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Abstract. The first-wave ofreengineering, during the first half of the nineties, 
focused on making organizational changes and used primarily information mod- 
els of supply chains to integrate business processes. Quantitative models are ex- 
pected to have a significant impact in the second-wave of reengineering through 
the deployment of performance and optimization models, economic analysis, 
and decision support systems. In this paper, we focus on the vital role that quan- 
titative modelling techniques such as those founded in Operations Research and 
Industrial Engineering can play in reengineering supply chains. These quantita- 
tive models can extend the business process reengineering concepts to provide a 
concurrent reengineering framework for modelling the supply chain processes, 
identifying reengineering opportunities, evaluating design alternatives, guid- 
ing the selection of the best alternative, and deploying tools to implement the 
design. We illustrate such use by surveying current industrial practice and in- 
troducing real world examples based on our practical experience in solving 
supply chain and reengineering problems. 
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1. Introduction 

The commercial potential of a global market as well as the significant advances in informa- 
tion and communication technologies is driving companies world-wide to reengineer their 
deployed assets and distributed capabilities to form manufacturing supply chains that offer 
significant business advantages. A manufacturing supply chain is an integrative approach 
to managing the inter-related flows of products and information among suppliers, man- 
ufacturers, distributors, retailers, and customers. It consists of cooperative inter-linked 
processes that transcend production, distribution, and transportation functions and per- 
mit the coordination of strategies, tactical plans, and operations across these functions. 
Supply chains are a major departure from the traditional ways in which businesses have 
been organized, i.e., vertically integrated along functional lines with significant built-in 
inefficiencies in terms of time and cost to bring products to the market. 
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Constituting manufacturing supply chains therefore requires major structural changes 
in the way companies are organized to produce and distribute goods and services. A widely 
adopted approach, with mixed success, in making these changes is business process reengi- 
neering (BPR). In BPR, like in manufacturing supply chains, the business process is viewed 
as a horizontal flow of activities. There is a wide range of opinion on what constitutes BPR. 
Hammer & Champy (1993) define BPR as a breakaway from old rules, adopting a radi- 
cal approach to changing business. Hammer and Champy's approach involves four basic 
stages in BPR, namely, mobilization of a team, diagnosis to identify weaknesses in exist- 
ing design, redesign to create breakthroughs, and transition to roll out and institutionalize 
the results. Harrington (1992) on the other extreme views BPR as an incremental process 
improvement approach. Aikins (1993) regards BPR as a redesign process that leverages 
the potential of information technology. 

Manufacturing supply chains and BPR emerged as independent concepts in the mid- 
eighties and early nineties respectively and as such are well documented. In this paper, 
we focus on the vital role that quantitative modelling techniques such as those founded in 
Operations Research (OR) and Industrial Engineering (IE) can play in reengineering supply 
chains. These quantitative models can extend the BPR concepts to provide a framework for 
modelling the supply chain processes, identifying reengineering opportunities, evaluating 
design alternatives, guiding the selection of the best alternative, and deploying tools to 
implement the design. We will illustrate this framework by introducing real world examples 
based on our practical experience in solving supply chain and reengineering problems. 

The paper is organized in five sections. Following the introduction, the interest in sup- 
ply chains and the motivation for modelling supply chains is reviewed in § 2. Section 3 
looks at the role and impact of quantitative modelling in reengineering. Practical examples 
illustrating the use of quantitative models in reengineering are presented in § 4. Finally, 
§ 5 offers some conclusions. 

2. Why model supply chains? 

Consider for example a large manufacturing company that caters to a global market and has 
assets deployed world-wide. A scenario analysis based on a typical consolidated financial 
summary is shown in figure 1 to illustrate the performance expectations that motivate supply 
chain management. Supply chains impact the five basic variables that are commonly used 
in measuring business performance, namely, sales, cost of goods sold, expenses, inventory, 
and accounts receivable. 

As is clear from figure 1, the profitability and efficiency of the enterprise can be improved 
dramatically if gains can be realized along multiple performance dimensions (modelled by 
progressively changing the basic variables in the scenario analysis). Supply chains by virtue 
of their comprehensive enterprise-level focus have the potential to realize such concurrent 
performance. Therefore, from a business standpoint supply chains merit attention and 
this observation is also reinforced by the rapidly growing supply chain software market 
(currently estimated to be $8 billion in the US). 

Another basic reason for the growing interest in supply chains is because companies 
such as Honda and Wal-Mart have very successfully demonstrated that competing on 
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Impact Variables 1 2 3 4 5 
Sales 1.00 1.00 1.02 1.02 1.02 
Cost of Goods Sold 1.00 1.00 1.00 1.00 0.99 
Expenses 1.00 1.00 1.00 1.00 0.99 
Inventory 1.00 0.90 0.90 0.90 0.90 
Accounts Receivable 1.00 1.00 1.00 0.95 0.95 

Profitability 
Return on Equity 18.36% 18.36% 24.77% 24.77% 27.64% 
Return on Net Assets 15.61% 15.81% 18.81% 19.28% 20.65% 
Return on Sales 10.55% 10.55% 12.31% 12.31% 13.18% 
Net Profit Margin 5.72% 5.72% 7.57% 7.57% 8.45% 

Efficiency 
Inventory Turns 6.57 7.31 7.31 7.31 7.23 
A/R turns 3.07 3.07 3.14 3.30 3.30 
Total Asset Turnover 0.90 0.90 0.92 0.93 0.93 
Net Asset Turnover 1.48 1.50 1.53 1.57 1.57 

Notes: 
• Scenario 1 represents the base case or the current performance, 
• Scenario 2 represents a 10% reduction in inventory costs from the base case, 
• Scenario 3 adds a 2% gain in sales revenues over the base case to scenario 2 and so on. 
• The profitability and efficiency measures are based on standard financial management definitions. 

