to the 
customer. The customer is primarily interested in the availability of the goods. Here a 
more appropriate measure could be the fill rate, which is the percentage of units that 
can be filled when requested from available inventory. For example, if a customer 
orders 50 units and only 47 are available, the order fill rate is 94% (Bowersox and 
Closs 1996). However, under VMI this measure should not be based on orders, but on 
pulls that the customer wants to draw from the inventory that is managed by the sup
plier. Measuring this requires data on intended pulls and available inventory. The last 
type of data is not in issue, since this is required for VMI anyway, but it may be much 
more difficult to get reliable data on intended pulls (not "orders") that are comparable 
across different customers. 

To summarize this section about on-time and flexibility measures: there are good 
measures for service (such as on-time delivery) and flexibility (such as commit to cus
tomer requests), but these also demonstrate some of the methodological issues 
involved in comparing the "old" and the "new" supply chains in Figure 14.1. First, 
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supply chain differences and customer differences are confounded. Secondly, some 
data were unavailable (on order placement dates). Furthermore, alternative measures 
are needed if orders do not explicitly place orders but pull from an inventory point 
that is managed by the vendor. Measures that are based on requested and committed 
dates do not apply, since there are no such explicit dates. The measurement challenge 
is even greater then, since this requires implementing comparable measures of 
availability across different customers. 

6.3. Quality 

Quality is the third area to compare the old and the new supply chains. Configuration 
is postponed until the product is assembled and tested. In the regular supply chain, the 
product is unpacked, configured, and packed, so there are more handling and freight 
activities that potentially create quality problems. Quality can be measured as the 
functioning of the product when the customer tests it after or during assembly. A 
common measure is Defects per Million (DPM). 

DPM 
# units failed X 1,000,000 

# units assembled 

Measurement results in the case study showed that generic products have 
fewer integration failures. Figure 14.5 shows the ratio of the DPM numbers of the 
generic and the configured products, and this ratio is less than one if generic products 
have fewer DPM compared to configured products. Overall the ratio is 0.74. At the 
product family level, this ratio is less than one for 5 of the 7 families. Results are more 
mixed at the customer level. The difference between the DPM numbers of generic 
products and configured products was marginally significant at 8.7% (one-tailed 
Wilcoxon signed ranks tests). This test was based on a selection of all data in the 
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better quality — • I 
performance of 
Generic products 
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Families are sorted in order of unit volume. 
Results for Total are statistically significant at the 8.7% level. 

No statistical tests were performed at the family level. 

Figure 14.5 Quality. Quality is measured as #integration failures per million units DPM. 
The y-axis indicates a ratio: DPM of Generic products ^ DPM of Configured products. 
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following way: we used pairs of DPM data (generic and configured) of 11 customer/ 
product family combinations, by selecting only data for which there were observations 
for both generic and configured products and after eliminating data points if DPM = 0. 

6.3.1. Measurement Issues The application of quality measures in this study 
provided a good illustration of measurement issues related to data requirements. First, 
there was the issue of having comparable data across customers. Consider that 
customers use different testing procedures, so differences in DPM numbers between 
generic and configured products may either be caused by supply chain differences or 
by testing differences. There is a need to have failure data that are comparable across 
customers. There are two main types of failures: "fail" and "no trouble found (NTF)." 
Field engineers who work at the OEM's sites test every drive that the OEMs report 
failing. Failures that they confirm using standardized procedures and software tools 
receive a detailed fail code. In many cases, however, these tests do not indicate a 
failure and after testing the drive it can be used again. These failures are reported as 
NTF. The "fail" data are comparable across customers, as these data are based on 
failures confirmed by field engineers who use the same testing software for all OEMs. 
Figure 14.5 is based on "fail" data. NTF data are not comparable across customers, as 
these are affected by different procedures for assembly and testing of drives. Results 
for NTF showed that generic products have a slightly lower DPM number compared 
to configured products (the overall ratio is 0.94), but a test as described above gave no 
statistically significant differences. 

Second, the case study demonstrated measurement issues regarding data avail
ability and level of detail. The OEMs provided data on integration failures to Quantum 
at a great level of detail (serial numbers of failed drives, month and customer site that 
the failures occurred), but they reported the number of drives integrated at a much 
higher level (per family, per month, per customer site). Based on serial numbers, it was 
possible to separate between the number of failures for generic drives versus config
ured drives, but no separate data were available for the number of drives integrated. In 
other words: only the numerator of the DPM ratio was available at a level that allowed 
a comparison of generic versus configured products, but the denominator of the DPM 
ratio was not reported by OEMs at this level. We separated the number of drives inte
grated per family into generic and configured on basis of the same percentages of 
generic and configured drives shipped to each customer site in a particular month. 

Third, the measurement issue of data availability became clear in another way 
as well. The number of data points limits the statistical analyses that can be done 
and for example it is not feasible to test whether customers have statistically signifi
cant different DPM numbers for the same product. As explained above, customers 
have different procedures for testing of drives. Significantly different DPM numbers 
for the same product across customers would not be expected for "fail" data (failures 
confirmed by field engineers), but there could be significant differences for 
NTF data. However, the number of data points for each customer/product combina
tion is very limited and therefore it was not possible to test these expectations 
statistically. 

In summary, the standard measure of number of failures as a percentage of total 
production could be used to compare the quality of generic products versus configured 
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products, and this demonstrated measurement issues related to the availability and 
comparability of data. 

7. Conclusions 

There are many potential benefits from implementing a supply chain that uses product 
standardization and postponement of customer configuration. This paper discussed a 
case study of an implementation of such a strategy and the measurement issues 
involved in measuring the performance improvement of the supply chain. 

The paper introduced a framework to assess the quality of performance measure
ment systems in reflecting supply chain performance, in particular for comparing the 
old supply chain and the new supply chain in which end products were standardized 
and remaining configuration was postponed until the customer used the product. 
Three different factors affect the adequacy of measurement systems. The first factor is 
the structure of the supply chain itself as part of the broader environment. We dis
cussed measurement issues that are caused by interdependencies between supply 
chains (such as sharing the inventory of generic products) and confounding effects 
(such as customer differences between supply chains). The second factor is the qual
ity of each of the individual measures included in the system, and we discussed crite
ria to evaluate individual measures: realistic data requirements in terms of level of 
detail, accuracy, availability, and comparability across customers, absence of noise 
that introduces exogenous effects on the measurement outcomes, validity of measures 
in capturing the real objectives of the company, a link of non-financial measures to 
value creation, and no distortion from the allocation of fixed costs. The third factor is 
the design of the overall measurement system. The following criteria were identified 
to evaluate the measurement system: providing a better understanding of causality, so 
managers understand which actions they need to take to improve results, completeness 
of the set of performance measures to cover the various aspects of performance that 
are relevant, congruence of the measurement system in that the weights of these var
ious performance dimensions is according to their importance to the strategy of the 
company, and the system's potential to clarify the trade-offs between the various 
aspects of performance. 

This framework was applied to a case study of a recent supply chain initiative. The 
company standardized its end products, and for those specifications that needed to be 
customer-specific, the configuration was postponed until the customer used the prod
uct. Such a strategy required the company to reengineer its supply chain for the new 
products so that customization and local inventories were eliminated. It also required 
redesigning products to offer the standardized specifications and to allow late cus
tomization. The strategy required the customer to make changes in two ways: they 
needed to work with a generic product and they need to execute the remaining config
uration activities. Not all customers participated at the same speed, and so the company 
operated the "old" and the "new" supply chain in parallel. Performance measures were 
used to compare both supply chains and evaluate the benefits from the new supply 
chain. The case study provided real-life examples of using our framework for assess
ing measurement systems. Results are summarized in Table 14.2. This framework and 
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the illustration in the case study should be helpful to assess in practical situations which 
limitations are associated with performance measures that aim to compare different 
supply chains. 

This paper provided some empirical evidence that suggests that this initiative 
results in higher inventory turns, better on-time shipments, and better product quality. 
Future research should help to get a better understanding of the benefits and costs 
involved in postponement and standardization. We also suggest that there is a need for 
further empirical studies documenting the implementation of performance measures 
in real companies and the methodological issues involved in gathering reliable data 
and constructing valid measures. 
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1. Introduction 

Everyday, companies struggle with multiple decisions in the fight to increase their 
profitability. Complex decisions a company must make include, (1) how much should 
we order from our suppliers and when? (2) how should we organize our supply chain 
and logistics? (3) how much should we produce? (4) what price should we charge or 
pay for goods and services? 

Making the "right" pricing decision in sales or procurement is a complex task. 
While the types of pricing policies/methods used in the exchange of goods and serv
ices vary greatly, we can divide these mechanisms under two broad categories: posted 
price mechanisms and price discovery mechanisms. Under a posted price mechanism, 
a good is sold at a take-it-or-leave-it price determined by the seller. A posted price can 
be dynamic, that is, the seller may offer different prices to different customers 
(customized prices) or change prices dynamically over time (intertemporal prices). In 
a price discovery mechanism, prices are determined via a bidding process. 

A commonly used price discovery mechanism that has experienced a tremendous 
growth in use is an auction. In a forward auction, the seller puts out an item (or a set 
of items) for sale, and buyers compete in a bidding process. In a reverse (procurement) 
auction, a buyer puts out a request for quote (RFQ) for a service or a product(s), and 
prices are determined by a competition among potential sellers. Auctions imple
mented over the Internet have several benefits compared to traditional auctions, 
including lower information, transaction, and participation costs; increased conven
ience; ability for asynchronous bidding; and access to larger markets (Lucking-Reiley 
1999). Hence, companies increasingly use Internet auctions to buy and sell excess 
inventory, first-run goods and commodities, to test prices for new consumer goods, to 
market one-to-one, and to fine-tune inventory levels. 

Most of the B2B auctions involve the exchange of multiple products/goods. 
Despite this salient characteristic of B2B auctions, the research in auction theory has 
traditionally focused on single-unit auctions, that is, only a single unit is to be traded 
via the auction or bidders only wish to acquire a single unit. In addition, while design
ing, implementing or studying auctions for multiple goods, a strong assumption that 
has been often made in the literature is that bidders experience no synergies or com
plementarities in values across multiple units. Two objects are said to be comple
ments, have superadditive values, or exhibit synergies, when their value together is 
more than the sum of their individual values. For example, in the recent FCC spectrum 
auctions, bidders, comprised of US telecommunication companies, cellular telephone 
companies, and cable-television companies, competed to win various spectrum 
licenses for different geographical areas. The synergies arising from owning licenses 
in adjoining geographical areas create dependencies in (some) bidders' valuations for 
individual licenses. Similarly, in manufacturing there may be synergies, or economies 
of scale, in producing larger quantities, while in logistics there may be synergies 
associated with acquiring adjacent lanes or lanes that form a closed loop. 

While bidders experience synergies across multiple items in numerous settings, 
most auctions in use today are simple auctions, that is, each unit (or bundle of units) 
is auctioned independently of all other units and the lowest bidder wins in each 
auction. A simple auction is an attractive selection mechanism because it is easy 
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to evaluate the bids and determine the winner. However, when multiple units 
are auctioned and there is a strong presence of synergies, a simple auction cannot 
adequately allow suppliers (or buyers) to reflect their synergies over multiple units. 

An alternative format to a simple auction is a package or combinatorial auction. In 
a combinatorial auction, bidders can submit all-or-nothing bids on packages of goods 
in the form "I will pay $X if I win goods A and B or I will pay $Y for only A and $Z 
for only B (where X > Y + Z)." A combinatorial auction is an effective mechanism 
when there exist strong complementarities over several goods, and the source of those 
complementarities varies for different bidders. 

In the remainder of this paper, we give an overview of combinatorial auctions and 
discuss a recent application of combinatorial auctions by The Home Depot in the 
procurement of transportation services. A teaching case study on this application is 
presented in (Elmaghraby and Keskinocak 2000). 

2. Combinatorial Auctions 

The use of combinatorial auctions in industrial settings has increased of late (Davenport 
and Kalagananam 2001). Sears Logistics Services and The Home Depot, Inc. are two 
examples of companies using combinatorial auctions for procurement of logistical 
services; Sears Logistics saved over $84 million running six combinatorial auctions 
(Ledyard et al. 2000). Additional examples include Walmart Stores, Compaq 
Computer Co., Staples Inc., The Limited Inc. and Kmart Corporation, who imple
mented combinatorial auctions for procurement with the aid of Logistics.com. With 
the application of Logistics.com's procurement solutions. Limited Logistics Services, 
the supply chain arm of The Limited Inc., saved $1.24 million in shipping costs in 
year 2001 compared to the previous year (Logistics.com). 

Combinatorial auctions are auctions where bidders can name their prices on 
combinations of items, as opposed to individual items. Each combination of items 
submitted to the auctioneer is called a bundle or di package. A bid consists of a bundle 
and its price, and bidders are usually allowed to submit multiple bids. Due to the con
ditional format of the bids, combinatorial auctions lend themselves to environments 
where bidders have high synergies across multiple items. Despite this attractive fea
ture, the use of combinatorial auctions has not traditionally been commonplace. The 
challenge facing academics and practitioners alike is how to design a combinatorial 
auction that will allow bidders to effectively incorporate their synergies (the mecha
nism design problem) without posing an unnecessary burden on the auctioneer when 
computing the optimal allocation (the winner determination problem). In an effort to 
address these issues, there is a growing body of literature on the use and design of 
combinatorial auctions. 

A serious issue that limits the use of combinatorial auctions in real applications is 
the Winner Determination Problem. After all the bids are submitted, the auctioneer 
needs to determine the optimal selection of winning bids. The winner determination 
problem for combinatorial auctions is NP-complete, that is, no algorithm is guaran
teed to find the optimal solution in polynomial time (Nisan 1999). Several researchers 
have designed fast search algorithms to solve for the exact optimal solution (Fujishima 

http://Logistics.com
http://Logistics.com
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et al. 1999; Sandholm 1999; Sandholm and Suri 2000). While solving for the optimal 
solution would be ideal, in most business environments, a near-optimal solution that 
can be obtained quickly is widely acceptable. Therefore, several approximate solution 
methods have been developed by academics (Rassenti et al. 1982; Fujishima et al. 
1999;LQhm2innetal. 1999). 

In addition to the burdensome nature of the winner determination problem, sub
mitting combinatorial bids pose an equally challenging problem from the bidders' 
perspective. In an auction with n items, there are 2̂^ — 1, that is, exponentially many, 
possible combinations or bundles a bidder can choose from. Furthermore, determin
ing the appropriate bidding price on the bundles, taking into account not only one's 
own costs and resources but also the competitors, is an equally challenging task. 

Clearly, the bidders' bidding decisions and the result of the auctions will depend 
heavily on the auction format. For example, should bidders be allowed to submit bids 
on any possible package or should only certain package bids be allowed? One possi
bility to ensure that the winner determination problem can be solved optimally in 
polynomial time is to restrict the number and the type of bids that can be submitted 
(Nisan 1999). Unfortunately, restrictions on the bids lead to similar economic ineffi
ciencies that exist in non-combinatorial auctions, since bidders may not be able to bid 
on the combinations they prefer (Rothkopf et al. 1998). 

Another critical design question is whether the auction should be comprised of 
several bidding rounds or limited to only a few. A single round auction format that 
received particular attention in the literature is the Generalized Vickrey Auction 
(GVA) (Varian and Mackie-Mason 1995; Lehmann et al. 1999). In a GVA, each win
ning bidder is charged the total social surplus that would be possible if that bidder did 
not participate in the auction at all. In this mechanism, the dominant strategy for each 
bidder is to report his true value for each bundle and GVA allocation maximizes the 
sum of the true valuations of the bidders, that is, the social welfare. While it has 
the attractive feature of truthful bidding, the GVA is computationally burdensome on 
the auctioneer, and requires that the bidders submit their valuations over all possible 
bundles. 

One motivation to have multiple rounds in a combinatorial auction is to relieve the 
computational burden the GVA and other single-round formats place on the bidders 
during the bid preparation process (Parkes 1999; Wurman and Wellman 1999; Banks 
et al. 2000; Kelly and Steinberg 2000; Wurman and Wellman 2000; Parkes and Ungar 
2000). In multi-round combinatorial auctions, bidders can submit bids on different 
bundles of items as prices change, and make new bids in response to bids from other 
agents. In a multi-round combinatorial auction bidders are allowed to submit bids 
on subsets of bundles in each round, which can be easier (as compared to GVA) for 
bidders with limited or costly computational resources. Furthermore, a multi-round 
combinatorial auction allows the auctioneer to solve a sequence of smaller winner 
determination problems, than a large, complex problem such as the one resulting in a 
single round GVA. 

In the next section, we discuss the experiences of The Home Depot in its imple
mentation of a combinatorial auction. The design decision of The Home Depot was to 
use a single round combinatorial auction, although they eventually had a second round 
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for a limited number of lanes and a selected group of carriers. The winner determina
tion problem was solved using an integer programming based algorithm. 

3. Case Study: Procurement of Transportation Services via Combinatorial 
Bidding at The Home Depot 

The Home Depot was founded in 1978 in Atlanta, Georgia, and is currently the 
world's largest home improvement retailer with over 1,000 stores and 37 distribution 
centers in 45 states of the United States, as well as in five Canadian provinces, Puerto 
Rico, and Chile. The Home Depot expects to be operating over 1,900 stores in the 
Americas by the end of the year 2003. 

Home Depot stores cater to do-it-yourselfers, as well as home improvement, 
construction and building maintenance professionals. An average Home Depot store 
is approximately 130,000 square feet, and stocks approximately 40,000-50,000 
different kinds of building, home improvement, and lawn and garden products, includ
ing variations in color and size. The newer stores also include a 15,000-25,000 square 
foot garden center. 

In June 1999, Home Depot launched its expanded Website (www.homedepot.com) 
which includes more than 150 interactive how-to projects, personalized customer 
home pages and interactive features such as project calculators. In the near future, 
Home Depot plans to fully integrate its Website with its stores that will allow con
sumers to use the Internet and the stores in combination. Home Depot customers will 
be able to check product availability on-line and purchase in a store, order on-line and 
pick up at a store, buy on-line and return a product to a store and utilize an in-store 
kiosk for project information and product listings, among other options. 

For the year ended January 28, 2001, Home Depot's sales increased 19% to 
$45.7 billion compared with $38.4 billion for the year ended January 30, 2000. 
Revenues are expected to grow between 15% and 18% annually from 2002 through 
2004. Home Depot's stock is publicly traded (NYSE:HD) since 1981 and is included 
in the Standard & Poor's 500 Index and the Dow Jones 30 Industrial Index. 

3,1, Logistics and Transportation Challenges at Home Depot 

The Home Depot is credited as being the innovator in the home improvement retail 
industry by combining the economies of scale inherent in a warehouse format with a 
high level of customer service. In the warehouse-style retail format pioneered by the 
company, each of the Home Depot stores is also a warehouse, where industrial racks 
are used to display the merchandise and to stack the inventory. Combining a retail 
store and warehouse in one location helps the company to keep the costs down by 
reducing the overhead and to increase customer satisfaction by offering a wide vari
ety of products and reducing stock-outs. Home Depot's retailing strategy also focuses 
on high quality merchandise and excellent customer service. Home Depot stores offer 
a variety of services, including, free design and decorating consultations, truck and 
tool rental, home delivery, free potting, and many other services to accommodate 
customers' home improvement needs. 

http://www.homedepot.com
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Managing the logistics of this retailer giant is no easy task. It requires the coordi
nation of over 7,000 suppliers, numerous carriers and over 1,000 stores and 37 distri
bution centers. Adding to the complexity is the rapid growth of the company with its 
plan to expand to over 1,900 stores in the Americas by 2003. The company's logistics 
infrastructure also needs to support its growing online operations. Home Depot's 
current e-commerce strategy utilizes the company's existing stores as fulfillment 
centers or pick-up centers for products being ordered on-line by customers. 

A key component of The Home Depot's logistics is managing the transportation of 
over 40,000 SKUs between suppliers, warehouses and retail locations. Over 90% of 
The Home Depot's products move via trucks. In 1999, the company made approxi
mately 7.1 million less-than-truckload (LTL) shipments and 219,000 truckload (TL) 
shipments. With the planned addition of new stores and the new logistics strategy, 
these volumes are expected to change to 4.7 million (LTL) and 877,000 (TL) in 2003, 
with a significant growth in TL shipments and a reduction in LTL shipments. Home 
Depot is planning to expand its existing network with cross-dock facilities, which will 
allow them to consolidate the shipments from the suppliers and to the stores and 
reduce the total amount of LTL shipments. 

3,2, Traditional Process for Transportation Bidding 

Up until about four years ago. Home Depot's transportation bidding process was com
pletely manual. Home Depot would provide the carriers with origin and destination 
zip codes for the locations in its network, and aggregate demand forecasts (expected 
number of annual moves) for each origin-destination pair (referred to as a lane). 
Carriers did not, however, have information on The Home Depot's demand or growth 
patterns. Based on this sparse and aggregate information, carriers would bid on each 
origin-destination pair separately. 

One of the drawbacks of this bidding process was that it lacked the flexibility for 
carriers to reflect groups of lanes that they wished to win together. This was a serious 
omission from the bidding process: Due to the physical considerations and cost struc
ture of operating a truck, carriers can operate some groups of lanes more efficiently 
(cost effectively) than any subset. Bidding for each lane individually made it difficult 
for carriers to incorporate cost synergies (across lanes) into their bids. 

In an effort to improve the efficiency of the bidding process, in 1996, The Home 
Depot semi-computerized the bidding process by asking the carriers to submit their 
bids on a standardized Excel spreadsheet on a diskette. Nevertheless, The Home Depot 
continued to procure bids for lanes on an individual basis and limit the information that 
was provided to the carrier regarding the flow of orders on a lane. Carriers continued 
to be unable to make informed bidding decisions or adequately reflect any synergies 
across lanes. In the absence of accurate demand data, carriers made several assump
tions about the actual distribution of demand throughout the year. One optimistic 
approach employed by carriers was to assume that the demand is distributed evenly 
throughout the year; a pessimistic approach was to estimate that all the demand occurs 
during one week or one month of the year. Either estimate was very likely to be far 
away from reality, and could result in a carrier either bidding too low and losing 
money, or bidding too high and not winning a potentially profitable lane. 
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In summary, the traditional bidding process had a number of serious limitations: 

(a) It did not provide the carriers with good visibility to The Home Depot's network 
and lacked detailed demand information on the network. 

(b) It did not allow carriers to bid on combinations of lanes to achieve potential 
synergies. This, combined with the lack of detailed demand information, prevented 
the carriers from submitting bids that accurately reflected their cost structures. 

(c) The manual bidding process was very inefficient. 

