STUDY OF THE IMPACT OF SAFETY STOCK PLACEMENT ON SHIFTING
BOTTLENECK STAGES IN CAPACITATED SUPPLY CHAINS

A Thesis by
Karthik Balakrishnan
Bachelor of Technology, Maulana Azad National Institute of Technology, 2006

Submitted to the Department of Industrial Engineering
and the faculty of the Graduate School of
Wichita State University
in partial fulfillment of
the requirements for the degree of
Master of Science

May 2009

© Copyright 2007 by Karthik Balakrishnan
All Rights Reserved

STUDY OF THE IMPACT OF SAFETY STOCK PLACEMENT ON SHIFTING
BOTTLENECK STAGES IN CAPACITATED SUPPLY CHAINS

The following faculty have examined the final copy of this thesis for the form and content, and
recommend that it be accepted in partial fulfillment of the requirement of for the degree of
Master of Science with a major in Industrial Engineering,

______________________________________
S. Hossein Cheraghi, Committee Chair
______________________________________
Krishna K. Krishnan, Committee Co-Chair

______________________________________
Hamid M. Lankarani, Committee Member

Accepted for the College of Engineering
_________________________________________
Zulma Toro-Ramos, Dean
Accepted for the Graduate School
_________________________________________
J. David McDonald, Associate Provost for Research
and Dean of the Graduate School

iii

DEDICATION

To Amma, Appa, my sister and my dear friends

iv

ACKNOWLEDGEMENTS

I would like to take this opportunity to thank all the people whose guidance and
inspiration have made me overcome challenges and complete this thesis. First and foremost I
would like to thank my advisor, Dr Hossein Cheraghi for encouraging me at every step of this
journey. His guidance and valuable tips have changed the way I tackle problems. I am very
grateful to have him as my advisor as he provided me a platform to improve my skills and
opened avenues for professional growth. Secondly, I am deeply indebted to professor Dr Krishna
Krishnan for guiding me in the right direction. I really appreciate his kindness and his patience in
me. I thank him for going out of his way by taking time out his busy schedule and working with
me to complete this thesis. I appreciate Dr Hamid Lankarani‟s inputs that added tremendous
value to the thesis and thank him for taking time to critique my thesis.
I certainly am very grateful to my colleagues at work. I am thankful to my managers
Syed Shirazi and Sunil Shah for keeping me motivated and been very supportive. I am very
grateful to the Business Planning Organization Director of LSI Cormac S. McLeod, whose work
has been a constant source of inspiration. Of all my friends, I would like to thank Vignesh
Krishnamurthy and Mayukhini Pande for providing their valuable insights to help me solve
different problems encountered.
Lastly, I am thankful to my parents and family, without whom all of this would not have
been possible.

v

ABSTRACT

Uncertainty in a modern supply chain structure originates at the supplier, manufacturing
process and the consumer. Different types of products and supply chain structures add to the
complexity of managing a supply chain. Safety stock in a supply chain acts like a shock absorber
against these uncertainties. Current safety stock models are very effective in tackling strategic
level problems, however are inept to understand the relation between the placement of safety
stock in a supply chain and tactical level uncertainties. A bottleneck in a supply chain determines
the capability of a supply chain. The shifting of stage bottlenecks is tactical level uncertainty.
This thesis addresses the impact of placement of safety stock on shifting bottleneck stages.
Simulation models establish the effects of varying stock levels on shifting bottleneck stages in
capacitated assembly environment.
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CHAPTER I
INTRODUCTION
In the 1990‟s, industries across all sectors had to change their philosophy of meeting
consumer demand. The strategy of “sell what you produce” no longer worked. The consumer
began to drive the revenue of the companies. The advent of the Internet era in conjunction with
the technological revolution increased the potential of the industries and the consumers manifold.
On one hand consumers demanded variety of products immediately. On the other hand faster
computing power and the availability of point of sales data forced industries to strive towards
faster responsiveness and lower inventory costs. Today, supply chain management or the
“system thinking” management has made suppliers, manufacturers, distributors and retailers to
work together to form a supply chain. Each element in the supply chain is referred to as a stage.
This chain has the flow of products toward the downstream stages (customer) and the flow of
information towards the upstream stages (suppliers). In a perfect world, there would be no supply
shortages, no break downs and every stage would work in unison to satisfy the customer
demand. But in reality there are factors that deteriorate the performance of the supply chain. Lee,
H.L., Padamanabhan, V. (1997) indicate that how some of those factors like improper demand
forecast updating, order batching, price fluctuations and rationing can lead to excessive inventory
investment, poor customer service, lost revenues, misguided capacity plans and missed
production schedules.
The focus of the inventory manager has shifted from the localized optimization of the
inventory costs to managing the inventory at every stage so that the total supply chain inventory
cost is minimized. The uncertainty in the characteristics of the supply chain such as different
supply chain networks, variety of products, variable capacity of the suppliers and uncertain
1