Figure 1. Scenario analysis illustrating potential gains from supply chains. 

capabilities to produce and deliver is equally if not more important than the products 
themselves. Consequently, in companies that are market leaders, the building blocks of 
corporate strategy are not products and markets but business processes that constitute 
supply chains (Stalk et al 1992). At the same time reengineering business processes to 
form supply chains, to realize the performance projected in figure 1, introduces formidable 
challenges. 

The nonlinear impact of the individual performance dimensions on overall profitabil- 
ity and efficiency is readily apparent from the analysis presented in figure 1. In fact, this 
nonlinearity is inherent in the complex and conflicting trade-off that characterizes the op- 
erations of  supply chains. The large-scale physical production and distribution network 
for material flow, the uncertainties associated with the external customer and supplier in- 
terfaces, and the myriad cross-functional and nonlinear dynamics associated with internal 
information flows, are some of the factors that contribute to the supply chain complexity. 
Lee & Billington (1992) have studied supply chains in electronics, computer, and automo- 
bile industries and identified a number of pitfalls that companies facedue to the complexity 
of supply chains, Some of these include the lack of supply chain performance metrics, sim- 
plistic inventory policies, ignoring the impact of uncertainties, poor coordination among 
divisions constituting the supply chain, and inadequate consideration of inventory and re- 
sponse time factors in economic analysis. They note the need to develop an understanding 
of the supply chain complexities to avoid these pitfalls. 

Modelling is fundamental to understanding supply chain complexities and putting the 
insights to practical use in supporting and guiding business process reengineering. Cypress 
(1994) has noted that the first-wave of reengineering (during the first half of the nineties) 
focused on making organizational changes and used primarily information models of supply 
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chains to integrate business processes. In this paper we are interested in the quantitative 
models of supply chains which are likely to have a significant impact in the second-wave of 
reengineering through the deployment of performance and optimization models, economic 
analysis, and decision support systems (Slats et al t 995). From here on modelling refers 
to quantitative modelling. 

One of the earliest efforts of modelling a supply chain can be traced to Forrester (1958) 
who developed a simulation model of a production-distribution system to study its time- 
dependent dynamic behaviour. Another early work by Hanssmann (1959) described an an- 
alytical model to determine optimal inventory levels in a manufacturing system composed 
of material procurement, production, and distribution elements. Cohen & Lee (1988) were 
among the first to propose an analytical modelling framework to evaluate the performance 
of supply chains spanning functions from raw material procurement to finished goods de- 
livery to customers. They have applied this framework to supply chains of automobile spare 
parts and personal computers (Cohen & Lee 1990). Pyke & Cohen (1990) developed a gen- 
eralized Markov-chain model of a multi-product, three-echelon, production-distribution 
network and studied its performance. 

A recent review of OR models in supply chains (Slats et al 1995) notes that most of 
the quantitative models that are reported in the literature are based on optimization and 
simulation. They observe that utilization of OR techniques and models to analyse the per- 
formance of the overall supply chain remain uncommon. The authors conclude that realistic 
OR models can make considerable contribution in diagnosing and redesigning business 
processes and facilitate the integration of supply chains. We concur with this observation 
based on our experience of using OR/IE models in reengineering supply chains. 

One such model was for a large electrical component manufacturer (with an annual 
revenue of $700M) who operated 10 final assembly plants throughout the US. Some 
key components were manufactured in-house in two plants in North America. Other raw 
materials were purchased. The 3000 or so active products were then distributed through a 
two-echelon warehouse system, shared by several distribution channels (with each channel 
focusing on a particular market segment). There were also products imported from overseas 
plants owned by the company. The lower echelon alone had five distribution centres serving 
the US market, with a small amount of export. This physical supply chain was managed 
by traditional business functions, such as forecasting, inventory management, production 
planning, transportation management etc., using a commercial supply chain management 
system augmented by in-house developed software. This scenario is fairly representative 
of discrete product manufacturers except for speciality suppliers. The performance model 
for this supply chain is described in § 4.1. 

3. Quantitative modelling and reengineering 

BPR in a broad sense has come to signify the following: 

• development of a shared understanding of the business processes, 

• streamlining and integrating business functions both internal and external to the orga- 
nization, and 

• re-architecting enterprise-wide information systems, 
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to manage and support planning, sourcing, making, and delivering activities that constitute 
a supply chain. In practice, companies have taken different tracks to reengineering supply 
chains that will offer high value at low cost. Some companies have concentrated on making 
process improvements while others have focused on upgrading and installing information 
systems. The results on the reengineering activities have been mixed. Gartner Group esti- 
mates that nearly 70% of typical BPR efforts fail to achieve the projected results. Although 
BPR efforts hinge on several factors for success, one vital factor is the availability of tools 
and an approach that allows BPR practitioners to effectively communicate among them- 
selves as well as with IT professionals who are charged with implementing BPR related 
systems work. We believe that quantitative models and tools can be very effective in this 
context. 

Despite the high visibility and cost of BPR efforts there is a lack of tools to support the 
reengineering activities (Childe et a11994). A recent survey of the BPR tool market reveals 
that there are slightly over 50 or so programs widely ranging in price and functionality from 
$600 for flowcharting software to $15 K for simulation modelling packages (Barrett 1996; 
Rovira 1996). These commercially available tools can be grouped into three categories. 