3.3. An Innovative Process for Transportation Bidding 

To achieve higher efficiency and effectiveness in transportation services. The Home 
Depot partnered with i2 Technologies to develop a flexible bidding mechanism for truck-
load shipments. The new bidding process provides detailed information to the carriers 
about The Home Depot's network and demand, and allows carriers to bid for combi
nations of lanes, as well as for individual lanes. This helps carriers to better analyze the 
impact of certain bidding alternatives on their own network, and to achieve synergies, 
for example, by creating "continuous" moves which do not require empty travel 
between the lanes. Furthermore, the new bidding mechanism is Internet-based, which 
allows carriers to create and submit their bids electronically via a standard format. The 
first successful application of this new bidding process was completed in January 2000. 

3.3.1. Information Provided by The Home Depot Before the bidding process begins, 
The Home Depot provides potential bidders with information on 

• origin and destination locations, 
• lane details, and 
• demand forecasts. 

A location is a title for one or more actual origin(s) or destination(s). A location 
could be a point, such as a single vendor, distribution center or store, or it could be a 
zone, such as a cluster of vendors or a cluster of stores. As before, a lane is a unique 
origin-destination pair requiring a specific type of service and equipment. Lanes can be 
point-to-point (e.g., vendor to DC), point-to-zone (e.g., DC to cluster of stores), zone-
to-point (e.g., cluster of vendors to DC), or zone-to-zone (e.g., cluster of vendors to clus
ter of stores). Under the new bidding process, in addition to its origin and destination, 
The Home Depot specifies for each lane the average route distance, average number of 
stops, demand forecast (truckloads), equipment requirements (e.g., dry van, 53' van, 
flatbed, decked van) and service requirements (e.g., linehaul to DC). Aggregated 
demand volume forecasts for different equipment types and for different lanes are 
presented in Tables 15.1 and 15.2. Detailed daily and weekly demand forecasts are also 
provided to the bidders, which include seasonal fluctuations in demand and new stores 
through December 2000. New stores are modeled after existing stores with similar 
characteristics and their estimated opening dates are provided to the bidders. 

3.3.2. Bidder Information In addition to selecting carriers that could satisfy The Home 
Depot's transportation needs at a reasonable price. The Home Depot was also concerned 



252 Elmaghraby and Keskinocak 

Table 15.1 Demand Forecasts by Equipment 
Type (year 2000) 

Equipment type 

Dry van 
53' van 
Flatbed 
Decked van 
Total 

Lanes 

317 
25 

268 
13 

623 

Table 15.2 Demand Forecasts by 
(year 2000) 

Point-to-point 
Point-to-zone 
Zone-to-point 
Zone-to-zone 
Total 

Loads 

24,574 
25,153 

146 
2,579 

52,452 

Loads 

41,847 
5,343 
5,221 

41 
52,452 

Lane Type 

Lanes 

171 
402 

3 
47 

623 

with selecting carriers that were of an acceptable quality and with whom The Home 
Depot could develop a promising business relationship. In order to achieve this end, 
The Home Depot screened carriers before inviting them to participate in the bidding 
process. Carriers were asked to supply The Home Depot with information concerning 
their financial stability, geographic coverage, claim history, equipment age, total 
yearly revenues, etc. While the carriers were asked to provide this information 
voluntarily, most of these statistics can be obtained from outside sources (e.g., the 
Department of Transportation). 

Based on the carriers' characteristics. The Home Depot was able to eliminate sev
eral carriers with whom they did not feel they could establish a fruitful business rela
tionship. The primary reason that carriers were not invited to bid was questionable 
financial stability. Some carriers were eliminated due to poor quality records while 
others were considered to be too small in size to become a significant partner with The 
Home Depot. In addition to using this information to screen bidders. The Home Depot 
would use this information throughout the bid evaluation process when developing 
feasible solutions when selecting winning bidders. 

3.3.3. Bidding Software Three main pieces of software were used during the 
bidding process: (1) Shipper bid support (SBS), (2) Carrier bid response tool (CBR), 
and (3) Bid selection optimization. 

The SBS module assists The Home Depot in analyzing their network and in decid
ing which lanes to put out for bid. For the first implementation of the new bid process, 
The Home Depot decided to focus only on a specific part of their business, namely, 
on vendor-to-store direct shipments. The lanes that were put out for bid accounted for 
about 52,000 moves, approximately one fourth of all the in-bound moves to stores 
within The Home Depot's network. 
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To help carriers analyze the demand data provided by The Home Depot and cre
ate bids that complement their existing networks and cost structures, The Home Depot 
created the CBR module. This module was made available to carriers for download 
via The Home Depot website. The CBR module includes a graphical user interface to 
help carriers visualize the physical structure of the shipper's network and the relative 
locations of the lanes in a potential combination bid. The module also has the standard 
template for carriers to prepare and submit their bids. Via this module, carriers can 
submit their bid on selected lanes and lane groups. In addition to their minimum price 
requirements, carriers can convey to The Home Depot the type of equipment they plan 
to use if awarded the lane(s), the maximum number of moves and the maximum dol
lar volume they wish to be awarded. 

3.3.4. Bidding Rules Under the new bidding process, carriers are able to bid on 
groups of lanes in addition to bidding on individual lanes. Lane groups may represent 
geographic areas, groups of facilities or may simply be created by the carrier to fit into 
his existing schedule. To maintain maximum flexibility, possibly at the cost of increased 
computational complexity. The Home Depot decided to not restrict the lane groups on 
which a carrier can bid. That is, a carrier was allowed to bid on any combination of 
lanes; a lane could be bid as many times and in as many combinations as a carrier 
wanted. 

A particular origin-destination route may contain more demand volume than any 
one carrier can handle (or more than is desirable to assign to only one carrier). 
Therefore, The Home Depot, when necessary, partitioned the demand and created 
several distinct lanes. This allowed them to restrict carriers to bid for all of the volume 
on a lane. 

A carrier's bid for a lane (or lane group) represents the minimum price that carrier 
must be paid in order to service that lane (or lane group). In order to avoid situations 
where the carriers do not wish to service the lanes they have been awarded. The Home 
Depot allowed carriers to specify additional restrictions (or "constraints") on their 
aggregate bids. For example, to ensure that the total lanes awarded to a carrier do not 
exceed its available capacity, a carrier could limit the number of loads awarded by 
geographical area or by asset usage. In addition, carriers could specify the total dollar 
volume of business that they wished to win. In addition, carriers could submit "OR" 
bids of the following form: "I would like to be awarded either combination bid A or 
combination bid B, (but not both)." Given the flexibility provided by this bidding 
structure, carriers were bound to execute any bid submitted in the event that they are 
awarded that bid. As a further deterrent to carriers reneging on their awarded lanes, 
The Home Depot informed all bidders that in the event of reneging on a bid. The 
Home Depot would take that lane plus other (possibly more profitable) lanes that the 
carrier had won. 

The carriers had no information about their competitors' bids when they placed their 
own; that is, the bids were sealed. The Home Depot preferred the single round, sealed-
bid approach to a multi-round sealed bid or iterative open cry process (whereby bid
ders can see their competitors' bids as they are placed and respond accordingly). They 
believed that, were the bidding to be conducted such that bidders had the opportunity 
to respond to their opponents' observed bids, it could result in a damaging price war 
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between carriers, with some carriers submitting unprofitable bids. While procuring 
transportation services at a lower price could bring a short-term gain to The Home 
Depot they also recognized the negative effects of low prices on the quality of their 
carriers' service. Lower quality could manifest itself in service problems, reducing the 
priority of The Home Depot as a shipper, and likely default in service. All these nega
tive outcomes would eventually be more costly than any short-term rate savings. 
Hence, it was not in The Home Depot's best interest to have carriers bid below their 
reservation prices and operate at a loss. They felt that a single round would minimize 
this possibility. 

3.3.5. Selection of the Winning Bids After all the bids were submitted. The Home 
Depot selected the "best" collection of bids and awarded the lanes to the carriers in 
that set. The best solution took into account the carriers bids, restrictions on lanes 
awarded and several (nonexplicit) factors that were of importance to The Home Depot. 
In the selection process. The Home Depot solved what is called a set partitioning 
problem. The goal is to select a subset of the submitted bids, such that: (1) The 
collection of the selected bids covers the lanes originally put out for bid, (2) Each lane 
belongs to at most one selected single or combination bid, (3) The selection satisfies 
shipper and carrier constraints, and (4) In addition to being at a reasonable cost, the 
selection meets The Home Depot's objectives on several non-price dimensions; for 
example carrier reliability, load balancing among carriers, and giving preference to 
incumbent carriers. Carriers did not have any knowledge of The Home Depot's 
preferences nor of how these factors would influence the selection of the awarded bids. 

Before staring the selection process. The Home Depot screened or preprocessed all 
the submitted bids and eliminated the ones that were "dominated" by others. For exam
ple, if two carriers submitted the exact same combination bid, and one bid was better 
than the other one in terms of the multiple selection criteria, then the lower quality bid 
could sometimes be eliminated without affecting the quality of the final solution. 

The number of possible combinations one needs to consider for selecting the win
ning bids is enormous. To effectively search for the "best" solution. The Home Depot 
used an integer programming based optimization tool for this process. Because of the 
combinatorial nature of the process, the lowest cost bid on a lane or group of lanes 
may not always win a lane. 

3,4, Implementation and Results of the New Bidding Process 

Since the new bidding process is significantly different than the previous bidding 
process. The Home Depot conducted a one week long training program for the carriers 
in late August 1999, before the bidding process began. The training program consisted 
of 2 sessions per day, with approximately 10 carriers attending each session. Each car
rier sent one representative to attend the training, and the backgrounds of the atten
dees ranged from pricing specialists, to operations managers to sales representatives. 
The Home Depot also provided the carriers with a toll-free number for assistance 
about the questions on the bidding process, and the line was very well utilized receiv
ing hundreds of calls with various questions. In order to improve the training process 
for the next round of bidding. The Home Depot kept detailed records of these calls in 
a database, including information about the company name, caller's name and posi
tion, the type of questions asked, etc. 
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The Home Depot initially designed the bidding process to be completed in one 
round. However, due to unsatisfactory solutions on particular lanes in the first round, 
some of the lanes were opened up again for bidding in a second round. The due date 
for the bids in the first round was the last week of September. The results of the first 
round were announced before the end of October, where about 80% of the lanes were 
(conditionally) awarded. For the remaining 20% of the lanes. The Home Depot held a 
second round of bidding and invited only 62 bidders, of which 36 submitted bids. 
There were a number of reasons why The Home Depot did not award all the lanes in 
the first round. For some of the lanes. The Home Depot did not receive enough bids, 
which limited The Home Depot's carrier selection alternatives for those lanes and in 
some cases none of the bids on a particular lane satisfied The Home Depot's require
ments. Before inviting carriers to bid in the second round. The Home Depot used the 
bid selection optimization tool to do what-if analysis for identifying those carriers who 
were most likely to submit "acceptable" bids in the second round. After the bids from 
the second round were collected. The Home Depot used the bid selection optimization 
tool again to award the remaining lanes. 

A large number of carriers participated in the bidding process. A summary of 
carrier participation statistics is as follows: 

• Provided carrier profile information: 192 
• Invited to participate in bid: 111 
• Submitted bids in round one 

—CBR-generated: 91 
—Backup rate matrix only: 5 

• Invited to continue to round two: 62 
• Submitted bids in round two: 36 

Most of the carriers utilized the carrier response tool (CBR) in creating and sub
mitting bids. A handful of carriers (mainly those carriers who found the combinator
ial bidding process too complicated) chose to submit backup rate matrices instead, 
where they submitted rates in a 48 X 48 matrix for each pair of states. In that case, the 
rate for transporting goods from a location in state / to a location in state j was indi
cated by entry {i,j) of the matrix. 

A good number of bids were received on each lane. A summary of bid statistics is 
as follows: 

Number of carriers bidding in a lane 
• Average 14 
• Minimum 2 
• Maximum 33 

% lanes % loads 
At least 5 carriers bidding 94.4 97.1 
At least 10 carriers bidding 73.4 86.7 

The contracts with the carriers were finalized by early January 2000 and the new rates 
became effective right after that. 
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As we mentioned before. The Home Depot expected that carriers had the capability 
to execute any bid they submitted. For some reason if a carrier was not able to provide 
the capacity he promised for certain lanes on a continuous basis. The Home Depot either 
renegotiated the price with the carrier or found another carrier to award those lanes. The 
bid selection optimization tool aids The Home Depot in the process of price negotiation 
and alternative carrier selection as well, via providing solutions to what-if scenarios. 

3,5, Lessons Learned 

The new bidding process was a big success. It not only provided The Home Depot 
with better rates, but many of carriers also expressed increased satisfaction from the 
part of the business they were awarded. The Home Depot intends to continue to use 
this new bidding process, with additional enhancements, such as more thorough train
ing given to the carriers and inclusion of less-than-truckload bids. 

From the The Home Depot experience, we learned that while suppliers enjoy the 
ability to express their synergies, it is not always straightforward to incorporate those 
synergies into "good" bids and a bidding strategy. In order to make a combinatorial 
auction work effectively, suppliers must have bidding decision support tools that aid 
them in preparing bids. 

After the bidding process was completed. The Home Depot surveyed the carriers 
and received feedback ranging from "This is great, this is the future!" to "This is too 
complex, it can't work." Part of the reason why some carriers found the process too 
complex can be attributed to the very short training time. One representative from 
each carrier attended a half-day session to learn about the bidding process and the bid
ding software, and this was clearly not enough. Another problem was that the repre
sentatives attending the training session were specializing in one part of the carrier's 
business such as operations, sales or pricing, but the bidding process clearly requires 
expertise in more than one area. In the future. The Home Depot plans to have a two-
day training session and invite at least two representatives from each carrier, one from 
operations and one from pricing. The training session will also increasingly empha
size the importance and the potential benefits of combination bids. 

Another lesson learned is that there are multiple ways to design a combinatorial 
auction and attain a desirable outcome. The Home Depot was not the first company to 
employ this type of conditional bidding in the selection of their transportation. In the 
early 90s, Sears Logistics Services (SLS) saved over $84 million (over 13% of their 
costs) by running six combinatorial bids for selecting its transportation providers over 
854 lanes. Interestingly, there are several differences in the structure of the SLS 
bidding process and the one finally chosen by The Home Depot. The bidding process 
employed by Sears is run in an iterative setting, that is, bidders are provided with 
several rounds in which to change their bids, in response to information revealed by 
their competitors in the previous rounds. In addition, SLS chose to greatly restrict the 
number of carriers who would be eligible to participate in the bidding process. After 
carefully evaluating several carriers' operational and financial characteristics, only 
14 carriers were deemed "qualified" to participate in the bidding process. A common 
feature to both the SLS and The Home Depot auctions was that the companies chose 
to notify all bidders of the identity of all other carriers who were invited to bid. 
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4. Conclusion 

In this paper, we provided an overview of the major challenges in designing, imple
menting and participating in combinatorial auctions. We also discussed a successful 
implementation of combinatorial auctions for transportation services procurement at 
The Home Depot and gained insights into the critical components of a successful 
combinatorial auction. 

Combinatorial auctions are a powerful tool for auctioning off multiple non-
identical units with complementarities or synergies. Combinatorial auctions allow a 
bidder to submit a bid for a group of items, or package bids, and the bidder wins either 
all, or none of the items in a package. Such auctions allow bidders to incorporate their 
synergies into their bids. However, combinatorial auctions present the auctioneer with 
the challenging problems of auction design and winner determination, and the bidders 
with the problem of preparing and pricing a collection of package bids. Given the 
difficulty of solving these problems in practice, and the lack of decision support tools, 
especially for the bidders, combinatorial auctions have not been used much in prac
tice in the past. However, given their salient characteristics in capturing synergies, 
their use has been increasing rapidly in recent years. Given the millions of dollars of 
business at stake, it is imperative to further develop our understanding of combinato
rial auctions. 
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Abstract 
Companies in the semiconductor industry are rapidly adopting e-business to increase 
their transaction speed and operational efficiency. Device manufacturers, designers, and 
suppliers use advance information technologies to better interact with their business partners. 
The reahzed benefits are especially high for fabless semiconducter companies, which outsource 
their manufacturing processes to one or more partners. While outsourcing ehminates the need 
for high initial investments in manufacturing facilities, it limits the visibility of the fabless 
company to the manufacturing process. Thus, unless the fabless company takes some action 
to improve the level of coordination with their business partners, the complexity of the 
manufacturing process, its high degrees of uncertainties, and the global supply chain are likely 
to lead to excessively long lead times, especially when compared to competitors that own their 
own manufacturing facilities. This chapter studies the potential benefits of implementing a 
cross-enterprise application between a fabless semiconductor company and its manufacturing 
and assembly partners, benefits which are likely to be similar for other types of companies that 
outsource their manufacturing. We then present a case study of one specific fabless company 
that implemented an advanced application for cross-enterprise integration, and show the 
resulting benefits realized by that company. 

1. Introduction 

Looking at the semiconductor industry, the fabless model, where companies focus 
only on the product design while outsourcing the rest of the manufacturing process to 
one or more partners, is fast becoming the norm, as the industry quickly and success
fully turns to this business model (Braun 2000). According to the Fabless 
Semiconductor Association, it is expected that by 2012, 50% of all integrated circuits 
(ICs) will be produced by dedicated contract manufacturers (foundries). In general, 
moving from a vertical-integration model, where all operations are performed 
in-house, to the extended-enterprise model, where a company sticks to its core 
competency and outsources many functions, has many advantages. The extended 
enterprise may gain flexibility in manufacturing capacity, increasing speed-to-market 
and customer satisfaction. In addition, it allows a company to focus on its core com
petencies while benefiting from external companies' state-of-the-art skill sets and 
products in areas where its own demand would not justify a critical mass of capabil
ity (Young and Knight 1998). In the semiconductor industry, adopting the fabless 
model is especially beneficial due to the huge initial investments required for building 
a fabrication facility—these days, a single fab may cost $2-3 billion (U.S. Dollars), 
and may take up to two years to build. 

However, outsourcing has it own disadvantages. In general, adding more layers to 
the supply chain, such as when the various manufacturing activities are outsourced, 
leads to information distortion and inefficiencies in the supply chain. For example, 
papers such as Lee et al. (1997) and Chen et al. (2000) show that information distor
tion leads to the bullwhip effect, the phenomenon where orders to the supplier tend to 
have larger variance than sales to the buyer, which results in serious cost implications. 
In the highly aggressive semiconductor industry, to remain competitive companies 
must take actions to shorten time-to-market, improve scheduling stability, increase the 
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number of products and accelerate product development, and lower the costs per IC. 
However, subcontracting the manufacturing, assembly and test activities provides fab-
less companies with only limited visibility to the manufacturing process. The problem 
is intensified due to the globalization of the semiconductor industry—many of the 
foundries and assembly and test facilities are located in Asia. The limited visibility, 
together with the high degrees of uncertainty embedded in the complex manufactur
ing process, leads to excessively long order lead times, especially when compared to 
vertically integrated companies that own their fabrication and assembly facilities. The 
long and uncertain lead times make it harder for fabless companies to stay competi
tive. In addition, it forces them to keep high levels of inventories, leading to high 
obsolescence and inventory carrying costs. 

Some of the drawbacks of outsourcing can be mitigated if the various business 
partners work in tight coordination and increase the level of information sharing. 
In fact, it is recognized that a supply chain that makes decisions based on global 
information would clearly dominate one with disjoint decisions by separate and inde
pendent entities in the supply chain (Lee and Whang 2000). There are several types 
of information commonly shared in the supply chain so as to improve its perform
ance. One of the most common data shared between supply chain partners is inven
tory level. Access to supply chain inventory status can contribute to lowering the total 
inventory level in the supply chain, as indicated by Milgrom and Roberts (1988), who 
show that inventory and communication are economic substitutes. Sales data is 
another type of information important to be shared, so as to eliminate the distortion 
of the true dynamics of the market, which usually arises when only order information 
is transferred between buyers and sellers. Bourland et al. (1996), Cachon and Fisher 
(2000), and Lee et al. (2000) are some of the ones to study the value of demand infor
mation. Order status, sales forecast, and production and delivery schedules are some 
of the other types of information commonly shared. In the semiconductor business, 
which is characterized by short product life cycles, penalties for late chip delivery, 
changing product yield and fluctuating demand, better supply chain management is 
especially crucial for higher profitability (Baliga 2001a). Leaders in this industry are 
looking to e-business to make existing supply chain management operations 
more flexible, efficient, and cost-effective. They realize that such solutions will allow 
them to increase customer service levels, reduce cycle times, and minimize errors 
(Baliga 2001b). 

This paper studies the potential benefits of implementing a business-to-business 
application between a fabless semiconductor company and its manufacturing and 
assembly partners, benefits which are likely to be similar for other types of companies 
which outsource their manufacturing. We then present a case study of one specific fab
less company that implemented an advanced application for cross-enterprise integra
tion, and show the resulting benefits realized by that company. The remainder of the 
chapter is structured as follows. In section 2 we provide a general background of the 
semiconductor industry. In section 3 we provide a framework for assessing the costs 
and the benefits companies in the semiconductor industry may realize by implement
ing business-to-business applications, with a specific focus on fabless companies. 
Section 4 describes a case study that demonstrates these benefits, and section 5 
concludes the paper. 
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2. The Semiconductor Industry 

2.1. History 

Since the invention of the first IC in 1959, the semiconductor industry has grown at 
an average rate of 17% per year for the last 30 years. Capital investment in the indus
try is traditionally cyclical, with a repeated pattern of over- and under-expansion. The 
industry has drastically fluctuating capital investment from levels as low as 16.1% of 
sales in 1987 to a peak of 32.7% of sales in 1996. 

The manufacturing process for ICs is known as wafer fabrication, and conse
quently the manufacturing facilities are called "fabs". Traditional semiconductor com
panies were vertically integrated; that is, they conducted all stages in the 
manufacturing process internally. This landscape is changing at a rapid pace. Today, a 
state-of-the-art fab can cost $2-3 billion (U.S. Dollars). The high cost to build a fab, 
the proliferation in the number of IC package configurations, the shortening of the 
average product life cycle, and rapidly changing process technology, meant that most 
IC manufacturers could not afford the investments associated with building a fab of 
their own. As a solution, companies turned to subcontract manufacturers (foundries) 
to fill their IC manufacturing needs. These foundries were either vertically integrated 
companies that used part of their capacity to provide foundry services, or pure 
foundries that provided wafer fabrication service to IC companies. The first 
pure foundry, TSMC (Taiwan Semiconductor Manufacturing Company), was founded 
in 1987. 

The manufacturing services provided by the foundries and their focus on process 
technology development substantially reduced the capital investment required from 
the fabless companies, and allowed them to concentrate on marketing and product 
development, thereby shortening the time to market. This led to an explosion of 
innovative companies and products. 