customer demand makes the task of managing the inventory costs over the entire even more
challenging. Elaborating further on the different supply chain characteristics, Stefan Miller
(2000) classified the different supply chain networks such as assembly or convergent networks,
divergent or distribution networks, cyclic, serial and acyclic networks. Marshall Fisher (1997)
classified the products into two categories, functional and innovative. The product life cycle for
the functional products (e.g. bread, soup) is larger as compared to that of the innovative products
(e.g. electronic items, fashion wear). When a supply chain produces a mix of both functional and
innovative products, also including the variety in each category, uncertainty causes havoc in
managing common or independent inventory. The supply chain caters to different market
segments and to satisfy the demand for these segments manufacturers procure raw material from
different suppliers. Fluctuations in the delivery lead time of the suppliers and the disruptions
caused within the manufacturer are also important characteristics that induce uncertainty making
it a challenge to maintain the desired service levels.
Countermeasures to this uncertainty include either having safety stock at the stages in the
supply chain, a flexible capacity or both. Now the question arises of how much of this safety
stock is required to be carried at every stage which would take into account the various types of
uncertainty discussed previously. Carrying inventory more than required results in an increase in
the inventory holding costs and this is amplified in the case of expensive innovative products.
This interest led to development of “Safety stock models”. These optimization models focus on
determining the optimum safety stock inventory levels with simplifying assumptions such as no
batches, stationary demand and fixed capacity. Relaxing any of these assumptions adds to the
complexity of the model and could make the solution NP hard. Graves (2000) broadly classified
safety stock models into two types. The stochastic-service model assumes the delivery or service
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time between stages can vary based on the material availability at the supplier stage. In other
words the delivery times of the stages are stochastic in nature. The guaranteed service model
assumes that each stage can quote a delivery or service time that it can always satisfy. This can
be achieved by bounding the demand at stage. Bounding the demand to an upper bound makes it
feasible and logical since this takes into account the practical bounds observed in the real world.
This also facilitates in the solving the safety stock problem in more simplified and efficient
manner which can be communicated with the upper management. Research conducted by Graves
(2000) showed that at lower service levels the guaranteed service models yields lower total
safety stock levels compared to the stochastic service models.
Since 2000, efforts have been made to incorporate various uncertainties such as non
stationary demand, modeling for new products, general networks, cluster commonality and
capacity to the safety stock models. There has been a shift in the nature of these models. Today
the models stress being both strategic and tactical in nature.
Sitompul et.al, (2007) successfully show us the effect of taking capacity considerations in
the safety stock model. However according to Orcun (2007) and Hopp and Spearman (2001) the
delivery time of the stage follow a non linear relationship with resource utilization of the stage.
Thus traditional safety stock models fail to the give an optimum advantage in setting safety stock
when the lead times depend on the workload stressed on it.
The throughput of any network of the supply chain is governed by the bottleneck stage in
the supply chain. All efforts are made so that the service levels at the bottlenecks are high.
According to the Theory of Constraints principles the bottleneck should never be starved or
sufficient safety stock levels must be maintained before the bottleneck stage. Also companies in
order to be more efficient and reduce costs have incorporated process improvement techniques
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such as Lean, TQM and Kaizen. This in effect causes the lead time of the stages to constantly
change and hopefully reducing the lead times. This effect can cause the bottlenecks to shift
within the supply chain, introducing uncertainty in the supply chain. Roser et.al, (2002) further
justify and detect, using simulation that the depending on the utilization of the different stages
the bottleneck has the potential to shift within the supply chain.
Given the importance of developing the right strategies to counterattack uncertainty
through solutions from the safety stock model, we take an effort to incorporate stage utilization
and understand the impact of strategic safety stock placement on shifting bottleneck stages in
capacitated supply chains.
1.1. Research Focus and Objectives
The focus of the research is to understand the relation between the placements of safety
stock at the various stages on the shifting of bottleneck stages. The research takes its inspiration
from Glasserman and Tayur (1995) and Roser (2002) to understand this relation between the
placement of safety stock and shifting of bottleneck stages. Since there is little literature in this
area, a counter intuitive approach is taken to firstly understand the effects of stock levels across
the stages in a capacitated multi stage assembly environment. Thus the research objective is two
fold
1. Analyze the increasing base stock levels on the stage bottleneck shifting characteristics
2. Analyze the effect of variation of demand, increasing base stock levels on the stage
bottleneck shifting characteristics to achieve a desired fill rate.
1.2. Research Organization
Chapter 2 gives a background and overview of the areas in the research focus and
Chapter 3 establishes the steps to develop the required simulation model for achieving the
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objectives. Chapter 3 further establishes the input variables and the performances measures
needed. These variables and performances measures are linked to the simulation model
developed to address the objectives of the thesis. In Chapter 4 the simulation results for various
scenarios are analyzed and discussed. Chapter 5 presents the different conclusions based of the
data analysis performed in Chapter 4. It also delves into arenas of future research.

5

CHAPTER II
BACKGROUND AND LITERATURE REVIEW

Production planning and inventory management are operations research areas that have a
vast literature base. Over the years researchers have tried to understand the details of the
different parameters in manufacturing. Nevertheless we have taken leaps and bounds in
developing models that lower costs, decrease manufacturing lead time and simulate different
scenarios helping manufacturing managers take better decisions.
Today, industries are focused on improving their throughput, delivery performance and
lower manufacturing costs. One of the most evident outcomes, while embracing concepts such as
JIT and Theory of Constraints (TOC), is reduction in waste and WIP to achieve higher
throughput and lower costs. No doubt these approaches have shown to improve results. The goal
is to understand the aftereffects while these principles are in place and utilize the conclusions to
our best advantage.
Specifically, safety stock placement models give supply chain analysts the ability to
counterattack uncertainty of demand by placing safety stock at the right place and with the right
amount. However these safety stock models are strategic in nature and do not take into account
the tactical level effects in the supply chain. A shifting bottleneck stage phenomenon is one such
tactical level effect. “These shifts may for example be due to the sequence of random events or
due to a gradual change in the manufacturing system” (Roser,2002).
Since connecting a strategic and tactical level problems is a challenging task, it is vital to
understand the nature of the safety stock placement model and the shifting bottleneck
phenomenon. A comprehensive literature review was conducted to the best of knowledge. The
literature review comprises of three areas present in inventory management.
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Strategic safety stock placement models and Base stock analysis models in supply chains
Workload dependent lead times for safety stock placement
Shifting bottleneck detection model.
Each area gives a perspective and eventually leads to model our objective of studying the
impact of safety stock placement and base stock levels on shifting bottleneck stages in the supply
chain. While each area is reviewed, the background, the key performance indictors and the
important concepts are also given the spotlight.
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2.1 Strategic Safety Stock Placement
Supply chain is a network through which there is a flow of material from the supplier,
manufacturer, retailer to the end customer. There is flow of information from the customers to
the manufacturer. The diagram below illustrates the definition of a supply chain for the Kodak‟s
digital camera assembly. Here the circles at different stages represent an operation and the
triangles represent the presence of a safety stock.

