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Abstract 

The research paper explores how simulation modeling helps to design a global supply chain by 
minimizing Forrester effects. The simulation results show through a case study how one of the leading 
two-wheeler manufacturing companies in India could improve its innovative product forecasting and 
reduce the risk from currency fluctuations. 
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INTRODUCTION 

Globalization is affecting every industry. Trade barriers between different 
geographical areas continue to diminish, the customer base is becoming more 
global, appropriate suppliers are sought all around the world, and innovations in 
information technology are removing the restrictions of time and space (Bowersox 
& Closs, 1996; Ferdows, 1997). These issues, among others, force companies to 
rethink the success factors in their industry. Multinational companies with global 
operations are present in all markets, trying to take advantage of the possibilities 
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the phenomenon offers (Christopher, 1998: 127). All companies are striving in 
a more competitive market where new entrants with different cost structures are 
changing the principles of the game. The increasing competition is driving com­
panies to become more innovative in creating value for the customer while work­
ing more efficiently to attain cost effectiveness in operations (Hoover, Eloranta, 
Holmstrom & Huttunen, 2001; Heikkila & Ketokivi, 2005). Global markets offer 
tremendous possibilities, but at the same time they raise many challenges. The 
risks of global operations increase together with differences in time, currency and 
culture. Moreover, risks deriving from foreign political and economical stability 
emerge (Harland, Brenchley & Walker, 2003). The risks faced by globally operat­
ing companies have been increasing lately, and at the same time managers still 
lack the tools to manage these risks. While awareness of these risks has grown 
in companies, only a few are actively managing them. This may be a real threat 
for many globally operating companies (Enslow, 2006a; McKinsey, 2006; Fer­
rer, Karl berg & Hintlian, 2007). On top of the risks concerning globally operating 
firms, other challenges exist as well. Despite the globalization, customers in vari­
ous geographical areas still expect different products which have to be custom­
ized according to their preferences. By postponing the differentiation of products 
or by mass customizing products, a globally operating firm may be able to ex­
ploit economies of scales while offering largely customized products (Pine, Bart 
& Boynton, 1993; Feitzinger & Lee, 1997; Pagh & Cooper, 1998; Simchi-Levi, 
Kaminsky & Simchi-Levi, 2003). 

Studies show that there ~s a strong relationship between the quality of sup­
ply chain management and the overall performance of companies. In the global 
environment, it is no longer individual companies that compete against each oth­
er; rather, the rival supply "chains drive the competition (e.g. Christopher 1998; 
Lambert & Cooper, 2000). Companies must be able manage the whole supply 
chain so that it becomes cost effective and responsive, even if they do not own 
the whole chain. Some companies have been successful in leveraging other com­
panies' assets by orchestrating the whole supply chain from raw materials to the 
end-customers without owning any manufacturing facilities at all. This requires 
that the incentives of the companies involved stay aligned and that there is con­
cise cooperation between the members in the chain (Hagel, 2002; Lee, 2004). 
The focus in supply chain management is moving towards the customer end of 
the chain. The present research paper attempts to address the following ques­
tions: 
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• What is the appropriate design (sources of supply, decoupling points) of 
global supply chains? 

• What factors affect the design? 
• How is product customization impacting the design? 
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The objectives of this research paper are derived from these questions. The 
objectives are as follows: 

• To identify factors that affect the design of a global supply chain; 
• To build conceptual models to describe different options for a global sup­

ply chain. These will be expanded to a system dynamics model in order to 
compare different operations strategies in a case company in quantitative 
terms. 

The research problem and the objectives of this research paper will be ad­
dressed by applying methods from system dynamics. 

LITERATURE REVIEW 

Here literature review is divided into following sections: 

The product and the production process 

There must be match between product and supply chain (Fisher, 1997), 
but by the design of the product one can also affect the appropriate structure of 
the supply chain. Therefore, it is useful to introduce two concepts that are partly 
related to each other and that are essential in designing the supply chain, namely, 
the principle of postponement and mass customization (Shah, 2009). 