2.2. Supply Chain Structure 

Diagram 16.1 shows a typical supply chain in the semiconductor industry. 

2.2.7. Design/Engineering Before production starts, each product goes through an 
engineering phase, where it is designed and tested. Only after testing the quality and 
functionality of an IC prototype is it ready for production. Fabless companies, which 
do not have manufacturing facilities of their own, must work closely with their 
manufacturing partners during this process. A variety of information, such as test 
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Diagram 16.1 A typical semiconductor supply chain. 
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results and revised product designs, are usually transferred frequently between 
engineers of the fabless company and their manufacturing partners. 

2.2.2. Manufacturing The manufacturing process can be divided into four major 
steps. The first step is wafer fabrication, which is the front-end process of making 
devices on raw semiconductor wafers. The output of this step is processed silicon 
wafers, each with possibly more than hundred IC dies. After fabrication each 
individual IC die on the wafer is tested to verify proper operation. This step is called 
"probing," since an IC is tested by using very fine probes to temporarily connect it to 
a test computer. A bad IC would usually be marked with a spot of ink. The next step 
in the manufacturing process is assembly and pack. In this step the wafers are sawed 
to separate the dies from each other. Each of the good dies is then assembled and 
packed in a protective package. The output of this step is packed dies, or chips. 
Finally, each of the packaged chips is tested again before being shipped to the 
customers, to ensure outgoing quality. 

Vertically integrated companies do all their manufacturing in-house. Fabless com
panies design, test, market and sell ICs, but outsource their manufacturing processes. 
Foundries may either provide all of the steps in the chip manufacturing or only com
plete the fabrication and probe steps, with assembly, pack and test being completed by 
a third party. 

2.2.3. Customers A semiconductor company can have two types of customers: 
device manufacturers, or OEMs (original equipment manufacturers), that use the 
chips as components in their system, and distributors, that sell the chips to their 
customers as an end product. 

3. Framework to Assess Return-on-Investment of 
Business-to-Business Applications 

Business-to-business applications connect diverse enterprises and allow them to 
automatically exchange information between their internal information systems. 
Implementing such applications provide substantial benefits to all business partners 
along the supply chain, but also require substantial investments before any of these 
benefits may be realized. In this section we focus on analyzing the costs and benefits 
for companies in the semiconductor industry, even though this analysis is likely to 
apply to a variety of other industries. 

Although the benefits of business-to-business applications to companies in the 
semiconductor industry vary by segment and are therefore best expressed as the bene
fits to a fabless company, a foundry or a vertically integrated enterprise, some general 
industry observations are useful. The fabless, foundry, and assemble and test chain's 
main benefit is the enabling of the "virtual supply chain." Each segment of this frag
mented supply chain benefits from better visibility and coordination capabilities that 
ultimately drive down cycle times and inventory costs for the entire chain. Vertically 
integrated companies realize the same benefits within their four walls, across the many 
and often autonomous geographically distributed divisions. For vertically integrated 
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companies who outsource a portion of their production there is the added benefit of 
linking to their foundry partners. 

Any semiconductor company that uses advanced information technologies to 
connect with their business partners is expected to see the following immediate 
improvements: 

• Elimination of manual processes related to data transfer activities For example, 
automatic data transfer from system to system eliminates the time it takes to check 
each piece of data that is received, modify the data to fit the internal system format, 
and upload or re-key the information. In addition, the need to manually prepare and 
verify data that is about to be sent is eliminated. 

• Increased reliability of data transferred When data is automatically transferred 
from one system to the other, the chance for missing data or errors, which many 
times are the result of interpretation or manual intervention, is substantially reduced. 

• Increased frequency of information sharing With automatic data transfer infor
mation sharing is easier, cheaper and faster. Therefore, the same information can 
be shared more frequently and additional types of information can be transferred. 
This allows all business partners to base their decisions on fuller and more updated 
information. 

• Improved coordination Coordination among companies along the supply-chain is 
improved due to the increased reliability of data transfer, along with the ability to 
receive data faster and more frequently, and share additional types of information. 
For example, sharing forecast and actual sales information can improve planning 
coordination, helping to better plan production in anticipation of future demand, 
while at the same time improving capacity utilization. 

• Improved database maintenance The ability to frequently receive reliable data, 
without spending a lot of time and effort on this process, improves database 
maintenance. 

Fabless companies, which exchange many types of data with their business part
ners on a daily basis, are likely to realize the following specific benefits in addition to 
the general ones mentioned earlier when implementing a business-to-business solu
tion with their foundry and assembly and test partners. 

3,1, Engineering 

When designing a new product, prototype specifications are sent to the foundry part
ner, which then tests the prototype and sends back the test result data. Using advanced 
information technologies for the data transfer may provide the fabless company with 
the following benefits: 

• Speed detection of design problems Getting accurate test results quickly and more 
frequently helps the engineers of the fabless company to detect design problems 
faster, and take actions to correct them. As a result both time and manufacturing 
costs are saved. 
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• Improved quality of new products Due to the ability to receive all the test data reli
ably, and detect the majority of the design problems during the engineering process, 
the overall quality of new products is likely to increase. 

• Shorter ramp-up and increased product profitability Detecting most of the qual
ity problems during the design process means that once production starts, the num
ber of quality problems is reduced. This leads to a shorter ramp-up period and 
improved yields, especially in the first stages of a product life cycle, when margins 
are relatively high. This is extremely important for semiconductor products due to 
their short life cycles, which do not leave much time to correct mistakes after a 
product is launched. 

3.2. Executional Interactions (Purchasing, WIP Update, Shipment) 

During the on-going production of a product, the fabless company sends purchase 
orders to their business partners, and receives WIP (work-in-process) updates, as well 
as shipping notifications. The following benefits may be realized in these day-to-day 
operations due to improved information sharing activities: 

• Increased visibility to manufacturing processes Receiving reliable and frequent 
WIP data updates increases the visibility of the fabless company to progress in their 
order manufacturing, and can be used to identify problems and delays faster and 
more easily. The information can also be used to update their customers regarding 
progress in production of their orders. 

• Shorter cycle times Several factors contribute to cycle time reduction. The first 
factor is the elimination of manual processes, which may take several days to com
plete. Second, with fast and automatic data transfer, manufacturing specifications 
for a product on order may be changed without taking it out of the queue, thus short
ening total order lead times. Finally, the increased visibility to the manufacturing 
process helps to identify problems that cause delays. Solving these problems con
tributes to a reduction in cycle times and order lead times. 

• Lower inventory levels With shorter cycle times and order lead times, the level of 
safety stocks may be reduced, which leads to the following savings: 
—One-time savings from reducing the average inventory level. 
—On going savings, due to lower inventory carrying and obsolescence costs. 

Expected reduction in safety stock levels due to shorter lead-time may be calculated 
in the following way. Let: 

Lj = lead-time before process improvements 
L2 = lead-time after process improvements 
a = standard deviation of demand per unit of time (same time units used to measure 

lead time) 
z = safety factor; set by the company, based on the desired service level (that is, the 

desired probability of being out-of-stock) 
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Then, S, the level of safety stock required given a lead-time L and assuming 
independent demand in consecutive periods is: 

S = z(T<L 

And so, the savings realized due to reducing lead-time from L̂  to L2 are: 

Savings = zcr [VLI - VL2] 

In addition, the lower inventory levels and shorter cycle times help the fabless com
pany to better react to changes in the market. 

• Improved on-time delivery With shorter lead-times, the fabless company may 
choose either to lower its inventory levels, or to improve its on-time delivery, or 
some combination of the two. If inventory levels are not reduced to the minimum 
level possible with the new order lead times, the chances of being out of stock are 
reduced. This leads to an improved on-time delivery, since usually due dates are set 
based on the assumption that the required chips are in inventory. 

• Increased customer satisfaction Shorter order lead-times, improved on-time delivery, 
and the ability to provide customers with updates regarding progress in their order 
manufacturing, are all factors important to customers in the semiconductor industry. 

3,3, Forecasting 

With advanced information technologies, the time from when customers' forecast data 
is received until it reaches the suppliers can be shortened. This, combined with the 
reduction in order lead-times, allows the fabless company to build their forecast and 
set purchasing orders based on "newer" information. The resulting benefits are: 

• Improved forecast accuracy Using 'newer' information is most likely to improve 
the accuracy of demand forecast. 

• Improved responsiveness to market needs With shorter time required for updating 
suppliers with demand forecast, the ability to react to changes in the market and 
inaccuracies in demand forecast is improved. 

• Lower shortage costs Improved accuracy of demand forecast results in lower 
expediting and other costs related to not having the right amount and type of 
products in inventory. 

In summary, it is clear that the potential benefits of business-to-business applica
tions are numerous. It is important to note, though, that substantial investments are 
required before any of these benefits may be realized. In addition, some risks are asso
ciated with the implementation process. 

Some of the major cost factors associated with implementing business-to-business 
applications are: 

• Software expenses Business-to-business applications can be quite expensive, 
especially since many times a company must invest significant amounts in modify
ing the basic solution offered so that it better fit the company's specific needs. 
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• Hardware costs Many times a company will not have the adequate hardware to 
support the new business-to-business applications, and will therefore have to invest 
in new hardware. 

• Overhead costs Any implementation of a business-to-business application 
requires the involvement of many of the employees of companies that go through 
this process. For example, IT personnel is in charge of laying the infrastructure and 
helping with the implementation process, while people from all parts of the organ
ization are to assess the resulting changes in the company's business processes. 
Finally, for the implementation process to be efficient, all employees whose job 
descriptions are expected to change should receive appropriate training. 

• Consulting fees Due to lack of sufficient levels of internal resources to support a 
project of this order of magnitude, many companies prefer to let an external con
sulting company supervise the implementation process. The external consultants 
would then be in charge of such tasks as assessing the needs of the company, select
ing the application solution which best meets those needs, supervising the imple
mentation process, and making sure that all required documentation is available and 
that all employees receive appropriate training. 

In addition to the cost factors mentioned above, each company that considers 
implementing new business-to-business applications should also address the follow
ing concerns: 

• Required changes in business processes While automating a company's existing 
business processes is expected to improve its performance due to the elimination 
of manual processes, the benefits realized are likely to be substantially higher if 
the company first restructures its business processes, and only then automate the 
improved processes. To reach the best results, the company might have to dedicate 
much time and effort into analyzing and restructuring its business processes. 

• Type of information to be shared Business-to-business applications provide busi
ness partners with the means to share information. It is still up to the partners to 
determine what information will be shared, how often, and in what format so as to 
gain the most benefits out of it. 

• Ways to make use of the available information Having more information does not 
automatically improve the performance of a company. Rather, a company must 
determine how to use the additional available information in such a way that will 
yield the most benefits. Not going through this process is likely to prevent the 
company from realizing many of the potential benefits provided by the business-to-
business application implemented. In fact, extremely high levels of information that 
are not used properly might actually lead to confusion and consequently hurt the 
performance of the company. 

• Security When using business-to-business applications, highly sensitive informa
tion is being exchanged among the business partners through the Internet. Therefore 
it is important to make sure that appropriate steps are taken to ensure that the data 
is transferred securely, and cannot be accessed by any outside parties. 

• Cooperation of trading partners For the implementation of business-to-business 
applications to be of value, all business partners involved must collaborate and 
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allocate resources to this project. A business partner will be reluctant to make such 
a commitment unless it is expected to realize some benefits from the process 
re-engineering. Therefore, when a company considers implementing a business-to-
business application, it must take into account not only its own expected benefits, 
but also those of its business partners. It is extremely difficult for the implementa
tion of a business-to-business solution to be successful if only one of the business 
partners is to gain any benefits out of it. 

• Potential for an increased headcount While business-to-business applications 
eliminate many of the manual processes conducted, they are also most likely to 
result in each company experiencing a significant increase in the amount of data 
they must analyze. Consequently, it might be that the combined impact of the imple
mentation of a business-to-business application would be an increase in the total 
headcount. 

• Lack of standardization Many business-to-business applications are available in 
the market, and their number continues to increase. Each company has its own set 
of preferences and criteria for choosing the type of application to implement. 
Therefore it is possible that each of the business partners of a company would prefer 
to implement a different type of application. Convincing all business partners to 
implement the same solution might be extremely hard. On the other hand, imple
menting multiple applications so as to satisfy the preference of all business partners 
is highly undesirable, due to cost considerations and compatibility issues. 

4. Case Study: Adaptec Inc. 

In this section we illustrate the benefits as well as costs and risks associated with 
implementing business-to-business applications based on the experience of one fab-
less company, Adaptec Inc., which implemented Alliance, a cross-enterprise applica
tion developed by CrossRoute Software. 

4,1, Company Background 

Adaptec Inc., a fabless semiconductor company headquartered in Milpitas, California, 
was founded in 1981 and went public in 1986. Adaptec provides intelligent storage 
access solutions that reliably move, manage, and protect critical data and digital con
tent. Their storage solutions are found in high-performance networks, servers, work
stations and desktops from the world's leading manufacturers, and are sold through 
original equipment manufacturers (OEMs) and distribution channels to Internet serv
ice providers, large enterprises, medium and small businesses, and consumers. 
Adaptec products are designed and manufactured at their own facilities across the 
U.S. and Singapore, and at various third-party fab locations around the world. In the 
fiscal year of 2001 Adaptec had close to $600 million in revenues. As of July 2001, 
they had approximately 1,700 employees worldwide. 

At the end of 1996, Adaptec was looking for ways to solve their operational prob
lems so as to better face the fierce competition in the semiconductor industry. The 
main problem Adaptec was facing at that time was excessively long manufacturing 
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cycle times, which led to customer order lead times being also long and unreliable, so 
that Adaptec's ability to provide flexibility to customer needs was severely limited. 
The long cycle times reduced Adaptec's ability to react to unexpected changes in 
demand, thus increasing inventory levels, and at the same time hurting Adaptec's 
on-time delivery performance. Consequently, customer dissatisfaction had become a 
major source of concern to Adaptec's top management. Another problem was the large 
amount of time employees had to spend re-keying into the company's own informa
tion system the information received from Adaptec's manufacturing partners. Since 
the information was usually sent by FAX, there was also potential for errors to be 
introduced. 

At that time, the main source of revenue for Adaptec was from their hardware 
products, which were divided into two main categories: (1) integrated circuits (ICs), 
mainly SCSI (Small Computer Systems Interface) and Hard Disk Controllers, and 
(2) printed circuit boards (SCSI Host Adapters). While the IC manufacturing was 
almost totally outsourced (and hence the term "fabless"), most of the board assembly 
was done internally, in Adaptec's own high volume assembly facility located in 
Singapore. Adaptec positioned itself as an innovative company, providing high-end 
solutions. Unlike some of their competitors, who based their competition on offering 
low prices, Adaptec focused on performance and technology. 

Adaptec had at that time two main partners for the fabrication and probing stages: 
TSMC in Taiwan, that provided 90% of Adaptec's fabrication needs, and Seiko in 
Japan. A small percentage of the ICs were probed by Adaptec in Milpitas, CA. 
Processing these two steps and shipping the sorted wafers to the assembly facilities 
took an average of twelve weeks. The assembly and pack processes were mostly 
performed by three main partners of Adaptec: AS AT in Hong Kong (40% of flow), 
Amkor in Korea (40% of flow), and Seiko in Japan (20% of flow). A small portion of 
the assembly and pack activities was also outsourced to several other companies. The 
final test was usually performed by an Adaptec facility in Singapore. Adaptec had cho
sen to perform the final test internally mainly for tax considerations, even though it 
increased the operating costs and total manufacturing cycle times. The assembly and 
final test steps took on average four weeks. After final test, the chips were either 
shipped to Adaptec's customers or were used by Adaptec for the board assembly 
process. Board assembly was done mostly internally, even though some portions of 
the work were outsourced, mainly to limit the investments associated with capacity 
expansions. Average board assembly time was two weeks. 

The total lead-time to complete the four steps in manufacturing was nearly four 
months. Because of the competitive characteristics of the market, Adaptec could not 
afford to quote their customers such a long order lead-time. Instead, Adaptec held a 
die-bank inventory before the assembly and pack stage. Production up to this step in 
the process was based on demand forecasts. Purchasing orders were sent to the 
foundries on a weekly basis. When customer orders arrived, and assuming inventory 
was available at the die-bank, Adaptec had to complete only the assembly and final 
test steps, thus substantially reducing order lead times. However, Adaptec could use 
this die-bank strategy only for standard products such as SCSI chips. They could not 
take the risk of producing Hard Disk Controller chips to forecast, since those chips 
were highly customized, usually with different product specifications for each 
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customer. Therefore these chips were completely built to order and no die-bank inven
tory was maintained for them. 

For board assembly, Adaptec owned their own high volume facility in Singapore 
that assembled between 600,000 and 900,000 boards per month. Their strategy was to 
keep the capacity of this factory constant, and supplement the capacity with subcon
tractors. The facility was also used for new product introduction and to prove out new 
technologies. For new products or processes, the process was first stabilized in the 
Singapore factory and after that it could be transferred to subcontractors who handled 
the high volume, stable flows on Adaptec-specific lines. Adaptec purchased all the 
components required for the boards' assembly, except for the chips, which were man
ufactured internally via the foundry partners. Over the years, Adaptec had been able 
to trim their component supplier base from 300 to 50. 

Adaptec had two main types of customers. OEMs, who bought ICs and used them 
as components in their final products, were usually cost driven, emphasized on-time 
delivery, and required detailed information regarding the manufacturing process and 
the quality of the products delivered to them. Distributors, who sold Adaptec's boards 
to other OEMs, usually did not require detailed information, and were mainly 
interested in the responsiveness of Adaptec to their order requests. 

4,2, Impetus for Change 

As a fabless company, Adaptec contracted with chip foundries and assembly compa
nies to make its products. While there existed high degrees of uncertainty in the manu
facturing process, such as yield, rework, process downtimes, and administrative and 
congestion delays, Adaptec's visibility to the manufacturing process was limited. The 
complexity of the manufacturing process, coupled with the uncertainties described 
and the global supply chain, led to excessively long order lead-times, especially when 
compared to competitors that owned their own fabrication and assembly facilities. 
This limited Adaptec's ability to meet their promised due dates to customer orders, as 
well as its ability to be responsive to customers' changing needs. With the fierce com
petition Adaptec faced, to remain competitive the company had to find a way to 
improve the business processes, organizational relationships and means of communi
cation with their manufacturing partners. 

Another consequence of the long lead-times and the unpredictability of customer 
demand was the high levels of inventory Adaptec had to keep. The high cost of pro
duction, together with the relatively short product life cycle, led to high obsolescence 
and inventory carrying costs. 

Time-to-market for new products was also relatively long because of the unreliable 
and time-consuming flow of information between Adaptec and their manufacturing 
partners during the design process. Design schematics and specifications were sent by 
FAX, and the information often had to be re-entered into electronic form by the receiv
ing party. Prototype test results were transmitted similarly. Such transmissions, which 
could occur multiple times for a particular device design, were error-prone and conse
quently required significant efforts by the engineers of both parties to reconcile and 
correct mistakes in the transmission and interpretation of the information. All these 
added time and cost to the new product development cycle. Time-to-market was a very 
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important element for the profitability of the company, and Adaptec had to find a way 
to shorten it. 

One of the possible ways to slash cycle times required the company to develop 
new ways to share a variety of real-time information with their key Asian contract 
manufacturers. The goal was to create for Adaptec the superior lead-time capabilities 
of their competitors who had their own fabrication and assembly facilities, without 
investing in building their own fab, and to maintain closer supplier relationships. 

A traditional EDI (Electronic Data Interchange) solution, which focuses on the 
exchange of information between trading partners based on common document for
mats, could only provide a partial answer to Adaptec's problems. Some of the routine 
data transfer could be performed by EDI, but the complex nature of most other docu
ments Adaptec had to share with their partners would render EDI not usable. In addi
tion, EDI was document centric, and did not offer the process-oriented approach 
Adaptec was looking for. The dynamic nature of Adaptec's business also meant that 
the content and structure of the information to be transferred would be rapidly chang
ing as well as unpredictable. The fixed and inflexible format of EDI therefore did not 
provide a full solution for Adaptec. Web-based commerce solutions could connect 
businesses through a common browser interface, but they did not provide the desired 
automatic system-to-system connection. Thus, Adaptec was looking for a different 
type of a web-based solution, with more functionality and flexibility than offered by 
the more traditional solutions. 

43, The Alliance Solution 

The solution Adaptec decided to implement, called Alliance and developed by 
CrossRoute Software, was considered to be a leader in the next wave in enterprise 
computing—a software that allows organizations to forge tight relationships with their 
key partners such as suppliers, customers, logistics providers and others. The integra
tion of all supply chain partners was enabled through connecting their existing enter
prise resource planning (ERP) systems over the Internet, allowing each organization 
to implement cross-enterprise business processes that are secure, flexible and tightly 
integrated with their internal systems. 

Alliance allowed Adaptec to connect to their external business partners securely 
and in real-time over the Internet, to facilitate the exchange of information and trans
actions. Alliance allowed direct data exchange between Adaptec and their partners' 
computer systems, leading to shorter communication time with their manufacturing 
partners, thus reducing cycle times and order lead-times. In addition. Alliance elimi
nated the manual processes involved in data transfer, thus improving the quality and 
reliability of this process while reducing overhead costs. The way Alliance connected 
business partners was highly flexible, which made it easy to support information 
exchanges with changing business processes. Alliance could also connect partners 
with disparate systems with ease. This meant that neither Adaptec nor their partners 
had to change their internal systems to be able to implement Alliance. Finally, 
Alliance was adequate for complex cross-enterprise processes. 

The only hesitation Adaptec had prior to implementing Alliance was due to the 
fact that at the time the software was a new, unproven product, that had not yet been 



272 Peleg 

implemented by any other company, and was not even completely developed. 
CrossRoute Software, the Redwood Shores, California-based company that developed 
Alliance, was a start-up company that had been founded only several months before, 
in 1996. Therefore, Adaptec decided to take some actions to mitigate the risk of work
ing with CrossRoute. First, Adaptec conducted a pilot project as a first phase of 
the implementation process. In the pilot. Alliance was used to connect Adaptec and 
CrossRoute, which simulated one of Adaptec's partners. That way, Adaptec verified 
Alliance's capabilities before asking any of their partners to get involved in the 
project. In addition, all the employees who were to use the new system were internally 
trained, and detailed, documented procedures were available to support the imple
mentation. Once the pilot run was successfully completed, the project team moved on 
to the next stage and implemented Alliance in Adaptec and two of their partners— 
TSMC as their foundry partner and AS AT as their assembly and pack company. In 
parallel, the team was also working on other ways to reduce manufacturing cycle 
times, such as improving order scheduling and purchasing additional test equipment. 