Figure 1. Kodak's Digital Camera Assembly Supply Chain (Graves and Williems, 2000)
In supply chain each stage adds value to the product either by physically changing it as in
the case of manufacturing and assembly stages or transporting and storing the product as in the
case of distribution stages. Regardless of the type, each stage has a processing time and a
delivery lead time to the next stage.
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2.1.1 Need for a Safety Stock Placement Model
There are three sources of uncertainty in a supply chain.
1. Supply: Uncertainty develops from the supplier when the supplier does not
deliver the goods or raw material to the manufacturer when intended to.
2. Manufacturing: When machines break down unexpectedly, processing and
delivery lead time of the manufacturing centers deviate from the normal time and
is a source of uncertainty.
3. Customer: Customer demand is the most uncontrollable source of uncertainity.
Depending on the market conditions or product marketability this is always a
source of uncertainty that is introduced in the supply chain.
Uncertainty in a supply chain increases the operating costs and thereby reduces the
supply chain profits. Inventory is one of the most prominent methods to counterattack
uncertainty primarily because of the inability of the manufacturing and other supply operations
to be highly flexible in short term. “Safety stocks are „excess‟ inventories held beyond the
minimum inventory level that would be possible in a deterministic and uncapacitated world”
(Graves, 1998).
Safety stocks in operations help in smoothing of the production and “de-couple” the
operations in the supply chain. By having safety stock between operations or stages of a supply
chain uncertainty of the flow through either stages can minimize as the safety stock behaves like
a “shock absorber”. Today, there has been a growing need for companies to simultaneously
improve the delivery performance, maintain high service levels and reduce operating costs. This
forces the various companies to look at supply chain perspective and develop a better
coordination among them.
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Safety stock placement models are used to determine the amount and the location of the
safety stock in the stages of a supply chain with the objective of having the lowest supply chain
operating costs at the determined service level.
2.1.2 Concepts
In this section we discuss in brief the concepts that are used in safety stock placement models.
2.1.2.1 Structure of the Supply Chain
Depending on the boundaries of investigation in general there are serial, assembly
networks, divergent and general networks. Serial networks are those in which only a stage
precedes and succeeds a particular stage. Assembly networks have two or more stages preceding
a stage. In divergent networks a particular stage is succeeded by two or more stages. A general
network is a combination of all of the above.

Serial Networks

Assembly Networks

Divergent Networks

Inter-stage Inventory

Operation /Stage

Figure 2. Different Types of Supply Chain Networks
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2.1.2.2. Service Levels
In the safety stock models there are two types of service levels considered. The α type
service level which is the probability of satisfying the demand from stock and γ type service
level also known as the fill rate (Silver et al, 1998) is defined as 1- (The expected backorders at
the end period/The expected demand during that period). Inderfurth and Minner (1998)
considered these two types of service levels while solving the safety stock problem
2.1.2.3. Service Time
Service Time is the time a particular stage takes to supply material to the next stage. Sit is
the delivery time for stage to the next stage i at the time period t.
2.1.2.4. Processing Time
Processing time or Tit is the time processing time required by stage i
2.1.2.5. Replenishment Lead Time and Net Replenishment Lead Time.
Replenishment Time for a particular stage is the time required to replenish a part once a
production request has been made. Thus replenishment lead time is the service time quoted to
that stage plus the production lead time. Net Replenishment Time is equal the replenishment lead
time minus the service lead time at that stage. The Figure 3 below illustrate the various times
with examples.

Figure 3. Service, Replenishment and Net Replenishment Time (Graves, 2005)
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The Net replenishment time is denoted by τi as defined below
(2.1)
where i denotes the stage i
2.1.2.6. Demand and Bounded Demand.
Demand or the customer demand is placed at the last stage of the supply chain and that is
communicated through the supply chain. The demand can either be modeled to be deterministic
or stochastic in nature. When it is stochastic in nature the demand follows a distribution. Most of
the models for simplicity assume the normal distribution with μ as the mean and σ as the
standard deviation of the demand. Bounded Demand is that presumes that there is an upper limit
on the demand at the end item level. The bounded demand concept is generally seen in
guaranteed safety stock placement models. A bounded demand provides a tactical guidance for
the placement of safety stock in a supply chain (Graves, 2000).
2.1.2.7. Stochastic Service and Guaranteed Service Model
According to Graves & Willems (2003) in the stochastic-service model “each stage in the
supply chain maintains a safety stock sufficient to meet its service level target. In this setting a
stage that has one or more upstream adjacent supply stages has to characterize its replenishment
time taking into account the likelihood that these suppliers will meet a replenishment request
from stock.” And we know that due to the variability of the industrial environment, the suppliers
cannot always satisfy the demand immediately from stock. Thus each stage will have a lag in
getting its demand from its suppliers. Hence this stochastic nature of the delay causes the
replenishment time for every stage to also be stochastic “The inventory level required at each
stage to meet its service level target depends on its replenishment time.” (Graves & Willems,
2000).
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This view is changed in the guaranteed-service model. Here every stage gives a
guaranteed service to its consequent stages. “In this setting, a supply stage sets a service time to
its downstream customer and then must hold sufficient inventory so that it can always satisfy the
service-time commitment.”(Graves & Willems, 2003, p.7). Here one of the main assumptions is
that the demand is bounded so that the service provided can be guaranteed. As an effect, the
service-time guarantee can be achieved with stocking the inventory to a fixed level. “The
guaranteed nature of these service times ensures that the replenishment time for downstream
stages is predictable and deterministic”. This then allows subsequent stages to arrange its
inventory so that it can also make a service-time guarantee to its customers.
2.1.3. Safety Stock Models
The safety stock model has evolved over the years. Simpson (1958) was among the first
to address the safety stock placement problem. This model address the problem on how big the
“in process inventory” should be for optimum operating efficiency. The assumption of bounded
demand makes sure that the inventory between two production stages can handle a demand only
to a realistic level. For the proposed model the solution space is a convex polyhedron in
Euclidean n-1 space where n is the number of stage. After solving the model the conclusion was
to either have inventory equal to the base stock or have nothing .The Figure 4 below illustrates
the solution space for 2 stages. Here Simpson (1958) states that the solution can occur at the
vertices of the polyhedron.
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Figure 4. Solution space of convex polyhedron for 2 stages (Simpson, 1958)
Later Graves (1988, 2000 and 2003) established a model in lines of Simpson (1958) that
would determine the amount and position of safety stock in serial, assembly and divergent
supply chains. These models were solved using dynamic programming. Minner (2006) also
established that the guaranteed service safety stock model developed by Graves was far more
superior than the stochastic service approach to safety stock placement. The only assumption that
Graves (2003) didn‟t work on is that of the capacitated model. Sitompul et.al., (2007) are one of
the latest authors to have established a ground for capacitated safety stock placement. The
meaning of the capacitated supply chain is that each production stage lead time is dependent on
the order batch size. Since Sitompul et.al., (2007) encompasses the model created by Graves and
Williems (2000) and Mapes(1992) and since this model of the capacitated safety stock placement
is of interest we describe briefly their research. Sitompul et.al., (2007) establish a relationship
between the excess capacity, demand variability and service levels to determine the influence of
capacity on uncapaciated supply chain to maintain the same service level. The Figure 5 below
gives us the diagrammatic relationship between the above parameters.
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Figure 5. Relationship between the stock out probability, excess capacity and demand variability
(Simtompul et. al., 2007)
Simulating the model for three different variance of the demand, they plot a graph
between the ρ and the stock out probability.
Where

(2.2)