Postponement 

The principle underlying postponement is that risk and uncertainty costs are 
tied to the point of differentiation (form, place and time) of goods, and this occurs 
during manufacturing and logistics operations. The place and time differentiation 
is related to the distribution of the product and therefore is usually referred to 
as logistics postponement (Pagh eta/., 1998). This occurs when the company 
centralizes its inventories to enable both a reduction in total inventory and better 
availability of products. These are achieved because aggregate demand is easier 
to forecast than the demand in a certain geographical area (Christopher, 1998: 
270). Mass customization is based on modularization. The first step, accord­
ing to Pine eta/. (1993), is to turn the processes of the company into modules. 
Thereafter, an internal network system must be designed and created to link the 
modules so that they can integrate rapidly and are able to meet different customer 
requests. 
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The product determines the right supply chain 

Fisher's framework (1997) for designing the supply chain is based on the 
features related to the product. He divides products into functional and innovative 
products according to different aspects of the product. The division does not have 
to do with the functionality or innovativeness of the products; rather, it reflects the 
demand patterns of the products: functional products have primarily predictable 
demand, while innovative products have unpredictable demand. 

Dealing with uncertainty in demand 

Uncertainty has grown in most industries. Companies are facing uncertain­
ties in both demand and supply (Lee, 2004). There are basically three strate­
gies that should be considered when dealing with demand uncertainty: it can 
be reduced, avoided or hedged (Fisher, 1997). The reduction of uncertainty is 
achieved by improving forecasts or designing products so that they share common 
components (e.g. mass customization). Uncertainty can be avoided by shortening 
lead times or by product postponement. Hedging against uncertainty is done by 
having higher inventory levels that can absorb the uncertainty or by having pro­
duction capacity available that is able to respond quickly to the demand. Accord­
ing to Lee (2002), the uncertainties in demand and supply should be addressed 
with agile supply chains. 

Lack of coordination among actors in supply chain 

Typically the whole supply chain is not controlled by a single company. This 
can result in a phenomenon known as the Forrester effect, named after Jay For­
rester who was the first to study the dynamics in a supply chain (1958). In his 
book called 'Industrial Dynamics' he further develops his basic model and explains 
how the dynamics work in a complex feed-back system (Forrester, 1961). The 
Forrester's effect is the phenomenon when a small random variation in customer 
demand is amplified to irrational behavior when moved up the supply chain. The 
effect is emphasized especially in longer supply chains and in companies operat­
ing in the deep downstream, for instance, raw material suppliers. As a rule of 
thumb, based on a number of supply chain studies, the demand amplification 
experienced is about 2:1 across each business interface. Hence, in a typical chain 
involving retailer - distributor - original equipment manufacturer (OEM) - sub­
assembler- and raw materials supplier (Chopra and Meindl, 2005), the last part 
commonly experiences swings that are 16 greater than the real variations in the 

334 



PORTUGUESE JOURNAL OF MANAGEMENT STUDIES, VOL. XV, NO. 3, 2010 

marketplace (Towill, 1996; Helo, 2000). The Forrester effect is also known as the 
bullwhip effect (Lee, Padmanabhan & Whang, 1997). 

Causes of the forrester effect 

Lee eta/. (1997) identify four major causes of the Forrester effect: 1) de­
mand forecast updating, 2) order batching, 3) price fluctuation, and 4) rationing 
and shortage game. In addition to these factors, Souza, Zice & Chaoyang (2000) 
identify two further causes of the dynamics, namely 5) capacity constraints and 
6) poor coordination. In a traditional supply chain every part in the chain fore­
casts the future demand on its own. The Forrester effect is created when each 
part forecasts future demand according to the demand information of the imme­
diate downstream member, who in turn has also used some forecasting method 
to generate this demand (Lee et a/., 1997). In other words, the orders between 
the parts do not reflect the true end-customer demand but rather the forecasts of 
demand forecasts. 

How to reduce the forrester effect 

There are three main steps that the companies in the supply chain can take 
in order to mitigate Forrester effects. The companies should share information 
with each other. By doing so, the demand information flows from the downstream 
part to the upstream so that this information sharing is fast and accurate and 
there is no distortion in the demand data. The second step to reduce the effect 
is channel alignment. This is the coordination of prices, inventory planning and 
ownership between the different parts in the supply chain. This will be discussed 
in more detail in the next section. The third step to reduce the Forrester effect is 
to improve operational efficiency. This refers to reductions in lead times as well 
as costs, such as fixed ordering costs (Lee eta/., 1997). Special emphasis is also 
put on lead times by Towill (1996). He suggests that reductions in manufacturing 
lead times as well as one in the information lead time are very rewarding methods 
of reducing the Forrester effect. 