The main goal of Adaptec at that time was to use the new technology to reduce 
cycle time. Therefore Alliance was initially implemented to tackle the exchange of the 
following four types of information: (1) Purchase orders sent from Adaptec to TSMC, 
and acknowledgments sent back to Adaptec, (2) WIP updates, received by Adaptec at 
least once a day, (3) Ship alerts, in which the foundry notified Adaptec of products that 
had finished production and were to be shipped to AS AT, and (4) Forecasts, transferred 
from Adaptec to both TSMC and AS AT. Due to time constraints, Adaptec decided to 
delay to a later stage the implementation of Alliance for their new product introduc
tion process, in which prototype specifications are sent to TSMC, and prototype test 
results are sent back to Adaptec. 

4,4, Realized Improvements 

Working with a dedicated work team from CrossRoute, Adaptec was able to get 
Alliance up and running by the third quarter of 1997. Implementing Alliance and 
improving the business processes across all business partners resulted in a number of 
improvements in Adaptec's operations: 

• Substantially shorter manufacturing cycle times On the third quarter of fiscal year 
1996, prior to implementing Alliance, the front-end operations (fabrication and 
probe) took on average 74 days, and the back-end operations (assembly, pack, and 
final test) took 35 days, that is, total cycle time was 105 days. On the first quarter 
of fiscal year 1997 average total cycle time was already reduced to 81 days; by the 
second quarter it reached 70 days, and by the forth quarter of 1997, during a test 
drive conducted, the total cycle time was less than 57 days (see Figure 16.1). 

• Much lower average IC inventory levels With shorter cycle times, Adaptec was 
able to reduce their required safety stock levels. The actual savings realized were 
a one-time savings of $9 million worth of inventory, plus on-going savings of 
$1.5 million per year from inventory carrying costs and administrative savings. 

• Improved on-time delivery After implementing Alliance, on-time delivery reached 
a level of close to 100%. 
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Figure 16.1 Cycle time improvement. 

In addition, Adaptec realized more benefits, harder to quantify: 

• Improved customer satisfaction With shorter cycle times and improved on-time 
delivery, Adaptec was able to better satisfy their customers' requirements. 

• Earlier detection of quality problems With increased visibility to the manufactur
ing process, Adaptec was able to detect problems and work to solve them earlier in 
the process. 

Overall, the project was very successful, with benefits that far exceeded its costs 
(the budget for the project was $1 million). In fact, Adaptec Inc. and Extricity 
Software Inc.^ were awarded "Best Business-to-Business E-Commerce Application" 
in the 1999 Real Ware Awards produced by Intelligent Enterprise Magazine. The 
Real Ware Awards focus on real-world solutions that produce measurable business 
advantages and innovative use of information technology in the enterprise, awarding 
both the vendor and its customer implementing the winning solution. 

Realizing the value of business-to-business applications in general, and of the 
Alliance solution in particular, Adaptec had decided to keep working with Extricity, 
to help streamline their procurement, design and inventory activities with their part
ners. In parallel, due to the continuous improvement in the technologies of software 

^ In September 1998, CrossRoute Software Inc. changed its name to Extricity Software Inc. In March 2001, 
Extricity Software was acquired by Peregrine Systems. 
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and Internet applications, Adaptec continued to seek and implement new applications 
to fit their evolving needs. 

5. Conclusions 

Business-to-business applications, which allow companies to share more information 
with their business partners along the supply chain and to better coordinate their oper
ations, provide many potential benefits to companies that choose to implement such 
solutions. This chapter discusses a case study of one fabless company that implemented 
such a solution with its manufacturing partners, and the benefits realized as a result. 

The chapter introduced a framework to assess the value of cross-enterprise applica
tions, with a specific focus on the expected value to fabless semiconductor companies 
that implement such a solution. We showed that during the design process, improv
ing the accuracy and frequency of information transferred regarding prototype speci
fications and test results leads to higher quality and shorter time-to-market for new 
products, thus increasing the profitability of the fabless company and improving its 
position in the market. Once a product enters the phase of on-going production, the 
main types of information transferred are purchase orders, sent from the fabless com
pany to its business partners, and WIP updates and shipping notifications, sent back to 
the fabless company to update it regarding the progress of its orders. Automating the 
data transfer increases the visibility of the fabless company to the manufacturing 
process, and allows it to react faster to problems in the process, to improve its on-time 
delivery, and eventually to provide better service to its customers. In addition, faster data 
transfer and the increased visibility to the manufacturing process results in shorter cycle 
times, which both improves the competitiveness of the fabless company in the market, 
and allows it to lower its inventory levels, leading to substantial savings in obsolescence 
and inventory carrying costs. It also improves forecasting, since with faster data trans
fer and shorter cycle times the company may base its sales forecast on "newer" and 
therefore more accurate information. We then discussed the various costs associated 
with such an implementation process, such as investments in software and hardware, 
increased overhead costs, and consulting fees. Finally, we introduced some of the risks 
and concerns a company should take into consideration when deciding to implement a 
business-to-business solution. More specifically, the company should determine how to 
restructure its business processes and how to use the additional information available 
to it so as to gain the most benefits out of the implemented solution. In addition, the 
company should make sure that the information is transferred securely, and that all 
business partners are expected to benefit from implementing the new application. 

The framework was then applied to a case study of one fabless company, Adaptec 
Inc., which implemented Alliance, a business-to-business application, to improve the 
coordination and flow of information with its manufacturing partners. We showed that 
as a result of the implementation project, Adaptec was able to reduce the manufactur
ing time for its ICs by about 45%, resulting in substantially lower IC inventory levels. 
Consequently, Adaptec realized one-time savings of $9 million worth of inventory, plus 
on-going savings of $1.5 million per year from inventory carrying and obsolescence 
costs. In addition, Adaptec was able to improve its on-time delivery to a level close to 
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100%. Some of the other benefits realized, which are harder to quantify, were improved 
customer satisfaction and earlier detection of quality problems. Overall, the project of 
implementing Alliance was very successful for Adaptec, with benefits that far exceeded 
its budget of $1 million. 

It is important to note though, that while Alliance had a major contribution to these 
realized benefits, they cannot all be exclusively linked to Alliance. For example, while 
Adaptec started using Alliance only in the middle of 1997, they had already started 
realizing lead-time reduction earlier that year. In fact, several other initiatives took 
place in parallel to implementing Alliance and contributed to the success of the 
project. One of them is process re-engineering: Adaptec used the opportunity of having 
a dedicated team with representatives from all its main partners working for the proj
ect to discuss ways for simplifying the work processes and improving the form of 
collaboration among the business partners. In addition, working closely on the project 
had naturally led to closer relationship among the companies, making it easier for 
them to identify potential opportunities for improvement, and jointly work on imple
menting those initiatives to the benefit of all parties. In parallel to implementing 
Alliance, Adaptec made other capital investments to improve bottlenecks in the 
process, such as purchasing additional testing equipment to shorten testing time. Thus, 
while Alliance was a stimulus for all the changes, it cannot be considered as the sole 
factor responsible for all the benefits realized by Adaptec. 

Finally, we mentioned in section 4.3 that Adaptec hesitated whether to implement 
Alliance or not despite all its potential benefits and suitability to the needs of Adaptec. 
That was mainly due to the risks involved with working with a start-up company, such 
as its unproven technology, the unclear future of such a company, which led to uncer
tainty regarding the level of technical support to be provided in the future, and difficulty 
in convincing Adaptec's business partners to join the project. While working with a start
up company can certainly be risky, it is important to remember that sometimes the risk 
of inaction can be even higher. For Adaptec, not implementing Alliance and continuing 
to operate with long cycle-times, high inventory levels, and relatively low customer serv
ice level in the extremely competitive semiconductor industry carried much higher risks. 
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Abstract 
We developed a linear programming based tool for managing the supply chain of a company 
that manufactures computer chip testers. These testers are used by the makers of computer chips 
to test their quality. Long leadtimes, significant yield losses, and capacity restrictions, problems 
that are ubiquitous in semiconductor manufacturing, were also present in this supply chain. The 
complexity of the supply chain was preventing this company from efficiently managing the 
material flows. In addition, it was difficult to react, quickly and effectively, to (i) changes in 
customer demands, (ii) yield losses at a supplier, (iii) equipment breakdowns, etc. To overcome 
these difficulties, we developed an analytical tool that maximizes the profit while taking 
into consideration customer requirements, lead times, yields, capacity restrictions, and WIP 
inventories in the supply chain. The results were significant savings in planning time and the 
ability to react to uncertainties. 

Keywords: Supply Chain Management, Linear Programming, Lead Time Quotation 

1. Introduction 

A chip tester is a piece of electronic equipment designed to test computer chips to 
check if they work, and if so, how fast they work. Testing technology has always 
played an important role in ensuring the quality of electronic systems during their 
manufacturing. As computer chips grow larger, more complex, and are driven at ever 
higher speeds, manufacturers face increasing difficulty in identifying defective chips. 
Test development cost has risen from 22% of total chip development cost in 1988 to 
40% today, according to Dataquest. In line with this trend, Sematech predicts that 
chip testers (which currently sell for 2-5 million dollars each) will reach a cost of 
$50 million by year 2010 (Zorian 1997). This demonstrates that test technology and 
its business environment has a significant impact on the overall cost of electronic 
products which is a major portion of the U.S. economy. 

WTC Corp. (a fictitious name chosen in order to preserve the anonymity of the 
manufacturer) provides the world's most comprehensive systems and services for test
ing semiconductor devices. It has more than 200 customers across the globe, repre
senting the world's largest, most recognized names in the electronics industry. The 
types of devices that are designed and manufactured with the help of WTC systems 
include high-end microprocessors; System-On-a-Chip (SOC) devices for PC periph
eral, consumer electronic, telecommunication and data communication applications; 
Rambus memory, Application-Specific Integrated Circuits (ASICs); Digital Signal 
Processors (DSPs); and Micro-Controllers. The company's innovations, over the past 
10-15 years, in metrology, wafer inspection, probing, handling and automatic testing 
have made it the world leader in diagnostic, repair, and failure analysis systems with 
overwhelming market share. 

Across the electronics industry, WTC's customers are seeking competitive per
formance advantages while eliminating engineering and manufacturing bottlenecks. 
In order to command the highest margins and maintain their market position, chip 
manufacturers must improve their time-to-market and time-to-volume. A performance 
delay of one or two months can cost millions of dollars in lost profits, as well as 
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opportunities lost to competitors. A product that had a useful life of 18 months now 
must be succeeded in six months or it will be replaced by a competitor's product. 
Under these conditions, to ensure customer satisfaction, it was imperative that WTC 
manage its supply chain efficiently and quote reliable delivery dates for customer 
orders. In addition, when unexpected events occur, WTC must be able to react, 
quickly and effectively, to ensure that the delivery commitments to the customers 
are met. 

Supply chains in the semiconductor industry are notoriously complex with long 
leadtimes (3-12 months), uncertain yield losses (30-50%), and capacity limitations. 
WTC was facing some of the same problems which were preventing them from meet
ing customer demands in a timely fashion. Due to the competitive nature of the 
business, there was a significant risk of losing big customers if the customer service 
concerns were not adequately addressed. So we developed an analytical tool, using 
linear programming, that enabled WTC to manage its material flows efficiently. This 
tool also provided them with an ability to incorporate information from both its 
suppliers and the customers while planning its production. 

WTC has manufacturing operations both in North America and Europe. In this 
report we focus on a single plant that produced a variety of test equipment including 
probe systems, verification systems, yield enhancement systems, and automated test 
systems. The systems produced at this plant generated revenues of about 600 million 
U.S. dollars. We started by modeling and analyzing the supply chain associated with 
automated systems. While there was some overlap with the supply chains of other sys
tems, it was considered to be minimal. To gain the trust and confidence of the analysts 
who were going to eventually use this tool, it was necessary for us to start small and 
enhance the model in stages. 

There were two primary objectives for the tool: (1) Develop an efficient method 
to manage material flows and determine appropriate production plans, and (2) Have a 
system that determines reactionary measures to information (about yield losses and 
machine breakdowns) from suppliers and customers (changes in demand). To meet 
these objectives, we developed a tool that utilizes linear programming. Using this tool, 
the time for computing production plans was reduced from hours to minutes. It was 
instrumental in being able to react to changes in customer demands and other unex
pected events in the supply chain. The details of model formulation, implementation, 
and the results are presented in the rest of this paper. 

2. The Supply Chain 

The automated test systems manufactured by WTC are complex, high technology prod
ucts which are assembled from a large number of parts. Some of these parts are man
ufactured in-house while most are ordered from external suppliers. While the number 
of suppliers was large (20-25 in number), it was easy to identify a small number of 
suppliers who were primarily responsible for the inefficiencies in the supply chain. In 
developing this tool, we decided to concentrate on this small number of suppliers and 
analyze only that portion of the supply chain in which these suppliers were involved. 
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Figure 17.1 The supply chain for making test equipment. 

The supply chain we studied is represented in Figure 17.1. There were four stages 
of manufacturing in this supply chain. The first two stages were external to WTC and 
the last two stages were internal. The die manufacturer, Vitesse, was responsible for 
producing ten varieties of dies. These dies were then sent to the two module manu
facturers, MPA and VLSI, to be assembled into thirteen different modules. Each mod
ule required a unique combination (mix and number) of dies. These modules were 
then supplied to the WTC facility where they were assembled into five types of final 
products. In addition to capacity restrictions and yield losses, there were long lead 
times associated with each stage. For example, the production leadtime at Vitesse was 
69 days, which meant that wafers that are introduced into the plant come out 69 days 
later in the form of dies. Similarly, the lead times for module assembly and final 
assembly were 12 and 24 days respectively. This also meant that there was almost 
100 days' worth of work-in-process inventory in the supply chain at any time and 
decisions made one day affected the final output four months hence. Below, we 
describe each of these stages in greater detail. 

2,1, The Die Stage 

The die manufacturer was the stage most restricted by capacity. Ten different parts 
were manufactured by this supplier and all these parts were made using silicon wafers. 
The number of wafer starts allowed on any one day was limited to 220. This was the 
capacity allocated to WTC orders and WTC had full control in determining the mix 
of these wafer starts. There were significant yield losses at Vitesse and a large amount 
of data on the yields was available. Upon analyzing the data, we were able to deter
mine an average yield loss for each wafer type and noted that there was no significant 
difference among the various dies. As we will explain later, while we had the ability 
to determine the distribution of the yield losses, we decided not to incorporate them 
into the tool. The processing at Vitesse contained a large number of steps. For ease of 
modeling, and with the approval of the management, we assumed that the wafers 
progressed through Vitesse processing at a constant rate. Additionally, WTC had the 
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ability to choose 100 wafers, among the starts and the work-in-process, that would be 
processed at double the speed. These wafers were considered to be in the expedite 
status and all the others would be processed at the regular speed. Once the dies com
pleted all the processing at Vitesse, they were sent to the two module manufacturers. 
It was necessary to determine the quantity of each die to be sent to each of the mod
ule suppliers. Thus the decisions that needed to be made, on a regular basis, at this 
stage were (i) quantity and mix of wafer starts, (ii) the wafers that need to be expe
dited, and (iii) the quantity and mix of dies to be shipped to the module suppliers. 
We assumed an infinite supply of the unprocessed silicon wafers. 

2.2, The Module Stage 

There were two suppliers in this stage and they were responsible for assembling and 
supplying thirteen varieties of modules to the WTC facility. The lead times at both the 
suppliers were equal and did not vary across the modules. The yield losses at this stage 
were also significant and they were assumed to be the same (equal to the average) for 
all the modules. The modules that start processing on a particular day were assumed 
to be shipped (after scrapping the bad product) to WTC two weeks later. The only 
decision to be made at this stage was the quantity and mix of modules starts. 
Obviously, the module starts at a module manufacturer were restricted by the 
availability of dies at that location. 

2.3, Final Assembly 

The operations internal to WTC were divided into stages, the front-end and the 
back-end. Their combined leadtime was about 24 days. The front end consisted 
mostly of evaluating and testing the incoming modules to ensure that they worked to 
their specification. The back-end consisted mostly of assembly operations, putting all 
these modules together along with other parts from rest of the supply chain. It also 
involved testing and shipping the completed systems. There was a possibility that 
some modules could become defective during assembly and we assumed a constant 
yield loss during assembly among all modules. There were five different types 
(differentiated by the customer) of automated systems, that were being assembled at 
this stage and the only decision was the quantity and mix of systems to be assembled 
in every time period. We assumed that all the manufactured systems would be 
consumed due to the presence of high demands, but there might be conditions on 
their mix. 

3. Inadequacy of the Current Approach 

The current approach for managing this supply chain was very decentralized with 
decisions being made locally at every stage. Each stage had a planner associated with 
it and he/she, a full-time WTC employee, maintained an Excel spreadsheet describing 
the current state of work-in-process inventories there. From these WIP inventories, the 
planner regularly computed the expected shipments and their dates to the next stage. 
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This output from one stage was taken as input at the next stage and using information 
on the WIP inventories there, the expected supplies to the following stage were 
computed. At the end of this sequential transmission of information along the supply 
chain the planner at the WTC back-end would compute the expected ship dates for the 
completed systems and publish that schedule to the upper management who would 
then inform the customers of their delivery schedules. 

This process had many disadvantages: 

1. It was extremely time consuming (2-3 hours at each stage) to perform these com
putations and they had to be performed regularly once a week. In addition, every 
time there was an unexpected event such as an yield loss or a machine breakdown, 
it was necessary to perform these computations not only at that stage, but at every 
subsequent stage. Thus the time spent by the planners on these computations was 
overwhelming. 

2. Since the decisions at each stage were taken with a local perspective, it was not 
easy to judge their impact on the global objective of overall supply chain effi
ciency. While the planners tried their best to incorporate information from other 
stages and align their decisions to the global objectives, they could never be fully 
confident on their effectiveness. For example, the shipment decisions at the die 
stage must be made taking into consideration the future production plans at the 
module manufacturers and the die inventories already present at those two loca
tions. In this sequential approach, due to the amount of information that needed to 
be analyzed, the planner at the die stage could never be sure that he made the best 
possible decisions. 

3. It was not possible to incorporate information from the customers to improve the 
efficiency of the supply chain. For example, suppose a customer requested that a 
previously scheduled delivery be moved up by one week. Then the following ques
tions needed to be answered: (i) Is there enough WIP inventory to achieve this 
without effecting other shipments? and (ii) What is the effect, if any, on the profits 
for WTC? In the current setup, it was almost impossible to answer these questions. 
In order to achieve this, the planner at the WTC had to determine the module ship
ments needed to achieve the new delivery schedule. Then the module assembly 
planner must determine the die shipments that stage needed to achieve the module 
shipments. Then the planner at the die stage needed to re-compute the production 
plan to check if the die shipment requirements could be met. This is a very diffi
cult problem and, in most cases, almost impossible to solve with simple calcula
tions in a spreadsheet. 

To overcome these deficiencies we developed a tool that made it easier to effi
ciently manage the material and information flows in this supply chain. The principal 
objectives of the new system are illustrated in Figure 17.2. The main objective was to 
enable faster (as represented by a thicker line) processing of information from 
upstream to downstream and enable information flow from downstream stages to 
upstream stages. Another objective of this system was to enable making decisions at 
each stage with a global perspective. This objective is represented by the removal of 
broken lines between the stages. 
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Figure 17.2 The desired objectives for the mathematical model. 

4. Model Formulation 

This section describes the linear programming formulation for this problem. Linear 
Programming (LP) is a methodology for solving problems with a linear objective 
function subject to linear constraints. Due to their special mathematical structure, 
these problems can be solved very efficiently. Recent developments in LP solution 
tools (Fourer 2001) have enabled companies to solve problems with hundreds of thou
sands of decision variables and thousands of constraints in a matter of minutes. The 
speed of this strategy is also partially attributable to the recent advances in computing 
power. Linear programming (or variants of it) are being effectively used in airline 
scheduling, oil refining, automotive manufacturing, and steel processing among many 
others. It was apparent that linear programming is a technique suitable for solving this 
problem. However, to formulate the appropriate linear program, we needed to make a 
number of assumptions on the flow of materials. These assumptions (which were only 
a subset of those present in current system of spreadsheet based analysis) were clearly 
described to all the parties involved and their approval was received. The next step was 
to develop a mathematical representation of the supply chain and to achieve that a 
detailed mathematical notation had to be defined. We describe all these details in the 
rest of this section. 

4,1, Assumptions 

To formulate this problem as a linear program, we had to make a number of assumptions 
regarding the material flows in the supply chain. Some of the important assumptions are 
detailed below: 

L We assumed that a basic unit of time was one week. While it was possible to for
mulate the linear program with a basic time unit of one day, it was thought to be 
unnecessary to go into that detail. This resulted in us using constant leadtimes of 
10 weeks (Vitesse operated seven days a week), 2 weeks, and 5 weeks at the die, 
module, and WTC stages respectively. 
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2. The wafer processing at Vitesse was done in batches of 20 wafers. On any given 
day, WTC could introduce 11 batches into the system. Thus in a week WTC could 
introduce 77 batches or 1,540 wafers. We decided to ignore the presence of these 
batch restrictions. Instead, we assumed that these wafers move independently and 
that in any week, the appropriate mix of no more than 1,540 wafers starts needed 
to be determined. Similarly, since at any given time, five batches could be 
processed in the Expedite status, we assumed that, at any time 100 wafers could be 
given this status. For ease of formulation, we further assumed that these wafer 
quantities were continuous. 

3. We assumed constant yield losses at each of the stages. Based on our analysis of 
the past data, we assumed that yield losses at the die, module, and WTC stages 
were 40%, 20%, and 10%, respectively. 

4. The time for shipping between the stages was assumed to be zero. Since these 
products were neither heavy, nor physically bulky, and contained significant capital 
investment, they were usually shipped using overnight express services. 

It is worth noting again that these assumptions were also present in the spreadsheet 
based calculations that were currently being used. Thus, it was easy to convince the 
WTC management to agree to these assumptions being used in our approach. In a later 
section, we will describe how we are enhancing the model to drop some of these 
assumptions, in the hope that it will result in a more efficient way of managing this 
supply chain. 

4,2, Mathematical Notation 

To formulate the appropriate linear program, we had to first define the mathematical 
notation necessary to represent the supply chain. This mathematical notation should 
be comprehensive in order to account for every aspect of the structure and modus 
operandi of the supply chain. In this section, we provide a brief description of the 
mathematical notation we defined. First we define the indices necessary to represent 
the various locations, and finished products, and components. The list of these indices 
is contained in Table 17.1. 