(1) Information System departments in organizations have been traditionally using sys- 
tem development tools in BPR. These tools are capable of documenting processes 
qualitatively in terms of structured functional and input/output diagrams. The oldest 
and most widely used tool in this category is based on the IDEF (Integrated Defini- 
tion for Function modelling) methodology that was developed by the US Air Force 
in the seventies for its integrated computer-aided manufacturing program [URL 1]*. 
Extensions to the IDEF methodology have been developed for enterprise modelling 
(Malhotra & Jayaraman 1992). An example of commercial implementation of the 
IDEF methodology is WizdomWorks [URL 2]. 

(2) Groupware and computer-aided software engineering (CASE) vendors are incorporat- 
ing graphical engines for business process modelling. The groupware tools have the 
ability to check consistencies in the process and workflow descriptions while the CASE 
tools provide an object-oriented representation of the business rules and even auto- 
matically generate codes for some software implementations. Although these tools are 
clearly an advancement over IDEF which is based on structured analysis and design 
they are only capable of qualitatively capturing processes. A list of workflow-based 
tools for BPR can be seen in [URL 3]. An example of workflow based tool is Business 
Process Modeler [URL 4] and an example of CASE based tool is ERwin/ERX for 
Teamwork [URL 5l. 

(3) At the high-end of BPR tools are discrete event simulation packages that provide 
tailored BPR modelling capability. These tools go well beyond describing the pro- 
cess and provide a means to quantitatively model supply chains and evaluate perfor- 
mance (Connors et a11995). These tools include BPMAT [URL 6] developed by IBM, 
ARENA [URL 7] by Systems Modeling Corporation, and Extend + BPR IURL 8] by 
Imagine That Inc. The use of Extend + BPR is illustrated through the well-known 
reengineering example of IBM Credit, as described by Hammer & Champy (1993) 

*World-wide web reference, listed at the end. 
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and Hansen (1994), Other general purpose simulation packages have also advertised 
BPR modelling capabilities. 

A general list of BPR tools can be seen in [URL 9]. BPR tools with qualitative pro- 
cess modelling capabilities are inadequate in reengineering supply chains. The process 
descriptions such as those generated by IDEF are static functional snapshots and are very 
limited in articulating the existing process. Besides, these tools completely fail to capture 
the process dynamics and thereby ignore vast amounts of process knowledge. On the other 
hand, BPR tools with quantitative modelling capabilities can more precisely model pro- 
cesses and provide an effective means for visualizing, benchmarking, and articulating the 
BPR results. The role of quantitative modelling can best be appreciated when viewed in 
the context of the BPR approach. 

Figure 2 shows the classical BPR approach (Hammer & Champy 1993). The BPR ap- 
proach has four basic stages: mobilization to form a reengineering team and generate a pro- 
cess map, diagnosis to develop an AS-IS understanding of the processes and identify areas 
for improvement, redesign to generate process breakthroughs and identify best design from 
several alternatives, and transition to pilot the TO-BE implementation and eventually roll 
out the results. These four steps are typically executed in sequence although there are sig- 
nificant iterative dependencies in the diagnosis and redesign stages. One reason for the se- 
quential execution of the diagnosis and redesign stages is that most of the existing BPR tools 
that can qualitatively document processes do not support concurrency in these BPR stages. 

In our view quantitative modelling can have an impact in the diagnosis, redesign, and 
transition stages of BPR. Further, quantitative modelling can introduce concurrency in 
the diagnosis and redesign stages as shown in the so-called "concurrent reengineering" 
approach in figure 3. As indicated at the outset, quantitative modelling can serve as a 
compelling and useful framework in documenting the supply chain processes, identifying 
reengineering opportunities, evaluating design alternatives, guiding the selection of the 
best alternative, and deploying tools to implement the design. 

We have encountered in practice many common perceptions among management and 
staff within a company that have impeded the use of quantitative models. One such percep- 
tion is that reengineering is a business problem and that quantitative models are not really 
applicable. Business problems are often founded on complex trade-offs. Quantitative mod- 
els are particularly suited in identifying the factors that affect the trade-off, ascertaining 
the assumptions, and objectively framing the issues. Another common perception and an 
impediment to the use of quantitative models is that they are difficult to build and com- 
prehend and are not process-oriented. With advances in quantitative modelling techniques 
(heuristics, simulation, and optimization), the availability of a number of rapid modelling 
tools, and easy access to powerful computing platforms it is possible to build large scale 
models quickly and animate/visualize them for easier comprehension. This is reinforced 
by examples in § 4. 

4. Use cases of quantitative models in reengineering 

In this section we illustrate the use of quantitative models in the diagnosis, redesign, 
and transition stages of reengineering as well as the concurrent reengineering framework 
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identified above, through some use cases. Section 4. l samples the current state of industrial 
practice in this area, while §§ 4.2 to 4.4 detail some of our practical experience in applying 
quantitative models. 

4.1 Overview of state of industrial practice 

Supply chains are usually complex, and it may not be obvious from the symptoms where to 
begin in terms of rethinking and redesigning the operations. Cypress (1994) observed that 
many reengineering projects are not successful because of the chosen scope of the project 
itself. If one had unlimited resources, the ideal approach would be to start from a blank 
sheet and design the business from scratch (Hammer & Champy 1993). More commonly, 
reengineering projects have to be carried out with limited resources of budget and time. It 
is also very likely that reengineering efforts are initiated when business is not performing 
satisfactorily, placing severe constraints on the resources available for reengineering. It is 
therefore prudent to diagnose the supply chain quickly and accurately, so that resources 
can be targeted to areas that will yield the most improvement in overall performance. 

