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ABSTRACT 
 
 

In spite of a long history of profound research on manufacturing systems, researchers have 

rarely explored the aspect of integrating the two key components of manufacturing systems: 

production system and material-handling system (MHS). Often they have focused on one 

component while ignoring the other. During the decision-making process both components must 

be considered in order to achieve overall improved productivity. Therefore, a generic theory, 

considering both key components, is proposed (Chapter 2) for defining and classifying the current 

state of the manufacturing system into a logistics constrained state (LCS), a transition state (TS), 

and a production constrained state (PCS). In Chapter 3 methodologies for identifying the current 

state of manufacturing systems as well as for identifying the transition from one state to another 

are proposed. The effect of number and load carrying capacity of the material handling units 

(MHUs) on the three proposed states is analyzed. In Chapter 4, the effect of variability in 

processing times on the three manufacturing system states is investigated. The MHS is an integral 

part of the manufacturing system, and the available related literature mainly concentrates on 

scheduling, routing, and determining the required number of MHUs. Rarely has any literature 

considered the failure of MHUs. Chapter 5 explores the impact of different failure patterns of 

MHUs, and their effect on the performance of a manufacturing system is investigated. A cost 

analysis is performed to identify the most cost-effective failure pattern and the required number of 

MHUs for the manufacturing system, assuming that, failure patterns are known in advance. 
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CHAPTER 1 

INTRODUCTION 

 
 

Competition has forced companies to improve their operational performance to remain 

profitable. Today, the manufacturing sector is attached to most of the country’s economic 

prosperity and development. According to Gershwin (1994) manufacturing is the transformation 

of raw material into something useful, and the manufacturing system is a set of machines, 

transportation elements, computers, storage buffers, and other items that together are used for 

manufacturing. Since inception, manufacturing systems have been under investigated by 

researchers who have explored different aspects to improve the efficiency and responsiveness. 

Manufacturing systems are classified into two types: discrete and continuous. In discrete 

manufacturing, distinct items that can be easily counted (for example, automobiles, toys, furniture 

etc.) are produced. In continuous manufacturing, a sequence of operations is performed through a 

closed channel to produce quantities of material (for example, oil products, chemicals, sugar etc.). 

Discrete manufacturing systems are further classified as job shop, project shop, cellular system, 

and flow shop. In a job shop, similar types of machines are grouped together to produce several 

different types of products in very small batches. A project shop is suitable for very large products 

(such as aircrafts and ships) that are kept in one place, and resources such as materials, people, and 

machines are brought to the products as needed. In a cellular system, unlike a job shop, machines 

are grouped together according to the families of parts produced. Here, each cell contains machines 

that can produce a certain family of parts. Cellular systems are more flexible compared to other 

types of manufacturing systems, and they are suitable for producing a variety of products in 

medium-sized batches. In a flow shop, machines are arranged according to the process sequences 

of the parts. This system is suitable for producing one or two similar products in high volume (such 
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as assembly line). There is no single standard solution for selecting the appropriate type of 

manufacturing system due to the complex nature of real-world manufacturing problems. The 

choice of type of manufacturing system depends on the design of parts to be manufactured, the lot 

sizes of parts and nature of the market. With increasing competition, customers are calling for a 

greater variety of products, which forces manufacturers to produce smaller and smaller batch sizes. 

Hence, manufacturers are increasingly adopting flexible automation techniques that combine the 

benefits of automation as well as the capability to varying the products being manufactured. 

Irrespective of the type of manufacturing system, every manufacturing system should 

carefully consider two important basic components: production system and material-handling 

system (MHS). 

Production System: For this research, the production system is considered as the 

component of the manufacturing system where raw materials undergo different operations that 

result in individual parts, which are then joined together to form a subassembly or final product. 

Here the word “operation” means the actions performed on the raw material by machines and 

workers. These actions are not essentially related to the flow of material. In the production system, 

setup operations and principal operations are performed. Operations such as fixing parts into jigs 

or fixtures, inserting cutting tools, and removing jigs after machining are known as setup 

operations. The actual operations performed by machines, such as milling, drilling, or welding, are 

considered principal operations. The production system is basically responsible for processing 

materials with consistent quality, in the required quantity, and whenever needed. 