Aligning incentives and supply chain integration 

As discussed above, Lee eta/. (1997) identify rationing and shortage gam­
ing to be one of the main causes of the Forrester effect. Souza eta/. (2000) also 
argue that the rationing game is the most sensitive factor to the supply chain per-
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formance as reducing it by half can reduce more than 90 percent of the dynamics 
which are related to the rationing game. Establishing a long-term relationship 
between customer and supplier should, therefore, be an important strategy to 
reduce this kind of gaming dynamics. Successful integration and management of 
key business processes across members of the supply chain will determine the 
ultimate success of the single enterprise (Lambert et a!., 2000). If a company 
manages to align the incentives of the firms in the supply chain, everyone will 
make higher profits (Narayanan & Raman, 2004). The companies that seek to 
achieve cost reduction or profit improvement at the expense of the supply chain 
partners do not realize that this does not make them more competitive at all. 

Global supply chains and operations strategy 

Many authors emphasize that the manufacturing strategy and the strategy 
for the supply chain should be determined together with the company's busi­
ness strategy. These two are interrelated and should not be developed separately. 
Thus, all operations decisions must be made according to the company's overall 
business strategy. (See for example Christopher, 1998; Heikkila eta/., 2005; 
Stevenson, 2005.) 

Supply chain risks 

Risk can be broadly defined as a chance of danger, damage, loss, injury or 
any other undesired consequences. More formally, it is usually defined as the mul­
tiplication of the probability of an undesired event and the significance of the loss 
(Harland eta/., 2003). In supply chains uncertainty and risk are present through­
out the supply chain. The basic risks can be divided into demand and supply risk. 
Demand risk is associated with the uncertainties in demand. This risk has been 
increasing due to global competition, faster product development and the large 
number of product variations. Moreover, demand seems to be increasingly volatile 
in almost every industry. Therefore, making forecasts on future demand has be­
come harder (Fisher, Hammond, Obermeyer & Raman, 1994). 

Global supply chain risks 

Outsourcing and globalization have led to the fact that more and more of the 
operations of supply chains are dispersed to different parts of the world. In global 
supply chains there are risks that have to be taken into consideration in addition 
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to the common supply chain risks. For example foreign political and economical 
stability and foreign-exchange rates are risks that are present in global supply 
chains. Generally, when the complexity of the supply network increases, all the 
risks increase as well (Harland eta/. 2003). 

Research methodology 

System dynamics is an approach adopted to solve problems concerning 
complex management systems and their obscure dynamic behavior. The applica­
tion of system dynamics modeling to supply chain management has its roots in 
Industrial Dynamics (Forrester, 1958, 1961). 

The main idea in system dynamics is to model organizations and corporate 
structures with stock and flow diagrams combined with causal connections. To­
gether with these building blocks, the behavior of the system is studied through 
computer simulations. According to Sterman (2000), system dynamics is a meth­
od to enhance learning in complex systems. It is also applicable as a method to 
understand dynamic complexity as well as the sources of policy resistance, and to 
design more effective policies. 

Building blocks of a system dynamics model 

The dynamics of a system are determined by the feedback processes, stock 
and flow structures, time delays, and nonlinearities. These basic building blocks 
of system dynamics will be discussed in the next sections. 

Feedback loops and causal diagrams 

Feedback loops are the essential part of system dynamics. All the dynamic 
behavior arises from the fact that one variable affects another one, which in turn 
has an effect on the original one. Such a loop is called a feedback loop. Feedback 
links lie at the heart of system dynamics modeling, which is fundamentally dif­
ferent from so-called "linear thinking" (Vos & Akkermans, 1996). There are two 
different kinds of feedback loops: positive feedback loops and negative feedback 
loops (see Figure 1). Positive feedback loops are self-reinforcing while the nega­
tive loops are self-correcting (also known as balancing loops). The interaction 
between variables is described by arrows denoting the causal influences among 
the variables and the plus and minus signs tell the direction of influence. The plus 
sign means that an increase in the independent variable increases the dependant 
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variable. The minus sign, on the other hand, implies that an increase in the inde­
pendent variable results in a decrease in the dependent variable. Diagrams that 
show all the different variables and their interaction with each other are called 
causal diagrams (Sterman, 2000). The main idea of causal diagramming is to 
identify the causal links that exist between the relevant variables (Vas et a!., 
1996). 