They also state that the effect of capacity is felt when ρ <1.5 .The Figure 6 below gives us
the effect of ρ on safety stock.We can also the observe the effects on the standard deviation of
demand. Thus as the standard deviation of the demand becomes more pronounced the effect of
capacity is felt more when ρ <1.5.
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Figure 6. Effect of on safety stock with stock probability of 1% (Simtompul et.al. , 2007)
Thus it would be safe to assume that the safety stock placement problem behaves like an
uncapacitated supply chain with p>1.5. They develop and add a correction factor (θ) to the
already establish guaranteed model developed by Graves.
(2.3)
Naturally the safety stock levels are high and can reach 6 times that of uncapacitated
supply chain for a stock out probability of 0.01. For the maximum allowable demand (bounded
demand) assumption according to Graves and Willems (2000) the base stock (Bi ) for a stage i is
given by
(2.4)
Here the safety stock (SS) is the second part of the equation. So in conjunction with the
conclusion established by Simpson (1958) if τ<=0 there is no safety stock in supply chain.
Sitompul et.al, (2007) added the correction factor to this part of the safety stock to take the
capacity of the stage into account. Sitompul et.al, (2007) formulates the model for a single stage
and then extended it to n stages. Thus service times for each stage is found based of the objective
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function of the minimizing the overall holding costs of the supply chain. From that the safety
stock is calculated for each stage. They then simulated various capacity levels using Monte Carlo
simulation. The detailed discussion of the safety stock levels at the different stages would be
discussed in the model and simulation.
2.1.4. Models Analyzing Base Stock Levels for Multi Stage Supply Chains
Three papers by Glasserman and Tayur(1995), Lee and Billington (1993) and Ettl et
al.(1996) develop strategies to identify the optimal base stock levels in a multi stage supply
chain. Glasserman and Tayur (1995) do this by using infinitesimal perturbation analysis and
simulation for capacitated supply chains. The other two papers try to identify the replenishment
lead times using performance evaluation models for inventory at multiple stages. Eventually they
solve the non linear optimization problem to minimize inventory costs subject to specific
customer service levels.
2.2 Workload Dependent Lead Times for Safety Stock Placement
This literature has a connection in relation with the Graves model. Orcun (2007) is the
latest author to reinstate the rule by Hopp and Spearman (2000) that “In capacitated
environments the lead time increases as the resource utilization of the machines increases”.
Orcun et.al, (2007) classifies their literature into three areas.
a. Optimization models for production planning
b. Stochastic inventory models
c. Queuing models.
a. Optimization models for production planning: The objective of production planning
models is to allocate production capacity among different products over time in order to
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optimize some objective function, most commonly the sum of variable production costs,
inventory holding and backorder costs over a finite planning horizon. These models have
generally approached the problem as a deterministic optimization problem, where
stochastic quantities are represented by deterministic estimates.
b. Stochastic inventory models: These models focus heavily on the stochastic nature of the
demand and have a very simple replenishment process. Very few have considered limited
production capacity and those who consider them assume workload independent lead
times. Liu et al (2004) link a queuing model with an inventory model to examine the
effects of lot-sizing on inventory levels in a multi-stage production-inventory system. A
different approach by Graves (1988) hypothesizes a linear relationship between inputs to
the production system and the outputs by having the production output as a fraction of the
WIP level. Their approach characterizes the distribution of the finished goods inventory
level and set safety stock level accordingly. Stochastic inventory models focus on longrun expected performance, and generally do not consider workload dependent lead times.
c. Queuing models: Queuing models capture the workload dependent nature of lead times
correctly, but their long-run steady-state nature does not lend itself to planning safety
stocks in the short term.
The literature indicates that when the replenishment lead time is dependent on the
workload, the conventional models do not provide the base stock levels to satisfy the required
service levels. Orcun (2007) uses a simulation environment to examine the problem of setting the
safety stock in environments with workload dependent lead times. In a sense they examine how
the classical inventory models faced difficulty in setting the safety stocks in capacitated
environment.
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Following were the characteristics of the model by Orcun (2007)
1. Two stage serial supply chain
2. The capacitated production facility has its behavior represented by the clearing function
used in Orcun (2006)
3. The model is developed in a SCOPE (Supply Chain Optimization and Protocol
Environment) environment. SCOPE environment is used for the rapid evaluation of
supply chain configurations. SCOPE views a supply chain as a directed graph whose
nodes represent facilities such as manufacturing plants and distribution centers, while
arcs represent both information and material flows. Information flows are divided into a
backward information flow (backward pass) and forward information flow (commit pass)
in addition to forward material flow (realization pass)
Here Orcun (2006) take the utilization factor into consideration while determining the
cycle time. The formula below gives the relationship between total cycle time, raw processing
time (RPT) and the WIP in the system.
(2.5)
Where Ud is the desired average utilization and the Cd is the desired capacity that is utilized.
In general following were the main highlights of their conclusions.
1. Firstly they simulate a scenario wherein the supplier would behave in a make to order
model (Baseline scenario).Then three scenarios are analyzed. Scenario “a” uses the
simulation history generated in the baseline scenario to estimate the mean and variance of
the lead time to determine the base sock level. Scenario “b” takes the historical data from
the baseline scenario but takes variance as zero and lastly scenario “c” sets the mean of
the lead time is set to the desired utilization levels.
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2. Due to non-linear dependence of lead time to utilization, throughput no longer follows
the demand stream‟s independently identically distributed characteristic and hence the
safety stock does not guarantee the customer satisfaction level.
3. Scenario “b” does not perform as well as scenario as the cost of unit improvement in
customer satisfaction is lower than scenario “a” which indicates diminishing rate of
return.
4. Scenario “c” highlights the fact that it is not cheap to hedge the demand variability with
work-in-progress inventory.
2.3 Shifting Bottleneck Detection Model
The Shifting bottleneck approach is based on the Theory of Constraints Goldratt (1992).
Roser et al (2002) state in their paper that even though there is a primary bottleneck in the a
supply chain its not necessarily static (Lawrence and Buss 1994; Moss and Yu 1999). “These
shifts may for example be due to the sequence of random events or due to a gradual changes in
the manufacturing system”(Roser,2002, p1). Thus in a long term there exists secondary and
tertiary bottlenecks. Thus depending on the configuration and the characteristics of supply chain,
a machine would remain a certain percentage of the time as primary or a sole bottleneck and
certain percentage of time as a shifting or a momentary bottleneck. A primary bottleneck or sole
bottleneck according to Roser et.al.,(2002) is that machine that has the longest average active
duration that it remains active. A shifting bottleneck is a bottleneck which is for temporary
period the stage that has the longest active duration depending on the active state of another stage
in its immediate vicinity. The term secondary bottleneck refers to the second highest average
active stage. Another important measure used for bottleneck shiftiness is β cited in Roser
et.al.,(2002)
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(2.6)
cv is the coefficient of variation of the bottleneck probability, which is the probability that it is
the bottleneck and n is the number of machines or stages. Roser et. al., (2002) use simulation to
identify the shifting bottlenecks. They further use this model to establish the size of the buffer or
inventory between the machines. Although the model does not take into account the demand on
the system. Depending on the active duration and the inactive time of particular stage found out
in the simulations and the utilization of stage/machine, the machine or in this case the stages
behave for certain percentage of time as a primary bottleneck and a secondary bottleneck. The
Figure 7 below illustrates a snapshot of the simulation run performed by Roser (2002). Here we
the percentage of simulation run the stages M1 and M2 were shifting and sole bottlenecks.