Material-Handling System: According to Tompkins (2010), material-handling is the 

process of providing the right amount of the right material, in the right condition, at the right place, 

in the right position, in the right sequence, for the right cost, and by the right method. The MHS 
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consists of activities such as picking up the load, transferring the load and setting the load down. 

Material-handling activities do not add any value to the product, but they can account for 30% to 

75% of the total manufacturing cost, 55% of the factory space, and 87% of the production time 

(Allegri, 1984). Thus, any improvement in material-handling activities can result in significant 

cost savings. An efficient MHS should reduce cost of handling materials, improve production 

operations, enhance the utilization of space, boost flexibility, and improve safety and working 

conditions. While selecting the appropriate material-handling system, alternatives should be 

evaluated using measures such as cost and utilization. Because MHSs are expensive, they should 

be utilized optimally. 

The performance of a manufacturing system is a function of both elements described 

above. Manufacturing productivity varies with changes in the operating environment, and these 

changes should be constantly monitored and proper adjustments must be done continuously 

because operating a manufacturing system efficiently is of great commercial importance. 

Decision-making within manufacturing systems is not an easy task, because of the many 

interacting components, their dynamic nature, the multiple performance requirements in conflict 

with one other, and the fact that the relationship between performance measures and decision 

variables cannot be expressed analytically. Managers or decision-makers require technical 

understanding, expertise, and the ability to think critically in order to make the right decisions. 

1.1 Literature Review 

The amount of available literature on manufacturing systems is considerable, and most of 

it discusses issues related to design, operation and flexibility of the system and routing and 

scheduling of parts. The vast amount of literature related to production systems focuses mainly on 

scheduling and control strategies of parts on machines. In these research different approaches, such 
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as analytical, heuristics, simulation, and multi-criteria for scheduling parts on machines, were 

proposed and investigated. The majority of these studies did not consider the effect of the material-

handling system (Denzler and Boe 1987, Han and McGinnis 1989, Wu and Wysk 1989, Lee and 

Jung 1989, Park et al. 1989, Kumar et al. 1990, Co et al. 1990, Chen and Chung 1991, Chandra 

and Talavage 1991, etc.). A non-holistic approach in which the MHS is not considered in the 

feasibility analysis of a manufacturing system could lead to infeasible results. Some studies 

included the availability of the MHS for analysis (Akella et al. 1984, Slomp et al. 1988, O’Grady 

and Lee 1988, Ishii and Talavage 1991, Sabuncuoglu and Hommertzheim 1992, etc.). These 

studies either assume uninterrupted availability of the MHS or consider a random number of 

material-handling units (MHUs). The assumption of uninterrupted availability is valid only for 

conveyor based MHSs and not for other types of MHSs. Considering a large number of MHUs 

without any rationale and ignoring other factors such as capacity and speed of MHUs fails to reflect 

the exact role of the MHS in the overall performance of the manufacturing system and increases 

the cost of the material-handling activities. 

Research on MHSs can be classified into two categories. In the first category, issues such 

as scheduling and routing techniques for MHUs are addressed. In the second category, research is 

focused on resource parameter issues such as number, speed and capacity of MHUs. Research 

studies related to scheduling and routing of MHUs have proposed and investigated various 

scheduling and dispatching rules for MHUs, by assuming a particular set-up (number, speed, and 

capacity), mostly without any justification and by ignoring facets of the production system (Bodin 

and Golden 1981, Blazewicz et al. 1991, Akturk and Yilmaz 1996, Koo and Jang 2002, Qiu et al. 

2002, De Koster et al. 2004). Research related to resource parameters for MHS, proposed different 

approaches, such as analytical-based, simulation-based, multi-criteria based, and heuristics-based, 
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in order to determine the number, speed, and capacity of the MHUs, but it ignored facets of the 

production system (Egbelu 1987, Lin 1990, Sinriech and Tanchoco 1992, Egbelu 1993, 

Mahadevan and Narendran 1993, Rajotia et al. 1998, Arifin and Egbelu 2000). 