An early example of using quantitative tools for diagnosing production-distribution 
systems is described in Hax et al (1980). In this study, the production and distribution 
planning, sales forecasting, and inventory management systems of a consumer package 
goods manufacturer were analyzed. First, a general data analysis was performed to describe 
the supply chain (such as what fraction of sales is generated where, and what products 
are contributing to what fraction of sales). An analysis of variance and exploratory data 
analysis were performed to analyse the forecast errors. The results give a direction of what 
forecasting strategy would be most beneficial (in this case a product-oriented approach, as 
opposed to a geography oriented one was picked). A simple, aggregate inventory model 
was built to examine the potential savings from reduced inventory levels. This model 
showed that safety stock was the largest component of inventory and identified the factors 
quantitatively. 

A more recent example of model-based diagnosis is the study for the electrical com- 
ponent supply chain as described in § 4.2. A high level quantitative model was developed 
to investigate the dynamic behavior of the supply chain (Bhaskaran & Leung 1996). This 
performance model was composed of integrated analytical and simulation model compo- 
nents. A set of representative products were analysed and the goal was to determine high 
impact opportunities for an overall supply chain performance improvement. Through a se- 
ries of what-if analyses, improvement opportunities were identified and ranked according 
to their impact. An important conclusion of this diagnosis was that improving the forecast 
error will not result in the kind of improvement management expected, contrary to popular 
belief within the company. Since the model covered all the key components of the supply 
chain, we found it useful as a documentation for the (then) current system, as well as a 
tool for redesign. This model is described in more detail in § 4.2. 

Redesigning a supply chain involves either one or both of the following: redesigning 
the business processes that constitute the management and operation of the supply chain 
and redesigning the physical production-distribution network that executes the material 
flow in the supply chain. Performing the latter often implies the execution of the former. 
For the purpose of this paper, by business process we mean a logical view of the process 
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and distinguish it from the underlying physical production-distribution network. In usual 
reengineering terminology, a business process subsumes both the logical and physical 
views. 

A key business process for a manufacturer is order fulfillment. This process defines how 
a company fills customer orders, starting from the receipt of a customer order and ending 
with the physical arrival of the ordered products at the customer specified destination. De- 
pending on whether it is an assemble-to-order or assemble-in-advance situation, the order 
fulfillment process can include the actual final assembly of products. An example of using 
quantitative models to redesign an order fulfillment process is described in Feigin et al 
(1996). In fact, in this study, a simulation model of the supply chain of the IBM PC Com- 
pany in Europe was developed to redesign the overall order fulfillment from assemble-in- 
advance to a combination of assemble-to-order and assemble-in-advance. New inventory 
planning policies and ways of allocating constrained components were introduced. The 
simulation model was used to quantify the benefits of these new processes and identify 
conditions under which they will be most beneficial. 

In a similar spirit, simulation models developed with BPMAT, were used in a number 
of reengineering projects in IBM and others [URL 6]. For example, it was used in inves- 
tigating opportunities for cycle time and cost reduction of a purchasing process. Various 
staffing and outsourcing alternatives were modelled during the process redesign stage. 
In the automobile industry, BPMAT models were developed in reengineering a wiring- 
harness predesign process and an engineering change implementation process. A major 
goal of both these efforts was to reduce the cycle time involved. 

On the supply side, a key process is production planning and scheduling. Fisher et al 
(1994) describe how a fashion-ski-apparel supplier reengineered its supply chain to cope 
with a changing business environment marked by uncertainty in demand. The company 
shortened its order processing times, changed the way it purchased raw materials, per- 
suaded their customers to place orders sooner, and adopted a new forecasting and produc- 
tion scheduling approach. In particular, a quantitative model was developed for the purpose 
of creating a production schedule that minimized the risk of making a non-popular product. 
The model could also be used to analyse parametric changes to the physical supply chain, 
such as production capacity. The model was used to guide the continual refinements to 
the supply chain and product redesign process. It illustrates the concept of "concurrent 
reengineering" where diagnosis and redesign are done iteratively. 

In Feigin et al (1996), the authors mention a new production planning process that takes 
into account constrained availability of components. Instead of performing a traditional 
MRP type calculation driven by finished goods requirement forecast, the production plan 
was formulated based on the most desirable allocation of the constrained materials (e.g. 
for maximizing revenue, fair allocation, product priority). An optimization model was 
developed to support this decision (Dietrich et al 1995). 

In design/redesign of physical production-distribution network, the use of quantitative 
models are better established and a number of commercial model-based tools are available. 
An early practical work in this area is that of Geoffrion & Graves (1974) (see also Geoffrion 
1976). In this study, the problem of selecting sites for distribution centres, their sizes and 
customer zones, and the transportation flow patterns is modelled by a mixed integer mathe- 
matical program. The basic mathematical programming model was used by Hunt-Wesson 
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Foods who were interested in conducting a systematic study of the entire distribution sys- 
tem to investigate opportunities for improvement and to resolve expansion and relocation 
issues. On the basis of the model recommendations, some existing distribution centres were 
relocated and new distribution centres were opened, while realizing significant annual cost 
savings. Recently, Pooley (1994) extended the basic model to include production facilities 
in a study for Ault Foods in Canada. Decisions related to production, such as what products 
must be produced in which plant and what plant should supply which distribution centre, 
were considered simultaneously with distribution decisions. 