Figure 7. Primary and Secondary Bottleneck percentage for different stages (Roser, 2002)
Wang et.al,(2008) identify a unique approach to use the queue length before stages to
identify the bottleneck and its shifting nature. They associate every stage with a global
bottleneck degree which is a parameter obtained from exponentially transforming the queue
length. Thus a real time comparison of the global bottleneck degree can be performed at the
various stage to detect the bottleneck and shifting characteristics. Later on the simulation model
used in this paper primarily relies on this method to detect the shifting bottleneck stages.
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2.4 Insights from each area to establish the objective.
Sitompul et.al,(2007) capacitated model is based on an already well established and easy
to understand model developed by Graves which addresses the placement of safety stock in
guaranteed supply chains. Here they use dynamic programming and Monte Carlo simulation to
solve their problem. Orcun‟s model gives a firm model of the effects of utilization of production
stage lead time. They use simulation to solve their scenarios. The bottleneck detection model is
clear in its purpose of establishing the fact of shifting of bottlenecks. They use simulation to
solve their model. Also this model is not complex and can be solved in a single simulation run.
After a comprehensive review it was found that these three different areas should not be
seen differently and must viewed as whole. Roser et.al, (2003) has made an effort to study the
placement of buffer stock in the different stages based on the shifting bottleneck. But this model
does take into account the advantages of the bounded demand in capacitate supply chain as seen
in the case of Sitompul‟s capacitated model.
In order to the take into take account the non linear characteristic of the stage lead time in
safety stock placement in capacitated supply chains it is vital to include the utilization of the
stage in it. By taking the advantages of all these three models we can better understand the
impact of safety stock placement on shifting bottleneck stages in capacitated supply chains.
However to solve with such models derived in section 3.1 would be results in the solution to NP
hard without giving insight to the understanding of the relation between the bottlenecks shifting
stages and the placement of safety stock. Furthermore all the previous models try to minimize
inventory costs meeting a certain service levels. In order to understand the relation between the
shifting bottleneck phenomenon and the placement of safety stock one would have perform
experiments to analyze the effect varying base stock levels on the stage bottleneck shifting.
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CHAPTER III
SOLUTION METHOD

Ideally the solution approach would be to develop an analytical model that incorporates
the effects of the resource utilization to determine the proportion of safety stock in the supply
chain with an objective to reduce the supply chain costs. In the next section an analytical model
is constructed. Later on, the disadvantage of solving such a model is discussed and a more
pragmatic approach to understand the problem is stated.
3.1 Safety Stock Model Incorporating the Utilization Factor
In this section we use the equation derived by Roser et.al., (2002) as a constraint on the model
developed by Sitompul et.al., (2002).
From equation (2.5) we see that

where RPT is the Raw Processing time of a stage.
CT is the cycle time or service time of stage i
Udi is the desired utilization of stage i
Cdi is the desired capacity of stage i and WIP is the work in progress of stage i
For consistency of the notation we replace CTi by Si.Also assuming that the processing time for
all the stages is 1 we have
(3.1)
Now by Little‟s Law
(3.2)
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Throughput is the desired demand or μ. So substituting μ and equation (3.2) in equation (3.1) we
have.

(3.3)
Therefore, we can state the limit constraint for the delivery time of a stage as

(3.4)
For consistency of the notation we have the service time for a stage as
(3.5)
This additional constraint (3.5) to the mathematical model formulated by Sitompul (2007)
takes into account the utilization factor necessary for the safety stock model in capacitated
supply chains.
So, the model is similar to the Sitompul‟s (2007) model with the additional constraint.
Thus if hi is the holding cost of each stage, safety stock model with the additional constraint
would be
Minimize
Subject to

(3.6)
(3.7)

(3.8)
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; where M is the maximum allowable service time

Though the analytical model formulated above would be appropriate to solve the problem
of determining the amount of safety stock when an effect of the utilization is imposed. However
the model could render a NP hard solution and does not clearly give us an understanding
between the effects of placement of safety stock and the bottleneck shifting stages.
3.2 Problem Definition
A bottleneck stage in a supply chain is a stage that has the longest average utilization and
determines the throughput of the supply chain. However, in a particular period depending upon
the utilization of the stages the bottleneck in the supply chain shifts through the supply chain.
Thus when the utilization of each stage is the same, the probability that the bottleneck may shift
increases (Roser, 2002).This is an uncertainty that is introduced in the supply chain. So far the
cheapest and the least capital intensive way to tackle demand and process uncertainty is to
allocate safety stock. However current models are inept to understand the relation between the
shifting phenomenon and the stock levels at the different stages. Since the base stock levels at
stage comprise of pipeline and safety inventory. It is imperative to primarily to develop an
understanding between base stock levels and the stage bottleneck shifting parameter. In other
words, the research problem is to prove a relation between the two. The research problem would
be addressed by
1. Analyzing the increasing base stock levels on the stage bottleneck shifting characteristics
2. Analyzing the effect of variation of demand, increasing base stock levels on the stage
bottleneck shifting characteristics to achieve a desired fill rate.
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3.3 Solution Approach
The solution required adopting an assembly model of three parts which were processed
parallel. Complexities such as different routing patterns and lead times were chosen such that the
effect of the shifting of bottleneck stages could be analyzed clearly. A simulation model of the
above supply chain structure was done under a base stock control policy. The simulation model
was used to address the two fold research problem. Then case studies were used to run the
models with increasing base stock levels and different combinations of coefficient of variation of
demand and base stock levels. The results obtained from the simulation model using the different
case studies were analyzed to see if they were significant. Later on appropriate conclusions were
drawn on the effect of the varying parameters on the shifting bottleneck stages. A schematic
diagram of the solution approach is shown in Figure 8.
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Identify the type of supply chain
characteristics such as structure and
number of stages and measure to
identity shifting bottlenecks

Develop a simulation model for the
above supply chain structure under a
base stock control policy and verify
the model.