FIGURE 1 

Causal loop diagrams of a positive feedback loop and a negative feedback loop 
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Stocks and flows 

Causal loop diagrams cannot capture the stock and flow structure of a sys­
tem. Sterman (2000) explains that stocks characterize the state of a system that 
brings inertia to the system, and they provide them with memory. Stocks are also 
the feature that decisions and actions are usually based on. Stocks create delays 
because they accumulate the difference between inflows and outflows. Flows, on 
the other hand, change the size of stocks and the state of the system by inflows 
and outflows to stocks and from stocks. Usually a decision maker can control (at 
least to some extent) the flows in a system but he/she cannot directly affect the 
state of the system. A general stock and flow diagram is in Figure 2. 

FIGURE 2 

The general structure of a stock with inflow and outflow 
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The generic system dynamics model for supply chain modeling 

System dynamics has been widely applied to modeling supply chains. For­
rester (1961) was the first to introduce the concept of system dynamics and 
indeed, the first application concerned supply chain management. System dy-
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namics has since been used in many industries to model and simulate various 
business processes and it is becoming a commonly used method for making busi­
ness decisions (see e.g. Vos eta!., 1996; Cakravastia eta!. (1999); Valli, 2007). 
Feltner and Weiner argue that system dynamics models should be used only to 
solve real problems (in Towill, 1996) while Angerhofer et a/. (2000) identify 
several areas where system dynamics H~s been used in supply chain manage­
ment. They identify five different research areas: 1) inventory management; 2) 
demand amplification; 3) supply chain re-engineering; 4) supply chain design; 
and 5) international supply chain management. In the following sections the ge­
neric system dynamics model for a supply chain will be built. The structure of the 
model and how the material and information flow in the system will be described 
generally for the whole supply chain and in more detail for one part. The objective 
is to give the reader a thorough understanding of one part of the model and let 
the reader understand that the rest of the model is built in the same manner. The 
model that will be used in the case study is based on this generic model but some 
modifications are made to better reflect the special characteristics of the case and 
these changes are presented in the case study. 

Model boundaries 

Because it is of interest to study a consumer goods manufacturer, the model 
reaches downstream all the way to the end-customer. The demand chain starts 
from the final customer. In the upstream direction, it is reasonable to incorporate 
some of the dynamics of the supplier(s) and not to go further than that. The model 
is based on the supply chain in Figure 3, where the material flows are described 
together with the most fundamental information causalities. 

FIGURE 3 

The SO model of the supply chain 
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The boundaries of the model are set so that the end-customer demand is 
an exogenous variable. In other words, the performance of the supply chain does 
not affect the demand. In addition, the focal company is assumed to be only one 
of the supplier's many customers, and therefore the supplier's operations are 
assumed not to be affected by the focal company. If the focal company were a 
more important customer, the dynamics of the supplier could be modeled in the 
same way as the dynamics for the focal company is modeled. The information 
flows through the various processes in the company. The internal processes of the 
company are divided into 1) order fulfillment, 2) production scheduling, 3) pur­
chase planning, and 4) demand forecasting. Also, in the downstream of the chain 
there is an analysis of how the customer orders according to end-customer sales. 
Upstream the model takes into consideration how the supplier delivers products 
to the company. 

Inventory management 

Sterman (2000) presents a generic model of a stock management system 
where the model is divided into the stock and flow structure of the system and 
the decision rules used by the managers to control the flows in the system. The 
structure of his model applied to the management of inventory and production is 
presented in Figure 4. There are two loops in the model: The first one- the inven­
tory management loop- balances the inventory to a desired level by having an ef­
fect on the production scheduling. The second one- the production management 
loop - balances the production according to the desired level of work in process 
(WIP). The adjustments (Adjustment for WIP and Adjustment for inventory) are 
made with exponential smoothing. The Desired inventory and Desired W/P lev­
els could also be dynamic variables and depend on Expected sales and Desired 
production rate, respectively. 

This generic stock management structure is applicable to model the man­
agement of the other stocks in the supply chain, as well. For instance, material 
ordering has same kinds of causal relationships between variables. 

Customer orders and order fulfillment 

This section will present how the end-customer demand drives the focal 
company's shipments and how the customers' orders can be fulfilled from the 
inventory. The causalities are shown in Figure 5:The end-customer demand is 
modeled as an exogenous variable and is given as an input to the model. End­
customer demand directly increases the customer's Order rate which is stocked 
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FIGURE 4 