In light of the above discussion, it can be concluded that there is a need for an integrated 

approach to analyze the performance of the manufacturing system. This integrated approach 

should consider both the MHS and the production system together for optimal decision-making 

regarding resource additions/enhancements and for enhancing the productivity of the 

manufacturing system. 

1.2 Research Objectives 

As mentioned previously, for a manufacturing system to operate efficiently, it is important 

to have an optimally designed production system, MHS, and facility layout. These three 

components are closely bound together in a manufacturing system. A vast amount of literature 

investigating these three components is available, the majority of which investigates them in 

isolation from each other, i.e., considering only one component while ignoring the others. Because 

the performance of three components is connected, changes made to one component might affect 

the performance of other components. Hence, in order to design an optimally performing 

manufacturing system, it is necessary to consider all three components together and develop a 

holistic, integrated approach. Although facility layout significantly affects the productivity of a 

manufacturing system, it is not feasible to change it frequently on a short-term basis. On the other 

hand, both the production system and the MHS are strongly correlated with each other, and it is 

feasible to change the parameters of these components frequently based on requirements. The 

challenges or questions that must be answered are - (1) How many MHUs must be used to achieve 

desired throughput? (2) What should the load-carrying capacity of the MHUs be to achieve the 
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desired throughput? (3) At what speed should MHUs be operated to achieve the desired 

throughput? (4) Where should the capacity be increased - MHS or production system if increase 

in throughput is desired? (5) How are cost-efficient parameters selected for operating an MHS? 

Considering this discussion and the challenges faced, the objectives of this research are as follows: 

 Introduce a general theory for defining and classifying the current state of the 

manufacturing system into a logistics-constrained state (LCS), a production-constrained 

state (PCS), and a transition state (TS) to assist in the analysis of the manufacturing system. 

The study of a market-constrained state (MCS) is not studied here because this can be 

easily identified. 

 Develop a method for identifying the current state of the manufacturing system. This 

method will assist managers or decision-makers to focus on the right element (production 

system or MHS), thereby leading to appropriate decisions for improving the performance 

of an overall manufacturing system. 

 Develop a methodology to detect the transformation of the manufacturing system from one 

state to another. Using this methodology, the effect of resource parameters of the MHS, 

such as the number of MHUs and their load-carrying capacity on the three states considered 

in this study, is investigated. 

 Investigate the effect of variability in a manufacturing system on the three states considered 

in this study. 

 Consider different failure patterns (e.g., less failure frequency, higher repair time; or higher 

failure frequency, less repair time) for the MHS and investigate their effects on the 

performance of overall manufacturing systems. 
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 Propose a method to determine optimal values of the resource parameters of the MHS (e.g., 

number, speed, and load-carrying capacity of the MHUs) as well as appropriate failure 

pattern based on the cost analysis. 

1.3 Dissertation Proposal Outline 

This dissertation proposal is organized into five chapters as follows. Chapter 2 introduces 

a general theory regarding an integrated approach to analyze the manufacturing system. The 

current state of the manufacturing system is classified into four different states and definitions for 

each of these states are provided. In Chapter 3, a method to detect transformation of the 

manufacturing system from one state to another as well as a generic method to identify the current 

state of the manufacturing system is proposed. The behavior of the three states of the 

manufacturing system with respect to resource parameters of the MHS is investigated. In Chapter 

4, the aspect of variability in the manufacturing system is considered, and its effect on the three 

states of the manufacturing system is investigated. In Chapter 5, the effect of different failure 

patterns for MHUs on the performance of overall manufacturing system is investigated. Cost 

analysis method to identify the required number of MHUs and cost-effective failure pattern is 

proposed. Finally, in Chapter 6, conclusions and insight for future work are presented. 