Next we defined the notation necessary to describe the current state of the supply 
chain. Using this notation we were able to define precisely the work-in-process (both 
in regular mode and expedite mode) inventories at the die stage. In addition, we also 
had to accurately represent the die inventories and work-in-process inventories at each 

Table 17.1 List of Indices 

d 
m 
t 
w 

s 

P 

index for dies 
index for modules 
index for time periods 
index for time required at regular speed to complete 

processing of dies 
index for module supplier 
index for final product 
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of the module suppliers. The module inventories and the work-in-process end-
products had to be represented. To achieve this we developed the mathematical 
notation detailed in Table 17.2. 

Finally, we needed to capture the appropriate decision variables across the plan
ning horizon and at each of the locations. We had to mathematically represent the 
wafer starts (in regular as well as expedite mode) for each week at the die stage. In 
addition, we needed notation to allow for the fact that dies in expedite status can be 
moved to regular status and vice versa. The notation also had to account for the deci
sions on how to split the dies between the module suppliers. At the module suppliers, 
we needed to represent module starts for each week in the planning horizon. At the 
WTC plant, we needed to capture the decisions on product mix that would be manu
factured there. The notation we developed for representing these decision variables is 
given in Table 17.3. Once the necessary mathematical notation had been defined, we 
were ready to formulate the linear program. 

4,3, LP Formulation 

The objective was to maximize total profit, over the length of the planning horizon, 
while ensuring adherence to customer requirements, material availability, plant capac
ities, and accounting for yield losses. Thus, the objective was to: 

Maximize ^PpX Dpj 

Table 17.2 Data Available and Incorporated in the Model 

L^ lead time for dies 
L^ lead time for modules 
Lp lead time for products 
Y^ die yield per wafer start 
Y^ percentage of yield for modules 
Yp percentage of yield in assembly 
E^ number of wafers allowed to be in expedite status at any time. 
Pp profit realized from one unit of product p 
ZUJ initial inventory of modules m 
Qs total number of modules that can be produced by supplier s in one time 

period. 
XŜ  initial inventory of dies d at module supplier s 
Z^̂  modules m being supplied by supplier s in the /th time period for 

/G{1,2,...,L^} 
Rdm number of dies d required for module m 
N^p number of modules m required for a unit of product p 
/Sw initial wip of wafers for die d being processed at regular speed with w time 

periods required to complete processing 
JSW initial wip of wafers for die d being processed at expedite speed with w time 

periods (at regular speed) required to complete processing 
T time periods in the planning horizon 
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Table 17.3 List of Variables 

Wdt wafer starts for dies d at time t 
M^fs module starts for module m at time t at supplier s 
htw wip of wafers for die d at time t with w time periods of processing 

remaining and being processed at regular speed. 
Jdtw wip of wafers for die d at time t with w time periods of processing 

remaining and being processed at expedite speed. 
X^^g dies d supplied at time t to module supplier s 
Cdts inventory of unused dies d at time t at module supplier s 
Z^^g number of modules m suppHed in time period t by supplier s 
Dpf units of product p assembled by time t 

subject to the constraints: 

D^,>D^(,_i) yp,t^2 (1.1) 

2 ( £ ' , , x A ? J < F ^ x ( ; S ( ' ^ ' z . J + Z^) Vm , f > L ,+ l (1.2) 
p S t = 1 

^mts = ^m{t - L > Vm, f > L ^ + 1, ^ (1.3) 

^mts = Zl, \/mJ^L^,s (1.4) 

2 (M, i , X 7?,J = Y^ x(X«, - Qi,) VJ, s (1.5) 
m 

S(M„„ X 7?rfJ = Y„ x{Xa„ + Q,_i) , -Q„) W, ? > 2,5 (1.6) 
m 

EA^««^a ^t,s (1.7) 
m 

E^rf« = i'rf X (/,(,_ 1)1 + y,(,_ 1)1 + y,(,_ 1)2) Vrf, f > 2 (1.8) 

d̂m' + -̂ dm' = -^da-l)(w+l) + -^*-l)(iv + 2) V<i, f^2, W < L ^ - 1 (1.9) 

IdtL, + Jd,L,= W,, \/d,t (1.10) 

(1.11) 

(1.12) 

(1.13) 

(1.14) 
d w 

Constraint (1) implied that cumulative product shipments were non-decreasing in 
time. This also implied that the number of finished systems completed in every period 
were non-negative. Constraint (2) accounted for the fact that cumulative product 
shipments were constrained by the availability of the appropriate modules. Constraint (3) 
ensured that modules shipped from the module supplier to the WTC plant were 
equal to module starts of L^ (lead time for module assembly) time periods ago. 
Constraint (4) accounted for the module quantities already in the pipeline. Constraints 

T -f 
^ dlw ^ dw 

d 

2j^dtw — ^d 

VJ, w < Lj -

\/d,w^L^-

\/t 

\/t 

-1 

-1 
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(5) and (6) implied that module assemblies started in a period were constrained by the 
availability and usage of appropriate dies. Constraint (7) imposed the capacity restric
tion on the modules starts. Constraint (8) computed the die supplies from the work-in-
process inventories. Constraint (9) enforced conservation of WIP inventories at the die 
manufacturer. Constraint (10) implied that the wafer starts must be either in regular 
mode or expedite mode. Constraint (11) initialized the WIP inventory in regular mode 
and constraint (12) initialized the WIP inventory in expedite mode. Constraint (13) 
enforced the limit on the total wafer starts in a time period. Constraint (14) limited the 
number of wafers in expedite mode at any given time. In addition, we imposed that all 
the variables were non-negative. 

Recall that we had made the necessary assumptions to ensure that the objective 
function and the constraints were all linear. Further, since all the variables were 
continuous, it was reasonable to expect that these problems can be solved with very 
little computational effort. This had been confirmed after implementation, the details 
of which we describe below. 

4,4, Implementation 

Many tools are commercially available to solve linear programs. They cover a broad 
spectrum on price, capability, and flexibility. We decided, mainly based on price and 
compatibility, to use a package called GAMS (Brooke et al. 1998) which has a flexi
ble modeling language. To achieve speed on these computations, we also decided to 
use GAMS with the CPLEX solver [ILOG 2000]. We used Excel and Visual Basic 
(VB) to provide a friendly interface to the user. All the data would be stored in Excel 
and the user would use a Visual Basic button (in Excel) to activate the solver. The 
results would be imported back into Excel and displayed in a user-friendly spreadsheet 
format. 

5. Results 

The problem we implemented contained 10 dies, 13 modules, 2 module suppliers, and 
5 different final products. We used a fifty two week planning horizon and the result
ing problems contained approximately 6,000 constraints and 4,000 variables. They 
were usually solved to optimality by this tool in less than a minute. Even after 
accounting for the time necessary to collect the data and analyze the results, it was 
widely recognized, among the plant management and the planners, that this tool was 
effective in reducing the analysis time from 8-10 hours to 20-30 minutes. In addition, 
since the assumptions in the model were very similar to the assumptions in the spread
sheet analysis, using a few test cases we were able to demonstrate that the production 
plans generated by this tool were close to the production plans determined using the 
traditional approach. This ensured that the planners were able to trust the model and 
feel confident that it was performing the appropriate calculations, only much faster. In 
addition, this tool provided the planners with the confidence that the decisions taken 
at each stage were optimal from a global perspective of overall supply chain 
efficiency. 
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5.1. Negotiating Customer Delivery Schedules 

Recall that one of the main problems with the traditional approach for managing this 
supply chain was the fact that it was not easy to estimate the effect of changes in cus
tomer demands on the efficiency of the supply chain. In this tool, it was possible to 
quantify the effect of such changes by using additional constraints of the following 
format: 

Dpt^Spt \/p,t 

That is, we could enforce that the number of finished systems for customer/? produced 
by time t should be at least equal to the number of systems requested by that customer 
by time period t. 

As an example, consider a case when the current plan indicates that we produce 
and ship 7 finished systems of type 3 (which go only to customer 3) in the next 
10 weeks. Suppose, that customer now wants to receive 10 systems in the next 10 weeks. 
Then we need to answer the following questions: (i) With the current amount of work-
in-process (at all the three stages) inventories, is it possible to ship 10 systems to cus
tomer 3? and (ii) If that is possible, what is the effect on WTC's profits? To answer 
these questions, we can solve the previously defined linear program with an additional 
constraint: 

^ 3 X 1 0 ) ^ 1 0 

If the GAMS solver returns with the statement that the problem is infeasible, then 
we know that, with the current WIP inventories, it is impossible to meet the customer's 
request. However, if the solver does solve the problem to optimality, then we know 
that the customer's request can be satisfied. However, due to the additional constraint, 
the resulting solution may have a lower profit. This difference in the profits can be 
directly attributed to the change in customer demands. Based on the amount of this 
reduction in profit, we can decide whether to satisfy the customer's request, or further 
negotiate with them to reduce the impact on our profits. 

Thus this tool was effectively meeting its objectives of (i) faster computation of 
production schedules, (ii) decision making with a global perspective, and (iii) ability 
to understand the impact of changes in customer demands. 

In addition to meeting the pre-specified goals, this project was beneficial on the 
financial and organizational fronts. Soon after implementing the project, it was clearly 
evident that the linear programming based approach was resulting in a higher (when 
compared to the traditional method) output of completed systems. This higher output 
was being realized while maintaining the same work-in-process inventories and with
out any increase the machine and labor resources. For example, in an analysis of one 
52-week period, the traditional calculations predicted 47 completed systems while the 
linear programming based approach predicted that 52 completed systems could be 
shipped. Based on such examples, it was concluded that the benefit could be in range 
of 5-10%. Thus this project was able to increase the revenue related to the chip 
testers by about 5-10 million US dollars. In addition, if this approach were to be 
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expanded to cover the whole supply chain, the resulting benefit could be approximately 
30-60 million U.S. dollars. 

On the organizational front, this project had a less quantifiable, but possibly more 
impactful benefit. For the first time, this project was able to illustrate the impact that 
operations research techniques could have on the management of complex supply 
chains. While many of the material planners and the product managers had heard about 
these techniques, they had never used them firsthand. The success of this project 
enabled them to accept and embrace these techniques. The recent advancements in the 
user-friendliness of optimization packages made this task especially easier. As a direct 
result of this project, the plant management has decided to specify operations research 
knowledge and experience as a key requirement in the future recruitment of material 
planners. In addition, the existing material planners and product managers were all 
encouraged to attend optimization seminars and familiarize themselves with a few pop
ular optimization packages. We believe that this organizational change will have a huge 
long term impact and will be helpful in ensuring that the supply chain remains efficient. 

6. Enhancements 

While this tool was much better (in time and capability) than the traditional approach, 
we soon realized that we could further enhance it in terms of its model and ease of 
use. There were many directions in which to improve this tool and we briefly describe 
a few of them below. 

6.1. Batch Restrictions at the Die Stage 

At the die stage, the wafers are processed in batches of 20 and for ease of modeling 
we had assumed that wafer quantities at that stage were continuous. To accurately rep
resent the flow of material through the die manufacturer, it was necessary to account 
for the presence of these batch restrictions. We are in the process of developing the 
appropriate formulation, using mixed linear integer programming, to capture this 
feature. While the resulting problems will be relatively much harder to solve to opti-
mality, there is evidence to suggest that the latest CPLEX solver could do it in a 
reasonable time. 

6.2. Randomness in Yield 

In the current version of the tool, we assume that yields at all the stages were deter
ministic. In reality, there was a lot of variability in the yields at all the three stages. 
Since we were using average yields to determine the customer delivery schedule, we 
knew that, due to the inherent randomness, the resulting schedule could be achieved 
with a probability of no greater than 50%. In order to provide the customers a more 
robust delivery schedule, we needed to incorporate these uncertainties in the model. 
While we knew that Stochastic Programming was a popular method for incorporating 
these uncertainties, we realized that the resulting problem would be computationally 
complex. So we decided to provide this functionality using a manual scenario based 
planning approach. In this approach, we let the user specify the range of yields, he/she 
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wants to study. The tool then selects ten equally spaced yields in this range and solves 
the resulting ten linear programs. The user can analyze the resulting 10 delivery sched
ules and determine the probability associated with each of his/her delivery commit
ments. For example, he/she could tell a customer that there is a greater than 90% the 
customer will receive 10 systems in the next month while there is at most a 50% chance 
that they will receive 15 systems. This capability was considered an excellent way of 
informing the customer of the various possibilities and their associated probabilities. 

6,3, Intranet Collaboration Capability 

As with any high technology work environment, the planners involved were rarely 
ever at the same physical location. They usually communicated and exchanged data 
via email. The current approach for using this tool assumed that a central planner 
would receive the data (via email) from the other planners and after performing the 
appropriate analysis would distribute the resulting production plan by email. While 
this approach worked reasonably well, it was very difficult, in the presence of frequent 
changes, to ensure that everyone was working with the latest data and the production 
schedules. It was necessary to incorporate a system in which this data transfer could 
be coordinated with minimal confusion. We are in the process of developing a collab
orative environment that would take advantage of the intranet. All the relevant data 
and the schedules will be stored on a centrally located computer. Whenever there is a 
change in the data, the planners will access (via the Intranet) and change the appro
priate data. When the central planner needs to compute a new production plan, he will 
download the latest data from the central computer, solve the resulting problem, and 
publish the results at the central location. This way, everyone can be confident that 
they had access to and are working with the latest data. 

7. Summary 

We described a linear programming tool developed to manage material and informa
tion flows in a supply chain riddled with capacity restrictions, long leadtimes, and 
uncertainties. Compared to the current system based on time-consuming spreadsheet 
analysis, this approach was effective in reducing the time for analysis from 8-10 hours 
to 20-30 minutes. In addition, it provided WTC with the ability to quickly determine 
effective reactionary measures to changes in customer demands. Thus this tool 
enabled WTC to be very responsive to its customers. The financial benefit from this 
tool is estimated to be $5-$ 10 million US dollars annually. Future work on this tool 
includes developing a more comprehensive model of the supply chain and making it 
capable of intranet based collaboration. 
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Abstract 
A major supply chain challenge in the commercial aerospace industry involves managing the 
supply of specific metallic alloys in a cyclical market. When the demand for new airplanes 
fluctuates, gluts and shortages of raw material may occur. As a result, several suppliers have 
been forced to rethink their business or to exit the industry. The impact on Boeing Commercial 
Airplanes is equally severe. Raw material shortages have increased expediting costs and have, 
in the worst cases, caused assembly line shutdowns. 

Due to the serious nature of this market phenomenon. Senior Management in Boeing's 
Commercial Airplane, Raw Material Procurement Organization commissioned the authors of 
this paper to study the problem and develop a workable, robust solution. 

The authors' primary objective was to develop methods and techniques that would be used 
collaboratively with the Commercial Airplanes supply base. Collaborative planning and 
forecasting should help reduce fluctuations in the supply chain amid fluctuations in the demand 
for commercial airplanes. As such, they should help generate planned demand for components 
and raw materials throughout the company's supply chain. The tool should also help mills 
producing the raw material plan their capacity thus dampening oscillations felt throughout the 
supply chain. 

This paper describes the results achieved thus far. 

1. Introduction 

The metallic alloy under study is an important aerospace structural material because 
of its mechanical and, in some applications, thermal properties. It makes up many crit
ical components in aircraft such that the aerospace industry represents as much as 
70% of world demand. The study focuses on the commercial airplanes segment that 
consumes as much as 40% of world demand. 

During the last decade, demand for this alloy has been closely linked to the cyclic 
commercial airplanes industry. Hence, the price for the alloy under study also shows 
a cyclical pattern (Figure 18.1). Sharp fluctuations in the demand for the alloy also 
cause fluctuations in the manufacturing capacity of the supply base. The expansion 
and contraction of the supply base capacity lag the upswings and downswings in the 
demand for airplanes, respectively. Consequently, several companies have exited the 
industry or have been forced to adjust their production capacity conservatively in 
response to the sharp fluctuations in demand for the raw material as well as for the air
plane components made from the alloy. 

Figure 18.1a reflects commercial airplane deliveries from all major manufacturers. 
In 1995 and 1998, Boeing announced production rate increases for its 757, 767, 777, 
and Next-Generation 737 models. High levels of manufacturing orders put a strain on 
the companies supplying Boeing. By April 1997, Boeing plants were operating seven 
days per week instead of the usual five. In October 1997, Boeing stopped production 
on the 747 final assembly line for twenty days, as suppliers could not deliver the com
ponents Boeing needed. In December 1997, Boeing stopped the 747 line again and the 
Next-Generation 737 line to allow its suppliers to catch-up. 

The production rate increase affected both the price and lead-time to procure the 
various alloys. The price of an ingot roughly doubled from 1993 prices; however, the 
lead-time had increased by a factor of eight (see Figure 18.2). As clearly demonstrated 
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Figure 18.1 The cyclical nature of the commercial airplane market, from all airplane 
manufacturers, causes fluctuation in the demand, production and price of aerospace metal. 
Source: Roskill Information Services (1998). 
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by the graph, Boeing Commercial Airplanes experienced delays in the supply network 
that were caused by a rapid increase in airplane demand from the airline industry 
(Cole 1997). 

Professor Jay Forrester of the Massachusetts Institute of Technology was the first 
to investigate the cause of oscillatory behavior in a production-distribution system 
(Forrester 1961). Using a mathematical model, Forrester concluded that oscillation is 
primarily caused by the inherent delays in a system. The delays include order process
ing, delivery, production, capacity adjustment, etc. He suggested shortening the delays 
in the system to dampen oscillations. With the advances in information technology, 
industry practitioners have indeed slashed the order processing delays using electronic 
data interchange (EDI) and internet-based procurement. However, Boeing cannot 
easily reduce the delays in the network due to a supplier's lack of capacity. It is up to 
the individual supplier to increase their capacity through capital investments, but that 
decision depends on their expectation that the airplane production rates will be sus
tained at a higher level or long enough for them to recoup their investment. 
Consequently, it is important to understand the end-to-end Commercial Airplanes sup
ply chain with its various inventory policies, scrap rates, and manufacturing delays as 
airline demand for new airplanes fluctuates. 

The goal of this project is to understand the interaction of airplane build rates on 
the Commercial Airplanes extended supply chain, from raw material mill to final air
plane assembly. Boeing plans to develop a computer model to forecast the aggregated 
requirements for different commodity supply chains, given their structure and behav
ioral considerations. The purpose of the model is to understand the behavior of the 
network as a whole as well as forecast its future behavior based upon anticipated 
airplane build rates. 

2. The Boeing Commercial Airplanes Supply Chain 

The Boeing supply chain (Figure 18.3) consists of mills that process ore into ingots, 
billets, and other mill products (plates, sheets, etc.); processing houses consisting of 
forging plants, extrusion houses, specialty wire shops, and casting facilities; fastener 
manufacturers; machine shops; assembly houses providing major subassembly com
ponents; and final assembly facilities. 

The low production volume of airplanes, compared to that of automotive vehicles, 
makes it too costly for any entity in the supply chain to hold an inventory of compo
nents unique to any specific airplane model. As such, most suppliers use a make-
to-order (MTO) production policy; they wait until a firm purchase order is received 
before starting production. However, suppliers may reserve a safety stock of some 
components and/or raw material. The make-to-order policy adopted by most suppliers 
in the chain causes airplane deliveries to lag raw material production (Figure 18.4) due 
to production and delivery delays in the conversion of raw material products (ingot, 
billet, plate, sheet, etc.) into a finished airplane. 

With a limited safety stock of components and/or raw material and the capital-
intensive nature of the industry, a supplier's responsiveness depends on its production 
capacity that may be serving other supply networks as well. As in this case, the alloy 
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Figure 18.4 The lag that occurs from raw material production to airplane delivery is due to 
the production and delivery delay within the supply chain network in which most of the entities 
adopt the make-to-order policy. 

is used in many other industries such as: automotive, defense, marine, building and 
construction, sports and recreation, medical devices, power generation and transmis
sion, etc. Therefore, a mill or processing house probably belongs to multiple supply 
networks in other industries, with commercial airplanes being the largest application. 
When the economy is expanding, the demand from all industries strains the supply 
chain and costs rise as shown in Figure 18.1c. Oscillations experienced by mills are 
due to lags in capacity adjustment amidst fluctuating demand. Mills tend to fluctuate 
from under- to over-capacity and this is primarily caused from downstream fluctua
tions in the production of commercial airplanes. This phenomenon is an indication 
that mills wait to increase their production capacity only in response to an actual 
increase in the demand for the final product. The result is a trap in the cycle that is 
costly to the entire supply network. 

2.7. Modeling the Supply Chain 

The approach taken by the authors involves modeling and simulating collaborative 
supply chain behavior. The authors are studying forms of collaboration that will 
result in the ability to dampen inherent oscillations in the alloy market for commer
cial airplanes. To understand the future environment, it is first necessary to under
stand the current alloy supply chain. The authors began by investigating the various 
supply chain entities and the flow of materials and information throughout the 
system. 

The authors considered various modeling techniques, such as system dynamics, 
discrete event modeling, neural networks, machine learning, and knowledge-based 
systems. At this stage, we are modeling supply chain dynamics through a system 
dynamics model and a discrete event simulation. Artificial-intelligence-based model
ing techniques were not selected because of data requirements to train and validate the 
model. A neural-network-based model, for example, requires many accurate runs for 
the network to learn. The required number of runs diminishes the effectiveness of the 
approach because each run may correspond to a complete operational cycle in which 



Aerospace Supply Chain Dynamics 299 

the supply chain continues to oscillate. A knowledge-based system requires detailed 
rules, and as such, is deemed to be cost-inefficient in a supply chain environment that 
is very fluid. Moreover, it is very difficult to capture the tacit operational rules that 
members within the supply chain use to manage their individual operations. Network 
optimization is postponed at this stage because the authors are primarily interested in 
finding management policies and information sharing requirements to manage tran
sient behavior that results from the cyclical nature of commercial airplane production. 
Unified modeling language, systems dynamics, and discrete event simulation 
approaches are outlined in the following sections. 

2.7.7. Unified Modeling Language Unified modeling language is commonly used 
as a language for specifying, visualizing, constructing, and documenting the artifacts 
of software systems. However, practitioners also use the language for business 
modeling (Eriksson and Penker 2000; Marshall 1999). In this case we are using the 
language to create a picture of the current environment: the entities, inventory 
locations, interaction among entities, constraints in the system, and business policies 
used to fulfill demand and manage inventory. The authors initially used the language 
to capture and identify the problem domain space and the associated vocabulary used 
within the domain. From the visual business model, we can later extract requirements 
for the software that will support future collaboration. By using the language, Boeing 
can engineer the software systems that best support and fit the project goal while 
designing the future business environment. 