Similar in spirit, but larger in scale, to the Ault work is the global reengineering project 
carried out by Digital Equipment Corporation to restructure its supply chain on a world- 
wide basis (Amtzen et al 1995). Changes in the business environment such as rapid ad- 
vancement of small computer and communication network technology led Digital "to 
reinvent itself" in order to survive in the new environment. It changed its conventional 
strategy of high vertical integration and focused on several core technologies. For exam- 
ple, it stopped producing power supplies and cables but retained semiconductors, modules, 
and systems. At the same time, the overall level of business decreased and the demand 
pattern had changed from moderate numbers of complex orders for large systems to large 
numbers of PCs and workstations. It was clear that Digital's supply chain needed to be 
redesigned. A large scale quantitative model was developed to aid this process. The model 
considered component supply (which vendors from where), production (which plants mak- 
ing what), and distribution (what customers to serve from where). It minimized a weighted 
combination of total costs and cycle times. A distinctive feature of this model is the consid- 
eration of global aspects of the supply chain, such as duties, taxes, trade and local content 
requirements. Besides redesigning the supply chain for existing products, the model was 
also used to configure supply chains for new products. The model was formulated as a 
mixed integer linear program. 

A model of a similar flavor was developed at General Motors (GM) earlier, originally 
implemented in 1974 (Breitman & Lucas 1987). The original intention of the model was 
to help determine the best strategies for placing facilities to support new products in new 
markets but was quickly expanded to include decisions such as those faced by Digital. 
The model was solved by (then) commercial mixed integer programming packages such 
as MPSX or SCICONIC (Sharda 1995), and was embedded in a decision-support system 
with business-oriented user interface. 

At a more detailed level, the Delco division of GM performed a redesign of its distribution 
network by investigating its shipping strategy (Blumenfeld et al 1987). The goal was to 
reduce the inventory and transportation costs of Delco parts supplied to GM assembly 
plants. Alternatives included shipping parts from Delco plants directly to GM assembly 
plants, through a Delco warehouse, a combination of the two, or delivering to several GM 
plants with one truck load. A quantitative model was developed not only to identify the 
optimal strategy, which can serve as a benchmark for practical but simpler strategies, but 
also provide an objective means of analyzing the trade-off between transportation and 
inventory costs. The optimization model was solved by mathematical decomposition of 
the distribution network into individual links (Blumenfeld et al 1985). 

In recent years, there have been a number of commercial software packages devel- 
oped for optimizing the physical distribution network, solving problems similar to those 
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considered by Geoffrion & Graves (1974), and Pooley (1994) as mentioned before. These 
include PHYDIAS by Bender Management Consultants, Logistics Toolkit by CAPS Lo- 
gistics [URL 10], and Locate 3+ by Cleveland Consulting. Most of these packages are 
based on solving a large scale mixed integer or linear mathematical program. A compre- 
hensive survey of commercial tools in this area can be found in Leung (1995) and Ballou 
& Masters (1993). Although not designed for business process reengineering per se, they 
are very useful in reengineering physical supply chain networks. In addition, general pur- 
pose operations research/optimization toolboxes or packages can and have been used to 
solve distribution network design problems. Gangoli & Jenkins (1988) report using SAS 
[URL 11] to improve the distribution network of Warner-Lambert as part of its strategic 
planning process. 

Sometimes it is not necessary to use advanced optimization models for distribution 
network design. Mercer & Tao (1996) used a relatively simple dynamic model to study 
alternative distribution policies of a food manufacturer supplying Tesco, a major grocery 
retailer in the UK. The model helped in deciding how products would be transshipped 
between the manufacturer's finished goods warehouses to satisfy Tesco's needs. 

In the last several years, a notable development related to reengineering supply chains 
has been the concept of product design for supply chain management (Lee 1993). It is also 
known as design for logistics (Mather 1992). Similar to the well-known concept of design 
for manufacture, design for logistics is concerned with product design that allows effective 
delivery of products to customers. In particular, a key approach is delayed product differ- 
entiation in which the differentiation features within a product family are manufactured 
into the products as late as possible. For this purpose, an existing product may have to be 
redesigned or the design of a new product may result in higher material/manufacturing 
cost. In addition, semi-finished products carried in intermediate stockpiles may now bear 
a higher per unit value. It is important to analyze whether the resultant savings in supply 
chain costs (such as reduced finished goods inventory) and other benefits (such as increased 
flexibility leading to better customer service) can offset the incremental cost. Quantitative 
models are useful to this end. Lee (1996) presented two inventory performance models 
to support product design for delayed differentiation, and their real application cases (see 
also Lee & Billington 1995). 

One area that we do not see much reported in the technical literature is the use of 
quantitative models in the transition phase of a reengineering project. After a new process 
has been finalized, a roll-out is required to phase-in the new process. A key factor for the 
success of the new process is the training of staff who either manage or operate the process. 
Because the nature of reengineering stipulates that the new process may be totally new to 
the organization, management by experience alone is often not adequate. Here quantitative 
models of the process developed during the design phase can be valuable in familiarizing 
the staff with the process and providing management insight on the process dynamics. 
The latter cannot be gained from static models such as process charts or IDEF diagrams. 
Simulation models with graphical user interfaces are highly preferable. 

Another important aspect of transition is the development or reconfiguration of infor- 
mation systems (transaction processing and decision support) to support the new process. 
Quantitative models developed during design are now useful as a building block for de- 
cision support systems or as a technology enabler of the new process (see § 4.3). Once 
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the model is embedded in a decision support system, it can be used routinely for contin- 
ual improvement of the process. Furthermore, quantitative models are very valuable in 
tuning operational or tactical planning systems. Typically, an operational system such as 
inventory/distribution requirements planning has many user specified parameters. While 
the parameters together make the system very flexible, it is often not obvious how they 
should be set to meet the business objectives. A quantitative model that captures the dynam- 
ics of the system (e.g. the one mentioned in § 4.2) is a tool to help optimize the parameter 
values. 