Run case studies
1.Increasing base stock levels
2.Different base stock level
combinations and variation in demand

Are the
effects
significant?

No

Yes

Analyze the data and draw the
conclusions

Figure 8. Solution Road Map
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3.4. Simulation Model Architecture
In order to address the objectives of the research design, the simulation model had to be
designed in way that it performed the following main functions in a capacitated assembly
enviorment.
1) Calculate the signal for production for a stage when demand occurs under a base stock
control policy
2) Control the Bottleneck shiftiness parameter (β)
3) Set Base Stock Levels and Demand
4) Capture the Bottleneck Shiftiness parameter (β), Fill rate ,Utilization and Cycle Time
Before delving into the details on how each of functions were designed into the model,
the next two sections would discuss the basic structure and the assumptions taken in
consideration while designing the model.
3.4.1 Basic Structure
Essentially the model is that of a 2 echelon 4 stage push assembly system of three parts.
The three parts; Part A,B and C together at the end are assembled to form one final product.
Specifically, the Part A and Part B flow through Stage 1 and Stage 2 while Part C flows parallely
through Stage 3 and Stage 4. Figure 9 below illustrates the same.The triangles before each Stage
are the inventory holding locations for the respective parts. E1A would be the inventory holding
location for Part A after it has been processed by Stage 1. During a production signal, Stage 2
sources Part A from inventory holding location E1A. Similarly the Finished good is assembled
from one part from each inventory holding loaction E2A, E2 B and E2C.
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Figure 9. Three Part Assembly Model

The lead times are exponentially distributed and different processing time of parts at the different
processes are listed below.
TABLE 1 LEAD TIMES (HOURS)

The reasons for choosing these lead times and the Part B having a Stage 4 lead time is
explained in the section 3.4.4. which descibes how the bottleneck shiftiness parameter is
controlled. Theoretically one unit Part A and Part B after processing through Stage 1 and Stage
2 takes 4 hours. Likewise one unit of Part C gets processed parallely through Stage 3 and Stage 4
after 4 hours.Thus one Finished Good Inventory(FGI) can be assembled in every 4 hours.
The level of stock at after each stage and for each part is called the base stock level for
that stage and part. Every stage must process depending on the avaliability of raw material to
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fulfill that stock level when demand at the FGI occurs.So the parts are pushed till FGI Level and
the customer pulls from the FGI level according to the base stock control policy.
3.4.2 Assumptions taken Designing the Simulation Model
1) Lead times for the products at each stage are exponentially distributed
2) The supply in unlimited .i.e. there always be raw material available
3) The demand is unlimited. Here the definition of demand being unlimited is in relation to
the capacity of the assembly system .So ideally the system should assemble one Product
every 4 hours. The demand is unlimited by having 3 parts every six hours
The next for section would describe how the main functions were designed into the basic
structure.
3.4.3 Production Signal to a Stage when Demand occurs under a Base Stock Control Policy
The Base stock control policy is that of an installation base stock control policy which
indicates the presence of decentralized inventory control policy. Here every stage takes the
decision independently on how much it must order from the previous stage. However the time
every stage takes that decision depends on when the customer places an order. Taking this
analogy to the basic structure of the model every stage has its own inventory holding location for
each part it can process. This inventory holding location has a set base stock level that the stage
must try to achieve when a demand by the customer is placed. As soon as the demand occurs,
every stage would access the level of stock at the inventory holding location add it to the amount
of parts that are in process and compare it to the base stock level set. Since this is an assembly
environment with lost sales for the purpose of simplicity the model does not take into
considerations of any backorders.
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Thus,
Production Signal i 1

B i

IP(i)

(3.9)

Where B(i) is the Base stock level at stage i , for i= 1 to n
IP(i) is the Inventory postion at stage i, for i = 1 to n
3.4.4 Control over the Bottleneck Shiftiness Measure
The control over the bottleneck shiftiness measure can be achieved in two ways
1) Processing Times of the Parts through the stages
2) Route that the Parts flow through the Stages
A Bottleneck Stage is defined when the demand at the stage is greater than the capacity.
Lawrence and Buss (1994) devised a bottleneck shiftiness measure β as shown in equation below
where Cv is the coefficient of variation of the bottleneck probability of the different machines
and n is the number of machines in the system. The bottleneck shiftiness measure β ranges from
zero for a system with a unique bottleneck to one for a system where all machines are equally
likely to be the bottleneck. From equation(2.6) we have,

β =1 we have all the processes/Stages to be a bottleneck.
So we determine the process to be a bottleneck by measuring the number of parts in the
front of the process. Ideally the process that has maximum number of parts in front of it can be
called a bottleneck machine but this measure has many short comings due to space constraints
and also it is very variable. Wang (2008) method exponentially transforms this number into a
value that lies between 0 and 1. Thus every moment of time every machine will have a
Bottleneck degree that lies between zero and 1. As this measure is highly sensitive at lower
values, an exponential smoothing process is used and the resulting number is compared to
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determine the Bottleneck. The stage that has the highest bottleneck measure is the bottleneck for
that moment of time.
The reason for choosing the processing times for parts at their respective stage is for the
purpose having a balanced system. A balanced system here is the all the stages would a
bottleneck. Ideally every stage takes 2 hours to process parts necessary to make a complete
assembly. Thus the processing times chosen allows achieving a system where in all the stages are
bottlenecks When all the four stages are bottlenecks the bottleneck probability of the four stages
is 25%. Thus the bottleneck shiftiness measure is 1.
In order to understand the effects of setting base stock levels on the bottleneck shiftiness
measure it is also necessary to control the bottleneck shiftiness measure. So in order to achieve
that certain percentage of Part B after getting processed from Stage 1 is diverted to Stage 4. Thus
this decreases the bottleneck shiftiness measure or in other words reduces the number of
bottlenecks. After initial simulation runs with different percentages of Part B diverted to Stage 4
it was found that the system would have one bottleneck when 20% of the Part B coming out
Stage 1.This concept not only control the bottleneck shiftiness measure but also helped develop
three types of Models or system with progressively decreasing nature of bottleneck shiftiness.
Model 100 is a balanced system with all the Stages as bottlenecks. Model 90 has 10% of part B
diverted to Stage 4 thus makes giving us a slightly biased system. Lastly Model 80 is completely
biased system with 10% of the part B diverted to Stage4.
The Schematic diagram below shows the flow of the parts A ,B and C. for Model
100.Model 90 and Model 80.
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Figure 10. Model 100 (Balanced System)