The authors used specific processes such as a statement of the problem space, 
class identification and diagramming, "use case" description and diagramming, mes
sage identification, and sequence and activity diagram descriptions. The authors began 
with interactions among the entities that represent a make-to-order environment as 
shown in Figure 18.5. The diagram shows the propagation of demand for components 
that begins with the delivery schedule. There is no sharing of information in this envi
ronment; each entity only receives downstream demand from its "customer." 

The process within each entity determines the rate and lead-time dynamics. The 
authors then generated a unified modeling language representation of each entity, such 
as the assembly houses, machine shops, process houses and forging facilities, and 
mills. 

In most situations, particularly in the process facilities and machine shops, 
production volume per order is low but the product variety (specifications) is high. 
Therefore, we represent the manufacturing dynamics for process houses and machine 
shops as cells, shown in Figure 18.6. In a cell, parts are manufactured to order, but 
some components and/or raw materials are kept in inventory. 

The mills produce a variety of mill products as well as ingots. Because carrying 
inventory is expensive, most mills produce rods, bars, sheets, plates, and billets to 
order. Often, orders are batched to minimize setup costs associated with changing over 
from one product type to another. Batching also contributes to delays in the supply 
chain. Therefore, the authors assume that operations to manufacture rods, bars, sheets, 
plates, billets, and ingots are also of the job-shop type. 

Although useful to drive software requirements, the UML-based business models 
cannot produce dynamic behavior resulting from the chosen structure. To do this, 
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Figure 18.6 The dynamics in a "cell" for a manufacturing facility that operates in a job-shop 
environment. 

the authors employed dynamic modeling; systems dynamics modeling and discrete 
event simulation. 

3. Efforts to Dampen Oscillation 

Researchers have observed what's known as the "bullwhip phenomenon" when sup
pliers adopt a make-to-stock policy to meet customer demand from a stock of finished 
goods.^ The effect of the bullwhip phenomenon is an amplification of the variance in 
end-consumer demand throughout the supply network. Research shows that the bull-
whip effect can be eliminated or tamed in a supply chain through collaboration and 
use of a centralized demand information source. 

Realizing that the Boeing Commercial Airplanes supply base primarily consists 
of suppliers using the make-to-order policy, Boeing will apply the same collaboration 
principles as those in the make-to-stock world. The authors expect these principles 
to reduce the inherent delays in capacity adjustment, thus dampening oscillation. 
Within Boeing, there are a number of collaborative initiatives in place, such as a 
vendor-managed inventory system and ordering through electronic data inter
change. Boeing Commercial Airplanes employees are also studying the impact of 
strategic partnership-style relationships with suppliers for collaborative forecasting. 

^ See (Lee et al. 1997; Chen et al. 1999; Senge 1990; and Sterman 2000). 
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Collaboration requires that the members share projected demand information, actual 
demand or shipments, and inventory points across the supply chain. 

3,1, System dynamics modeling 

System dynamics modeling started in the late 1950s and early 1960s (Forrester 1961) 
as an attempt to apply computer modeling and the theory of servomechanism 
(classical feedback control) to analyze socioeconomic problems. Conventional system 
dynamics modeling typically represents the system as a continuous-time dynamic 
system. The authors selected the discrete-time formulation because such formulation 
will allow Boeing, in following phases, to apply developed methodologies in the 
discrete-time control theory that include adaptive and optimal control of discrete-time 
systems. 

To create the model, the authors grouped supply chain entities according to the bill 
of material, as shown in Figure 18.6. An airplane consists of many joined subassem
blies. The original equipment manufacturer makes some of these subassemblies, while 
purchasing the rest. As such, the model shown in Figure 18.7 consists of: 

1. Final assembly facilities that produce unique airplane models; these facilities also 
produce some subassemblies and components. 

2. Subassembly manufacturers from whom the equipment manufacturer purchases 
the "buy" subassemblies. 

3. Component manufacturers from whom the subassembly and the original equip
ment manufacturers purchase the "buy" component for subassemblies. 

4. Process houses that manufacture processed raw materials (plate, sheet, bar, forged 
block, cast parts, extrusion parts, etc.) for making components (machined parts). 
Some products such as plates, sheets, rods, and bars may also be available through 
metal distributors; however, the authors do not model distributors in this phase. 

5. Fastener manufacturers that produce fasteners for both final assembly and sub
assembly manufacturer operations. 

6. Specialty wire manufacturers that provide wire materials for fasteners. 
7. Mills that provide ingot and billet. 

As mentioned previously, the entities in the supply chain under study are mostly 
job shops that produce when there is a firm customer order. Because of inventory car
rying costs, many suppliers do not keep components or raw materials in stock; rather, 
they purchase raw material as needed. Of course, there is a small amount of safety 
stock that suppliers reserve as "insurance." Thus, the final assembly schedule drives 
the procurement of purchased parts and the production of manufactured parts. So, the 
first model incorporates the lot-for-lot policy in which only the required number of 
parts is procured or manufactured. 

The authors assume that the capacity for a job shop is flexible and can change 
according to the demand level. On the other hand, the production capacity of mills and 
processing houses may not be as flexible as other supply chain entities. Production 
capacity in mills and processing houses is dependent upon specialized, and often 
expensive, capital equipment with long acquisition lead-times. 
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Figure 18.7 Each node in the supply chain performs demand fulfillment and parts 
replenishment functions. The structure above can be used to model various production policies: 
make-to-stock (MTS) or make-to-order (MTO) by appropriately setting the dynamic variables 
as shown. 

Procuring parts in make-to-order environment typically sets a planning horizon for 
the final assembly schedule. The planning horizon should cover the longest lead-time 
part in the bill of material. All orders within the horizon should have parts ordered so 
they are ready for installation during final assembly. So, a in make-to-order environ
ment, the final assembly schedule determines when to procure parts and when to 
manufacture parts (see Figure 18.9). 
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Figure 18.8 Planning for purchase and manufacture of parts in an MTO environment 
(Higgins et al 1996). 

The actual model follows the schematic in Figure 18.9. Note that the output of 
processing houses is processed material (PM). The specialty wire shops, although a 
part of the processing houses, are treated separately. They produce specialty wire 
(SPW) as raw material for fastener houses to make standard parts (FST), such as nuts, 
bolts, etc. The external machine shops convert processed raw material into compo
nents procured by Boeing (CB). Internal machine shops or component manufacturers, 
on the other hand, produce components (CM) from processed material. The external 
assembly houses make major subassemblies procured by Boeing (SAB). The internal 
assembly houses make major subassemblies (SAM) that, together with the purchased 
subassemblies, will make up the configuration of each airplane. Figure 18.9 shows the 
schematic based on a simplified bill of material (BOM). 

The model consists of seven modules: final assembly (OEM), subassembly, 
machine shop, process house, fastener maker, specialty wire producer, and mill. All 
modules follow the schematic in Figure 18.9. Five modules (OEM, subassembly, 
machine shop, process house, and fastener maker) are assumed to have flexible pro
duction capacities that follow the demand patterns closely. In other words, the mod
ules are assumed to adjust their production rate to maintain production lead-times. 
The model for process houses and mills, on the other hand, includes an additional 
structure that reflects capacity adjustment decisions following an increase in demand. 
The authors assume the production capacity will lag the demand signal, because these 
producers will wait until they are sure that the increased demand will continue well 
into the future to justify any investment to increase capacity. 
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Final assembly 

Processing houses N, 

Figure 18.9 Simplified supply chain network for Boeing Commercial Airplanes. 

In this phase, the focus is on creating a mathematical model capable of capturing 
the observed behavior of an approximate 800% increase in lead-time from the mill 
caused by an appropriate 100% increase in original equipment manufacturer produc
tion. The simulation demonstrates how an increase in production at the manufacturer 
is propagated up-stream, and whether the simplified structure captures the production-
rate to lead-time dynamics, as shown in Figure 18.9 above. The authors ran the simu
lation twice; once for the case in which the mill and process house waited to adjust 
their production capacities; and a second case in which the mill and process house 
adjusted their production capacity to maintain their lead-times. 

The result depicted in Figure 18.10 shows that the mill lead-time behavior is qual
itatively similar to that shown in Figure 18.2. The lead-time behavior to order parts 
from the mill increases with a steep slope and later tapers off as the production rate 
doubles. Note that the simulation result shows a lower percent change in the lead-time 
than observed in Figure 18.2 because exact data was not used. 

Mills and process houses target a moving average of the demand for raw materials 
over a given period of time. The longer the period, the slower the capacity adjusts to the 
level of demand. The shorter the period, the more responsive mills and process houses 
are to changing capacity to the level of demand. The authors expect the averaging time 
to be reduced; creating more responsive capacity adjustments once the collaborative busi
ness environment is in place. In Figure 18.11, the authors present the simulated response 
of lead-time dynamics when mills and process houses are 80% more responsive, or take 
only one fifth as long to average the demand level when calculating their capacity. 

The authors are also aware of the intrinsic delay in increasing capacity by the time 
it takes to bring new capacity on board. Accurate demand forecasting is expected to 
help phase in new capacity as needed. 
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Figure 18.10 Simulated result of lead-time for various entities within the supply chain. The 
simulation is for the case in which the process house and mill wait to adjust production capacity. 
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Figure 18.11 When the mill adjusts its production capacity as a response to a doubling in 
demand, the mill experiences a low percentage increase in its lead-time. 
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3.2. Discrete event modeling 

The other approach used in this study was discrete event simulation (DBS). DBS is 
a method used to study the effects of complexity and variation within a system, over 
time. Simulation models allow examination of even the most complex systems, 
including those with high levels of randomness and interdependence between the 
individual components (Law and Kelton 1991). While helpful in conducting more 
detailed analysis of specific entity flows in a model, this type of simulation does 
require a significant amount of data as compared to System Dynamics modeling. 

The authors selected a specialized DBS software package for supply chain analy
sis named Supply Chain Guru, from Crystallize, Inc., as the modeling tool. Supply 
Chain Guru uses the ProModel simulation engine to generate a DBS model of the 
supply chain being studied. 

The model consists of various nodes representing each supplier in the supply 
chain. The authors include the bill of material for only those parts that contain a sig
nificant amount of the alloy. Therefore, it is necessary to also model the inventory 
points and replenishment policies associated with these parts. The result is a network 
of suppliers of parts made from the alloy under study, which flow from the mills to 
the finished airplane. 

With Supply Chain Guru, the authors can model each supplier as a location on a 
world map based on a geographical information system (GIS) database. In addition to 
the location. Supply Chain Guru requires major data elements to define the supply 
network. The data elements are: 

1. Products (mill products, processed parts, minor/major assemblies, and airplanes 
in our case). 

2. The bill of material lists the quantities of parts and components belonging to an 
airplane product. 

3. Inventory policies are used to replenish and manage the parts inventory. 
4. Sourcing policies determine the selection of specific suppliers to provide certain 

parts. 
5. Transportation policies determine the time, method and route of transportation. 
6. Bnd-item demand drives the downstream requirements in the supply chain. 

To completely describe the major elements of a supply chain network, the 
software requires data on initial inventory levels, cost, price, weight, volume occupied 
by the various products, and mode of shipment. The software constructs the model in 
a deterministic fashion. Alternatively, it includes the ability to specify probability 
distributions in lieu of point estimates. 

The complex nature of the Boeing supply chain made for a number of challenges 
throughout the study. A combination of company-owned and independent sites scat
tered across the globe, insufficient communication or tracking methods, multiple 
supplier sub-tiers within the supply chain, and the sheer quantity of parts involved, 
have combined to make the process of obtaining quality data somewhat daunting. 

Significant effort was required to obtain sufficient data in correct formats. With 
thousands of parts and assemblies used on each airplane, simply fashioning a correctly 
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formatted bill of material proved to be a challenge. Data from the Boeing design 
engineering and manufacturing planning systems were used as a starting point, but 
considerable manipulation was required to generate a format acceptable to use the 
Supply Chain Guru software. 

Collecting data for the inventory and sourcing policy tables is also quite challeng
ing. Given that independent suppliers perform much of the parts fabrication and low-
level assembly work, Boeing has very little visibility to specific movements and 
inventories of parts throughout the system. 

To store and manipulate the extremely large quantities of data presented in this 
project, Boeing made use of an Oracle database. The data is composed of over 
200 suppliers, over 40 material types, ten's of thousands of parts and assemblies, and 
ten years of actual and forecasted airplane demand. The database will be used to trans
late and compress raw feeds into data that is useful and correctly formatted for the 
Supply Chain Guru software. 

The main benefit of this detailed level of modeling is to improve understanding to 
Boeing of its supply chain system's behavior, particularly under the influence of 
changes in planned airplane build rates. Changes in build rates are known by the com
pany well in advance, so it will be possible to determine the likely effects of changes 
on inventory levels, and shortages. The authors hopes to produce acceptably accurate 
forecasts for dissemination to Boeing suppliers, to enable those suppliers to conduct 
effective business planning, and to encourage the overall smooth functioning of the 
supply chain. In turn, Boeing seeks to eliminate critical part shortages, and to help 
suppliers become more accurate in their availability-to-promise estimates. The dis
crete event modeling work is currently in preliminary stages. It appears at this junc
ture that this approach will provide Boeing the visibility and understanding necessary 
to effectively manage its supply chain. 

4. In Practicum 

After much toil, the authors honed in on a modeling solution that is centered on dis
crete event simulation. A custom-built model using ProModel provided us with the 
solution we were after originally. Rather than modeling the entire multi-tier supply 
chain, the authors concentrated on accurately modeling the lowest levels of the supply 
chain network, the processing houses and machine shops. Lead-times, safety stock, 
and inventory replenishment policies were taken into account at each step in the 
supply chain. Illustrated in Figure 18.12 is an example output from the simulation 
model. The graph shows the amount of raw material shipped to the suppliers relative 
to the airplane delivery schedule. The lags between Processing House XYZ, Machine 
Shop ABC, and the airplane delivery schedule can be clearly seen. Processing houses 
and machine shops experience the ups and down of the commercial airplane delivery 
schedule well before actual airplane delivery. 

The material forecast shown in Figure 18.12 does not predict shortages or 
surpluses; inventory policies must be taken into account. Depicted in Figure 18.13 are 
typical inventory policies for suppliers at Tiers 1 through 5. A Tier 1 supplier ships 
parts directly to Boeing and is well aware of airplane delivery schedules. Safety stock 
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Figure 18.12 Raw material shipped to Processing House XYZ and Machine Shop ABC. 

is based on upcoming airplane deliveries, Figure 18.13a. Even with a large variation 
in demand, a 50% drop in May and a 100% increase in August, the inventory level 
(dashed line) remains very stable. The ordering activity represented by the bar also has 
a regular pattern. On the other extreme are the suppliers at Tiers 2 through 5. They 
base their safety stock on what was consumed in the current or prior month, 
Figures 18.13b and 18.13c respectively. As can be seen in Figure 18.13c, safety stock 
levels that lag actual material requirements cause shortages or surpluses. The uneven 
demand for raw material from the mills in months August through October is a sig
nificant problem for the mills. Sharp downturns delay raw material ordering activity 
while suppliers work off excess inventory while sharp upturns cause a frenzy of order
ing activity. Boeing's interest lies in forecasting and communicating raw material 
requirements to the processing houses and machine shops thus stabilizing the entire 
supply chain network. 

The simulated demand forecast provided an "umbrella" estimate of Boeing's 
internal and external commodity requirements given certain assumptions (lead times, 
inventory replenishment policies, etc.). This estimate was an effective "top down" 
view of the Boeing supply chain. The simulation's primary objective was to disaggre
gate the bill of material data into a tactical planning horizon. The next step was to take 
a "bottom up" view of the supply chain. 

In simple terms, a bottom up view is transactional (day to day) data of shipments 
and orders for the alloy being studied. Transactional data is important because the 
authors needed something to measure against the results of the discrete event simula
tion. The simulation measured how things should happen given certain conditions. 
Transactional data provided the answer to the question; "How are things actually 
happening?" 

Our mission was to aggregate the transactional data to the same tactical planning 
horizon that the simulation was based upon and compare the two outcomes. The result
ing story shed light upon the troubling activity Boeing has had with its supply chain. 
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Figure 18.13 Inventory policies using various safety stock levels for Tiers 1 through 5 in the 
supply chain. 

For reasons beyond the scope of this paper, Boeing has had an agreement with a 
third party service provider to handle the ordering of raw material for all of Boeing 
Commercial Airplane's internal and external suppliers. This agreement covers the 
alloy studied in this paper as well as others. Boeing and its sub-tier supply base must 
place their raw material orders through this third party provider for any Boeing 
Commercial Airplane requirement. Therefore, this third party entity has a record of all 
transactions related to Boeing Commercial Airplane's raw material requirements for a 
select group of commodities. 
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The goal of the comparison is to monitor the purchasing and ordering habits of 
Boeing's global supply base relative to the estimate derived from the simulation 
projections. Gross discrepancies between the "top down" estimate and the "bottom up" 
aggregation can indicate the very phenomena illustrated in the beginning of this paper. 

The two charts below illustrate some of the preliminary comparative results. 
The "Y" column is annual pounds per year, in thousands. The dashed line is our 

internal estimate of the supplier's annual requirements based on the discrete event 
simulation. The "checker board" portion of the vertical bar represents the number of 
pounds that have been shipped to the Boeing Commercial Airplane supply chain 
entity, as recorded via Boeing's third party provider. The striped portion of the verti
cal bar represents the number of pounds yet to be shipped (on order) as recorded via 
Boeing's third party provider. Each month, the third party provider produces two 
reports. The first report is a log of the previous month's shipments. The second report 
documents all orders outstanding. 

As we can see from Figure 18.14, the supplier has met and exceeded our estimates 
of its purchasing requirement for 2001 and 2002; no orders are outstanding for 2003. 

Figure 18.15 tells a different story. The way our simulation is constructed, the 
thick solid line represents a supplier's direct requirements (what they should be buy
ing via Boeing's third party provider), the thinner dashed line represents a supplier's 
total requirements, direct plus indirect. Indirect requirements are materials that flow 
through a given supplier's supply chain, but a supplier further upstream would actu
ally be purchasing the raw material. From this chart, it appears that this supplier has 
taken delivery of too much material in 2001 (total material received less its direct 
requirements) and now has no material on order in either 2002 or 2003. 

It is the authors' contention that had this supplier been aware of its purchasing 
activity relative to a properly simulated forecast, the supplier would have modified its 
purchasing behavior. However, due to the fact that the information was not readily 
available to the supplier, it had no choice but to substitute its uncertainty with 
inventory. 
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Figure 18.14 Example of supplier metting or exceeding expectations in 2001 and 2002. 
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Figure 18.15 Example of supplier over-ordering in 2001 with no open orders for 2002. 

The implementation plan we are taking to mitigate Boeing's recurring problem of 
over-and under-buying in the supply chain constitutes a decentralized approach. The 
authors' role will be to continue generating reports and analyzing the supply base's 
behavior. Boeing Commercial Airplane's Supplier Management organization assigns 
each supplier, or group of suppliers, to a Boeing procurement agent. The procurement 
agent's job is to effectively manage its respective supplier(s) in the best interests of the 
Boeing Company. In that light, the authors' plan is to familiarize each procurement agent 
with their suppliers' tracked performance relative to the simulated, optimal conditions. 

Each procurement agent will work with their respective supplier(s) to develop a 
plan to align their suppliers' behavior to better conform to the recommendations of the 
simulation. The authors believe that Boeing is the best entity to administer a project 
such as this for its supply chain. No other entity has the complete picture of internal 
build rates, the total supply chain map, and the transactional data all on one system. 

Due to the long-lead time nature of the industry under study, the supply base must 
place its orders far into the future. If Boeing can monitor the performance of its sup
ply chain and anticipate, rather than react to, problems of over- and under-ordering, 
the serious perturbations in the Boeing supply chain can be mitigated. 

5. Summary 

The authors believe that the simulation model has confirmed an adverse impact due to 
the lack of information sharing within the Boeing Commercial Airplane commodity 
supply chain. Lack of collaboration has led to a lack of confidence in requested pro
duction capacity increases to meet higher airplane production rates. This lack of con
fidence in the continuing demand of raw material has caused suppliers to delay 
decisions to increase production capacity, even when customers need the products. 
The result has been the inability of raw material suppliers to maintain a reasonable 
order lead-time. 
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Thus far, the authors have developed two models of the supply chain that Boeing 
can use to study the impact of various collaboration strategies on the performance of 
its supply chain. The company can use the system dynamics model to investigate the 
possible forms of collaboration, while the discrete event model can forecast raw mate
rial demand for Boeing within the multi-tiered supply chain. In addition to providing 
data for the simulations, a third set of tools provide the purchasing agents with "tra
ditional" feedback reports to better understand the relationship between a supplier's 
anticipated behavior and its actual performance. 

Predicting the behavior of a multi-tiered supply network of independent entities is 
no small task. The amount of investigation and interviews required to build and to for
mulate each model-type provided tremendous insight into the problem domain. The 
authors gained a much better appreciation for the struggle and frustration of the vari
ous members in the supply chain network. 

One primary advantage of building a system dynamics or discrete event model is 
that one is required to perform detailed systemic queries in order to construct and val
idate each model. Apart from the knowledge and insight gained, the investigation 
process itself forced Boeing to actively engage the supply chain, yielding benefits all 
its own. Suppliers have concurred that there is a lack of information shared with the 
supply chain. 

We are very enthusiastic about the potential benefits of this project. As Boeing has 
demonstrated an understanding of the problem by deploying project teams to supplier 
locations, trusting relationships have begun to form. Suppliers have typically been 
more than receptive of project efforts and are willing to assist Boeing in any way 
possible. 

Boeing Commercial Airplanes would eventually like to migrate its forecasting 
capability to a web-hosted environment where suppliers can view the projected aggre
gate demand of their statement of work. It is also foreseeable that suppliers will be 
able to input certain data elements, such as inventory levels, sourcing rules, and inven
tory replenishment policies. The current project goal is to develop a system that 
updates on a rolling quarterly basis. 

The road traveled has been tumultuous, but illuminating. The authors are begin
ning to see a light at the end of the tunnel from a process standpoint. The cost-
benefit projection of such an initiative could be substantial both to Boeing and its 
supply base. 
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Abstract 
Real-world industrial supply networks are highly complex structures made up of a multitude of 
competing individual companies. Today's structures span the whole planet and link processes 
over a timeline that measures in months. In this article we focus on one of the most complex 
networks, the supply in the automotive industry. 

The observed dynamics emerge from the physical and virtual interactions of the individual 
components of the supply network. The complexity of the net makes an analytic description of 
the system-level behavior infeasible. Instead, we have to resort to models of the individual 
dynamics that are then explored in simulation experiments. In this article we compare two 
modeling approaches—equation-based and agent-based modeling—and we report on two 
research projects at ERIM's Center for Electronic Commerce that applied agent-based 
modeling in the analysis of simple supply structures. 