4.2 A supply chain performance model 

Management of supply chains that are engaged in the production and distribution of goods 
require a number of key management functions such as demand forecasting, inventory 
planning and control, production planning, manufacturing, and distribution. Ideally, these 
management functions work in cooperation to transform raw materials to finished goods 
and deploy them appropriately to meet the needs of the market. The presence of a large 
product portfolio, diverse markets, and uncertainties associated with the supply and de- 
mand processes are some of the prominent factors that contribute to the complexity of the 
individual management functions as well as their coordination in the overall management 
of a supply chain. Obviously, such complexity tends to make the decision making process 
difficult and challenging at the strategic and tactical levels of supply chain management. 

Managing this complexity requires the visibility of how local decisions, within each 
management function, affect the overall performance and the competitive advantage of the 
supply chain. Supply Chain performance models provide insight on the impact of local 
decisions on global performance by exercising an aggregate quantitative dynamic model of 
the supply chain with various decision scenarios. We describe such a quantitative supply 
chain performance model. The development of the model was part of a larger effort in 
improving the profitability and customer service of the business through better strategic 
and tactical decision making. The model development included: Interviewing decision 
makers responsible for strategic and tactical decisions, gathering information on how the 
business operates, understanding the management requirements, and then building and 
validating the quantitative model. 

The supply chain that was modelled is shown in figure 4. It is a scaled representation of 
the real supply chain and consists of the following physical elements: Ten representative 
products, three critical components (i.e., raw materials for final assembly) that are required 
for the production, a factory comprising two machine groups where the products are 
produced, a source warehouse that accepts the factory output, and a distribution system 
comprising ten field warehouses located all over the United States to cater to the national 
market. The supply chain comprising the atbrementioned elements is managed collectively 
by the following essential management functions: Demand forecasting, inventory planning 
and control, production planning, manufacturing, and distribution. 

The scaling of the actual system, to derive the supply chain shown in figure 4, was 
necessary to define a manageable scope for the quantitative modelling exercise. It was 
done in cooperation with the management personnel of the supply chain to ensure that the 
scaled supply chain was in fact a representative cross-section of the overall supply chain. 
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Figure 4. Schematic of supply chain information and material flows. 

A detailed study of the overall operations was also conducted to understand the individual 
management functions and how they collectively worked within the supply chain in the 
real world. 

Operationally, the supply chain can be classified as a make-to-stock business that is 
forecast driven. Specifically, no customer requests for products are directly entertained at 
the factory. As a consequence the supply chain can be viewed as a large scale push-pull 
system. The pull and push parts are referred to as the commercial and the manufacturing 
processes respectively. The commercial process is engaged in "selling" products to cus- 
tomers from the inventory that it previously "bought" from manufacturing. The quantity 
it "buys" at any point in time is governed by the forecast for product demand as well as its 
policies with respect to hedging against demand and stock replenishment uncertainties. On 
the other hand, the manufacturing process strives to make-to-stock based on the anticipated 
needs of the commercial organization. The push and the pull operations are phased apart 
by the manufacturing lead time, which is the time in advance that manufacturing plans to 
meet the future needs of the commercial process. 

The development of the performance model involved the following steps. 

(1) Defining the supply chain: This includes the structural constraints of the supply chain 
model, i.e., what the elements of the supply chain (physical elements such as the source 
warehouse and the management functions such as production planning) are, and how 
they operate as part of the supply chain. 

(2) Specifying the model input: The model input includes the management variables and 
other data requirements. Management variables are parameters of the performance 
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model and constitute an independent set of variables (that are different from other 
internal variables of the model). They are chosen based on the study of the real sup- 
ply chain and in consultation with management personnel who are the end-users of 
the performance model. Some of the management variables include the forecast un- 
certainty for the demand forecasting function, planning frequency and time fence for 
the production planning function, lead time and delivery reliability for the component 
supply, run quantities and standard efficiencies for the factory, transit lead times for the 
distribution, and order quantities and service levels for the inventory planning function. 

(3) Specifying the model output: This involves the specification of the pertormance mea- 
sures that will be used to measure the performance of the supply chain, upon execution 
of the model. The supply chain performance is measured using pre-defined perfor- 
mance measures that are categorized as inventory-based and time-based. Inventory- 
based measures include on-hand inventory throughout the supply chain, inventory 
turn, and fill rates. Time-based measures include the customer order lead time, the 
manufacturing lead time and the overall system response time. 

(4) Characterizing the elements of the supply chain: Mathematical models of the manage- 
ment functions in the supply chain (shown in figure 4) such as demand forecasting, 
production planning, and inventory planning, and the physical elements such as the 
factory, the source warehouse, and the field warehouses are developed. These models 
are sufficiently detailed to capture the impact of the management variables (item 2) on 
the performance measures (item 3). 

(5) Developing the quantitative model: The individual mathematical representations of 
the elements in the supply chain are unified in a mathematical framework taking into 
account the various constraints. Such a quantitative characterization of the supply 
chain is referred to as the performance model. 