Figure 11. Model 90 (Slightly Biased System)
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Figure 12. Model 80 (Fully Biased System)
3.4.5 Setting the Base Stock Levels and Demand
The base stock levels for each stage and the respective part is set manually and is one of
the simulation variables. Thus when the simulation calculates the production signal by
comparing the inventory level to the base stock of that stage, it is necessary that the appropriate
base stock level variables are entered before the simulation run. This also gives the flexibility to
change the base stock levels during the analysis.
In the simulation model the customer demand is normally distributed .The mean and
standard deviation of the demand are the input variables to the simulation model and is set
manually before the simulation model is run.
3.4.6 Capture Bottleneck Shiftiness Parameter (β), Fill rate ,Utilization and Cycle Time
In order to understand and capture the bottleneck shiftiness parameter it is necessary to
monitor and capture the number of parts that are being processed at stage at a particular point of
time. This data is in turn used to determine the bottleneck shiftiness parameter β as discussed in
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the earlier section 3.4.5. This data is very unique to the simulation model and can only be
extracted by placing an output function from Arena to an Excel File. This output function exports
the required queue data every hour of the total simulation run cycle. In the total simulation run of
4000 hours only the last 3000 hours is taking to determine the Bottleneck shiftiness measure.
Thus the data is discarded when the simulation model is in the transient state. Thus bottleneck
probability of the stages is obtained for a simulation run. Thus the Cv of the bottleneck
probability and β is calculated
A snapshot of the Excel template used for capturing β is shown in Figure 13 .

35

36
Figure 13. Bottleneck Shiftiness capture template

The Fill Rate, Utilization and the cycle time are output performance measures that are
built within the Arena simulation model. Fill rate is defined as the amount of customer demand
fulfilled by the available stock or it ratio of the demand satisfied by the available stock to the
customer demand. Thus every time a customer demand is places a demand at the FGI. The
simulation model captures the Fill Rate. After the simulation model has run for the specified
duration it returns an average Fill Rate. Likewise the utilization of the stages and the cycle time
required to assemble a product at FGI is calculated after every simulation period.
3.4.6 Simulation Model Settings
Different case studies were run by changing the input variables according to the scenario needed.
The following table gives the summary of the various settings and simulation input and put
variables
TABLE 2 SIMULATION MODEL SETTINGS
Every case study is run twice with simulation period
Simulation Run

of 4000 hours. Only the later 3000 hours is taken into
consideration
Base stock level for every stage, Mean and Standard

Input /Control Variables

deviation of the customer demand, Lead Time, Inter
arrival time of the customer demand

Output Variables/Performance

Bottleneck Shiftiness Measure (β),Fill Rate,

Measure

Assembly Cycle Time
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3.5 Simulation Model Validation
Since the simulation model is not only an assembly model simulation but also a base
stock control policy on the model, the validation of the model was done in two steps. First the
base stock control policy was switched off and parts were sent to through Model 100. The
simulation model captured the utilization levels of the stages were compared to the shiftiness
measure. Even though the utilization levels depended on the inter arrival times of the raw parts
the utilization levels of the all were nearly equal indicating a β =1 which matched approximately
at 0.91. Further after switching on the base stock control policy the change in β corresponded to
the variation of the utilization levels observed at the different stages.
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CHAPTER IV
RESULTS AND DISCUSSION

The simulation model described in the earlier section was used to understand and address
the research question. Since the research question was two fold, the results are discussed and
analyzed in two sections. In the first section the effect of the increasing base stock levels on the
bottleneck shiftiness parameter β and the other performance measures. The second section
discusses the effect of different CV of Demand on the bottleneck shiftiness parameter β for
Model 100, 90 and 80
4.1 Increasing Stock Levels
To address the basic question on how a the bottleneck shiftiness parameter for a system
would behave with increasing stock levels , the simulation model tested and demand parameters
are kept constant.31 case studies were run with the coefficient of variation (C.V.) of the demand
at 0.125 for Model 100. Table 3 illustrates the simulation output for the respect case studies. The
simulation output captures the assembly cycle time, stage utilization, stage bottleneck
percentage, customer demand fill rate and bottleneck shiftiness measure for each of the case
studies. The case studies have progressively increasing base stock levels for all the parts at their
respective inventory holding location.
Since Model 100 is a balanced system having a base stock level of 5 for across every
stage gives us a bottleneck shiftiness measure of 0.9 which indicates that approximately all the
stages are bottlenecks. The next section the effect of increasing stock levels on the performance
measures is seen.
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TABLE 3 CASE STUDY SIMULATION OUTPUT FOR INCREASING STOCK LEVELS