Simulation of system dynamics is a central element in supply network management research. 
Agent-based models of real-world supply chains can be built by domain experts that do not have 
to be versed in information technology (IT). Using these models, a quantitative evaluation of 
the impact of parameters and strategies in the supply network design can show the financial 
advantage of the introduction of supply network management. The bulk of this article reports 
on a simulation exercise at the DaimlerChrysler Corporation that identified a potential win-win 
situation for all partners along the supply chain if a new forecast policy is adopted. 

Key words: emergent dynamics, agent simulation, bull whip effect 

1. Introduction 

Today's networks of supply to industrial production are highly complex systems that 
grew over time instead of having been designed in a conscious effort. 

The dynamics observed in a supply network emerge from the local interactions of 
autonomous actors in the ever-changing structure of the network. Actors in the supply 
network are OEMs and their suppliers as well as logistics companies. They are linked 
into a network structure by the flow of orders and material, and by capacity constraints 
in shared production facilities. 

Adaptive dynamical systems research tells us that complex and often counter
intuitive behavior can emerge from non-linear activities in simple interaction structures 
or from simple activities in complex structures. Thus, to understand and eventually to 
influence the dynamics of supply networks, we explore simple structures and simple 
interactions that still yield realistic behavior. 

In this article we report on recent research activities that brought together 
DaimlerChrysler Research & Technology's Supply Net Management Research Group 
and ERIM's Center for Electronic Commerce. 

In section 2 we introduce the concept of Supply Net Management for automotive 
supply networks. The automotive industry represents probably the most complex sup
ply network that includes thousands of independent, highly competitive companies 
spanning the whole planet. The final product comprises a multitude of customizable 
mechanical and electronic components that may require many processing steps and a 
wide variety of raw material. 

In section 3 we introduce our synthetic ecosystems approach to the modeling 
and analysis of complex adaptive systems and its application to supply networks. 
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Synthetic ecosystems comprise many relatively simple, locally interacting agents, 
whose activities in a shared environment result in complex and often counter-intuitive 
emergent behavior. Specifically, in this section we discuss the difference between 
agent-based modeling and equation based modeling of large-scale complex systems. 

Running a large number of simulation experiments is often the only way to explore 
the emerging features of synthetic ecosystems. In section 4, we report on two research 
projects (DASCh and SNAP) that investigated the emergent dynamics of supply chains 
in simulation models. We demonstrate how supply chain dynamics, such as amplifica
tion of variance or introduction of correlations, may even emerge in a linear supply 
structure with simplified production planning and inventory control mechanisms. 

In section 5 we apply our agent-based simulation approach to a real supply chain 
in the automotive industry. In a four-tier model we explore the effect of different fore
cast data, dissemination policies and different supply chain parameters, such as the 
size of the forecast window or the constraints on capacities, on the performance of the 
whole supply chain. We report on a number of simulation experiments, where we 
confronted our models of the supply chain with artificial demand functions as well as 
curves generated from real historical ordering data. As a significant result of our 
experiments, we show an improvement potential that puts the partners in the supply 
chain in a win-win situation that may lead to significant cost savings. 

We conclude in section 6, with a summary of the most important results and with 
recommendations for future research activities. 

2. Simulation of Automotive Supply 

Today's networks of supply are extremely complex and highly dynamic in their struc
ture and operation. They are characterized by: 

Temporal and Spatial Separation of Cause and Effect Long delays in the flow of 
material and information and the global distribution of facilities make the short-term 
and long-term effect of decisions hard to predict and often counterintuitive. 
Interdependency of Performance Parameters The performance of a particular sup
ply net depends on many different parameters (e.g., time, quality, costs, inventory, 
service levels) that are interdependent and often linked in causal loops. 
Nonlinear Dynamics Many processes in a supply network introduce nonlinearities 
into the operation. 
Local Information and Local Decision Making All processes in a supply net are 
localized, making local decisions based on local and often incomplete information. 

The supply networks of the automotive industry (e.g., in Figure 19.1) stand out 
through their particularly high degree of complexity and variability. They comprise a 
large number of highly competitive supply net nodes (on the distribution as well as on 
the supply side), spanning essentially the whole planet. 

Cars are produced in high volume. An assembly plant handles about 2,000 cars a 
day and there are usually about 6 such plants for one product line. The final product 
is extremely complex and highly customizable. A Mercedes-Benz passenger car 
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Figure 19.1 DaimlerChrysler supply net example. 

comprises approximately 10,000 parts, of which about 50% are unique to only one 
particular variant. In addition, most of the parts cannot be substituted if supply fails. 
Between the processing by raw material suppliers and the final assembly, the produc
tion of a car effectively takes months. 

The supply network that spans "down" from the OEMs extends over may tiers, 
covers a multitude of suppliers and reaches across many industries. While suppliers 
that belong to the automotive sector give priority to their car-producing customers, 
suppliers in other industries (e.g., electronics, textile) may have other key customers 
to consider. Therefore, highly complex dynamics emerge from the interactions 
across the interfering supply networks, which, in general all operate at their capacity 
limits. 

Uncertainty in supply nets can be compensated through buffers of material, capac
ity, or time. These "shock absorbers" are of course expensive, leading to unnecessary 
capital costs and low flexibility. Supply Net Management (SNM) attempts to achieve 
high service levels with minimized inventory levels and costs. It combines principles 
of holism, process acceleration, and decision support, based on pipeline visibility and 
internet-enabled business models. 

The implementation of a standard SCM software package that automates an exist
ing supply chain is usually insufficient for SNM to succeed. Instead, the collaboration 
of the involved partners has to be established in advance, which requires the trans
parency of the causal relationships of the supply network. 

Simulation is a powerful technology for the analysis and optimization of complex 
systems. SNM may utilize simulation at different planning stages. 

At the strategic level simulation supports the supply net design, the evaluation of 
logistics concepts (e.g., just in time delivery), the determination of value drivers and key 
performance indicators, or the definition of the appropriate cost-service-relationship. 
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Figure 19.2 Basic simulation scenario. 

At the process optimization level, the fundamental causal relationships between 
supply net parameters and the strategic objectives may be explored through simula
tions and leverage points and metrics may be derived for the control system design. 

Finally, at the level of the implementation of the IT infrastructure, parameters may 
be customized through simulation. Consider a supply network simulation model as the 
"black box" in an Input/Output experiment (Figure 19.2). The consumer demand is 
the input into the model. The input signal, as well as internal variables of the model, 
may be distorted. The operation's objectives are the output variables, which represent 
the system's behavior. Opening up the "black box," internal observables may be spec
ified as well. We select these internal observables for their potential influence on the 
global performance. 

3. Agent-based Simulation of Supply Dynamics 

Any system can be characterized in terms of two classes of entities: individuals 
(e.g., machines, people, companies), and observables (e.g., shipments per week, 
profit, delivery time). Approaches for system modeling and simulation fall into two 
broad categories. Agent-based modeling (ABM) focuses on individuals that are 
related by behaviors, while equation-based modeling (EBM) focuses on observables 
that are related by equations (Parunak et al. 1998). 

EBM begins with a set of equations that express relationships among observables. 
The evaluation of these equations produces the evolution of the observables over time. 
These equations may be algebraic, or they may capture variability over time (ODEs, 
as used in system dynamics) or over time and space (partial differential equations, or 
PDEs). The modeler may recognize that these relationships result from the interlock
ing behaviors of the individuals, but those behaviors have no explicit representation 
in EBM. 

ABM begins, not with equations that relate observables to one another, but with 
behaviors through which individuals interact with one another. These behaviors may 
involve multiple individuals directly (companies producing products) or indirectly 
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through a shared environment (two producers competing for a common source of raw 
materials). The modeler pays close attention to the observables as the model runs, and 
may value a parsimonious account of the relations among those observables, but such 
an account is the result of the modeling and simulation activity, not its starting point. 
The modeler begins by representing the behaviors of each individual, and then turns 
them loose to interact. Direct relationships among the observables are an output of the 
process, not its input. 

Figure 19.3 summarizes the critical relationships: 

Individuals are characterized, separately or in aggregate, by observables, and affect 
the values of these observables by their actions. 
Observables are related to one another by equations. 
Individuals interact with one another through their behaviors. 

ABM and EBM also differ in the level at which the model focuses. A system is 
made up of a set of interacting individuals. Some of the observables of interest may 
be defined only at the system level (e.g., the pressure of an enclosed gas), while oth
ers may be expressed either at the individual level or as an aggregate at the system 
level (e.g., location of an organism versus the density of organisms per unit space of 
habitat). EBM tends to make extensive use of system-level observables, since it is 
often easier to formulate parsimonious closed-form equations using such quantities. 
In contrast, the natural tendency in ABM is to define agent behaviors in terms of 
observables accessible to the individual agent, which leads away from reliance on 
system-level information. In other words, the evolution of system-level observables 
does emerge from an agent-based model, but the modeler is not as likely to use these 
observables explicitly to drive the model's dynamics as in equation-based modeling. 

These two distinctions are tendencies, not hard and fast rules. The two approaches 
can be combined (Fishwick 1995): within an individual agent in an ABM, behavioral 
decisions may be driven by the evaluation of equations over particular observables, 
and one could implement an agent with global view whose task is to access system-
level observables and make them visible to local agents, thus driving an ABM with 
system-level information. Furthermore, while agents can embody arbitrary computa
tional processes, some equation-based systems (those based on PDEs, but not the sim
ple ODEs used in system dynamics) are also computationally complete (Omohundro 
1984). The decision between the two approaches must be made case by case on the 
basis of practical considerations. These considerations include the underlying struc
ture of a model, the naturalness of its representation of a system, and the realism of a 
straightforward representation. 

Behaviors Equations 

Figure 19.3 Unifying multiplicities. 
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The difference in representational focus between ABM and EBM has consequences 
for how models are modularized. EBMs represent the system as a set of equations that 
relate observables to one another. The basic unit of the model, the equation, typically 
relates observables whose values are affected by the actions of multiple individuals, so 
the natural modularization often crosses boundaries among individuals. ABMs repre
sent the internal behavior of each individual. One agent's behavior may depend on 
observables generated by other individuals, but does not directly access the representa
tion of those individuals' behaviors, so the natural modularization follows boundaries 
among individuals. 

Structurally, the dominant variety of EBM (ODEs) represents the process being 
analyzed as a set of flow rates and levels. ABM represents the process as a set of 
behaviors, which may include features difficult to represent as rates and levels, such 
as step-by-step processes and conditional decisions. 

In many domains (e.g., Howard 1997; Wilson 1998), ABMs give more realistic 
results than EBMs, for manageable levels of representational detail. The qualification 
about level of detail is important. Since PDEs are computationally complete, one can 
in principle construct a set of PDEs that completely mimics the behavior of any ABM, 
and thus produce the same results. However, the PDE model may be much too com
plex for reasonable manipulation and comprehension. EBMs (like system dynamics) 
based on simpler formalisms than PDEs may yield less realistic results regardless of 
the level of detail in the representation. 

4. DASCh and SNAP—A Particular Modeling Situation 

Over the course of two projects, one funded by the US Department of Defense 
(Dynamic Analysis of Supply Chains, DASCh) and the other by DaimlerChrysler 
Corporation (Supply Network Agility and Performance, SNAP), we have developed 
an agent-based system for modeling supply networks. Experiments with this system 
show the emergence of intriguing and initially unintuitive system-level behaviors. 

4,1, Model Structure 

DASCh includes three species of agents. Company agents represent the different firms 
that trade with one another in a supply network. They consume inputs from their sup
pliers and transform them into outputs that they send to their customers. PPIC agents 
model the Production Planning and Inventory Control algorithms used by company 
agents to determine what inputs to order from their suppliers, based on the orders they 
have received from their customers. These PPIC agents currently support a simple 
material requirements planning (MRP) model.^ Shipping agents model the delay and 

The basic MRP algorithm includes developing a forecast of future demand based either on past demand 
or on customer forecast (depending on location in the hourglass), estimating inventory changes through 
time due to processing, deliveries, and shipments, determining when inventory is in danger of falling 
below specified levels, and placing orders to replenish inventory early enough to allow for estimated 
delivery times of suppliers. 
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uncertainty involved in the movement of both material and information between 
trading partners. 

The initial DASCh experiments involve a supply chain with four company agents 
(Figure 19.4: a boundary supplier, a boundary consumer, and two intermediate firms 
producing a product with neither assembly nor disassembly). Each intermediate com
pany agent has a PPIC agent. Shipping agents move both material and information 
among company agents. They do not ship partial orders, but move material from pro
ducer to consumer only when the order is full. 

SNAP extends the DASCh structure by permitting a company agent to have mul
tiple suppliers (e.g., different components coming together into an assembly) and mul
tiple customers (Figure 19.5). In the latter case, SNAP allocates available output 
across customers proportionate to a historical measure. SNAP supports two such 
measures: time-weighted backlog, and time-weighted order history. 

Shippers 

Mailer 3 

Site 4 
pplier) 

Figure 19.4 A simple supply chain model. 

^ Capacity Constraints • 

Figure 19.5 An example SNAP ecosystem. 
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4.2. Behaviors 

DASCh shows a range of interesting behaviors in terms of the variability in orders and 
inventories of the various company agents: amplification, correlation, persistence, and 
generation of variation in the orders and inventory levels in the system. SNAP shows 
that these effects persist when the structure moves from a linear chain to a network. 
In general, these phenomena introduce strong structural distortions into the order 
stream. Such disturbances obscure the suppliers' view of the top-level consumer's 
demand. 

Amplification and Correlation of Order Variation As the demand generated 
by the top-level consumer propagates to lower levels, its variance increases, so that 
lower-level suppliers experience much more variability than higher-level ones. This 
amplification phenomenon is widely discussed in the literature (Lee et al. 1997). Not 
as well recognized is the correlation imposed on an originally uncorrected series of 
random orders by the PPIC algorithms in the supply network. 

To explore this dynamic we set all batch sizes to one, so the economic order quan
tity does not introduce a nonlinearity. The consumer generates Gaussian random IID 
(Independent, Identically Distributed) orders with a mean of 100 per week and vari
ance of 10. Capacity at sites 2 and 3 is set at 10,000 per week, virtually infinite in 
comparison with the order levels, again avoiding a threshold nonlinearity. The fore
cast algorithm is the weighted average mechanism; appropriate to the distribution half 
of the supply network hourglass. We examine the results using time delay plots, in 
which each element in a time series is plotted on the Y-axis against the previous 
element on the X-axis. 

Figure 19.6 shows the delay plot for the consumer orders. As expected for IID 
data, they form a circular blob, with no apparent structure. Figure 19.7 show the orders 
issued by site 3, in response to the IID consumer orders. Site 3's cloud of points is 
larger, reflecting amplification of order variation in lower tiers of the supply chain. 
Also, it is no longer circular in shape, but is stretched along the line X = Y. This 
stretching indicates that a large order is more likely to follow another large one, and a 
small order another small one. In other words, the orders have become correlated in 
time. Site 2 (not shown) exhibits a lower level of both amplification and correlation, 
corresponding to its lower depth in the supply chain. 
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Figure 19.6 Consumer orders. 
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Figure 19.7 Site 3 orders. 
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Figure 19.8 Persistence of a one-time disturbance. 

Persistence of Order Variation A single modest change at the top of the chain 
generates disturbances in the order sequences of lower tier suppliers that persist long 
after the original change. Figure 19.8 shows the effect of two successive step functions 
in consumer orders (the solid line) on the orders issued by site 3 to the supplier (the 
dashed line), using weighted average forecasting. In both cases, the consumer 
increases its order level by 10 orders per time period. Though the change in consumer 
orders is a one-time phenomenon, its effect persists in the orders that site 3 issues to 
the supplier. The persistence time is of the same order as the forecast window over 
which the manufacturer averages past orders to estimate future demand. 

For the first step increase in consumer orders, the forecast window is 39 weeks and 
the disturbance in site 3 orders persists for between 31 weeks (to the last upward spike 
over the new demand level) and 47 weeks (to the downward spike). The amplitude of 
the variability in site 3 orders ranges from a high of 125 to a low of 100, or a total 
range of 25. 

Before the second increase, we reduce the forecast window in both PPIC modules 
from 39 to 20. The period of variability lasted fewer time steps (between 22 to the last 
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order above 120, and 29 to the final downward spike). But shortening the forecast 
window has the effect of increasing the amplification. Thus the second set of peaks is 
taller than the first (ranging from 110 to 145, or a total range of 35). 

Thus the weighted forecasting algorithm has the effect of imposing a memory on 
the system. The longer the forecasting period, the longer the memory, but the lower 
the amplitude of the variations generated. 

Generation of Inventory Variation Even when top-level demand is constant and 
bottom-level supply is completely reliable, intermediate sites can generate complex 
oscillations in inventory levels, including phase locking and period doubling, as a 
result of capacity limitations. 

The consumer places a series of orders of constant size at constant rate, with no 
superimposed noise. The bottom-level supplier makes every shipment exactly when 
promised, exactly in the amount promised. Production batches are still 1, but now we 
impose a capacity threshold on sites 2 and 3: in each time step they can only process 
100 parts, a threshold nonlinearity. Recall that orders are not shipped until they are 
complete, another threshold nonlinearity. As long as the consumer's order size is 
below the capacity of the producers, the system quickly stabilizes to constant order
ing levels and inventory throughout the chain. When the consumer demand exceeds 
the capacity of the producers, inventory levels in those sites begin to oscillate. 
Inventory builds up over successive production cycles until it is high enough to fill 
an order, at which point it drops by the amount of the order, only to begin to build 
up again. 

Figure 19.9 shows the inventory oscillation that arises when demand exceeds 
capacity by 10%. Site inventories oscillate out of phase with one another, in the form 
of a saw tooth that rises rapidly and then drops off gradually. The inventory variation 
ranges from near zero to the level of demand, much greater than the excess of demand 
over capacity. 

Figure 19.10 shows the dynamics after increasing consumer demand to 150. The 
inventories settle to a saw tooth with a shorter period. Now one cycle's production of 
100 can support only two orders, leading to a period-three oscillation. The inventories 
of sites 2 and 3, out of synch when Demand/Capacity = 110/100, are now synchro
nized and in phase. 

The transition period is actually longer than appears from Figure 19.10. The 
increase from 110 to 150 takes place at time 133, but the first evidence of it in site 2's 

Time 

Figure 19.9 Demand/Capacity = 110/100. 
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Figure 19.10 Demand/Capacity = 150/100. 
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Figure 19.11 Demand/Capacity = 220/100 (Site 2). 

dynamics appears at time 145. The delay is due to the backlog of over-capacity orders 
at the 110 level, which must be cleared before the new larger orders can be processed. 

Figure 19.11 shows the result of increasing the overload even further. (Because of 
the increased detail in the dynamics, we show only the inventory level for site 2.) Now 
the consumer is ordering 220 units per time period. Again, backlogged orders at the pre
vious level delay the appearance of the new dynamics; demand changes at time 228, but 
appears in the dynamics first at time 288, and the dynamics finally stabilize at time 300. 

The ratio of demand to capacity in the last example seems unrealistic. Any system 
operating with demand greater than two times capacity would be expected to 
encounter problems far more serious than inventory oscillations. The ratios exhibited 
in these figures are those at which these effects were originally discovered. A theoret
ical analysis of these oscillations (Parunak 1999) shows that biperiodic oscillations as 
in Figure 19.11 can arise for much more modest overloads. Let the ratio of demand to 
capacity with all common factors removed be D/C, and let H be the minimum of 
C and D — C. Then biperiodic inventory oscillations will arise whenever H ?̂  1. For 
example, if the demand is 110 and the capacity is 100, then D/C= 11/10 and thus 
H = 1. H also equals one for a ratio of 150/100 (= 3/2), but not for 220/100 (= 11/5, 
H = 6), the admittedly extreme configuration in which we discovered the biperiodic 
effect. A more modest configuration that also exhibits this effect is 107/100 (H = 7). 

This degree of overload generates qualitatively new dynamical behavior. Instead 
of a single saw tooth, the inventories at sites 2 and 3 exhibit biperiodic oscillation, 
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a broad saw tooth with a period of eleven, modulated with a period-two oscillation. 
This behavior is phenomenologically similar to bifurcations observed in nonlinear 
systems such as the logistic map, but does not lead to chaos in our model with the 
parameter settings used here. The occurrence of multiple frequencies is stimulated not 
by the absolute difference of demand over capacity, but by their incommensurability. 

SNAP shows that all of these effects (amplification, correlation, persistence, and 
generation of variation) occur in supply networks as well as in supply chains. In a net
work, a node's depth may not be well defined, since it may have several customers. 
However, one can define a mean depth recursively as 0 for an OEM (a top-level cus
tomer in the network), and one plus the mean of a node's immediate parents for any 
other node, and this mean depth is a good predictor not only of amplification and cor
relation (as in a chain), but also of settling time after a step function. Additional fac
tors that modulate these effects are the actual load experienced by a node, and the 
node's structural context (e.g., the number of routes by which a node senses demand 
from an OEM, or the presence or absence of an intervening MRP process to integrate 
multiple demand streams). 

5. Simulating a Real Supply Chain 

The Supply Net Management Research Group at DaimlerChrysler Corporation 
(DCX) Research and Technology used SNAP to model, simulate, and analyze a four-
stage, cross-company supply chain for parts and components delivery as part of a 
larger collaborative planning pilot project that explored the potential of real-time 
information exchange between DCX and its suppliers. In simulations we evaluated the 
effect of the particular planning policy on the supply net's performance and stability 
in terms of oscillations, inventory levels, stock-outs, and logistics service levels. 

In an extensive series of simulation runs, using artificial test functions as well as 
real-world data, we compared a real-world supply chain with the so called SYS Pilot 
supply chain, which was characterized by a broadcast mechanism for forecasting. Our 
evaluation focused on the long-term effects of oscillations on the average inventory, 
deriving recommendations for the forecast policy and window length at the DCX site. 
Our results provided input for investment decisions for supply chain planning soft
ware and process improvements. 

5,1, Simulation Model 

The model of the pilot's supply chain (Figure 19.12) comprised five echelons with 
DCX being at the "consumer" end. DCX issues orders for a complex component to its 
tier one systems supplier (SYS). A part of the component is produced by SYS-P, 
which is incidentally in the same company as SYS. SYS-P in turn orders from the tier 
three supplier TEX, and TEX gets its material from the raw material supplier RAW. 

We choose a pilot with a very simple bill of material (BOM), focusing our inves
tigation on basic effects. Each tier in the chain contributes one part to the component 
that SYS delivers to DCX. The component is produced in three variants, for one of 
which we acquired the demand data. 
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Figure 19.12 Pilot supply chain. 