It may be noted that the two flows that essentially integrate the supply chain are the 
material and information flows. The dynamics of these flows are shaped by the external 
factors such as the customer demand as well as the local decisions made by each manage- 
ment function. The two basic attributes of the dynamics are quanti~ and time. Recall that 
the performance measures for the model are also aptly categorized as inventory-based (i.e. 
quantity-based) and time-based. Any integrating mechanism must therefore feature these 
two basic attributes. Additionally such a mechanism must be consistent with the models 
of the individual elements of the supply chain. The two attributes, namely, the quantity 
and the time, are characterized stochastically. 

The model was validated with real data and presented to decision makers in the form 
of a decision support system with interactive user interface. The system allowed decision 
makers to run alternative supply chain scenarios by changing the management variables. 
These scenarios could then be compared in terms of the performance measures. The system 
was used in the diagnosis of the overall supply chain as well as in streamlining the existing 
supply chain operations to improve profitability and customer service. 
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4.3 Reengineering the supply chain 

As mentioned in § 2, the supply chain depicted in § 4.2 was managed by function (sales, 
customer service, forecasting, inventory planning, production planning etc.) and further 
by market channel (retail, wholesale, industrial, export etc.) on the sales and service side. 
In such an environment it was not surprising to find the following key observation in the 
diagnosis phase of an effort to reengineer the order fulfillment process: The process was 
fragmented with too many hand-offs of both information and physical product, and did 
not present a consistent, unified interface to the customer. A large part of the redesign was 
therefore devoted to address this issue. 

One candidate design for a new order fulfillment process involved the integration of most 
of the customer interface and front end planning activities into a new sub-process, called 
the logistics account management process (LAMP). Specifically, LAMP included taking 
and delivering customer orders, and was responsible for ensuring that there was adequate 
stock in the distribution network to fulfill orders. This meant that sales forecasting and 
finished goods inventory planning would be performed in the same process that dealt with 
customer orders. Knowledge on customer demands would reside within this process. A 
new class of jobs, called logistics account managers, had to be created to man the LAMP. 
The job of logistics account managers was composed of tasks then carried out by several 
functional departments, and a few new activities which were not performed before. New 
skills had to be acquired by either training of existing employees or through new hires. A 
business issue was then how many of such logistics account managers were needed and 
what customers should be allocated to each team in terms of workload. Would the new 
process be too expensive (in terms of trade-off between the new supply chain capability 
and any additional cost)? 

In the initial design stage, the principal process flows in the LAMP were captured 
in a queuing network model using a commercial software package, MPX by Network 
Dynamics. The objective of the model was to: 

(1) establish process feasibility, in terms of staffing levels and customer order response 
times; 

(2) aid the design of customer portfolios, from the view point of work content and load 
balance of candidate portfolios; 

(3) support the development of detailed process design. 

A representative customer region was selected for this initial design study. For input to 
the model, relevant historical demand data were obtained from corporate databases and 
work flows of existing tasks and estimates of their times were gathered from record files 
and interviews with appropriate personnel. In establishing process feasibility, quantitative 
results from the model were provided to the reengineering team and company management 
to help decide on whether to continue with this design. Some examples are: 

(1) minimum total number of logistics account managers required for the customer re- 
sponse desired; 

(2) number of logistics account managers by market channel, if we were to retain the 
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existing marketing organizational structure (i.e., each channel would have its own 
team of logistics account managers); 

(3) number of logistics account managers required if some tasks were to be assigned to a 
few specialists (this is a mixture of the current process and the new design). 

For strategic reasons the existing marketing structure (by channel) would be maintained, 
with each channel responsible for its own profit and loss. However, to retain the manufac- 
turing economy of scale (important for a low margin business we were in), the product 
supply would be shared by the different marketing channels. To maximize risk pooling in 
the new design, finished goods inventory would not be "tagged" for a particular channel 
until it was used to fill a customer order, even though the channel planned for it through the 
LAMP and was independently responsible for their finances and customer service mea- 
surements (option 2 immediately above). This created a problem of how to allocate the 
inventory costs to the different channels. To this end we developed a quantitative inventory 
measurement model, whose role in the proposed inventory management architecture is 
shown in figure 5. 

First, the demands for all products were analysed and allocated as a "shared" product 
or a "private" product to a channel. The criterion for allocation was a specified fraction 
of sales handled by a channel and a threshold total sales volume. All inventory costs of 
private products would be carried by the individual channels that owned the products, as 
these costs were (relatively) too small to be further broken down. For the shared products, 
the inventory measurement model was applied. The model was based on decomposing the 
total inventory into .logical stockpiles according to the reasons they were there, i.e., the 
stock drivers. Figure 6 shows the logical stockpiles and their measurement principle. At 
the end of each accounting period, the measurement model would be executed to allocate 
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Figure 6. Inventory categorization and measurement basis. 

inventory costs to the different channels. An important feature of the model was that it was 
completely transparent to the goods flow and did not impose any burden on the day-to-day 
operation of the supply chain. The model could be completely automated with required 
inputs that were already being measured from the physical system. The model served as 
a technology enabler of the new process design and, more importantly, provided valuable 
performance feedback to the management of the different channels. 

4.4 A production supply chain 

A single production plant can also be a supply chain with daunting complexities. We 
consider a North American display product manufacturer with annual revenues of $600 M. 
The production process is a hybrid of consumer electronics production (in terms of flexible 
flow through parallel banks of workstations that operate in tandem with issues of major and 
minor changeovers) and semiconductor production (in terms of batch processing stages, 
reentrant flows, and associated yield uncertainties). Complicating this scenario was an 
uncertain demand, vagaries in the supply of components, and a multi-level bill of assembly 
shown in figure 7 with each level having its own detailed and complex process route through 

Figure 7. Bill of assembly. 
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a network of machine groups. The facility produced three basic families of products. 
The varying product mix also introduced contentions between these product families for 
machine capacities. 