4.1.1 Effect of Increasing Stock Levels on Cycle Time
The effect of the increasing stock levels on cycle time for assembly of the parts is logical
as the WIP in the system, the assembly cycle time also increases. Figure 15 illustrates the effect.
Cycle Time Vs Stock Levels
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Figure 15. Cycle Time Vs Stock Levels
4.1.2.Effect of Increasing Stock Levels over Stage Utilization.
Figure 16 illustrates the effect of progressively increasing the stock levels on the
utilization of the stages. As the amount of base stock increases in the system the stage utilization
levels also increases. In case 1 the utilization for stages 1, 2 and 4 are nearly around 88%
however as the stock levels increases the utilization increases to 99%.
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Utilization vs Stock Levels
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Figure 16. Stage Utilization vs. Stock Levels
4.1.3.Effect of Increasing Stock Levels over Customer Demand Fill Rate
Initially because of the low stock levels the customer demand fill rate is around
85%.However increasing the level of stock increases the Fill rate to only to certain point which is
approximately 96% because as the WIP increases the assembly cycle time also increases. Thus it
hampers the throughput and eventually the Fill rate of the system.
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Figure 17. Fill Rate vs. Stock Levels
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4.1.4 Effect of Increasing Stock levels on the Bottleneck Percentage and Bottleneck
Shiftiness
Referring to the base stock levels from Case 1 the bottleneck percentages for all the
stages is near 25% and the Shiftiness measure is at 0.9. As we progressively increase the base
stock levels the shiftiness measure decreases gradually as seen in Figure19.This can also been
seen in Figure 18 as Stage 1 and Stage 3 have higher bottleneck percentage while Stage 4 and
stage2 gradually decrease.
In case 11 which is where the Fill rate starts to get flat the bottleneck Shiftiness parameter
decreases but with high variability. In Figure 18 the bottleneck percentage after case 11 for all
the Stage except stage 4 have high variability. Here the Stage 1 progressively becomes the major
bottleneck with the increase in base stock levels.
The reason for the high variability of the bottleneck percentage is, as the base stock levels
increase, the stages have to keep up and process as many parts to fill the base stock levels. In
other words, the diminishing effect of the capacity of the stages to fulfill the base stock level is
pronounced as the base stock levels increase. The key insight with this observation is that by
increasing the base stock levels after the Fill Rate hits a plateau the bottleneck shiftiness would
decrease with very high variability.
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Bottleneck Percentage vs Stock Levels
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Figure 18. Stage Bottleneck Percentages vs. Stock Levels
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Figure 19. Bottleneck Shiftiness Measure Vs Stock Levels
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4.2 Effect of Coefficient of Variation of Demand on Bottleneck Shiftiness Parameter
To study the effect of C.V variation of demand on the bottleneck shiftiness parameter, the
C.V of demand was varied at two levels low and medium. For the C.V of demand level set, the
stock levels are computed to achieve a maximum achievable fill rate. This experiment was also
tested for the three different models Model 100, 90 and 80 having progressively decreasing
bottleneck shiftiness.
4.2.1 Low C.V of Demand Vs the Bottleneck Shiftiness Measure for Model 100, 90 and 80
Low Coefficient of Variation is ratio of Standard deviation and Mean whose value lies
between 0 and 0.33. Here the Mean Demand is set at 3 and SD at 0.25 thus CV is 0.083. Table 4
shows the simulation output of the different models tested under the Low C.V of Demand Level.
Here for each Model the base stock levels were computed to achieve a Fill Rate. Every Model
for a constant Fill Rate has a Point of Minimum Shiftiness for particular Base stock level
combination. Figure 20 illustrates the Point of Minimum Shiftiness for Low C.V of Demand for
the different models. The key insight by analyzing the different case studies shown in Table 4 is
that for the drop in bottleneck shiftiness is drastic in the case of a highly biased model for
increasing combinations of stock levels to achieve the same Fill rate as seen in Model 80.For
Model 80 the drop in the bottleneck shiftiness parameter is approximately 80.3% to value of
0.11. As in the case of Model 90 the drop in the bottleneck shiftiness parameter is approximately
30% to a value of 0.47.The prominence of this effect is less in the case of Model 100 which has
the drop in bottleneck shiftiness parameter of approximately 19.6% to value of 0.78.Thus this
also shows that the effect of variation of stock levels in more pronounced for a supply chain
structure that has low variation in the movement of the bottleneck.
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4.2.2 Medium C.V of Demand Vs the Bottleneck Shiftiness Measure for Model 100, 90 and
80
Medium Coefficient of Variation is ratio of Standard deviation and Mean whose value
lies between 0.33 and 1. Here the Mean Demand is set at 3 and SD at 2.5 thus CV 0.833. Table 5
shows the simulation output of the different models tested under the Medium C.V of Demand
Level. After analyzing the case studies shown in Table 5 and comparing that with the Low
variability of Demand the effect of decrease in Fill Rate levels is observed. Thus for the same the
Model the maximum attainable Fill rate drops. After computing the combinations of stock levels
.the occurrence of a Point of Minimum Shiftiness can also be observed. Figure 21 shows the
effect of medium coefficient of variation of demand on the stage bottleneck shiftiness. For
Model 100 the drop in the bottleneck shiftiness parameter by varying the different base stock
levels is approximately 16.7% to value of 0.65. Model 90 shows a drastic drop as compared to
previous with a drop of 80% to value of 0.13. Similarly Model 80 shows a drop in the bottleneck
shiftiness parameter of approximately 68% to value of 0.11. The key insight by comparing the
bottleneck shiftiness effect for Low and the medium coefficient of variation of Demand is that as
the C.V. of Demand increases the drop in bottleneck shiftiness parameter is more pronounced for
the Model achieving a constant Fill Rate.
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TABLE 4 CASE STUDY SIMULATION OUTPUT FOR MEDIUM C.V. OF DEMAND

TABLE 5 CASE STUDY SIMULATION OUTPUT FOR LOW C.V. OF DEMAND
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Figure 20. Low Variability of Demand Vs β
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Figure 21. Medium Variability of Demand Vs β
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CHAPTER V
CONCLUSIONS AND FUTURE RESEARCH
5.1 Conclusions
According to simulation results obtained for the different scenarios run, we can clearly
see the influence of the varying base stock levels at the different stages for a 3 part 4 stage
assembly processes. These experiments have attempted to develop a trend in the variation of
base stock levels and the bottleneck shiftiness parameter. We can generalize these findings to the
following conclusions.
In a supply chain network for a fixed capacitated environment the increase amount of
stock levels at the different stages decreases the ability of the bottleneck stage to move.
However as we know that the as we continue to the increase the amount of WIP in the
assembly the lead times to the customer increase.
Increase in the base stock levels increase the fill rate to the customer only to the level of
capacity. Beyond which an increase decreases / keeps the fill rate constant
Increasing the base stock levels beyond the point of constant fill rate decreases the
predictability of the decrease in movement of the bottleneck stages. This is also a key
insight to TOC as buffering a bottleneck stage beyond a certain point might not to be
advantageous if it does not improve the fill rate.
For every supply chain there is an optimal combination of base stock levels across the
different stages to subject to a required customer fill rate.
Even though a base stock combination results in a lower inventory stock subject to a
desired customer fill rate it does not result in the decreased movement of stage
bottlenecks.
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A particular supply chain structure cannot be optimized for both minimum safety stock
and minimum movement of stage bottleneck simultaneously.
5.2 Future Research
The simulation results conducted above has resulted in establishing a platform to research
development to develop an analytical model to establish the safety stock factor needed to take
into account the bottleneck shifting phenomenon. Furthermore the following areas of research
tremendously benefit from the insights highlighted in the previous section.
Simulation models can be modified to segregate the safety stock levels and the pipeline
inventory to analyze the effect of safety stock levels on the shiftiness phenomenon
Other measures for bottleneck shiftiness can be used in the simulation method and a
comparative study can be developed.
A key insight can be seen from Figure 20 and 21 that base stock levels and shiftiness can
never minimize simultaneously. Thus models can be developed to have a trade off
between the ability to control bottlenecks and the amount of stock
The simulation model can be further developed to by incorporating inventory costs .This
model can be used to obtain derivatives to be used in optimization of safety stock
positioning.
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