Table 19.1 Order and Forecast Delays in the Actual Pilot Supply Chain 

Forecast 
source 

Forecast 
destination Time schedule Delay/days 

DCX 

SYS 

SYS-P 

TEX 

SYS 

SYS-P 

TEX 

RAW 

Sends orders and forecast to SYS weekly on 
Monday 

Receives forecast/orders weekly on Monday and 
sends it to SYS-P on Wednesday 

Calculates forecast and sends it to TEX one week 
later 

Receives order / forecast on Wednesday and 
sends new forecast to RAW on Monday of the 
following week 

0 

2 

5 

3 

10 

The SYS pilot was designed to reduce information cycle time. In the current setup 
of the supply chain, each tier calculates its own forecast for its suppliers, adding a 
delay of several days, which result in a total cycle time for the orders and forecast 
information of 2 weeks (Table 19.1). 

A supplier forecasts its daily demand level based on its customer's forecasted 
demand data and compares it to the expected inventory, ordering missing parts. 
In other industries, demand forecasts are often based on estimated or historical 
data. 

Instead of handing forecasts down the supply chain, in the SYS pilot forecast 
data is calculated by DCX and broadcast to all tiers in about one cycle. Our analyzes 
focus on the change in the dynamics caused by the different information flow, com
paring the pilot with the current supply chain configuration. Based on data acquired 
from the suppliers, the parameters of the current configuration were set as in 
Table 19.2. 
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Table 19.2 Basic Parameter Values 
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Processing time / Transp. lead time / 
Node days days Order lot size 

DCX 
SYS 
SYS-P 
TEX 
RAW 

— 
2 
4 
3 

38 

1 
1 
1 
5 

92 
92 
41 

— 

DCX 

\ m±. Shipper 
Ids 

m Lead time 

1 time step = 1 day 
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1 W ^ RAW 

X 104. 

Figure 19.13 Pilot simulation model. 

We set the horizon of the forecast to 60 days for the steps from DCX to SYS and 
from SYS to TEX and to 40 days for the step from TEX to RAW. We did not get any 
data on production capacities and used fair assumptions instead. Some safety stock 
levels were set based on estimates too. 

Figure 19.13 shows the pilot's simulation model in the graphical SNAP notation, 
merging the SYS facilities since information delays at that tier have been eliminated 
in the pilot. 

5,2, Simulation Experiments 

As shown in Figure 19.2, a simulation experiment requires the specification of the 
demand by customer DCX (input signal), of distortions that should be applied, of 
objectives (output variables), and of model-internal observables. 

Our experiments applied different demand functions and varied the forecast 
window size for the pilot scenario from 100 to 1, including the values 60 (real data), 
40, and 20. We investigated the stability of the system, focusing on oscillations, 
constraint effects (e.g., out of stock, backlog, variances in lead and cycle time), and 
service levels (Table 19.3). 
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Table 19.3 SNAP Service Level Metrics 

Metric 

Outstanding 
orders 

Consumer 
AvgTime-Fill 

Consumer 
AvgOverdue 

Description 

Total units which the customer 
has ordered but not yet received 

Average time to fill the 
consumer's orders (order-to-delivery 
time) 

Average time order is overdue 
when received 

Target value 

Order amount placed since actual 
time less default order cycle time 
(see below) 

Default order cycle time (= sum 
of order information and shipping 
lead time for make-to-stock 
production) 

0 

In addition, we also specified the respective level of the safety stocks for the parts 
inventory (inbound). We assumed that twice the amount of the order batch sizes would 
be sufficient to guarantee a stabilized starting point without out-of-stock effects when 
using "good" production and order policies. For the product inventories (outbound), 
we chose the mean value of the current demand. 

We distorted the input signal with random noise. A distortion of model-internal 
values was not appropriate, because actual lead times vary by the hour while a model 
cycle is a day; and data on capacity variation was not available. 

A shortcoming of the current version of SNAP is that it does not permit capacity 
limitations at the raw material supplier. Hence, RAW was always able to adjust its 
capacity without constraints. Future experiments will have to eliminate this unrealism. 

All MRP calculations at the different sites in a model are based on the same deci
sion rules that had been selected in a best-of-breed analysis. Later versions of SNAP 
will allow the specification of individual rule sets. 

Our SNAP software offers too many parameters to realize a full sweep. In our 
experiments we froze those parameters that we did not expect DCX to modify in the 
near future. Thus, we combinatorially explored values for the capacity levels and the 
forecast window sizes, and different demand curves in the model of the current sup
ply chain and of the SYS pilot. 

We drove the systems with the following input signals (Table 19.4): a) step-up 
demand, b) single pulse demand, c) random demand with low and high variance, and 
d) steady real-data demand approximation . Table 19.5 briefly describes the demand 
curves. 

The commonly used demand level of 120 units as well as the variation of 30 units 
in the random demand curve has been obtained from the analysis of real-world data. 

53. Simulation Results 

In the following we discuss selected results of our experiments. We only considered 
data taken after the initialization phase (60 days) of the model. The graphs, which 
illustrate our experimental results, always plot the observed units of inventory, ship
ments and orders over time. 

5.3.1. Step-Up Demand A step up input, representing a long-term demand 
increase, is commonly used to test a system's general stability. We focus on the effect 
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Table 19.4 Demand Curves Used in Experiments 
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Table 19.5 Demand Curves Used in Experiments 

Demand Description 

Step-up A constant demand (120 units) instantaneously jumps up to a new 
demand level (160 units) and remains constant afterwards. 

Single pulse A constant demand (120 units) is interrupted by a short period of 
high demand (180 units). 

Random Two random demand curves with a common mean (120 units) but 
different variance (30 units versus 800 units) are generated. 

Real (steady) Approximated from steady demand data at the middle of the 
product's life cycle by use of an actual DCX' supplier release. 

of different forecast window sizes in our models with the two forecast policies and 
with infinite capacities. 

We find that a forecast window of 60 days allows the current model to constantly 
meet the service level requirements. We observe an average order fulfillment time of 
2 days, and an optimal order overdue time of zero. 

At the first tier of the supply chain (SYS), the system reveals the expected saw 
tooth fluctuations of the parts inventory on the scale of the order batch size (Figure 
19.14). The shipments as well as the production rate match the increased demand. 
Potentially, the safety stock levels for parts and products could be reduced. 

At the second tier (TEX) a significant dip in the parts' inventory level is observed 
when the demand steps up. This undesired effect is avoided by the new forecast pol
icy in the pilot model, demonstrating the advantage of broadcasting DCX's demand to 
all suppliers (Figure 19.15). A reduced order cycle and an increase in the production 
rate smoothly compensate the step-up of the demand. 

All sites in the supply chain faced significant instabilities once we lowered the size 
of the forecast window below 60 days. We conclude that the forecast window should 
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Figure 19.14 SYS response to step-up in current model (infinite capacity, 60 days forecast). 
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Figure 19.15 Negative parts inventory peak for TEX (upper) and stabilized behavior in the 
pilot scenario (lower). 
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always be larger than the total processing and shipment lead time (here 55 days, 
cf. Table 19.1). 

It has to be emphasized, that in the simulation the forecast always produces 
accurate data, that is no forecast error is included in the model. Hence, the forecast 
window refers to an effective forecast rather than to a nominal forecast. If for example, 
in the real system 60 days of forecast are passed to the supplier, but only 20 days are 
directly regarded for the suppliers MRP for whatever reasons, the modeled forecast 
window would be 20. 

As we set the (effective) forecast window to 20 days (Figure 19.16), we observe a 
large backlog at the first tier supplier (SYS) as it runs out of parts. The story is even 
more dramatic for the second tier supplier (TEX), where we already registered back
logs of 600 units when the forecast window was set to 40 days. With a forecast win
dow of 20 days, the backlog increases to 1,500 units and TEX remains out of parts for 
nearly 40 days. 

These instabilities are reflected by the observed service level (Figure 19.17), 
which does not meet the requirements when the forecast window is below 60 days. In 
fact, for a forecast window of 20 days, the model predicts an overdue time of 5 days. 

Although it seems obvious that the forecast window length should in general never 
be smaller than the total supplier's lead and cycle time, the results of the series can be 
valuable for further investigations. If only a part of the given forecast is considered to 
be valid for planning purposes on the supplier side, the situation can be compared with 
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Figure 19.16 Response to step-up by SYS (upper) and TEX (lower) with 20 days forecast. 



334 Brueckner et al. 

I . . 

-CriAvTFii 

??CnAv'TOdue 

" Cr,AvTFi!l 

CnAvTOdue 

Figure 19.17 Service levels with 40 days forecast (upper) and 20 days forecast (lower). 

a reduced forecast window length, as described above. Hence, passing forecast data 
with sufficient scope to the suppliers does not guarantee stability. In the pilot scenario, 
this becomes even more crucial since all suppliers shall receive the same basic infor
mation from DCX. Hence, establishing confidence in the data validity can be seen as 
a key success factor for DCX in our scenario. 

We also faced the system with a major step down in the demand level (from 120 to 
60 units) to check whether the supply chain is able to avoid building up excessive 
inventory. The outcome of this experiment is very similar to the results gained in the 
step-up simulations. The first tier is able to handle the change in demand, while the 
second tier's inventory level peaks. The broadcast of forecast information in the pilot 
model prevents that instability. We also observed that a reduction of the size of the 
forecast window led to excessive part inventories. The second tier supplier was espe
cially affected. 

5.3.2. Single Pulse Demand The single pulse function was applied to test the 
systems capability to cope with short-term demand peaks. In our experiments neither 
the current model nor the pilot model were able to sustain the required service levels 
when the capacities had been restricted. 

Figure 19.18 shows the effect the demand fluctuation has on the second tier (TEX) 
when unlimited capacities are available, comparing the current model with the pilot 
model. In the current model we clearly see the Bullwhip effect in the part inventory 
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Figure 19.18 TEX response to a single pulse with 60 days forecast in the current model 
(upper) and in the pilot model (lower) (infinite capacity). 

level, caused by increasing planning uncertainty at the upstream side and the long pro
duction and shipping lead time of the third-tier supplier RAW, first dips and then 
peaks. The new broadcast policy in the pilot avoids this oscillation. 

In a second round of experiments we restricted the capacity of tier one and two to 
120% of their mean demand. Now the undershoot of the inventory is so strong that the 
on-time delivery rate is affected. 

Figure 19.19 shows the limited improvement of the performance at the second 
tier of the supply chain (TEX) when the pilot's broadcast policy is applied. In the 
case of unlimited capacities, the new policy avoided severe out-of-stock periods 
(Eigure 19.18), but with limited capacities the service level is still reduced. 

5.3.3. Random Demand (Variance 30/800) We used a random demand with a 
mean of 120 units and a variance of 30 units as a first approach to approximate a real 
steady-state demand pattern of the customer DCX over an extended period. To obtain 
the stochastic parameters, some historical data sets of DCX orders were evaluated 
prior to the experiments. 

In the current model with infinite capacities and a forecast window of 60 days, the 
required service level is achieved, but the second tier (TEX) suffers extreme fluctua
tions of its part inventory (Eigure 19.20). Those fluctuations unnecessarily tie up a 
large amount of working capital at the upstream end of the supply chain. 
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Figure 19.19 TEX response to a single pulse with 60 days forecast in the current model 
(upper) and in the pilot model (lower) (limited capacity). 
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The broadcast policy of the pilot model resolves this problem, permitting TEX to 
lower its safety stocks significantly. 

In our experiments with limited capacities we come to the same conclusion. But, 
there the product inventory also fluctuates, which indicates an imbalance between 
production capacity and order lot sizes (not shown here). Regardless whether the 
capacities are limited or not, shorter forecast windows amplify the fluctuations at TEX 
while the service levels remain stable. 

Increasing the variance and thus the uncertainty in the planning processes 
increases the fluctuations along the supply chain, but, even with constrained capaci
ties, the service levels remain stable. That stability is bought by increased capital costs 
that result from increased safety stocks. 

Again the broadcast policy of the pilot shows its superiority. As illustrated by 
TEX's stabilized part inventory in Eigure 19.21, the new policy allows safety stocks 
to be lowered significantly with the previously mentioned potential for savings. 
Introducing a constraint on the capacities results in less stable inventories, but the 
safety stock remains still untouched. 

In summary, the models show an ambivalent reaction to random demand. On the 
one hand, they sustain a high level of customer service, which was of course not 
observed for the analytical demand curves. On the other hand, they reveal extreme 
material and WIP inventory fluctuations, especially at the upstream end. This indi
cates, that the bullwhip effect is obviously compensated by excessive inventory and 
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Figure 19.21 TEX response to random (variance 800) with 60 days forecast in the current 
model (upper) and in the pilot model (lower) (infinite capacity). 
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probably capacity buffers. As a consequence, we predict a high cost for material in 
today's supply chain. 

These experiments highlight the immense potential of the simulation of supply 
chain dynamics for the evaluation of win-win scenarios. After the initial investment to 
change the forecast policy of the OEM (here DCX), the fluctuations in the part inven
tory of the second tier supplier (TEX) are reduced significantly. Consequentially, the 
safety stocks of the suppliers may be reduced, which lowers their capital costs. 
Assuming that these savings are passed on to the respective consumer in lower part 
prices, the whole supply chain as well as the OEM gains an advantage. Similar bene
fits can likely be expected from the opportunity to smooth the utilization of fixed 
assets in order to balance the production systems flexibility throughout the chain. 

An evaluation of the total effect of such a scenario requires the modeling of the 
impact of logistics parameters on financial metrics, such as the Return On Assets 
(ROA). 

5.3.4. Real Demand (Steady) Finally, instead of replicating the long-term statistical 
characteristics of the historical order stream of DCX, we reconstructed a mid-term 
demand curve directly from a historical forecast release of the OEM. 

Faced with this steady demand, the current supply chain with infinite capacities 
reveals stable service levels, but again we observed significant fluctuations in the part 
inventory of TEX (Figure 19.22) that even touch the safety stock. 
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Figure 19.22 Inventory peaks for TEX in current model (upper) and remains stable in the 
pilot model (lower). 
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As with the previous demand curves, the pilot model shows increased stability, 
dampening oscillations and eliminating peaks. Thus, safety stock levels may be low
ered, reducing capital costs. 

5,4, Summary and Lessons Learned 

The impact of forecast policies and parameters on the stability and efficiency of our 
automotive supply chain was the main focus of our series of simulation experiments. 
We discovered that an implementation of Supply Chain Management in the existing 
supply chain has a significant potential for cost reductions, especially for savings in 
the working capital. In particular, we claim: 

Stability Improvements For many demand curves, the broadcast policy of the 
pilot model improves the system's stability significantly. In the current model we 
observe excessive fluctuations in the inventory levels that may deplete the stock 
completely if demand variations become too strong. Faced with the same demand, the 
pilot's design proves much more robust. It's supply chain is capable of absorbing even 
sudden jumps and peaks in the demand function or high variant stochastic noise, thus 
ensuring service level requirements with comparatively low inventory levels. 

Successful Criticality Analysis The theory of demand amplification is confirmed 
through the experiments. Dynamic supply net simulation identifies the most vulnera
ble node in the model. At the third tier of the chain (TEX) we observe the strongest 
fluctuations, especially in the parts inventory, caused by this supplier's long lead times 
and by its upstream position in the supply chain. 

It is important to note that these problems occur despite RAW's infinite produc
tion capacity in the model. Hence, TEX has an even higher need for accurate and 
timely planning data and it gains most from the adjusted forecast policy of the pilot. 
We argue that an implementation of the broadcast policy in the real supply chain may 
result in a win-win situation for all partners. 

Optimal Forecast Window Size Based on our observations we conclude that the 
effective forecast window should never be shorter than the total order cycle time, 
which is approximately 60 days in the simulated supply chain. Shorter windows result 
in high inventory fluctuations and affect the customer service level (towards DCX). 
Windows longer than the total order cycle time do not improve the performance. 

Our simulation results fostered a broad discussion about SCM principles at the 
involved DC departments and suppliers. It is remarkable that the focus of discussion 
has been significantly shifted towards organizational and process related issues with
out questioning the general importance of IT. 

Basically, our lessons learned indicated the relevance of an integrated supply net 
optimization approach for our scenario, which has to go far beyond the sole imple
mentation of currently available SCM standard software: 

Information Technology Providing demand visibility by the OEM via the 
Internet/Extranet can potentially be a cornerstone for improvement but is not suffi
cient to fully achieve the benefits. In our simulation, the agents had been enabled to 
properly use the accelerated forecast stream based on accurate information on lead-
times and supply chain inventory. Ultimately, MRP processes throughout the chain 
used the data efficiently. Missing integration of SCM planning and MRP limits the 
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performance significantly. In the simulation, this was modeled by lowering the effec
tive forecast window, thus representing a potentially available but not necessarily used 
part of planning data. 

Accordingly, for applying SCM IT solutions in complex networks it is crucial to 
facilitate the "intelligent" use of data, not only its visibility. This must be based on a 
close integration of advanced SCM planning and the MRP backbone. 

Process Design Planning processes in the automotive supply network are highly 
distributed and based on autonomous decisions. Purely centralized optimization 
approaches are not feasible and simple demand visibility is not sufficient to achieve 
tangible benefits in the long run. Rather, concepts have to be developed which enable 
distributed, but coordinated supply chain planning. Due to its inherent distributed and 
behavioral oriented structure. Agent-based simulation seems to be a powerful means 
to visualize and test these sophisticated supply chain planning processes. 

Organizational Premises The experiment series of varying the effective forecast 
window length underlines the importance of not only availability but also accuracy 
and trust regarding the forecast data. Even if only a part of the nominal forecast is 
"truncated" by the suppliers due to mistrust in the data quality, it has the same effect 
as shorter forecast windows, thus resulting in low supply chain performance in terms 
of service levels or costs. Hence, applying the broadcast principle of forecasting 
imposes the opportunity as well as the responsibility for establishing trust in the data 
quality on the OEM. This emphasizes once more the need for collaborative approaches 
of OEM-supplier relationships, especially in the context of supply chain management. 

Last but not least, all participants of a supply network collaboration must be 
willing to share a well-defined portion of data to enable cross-company planning, in 
particular lead-time information, inventory, specific constraints and capabilities. On 
the other hand, data sharing must not lead to centralized planning and unlimited 
visibility, rather it should enable coordination and support autonomous planning in a 
collaboration of equal partners. 

6. Conclusions and Recommendations 

Our research focuses on the dynamics of supply networks. We explore the emerging 
effects in abstract scientific models as well as in actual supply nets in the automotive 
industry. 

In this article we stated the problem and introduced concepts related to supply net 
management in the automotive industry, emphasizing the dynamic character of the 
information processes in supply networks. 

We advocate a simulation approach to the exploration and evaluation of the 
dynamics of supply networks. Specifically, our simulations in supply net management 
focus on the information processes. At this level of abstraction we may choose to 
model and simulate the system using equations or autonomous agents. While there are 
specific domains where equation-based modeling (EBM) is advantageous, we argue 
that agent-based modeling (ABM) is better suited for information process simulation 
in supply networks of the automotive industry. 
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We applied ABM in two scientific research projects, DASCh and SNAP, that 
analyzed the emerging dynamics in small models of supply networks. Even in these 
simple models, complex dynamics emerged counter-intuitively from simple, but 
non-linear interactions among agents. 

SNAP, which extended DASCh's linear supply chains to full networks, opened the 
door to a wide range of simulation experiments where we vary not only the behavior 
of the agents, but the structure of the material and information flow itself. 

Both DASCh and SNAP rely on the weighted average forecast algorithm, which 
is widely used in many industries. At each node in the supply network, the forecast of 
the new demand is based on historical demand data. Thus, order amplification and 
correlation effects occur rather intuitively. But, as our simulation of a real-world sup
ply chain demonstrates, these effects also occur when each node bases its forecast on 
the forecast data of its predecessor. 

In the bulk of this article we report on a project that explored a very detailed model 
of a segment of a real automotive supply chain. In a considerable effort we created this 
four-tier model, acquiring parameters of the information processes and the material 
flow, and the forecast algorithms in use from an existing supply chain. 

From an academic perspective, it is important to note that the same dynamic 
effects that had been observed in the generic models of DASCh and SNAP reoccur in 
this specific model. This result is especially surprising, since in the automotive sector 
very detailed forecast information with a very long time horizon is sent down the sup
ply chain (e.g., via EDI with the ANSI or EDIFACT data specification standards) and 
the suppliers are expected to use this data to generate their demand expectations. 

Another important result from a modeling perspective is that our agent-based 
model reliably replicated the dynamics of the simulated real-world system. Thus, 
we could observe details of the operation to which we did not have access before 
(e.g., service levels, critical nodes). We later verified our results with the operational 
supply chain staff at DaimlerChrysler Corporation and we conclude that ABM is a 
very useful approach to simulation on the level of abstraction required by supply net 
management. 

Further advantages of the agent-based modeling approach observed in our project 
are the low modeling effort required, and the ability of domain experts to do the data 
acquisition themselves. In fact, the respective operational staff at DCX and the sup
pliers acquired and communicated the data using their own vocabulary. This prevented 
misinterpretations and improved the acceptance of the approach. Once we received 
the data, we were able to set up the model in a few hours. 

From a more practical perspective we found that real-time information exchange 
over the Internet is a precondition but not sufficient to achieve significant benefits for 
all companies in the supply chain. To turn these potential benefits into real ones, the 
dynamics of the information processes must be understood and new processes have to 
be defined, using real-time communication as well as knowledge on necessary process 
properties. These processes have to be agreed on and implemented by all companies 
in the supply network. 

We close with a few recommendations for future research that we draw from the 
scientific and the application projects described in this article. 
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Modeling The basic properties of agent-based modeling of supply networks 
should be explored further and its link with other simulation approaches should be 
strengthened. Especially, the limits of expressiveness of specific modeling strategies 
should be made more clear. 

Theory The emergence of the system dynamics from simple interactions in dif
ferent topologies should be researched analytically and in simulation experiments. 
SNAP has been a first step in that direction. 

Methodology and Tools Simulation experiments that explore system dynamics 
often sweep a wide parameter space, generating a large amount of data for statistical 
analyses. A methodology and practical support for the design, setup, distributed exe
cution, and reporting of large-scale simulation experiments is required. It should be 
possible to dynamically connect simulation systems from different vendors and with 
different modeling philosophies. 

Practical Application Agent-based Modeling and simulation should be inte
grated into the industrial practice of strategic and tactical planning in companies. 
Research and development efforts should be undertaken that identify domain-specific 
requirements and that develop a migration path by quantifying the financial value of 
the application of the approach. 

In general, research in agent-based modeling of supply network dynamics may 
be applied in the evaluation of existing processes as well as in the exploration of 
new designs and approaches, as for instance inspired by the concept of virtual 
enterprises. 
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