The facility was plagued with poor delivery performance and having difficulty coping 
with the process complexity, machine downtimes, varying demand and product mix, and 
uncertain component supply. In short, the production planning function had an inadequate 
understanding of the capacity of the plant and was unable to plan effectively. The plant 
management was interested in reengineering the facility and specifically in evaluating 
prospective factory layouts. This included outsourcing portions of the overall process and 
streamlining the process flow in terms of efficient load balancing and process batching. 
In addition to these structural and manufacturing execution changes, the management was 
also eager to upgrade the production planning capabilities of the plant in terms of decision 
support tools. 

Typically, capacity calculations that accompany production planning are done using 
spreadsheets which provide a static snapshot of individual machine capacities. The un- 
certainty associated with the number of starts, the yield, breakdown of machines, and the 
complicated process flow are difficult to capture in a static rough-cut capacity calculation. 
At the other extreme, detailed simulation models can capture the process dynamics but are 
often too cumbersome to build and too computationally intensive to be of any use as an 
interactive decision support tool. An efficient and expedient way to model capacity at an 
aggregate level, that takes into consideration the shopfloor uncertainties and the process 
dynamics, is using queuing networks (see figure 8). 

We used the MPX software to model the process flow based on queuing networks. The 
arrival and departure process to each workstation, the process time at the workstation, the 
production yield, and the workstation reliability are stochastically represented. We then 
solve a number of aggregate dynamic equations that collectively characterize the queu- 
ing network. The theoretical basis for the aggregate dynamic models and solution of the 
queuing network can be seen in Suri et al (1993) and Whitt (1983). Optimization models 
were also separately built to balance the load across banks of parallel heterogeneous work- 
stations with special flow constraints. A decision support platform was built unifying the 
MPX and optimization models and providing an interactive user interface for the analyst. 

The input for the aggregate capacity model was obtained from various sources. Process 
flow data were obtained from process layout drawings and based on tours and actual ob- 
servations of the production process. Process times were estimated based on information 
provided by production personnel. Process yields were similarly estimated. Machine reli- 
ability and changeovers were partly estimated and partly based on historical information. 

Material Inp~ 

Figure 8. 

Workstation 

Queuing network representation of process flow. 
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Data on material handling devices such as conveyors and monorails that transported goods 
between workstations were obtained from technical documentation on operating proce- 
dures. Historical demand data were also obtained to characterize the product mix and the 
arrival process to the queuing network. 

The MPX model itself served as a practically useful and comprehensive data dictionary 
for capacity planning and resource allocation. The model served to integrate the fragmen- 
tary data that were stored in various media and validate it in the context of capacity and 
production planning. Further, the data were now in a form that allowed the factory manage- 
ment to easily evaluate prospective factory layouts as part of its reengineering activities. 
The specific outputs of the capacity model include long-run average performance for indi- 
vidual products in terms of production achieved, yield, flow time, and work-in-progress. 
The output also includes utilization for machines as well performance for the overall plant. 
The production planning personnel envisaged the use of this model for forward (given the 
demand mix how long it takes to produce) and backward (given the horizon what is the fea- 
sible production mix) production planning. Additionally, the model can be used in decision 
support mode for bottleneck, yield, lead time, and work-in-progress inventory analysis of 
either the overall plant or any segment of the plant. 

5. Concluding remarks 

Quantitative models are very relevant in the diagnosis, redesign, and transition stages 
of reengineering. They bring concurrency to the diagnosis and redesign stages. Further, 
the quantitative models provide an objective basis to debate the assumptions and derive 
alternative designs. Even after the best design is picked the models can be used as part of 
on-going decision support and planning tools for supply chain management. 

Supply chains are of growing interest among businesses as is evident from the rapid 
growth of supply chain related IT businesses. Following the first-wave of reengineering, 
organizations have invested heavily in Enterprise Resource Planning (ERP) software such 
as SAP [URL 12], Baan [URL 13], and BPCS [URL 14] to integrate enterprise-wide 
transaction data that is contained in heterogeneous databases. At the same time supply 
chain operational planning software has emerged to offer point solutions such as inventory 
planning, forecasting, deployment planning and transportation management. In the second- 
wave of reengineering, organizations are eager to have the various operational planning 
software inter-operable by integrating them in a flexible manner. Currently no supply 
chain architecture or supply chain reference model exists that will serve to guide the 
integration process. At the same time the tactical and strategic planning levels of supply 
chain management are inadequately served. Quantitative modelling, such as that founded 
in OR/IE, can serve a useful purpose to fill this void. 

However, traditional OR/IE modelling with sole emphasis on models and data structures 
will not be adequate (Slats et al 1995). The models will have to be viewed in the larger 
context of distributed decision support solutions for supply chain management. The models 
must theretbre be designed to support multiple users to support cross-functional decision 
making. Additionally, the models must be flexibly designed to be reusable and applied 
to varying decision scenarios. A variety of solution methodologies including heuristics, 
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simulation, and optimization will have to be creatively applied to offer high fidelity solu- 
tions. Models will also have to be architectured to operate well in distributed environments 
with data and solvers hosted in different servers over a network. This requires special at- 
tention to data communication and processing requirements imposed by the model and the 
solution strategy. 

Quantitative modelling, knowledge of business processes that define real supply 
chains, and information technology, collectively constitute a powerful and compelling 
decision technology base for reengineering, integrating, planning, and optimizing supply 
chains. 
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