A generic inventory management system 
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in a Customer orders stock. This stock is reduced only when the focal company 
ships products to the customer and generates the outflow of Order fulfillment. In 
other words, all the demand of the customer is to be filled at some time and none 
of the orders will be lost. The other option would be to assume that the orders that 
are not immediately filled would be lost. However, it is also of interest to analyze 
how the desired delivery time affects the system. The Customer orders specify 
the level of Desired shipment rate which together with Order fulfillment ratio 
determine the actual Shipment rate. The model does not distinguish between 
different products, but rather describes them at an aggregated level. Therefore, 
the Maximum Shipment rate has to be higher than the Desired shipment rate 
in order to fulfill the whole order. Order fulfillment ratio is thus determined with 
a table function that takes as input the fraction of Maximum Shipment rate and 
Desired shipment rate and gives an output between 0 and 1. For a more detailed 
description see Sterman (2000: 711). 
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FIGURE 5 

Filling customer orders 
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Model verification and validation 

According to recent research, system dynamics is applicable to supply chain 
modeling (see e.g. Angerhofer et al 2000). System dynamics is still only one 
method among many other modeling methods, and as in all modeling, certain as­
pects must be considered. The challenges concerning modeling in general - and 
system dynamics in particular - will be discussed in this section. The purpose 
of modeling is to describe as precisely as possible some part of reality that is of 
interest. The reality is, however, a very complex system and therefore, it is impos­
sible to make an exact copy of the reality within any given model. That is why a 
good model is by definition the simplest one for the purpose it has been built for. 
Because it is often impossible to empirically test the consequences of different 
actions, building a model that reflects the behavior of reality as accurately as nec­
essary is one way to help in decision making and in solving real problems (Ljung 
& Glad, 1994). According to Sterman (2000), all models are limited, simplified 
representations of the real world. He argues that the question is not whether you 
should use a model or not, but rather which model you should use; because in 
decision making, everyone uses some kind of a model any way: either a mental or 
a formal one. Therefore, the responsibility of the decision maker is to use a model 
that is the best model available despite some inevitable limitations. However, to 
assess the overall suitability of a model for a specific purpose, he lists a thorough 
set of questions that every model user should ask before selecting a particular 
model for use. 
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Case study presentation 

The case study is divided into two sections. This section will introduce the 
case study and the problem area of the case company. We shall present the sys­
tem dynamics model that has.been constructed and present the main results from 
the simulations. The second section in the case study develops a qualitative and 
quantitative analysis of the case. 

Company description 

X is two-wheeler manufacturer that started its business as a wholesaler and 
assembler and has been making two-wheelers in its own factory in Haridwar. 
Today the main business comes from designing, manufacturing and marketing 
two-wheelers as well as aftermarket products such as tires, spare parts and other 
equipment. The analysis will focus only on the production business of two-wheel­
ers; thus, the aftermarket and the other business lines are outside the scope. The 
main market of X is the home market. X also puts an effort into exporting, espe­
cially in some niche markets. 

The existing supply chain 

The supply chain of the case company is described in Figure 6. In this figure 
no distinction is made between X's own operations and supplier operations. The 
distant actors are shaded with a dark color and the local actors with a lighter 
one. 

At the moment X's supply chain can be categorized according to Simchi-Levi 
et at. (see Section 2.5.1) as a supply chain with international suppliers. There 
is, however, more and more interest in increasing the sourcing activities and that 
is why there are also characteristics of a supply chain with offshore manufactur­
ing. The demand side of the chain is and will remain very local. Nonetheless, 
the supply side of the chain is becoming more global. The importance of inter­
national sourcing is significant today, and offshore manufacturing will increase in 
the future. Therefore, more emphasis should be put on aspects that are related 
to globalization and global market forces. Two main questions are important to 
the success of the entire company: 1. how can the role of the domestic factory 
be upgraded to a lead factory that has the ability and knowledge to innovate and 
create new processes, products and technologies for the company; and 2. how 
well can X succeed in leveraging the resources of suppliers? The solutions to these 
problems are also the lifeline for the entire company. 
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FIGURE 6 

The supply chain 

Supplier 

--+ 

--+ 

RESULTS 

The importance of precise forecasts is simulated in two cases. In the first one 
there is only X's own production, but the bottleneck sourcing decisions are made 
according to the forecasts. In the second simulation, both the material purchases 
and the quantity of purchased products are determined according to the forecasts. 
The yearly forecast is set 11% below the actual yearly demand and the results of 
the two simulations are shown in Table 1. 

TABLE 1 

Forecast lower than actual sales 

Input parameters Observed measures 

Simulation case ,,,s_tqev;·' Own production · Pe.livery ti rne . Lost sales expense 

A 0.2 100% 1.57 24 715 390 

B '0.2 50% •··.·· __ ,·· ... 4.38 67 235 665 

Currency risk 

The model simulates what happens to the cumulative expenses and cumu­
lative profits if the exchange rate changes 10% to 20% in any direction during 
a two year period and if no hedging instruments are used. Further, it is assumed 
that all production is done in X's own factory and no ready-made products are 
sourced. The results are shown in Table 2. 
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TABLE 2 

The effect of exchange rate changes on expenses and profits 

20 "'o -1.8 "'o +37 "'o 

10 "'o -0.9 "'o +18 "'o 

-10 "'o +0.9 "'o -18 "'o 

-20 "'o +1.8 "'o -37 "'o 

The results show that with 100% own production some 10% of all expenses 
are affected by the currency exchange rate between INR and USD. When sourcing 
activities are increased, the currency risk will increase even further. 

CONCLUSIONS 

The biggest challenge in X's present supply chain is to balance variable 
demand with a stiff supply. The demand is highly seasonal and in some product 
groups also very volatile. The supply side again is inflexible. Whether it consists 
of domestic or offshore manufacturing it has long delivery times and must be 
driven by forecasts. Moreover, the domestic manufacturing is constrained by strict 
capacity restrictions. 

Some of X's products can be categorized in the functional product group with 
more predictable demand. These products should be supplied with an efficient 
supply chain that strives to lower costs at each stage of the chain. These models 
are the strongest offshoring candidates. X also has products that belong to the in­
novative group with unpredictable demand. Excess capacity in manufacturing and 
buffers in component stocks together with modular product design make it pos­
sible to react quickly as well as to postpone product differentiation for as long as 
possible. In X's own production this cannot be achieved today; the production line 
is too inflexible, which counteracts potential benefits to be gained from X's close 
location to customers. More flexibility could be attained by designing products that 
share the same components as much as possible and by increasing modularity. 
Then manufacturing postponement could be applied. The question still to be an­
swered is: Would this mean that the finishing of products (e.g. painting, attaching 
decals) could be done or could the product be completely assembled according to 
customer orders? In order to answer the question, more research is needed on the 
production process and the product design. There are also improvement possibili­
ties in the production sequencing: If the functional products were produced first, 

345 



PORTUGUESE JOURNAL OF MANAGEMENT STUDIES, VOL. XV, NO.3, 2010 

there would be more production capacity for innovative products during the peak 
time. Increasing and decreasing whole capacity is not seen as a realistic option 
but the necessary capacity flexibility could be attained by being flexible within 
the different product categories. In the case study, the main focus was to identify 
and analyze different supply chain strategies that the case company can use. 
The analysis of these strategies could, however, be deepened. Further analysis 
over the effects of moving the OPP in X's own production could be done. Which 
customers could be served with an MTO strategy and what requirements would 
such a strategy change imply? Could this strategy be followed with professional 
customers if there was visibility to the installed base or service cycles? Further~ 
more, a deeper analysis of the biggest retail customers could suggest that VMI is 
the solution to attain the required visibility in order to move the OPP. 

Limitations of present research 

The case study shows the applicability of system dynamics in modeling 
supply chains. In particular, it clearly reveals the implications of causalities and 
delays between variables. With some changes the model can also be used to ana­
lyze the behavior of different supply chains. In this case the special characteristics 
of the chain in question must be taken into account. The basic components in all 
supply chains are more or less the same, but the actual structure determines what 
kind of a model should be built. The objective of the system dynamics model is 
not to give strictly normative decision models or to optimize the logistics of the 
system, but rather to illustrate the behavior of the system at a broader level. The 
model works, however, as a good foundation for a more fine-grained analysis. 
If greater detail is needed in analyzing and optimizing the movement of single 
articles, a method for modeling discrete-time systems would probably be more 
suitable. System dynamics works best with continuous systems where material 
flows in continuous streams instead of sudden, discrete events. 

Future scope of research 

Four possible areas for future research are identified. The first one is to 
deepen the analysis with the same framework that was used in this research. By 
carrying out more simulations with the stochastic variables it will be possible to 
attain a better picture of the probability distributions of the stochastic outcomes. 
This analysis is important in order to improve the understanding of the supply 
and demand risks that the chain is exposed to. The second option is to widen 
the current framework by using the same modeling methods and objectives with 
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a more complex supply network structure. The model boundaries could also be 
expanded. For instance, customer demand could be included as an endogenous 
variable in the model. If the structure of the supply chain in the model was dy­
namic, then the adaptability of supply chains could also be analyzed. 
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