1.4 References 
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CHAPTER 2 

GENERAL THEORY OF MANUFACTURING SYSTEMS:  

AN INTEGRATED APPROACH 

 
 

2.1 Abstract 

With advancement in the manufacturing technology and rise in the purchasing ability, 

demand for newer products is increasing continuously. This is forcing manufacturing companies 

to persistently look for new techniques to improve the productivity of a manufacturing system and 

ensure optimum utilization of all components of a manufacturing system. Traditional research has 

had a piece-meal approach to improving productivity. Depending on their area of specialization, 

researchers have focused on either the production aspects of a company or on the material-handling 

aspects. However, to ensure productivity, this paper proposes a new theory to analyze the current 

state of the system with an integrated approach involving the production system and MHS. This 

new theory can be used by manufacturers to identify appropriate strategies for improving 

productivity. 

2.2 Introduction 

Since the advent of industrial revolution, manufacturing systems have continuously 

evolved, as shown in Figure 2.1.  Industrial revolution gave rise to increased global competition, 

which forced technological advancements and in turn led to improved productivity and enhanced 

quality. Through this evolutionary process, manufacturing systems have adapted to the changing 

trends of the market by implementing different types of manufacturing systems, such as job shop, 

cellular systems, flow shop, and continuous systems. 
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Figure 2.1. Cycle of evolution for manufacturing systems. 

Every manufacturing system, irrespective of type, has two important components: 

production system and MHS. For this study, the production system is defined as those elements 

that are responsible for transforming raw materials forming individual parts, which may then be 

further joined together to form a subassembly or final product. Thus, the production system is 

responsible for processing materials with consistent quality, in the required quantity, and whenever 

needed. The MHS is defined as those elements of the manufacturing system that are responsible 

for picking up, transporting, and setting down the raw materials. According to Tompkins et al. 

(2010), material handling system is responsible for transporting the right amount of the right 

material, in the right condition, at the right place, in the right position, in the right sequence, for 

the right cost, and by the right method. Material-handling activities do not typically add any value 

to the product, but they can account for about 30% to 75% of total manufacturing cost, 55% of 

factory space, and 87% of production time (Allegri, 1984). Thus, any improvement in material-

handling activities can result in significant cost savings. An efficient MHS should reduce material-

handling cost, improve production operations, enhance space utilization, boost flexibility, and 

improve safety and working conditions. 
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Traditionally, researchers have not had a holistic approach to the study and improvement 

of production systems. They have focused on either the production system or the MHS. Several 

researchers have explored both components in detail, but in isolation from each other. For example, 

research focusing on MHS ignores aspects of the production system, while research focusing on 

the production system ignores the role of MHS in the performance of the overall manufacturing 

system. For successful implementation of the manufacturing system, both components should be 

considered simultaneously. 

The role of MHSs in manufacturing systems and their various aspects has been investigated 

over the past three decades. Research on MHSs can be broadly classified into the following: (a) 

system aspect issues focused on scheduling techniques, and (b) resource parameter issues focused 

on the number of MHUs, the speed of MHUs, etc. Bodin and Golden (1981) presented a 

classification scheme for vehicle routing and scheduling problems and discussed more significant 

developments to tackle these problems, thereby leading to new insights and encouraging new 

research topics in the area of vehicle routing and scheduling. Blazewicz et al. (1991) presented a 

polynomial time algorithm to find a feasible vehicle schedule, given that the production schedule 

is provided, and they proposed a dynamic programming approach to generate optimal production 

and vehicle schedules. Akturk and Yilmaz (1996) proposed a hybrid model for incorporating an 

automated guided vehicle (AGV) module into decision-making hierarchies and developed a micro-

opportunistic heuristic for solving the AGV scheduling problem. Klei and Kim (1996) proposed 

multi-attribute AGV dispatching rules and compared them with single-attribute AGV dispatching 

rules using simulation, and concluding that the single-attribute dispatching rules are inferior to the 

multi-attribute rules. Langevin et al. (1996) presented an algorithm based on dynamic 

programming for a detailed plan of routing, dispatching and scheduling of two AGVs in a flexible 
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manufacturing system (FMS). Koo and Jang (2002) proposed stochastic vehicle travel time models 

for an FMS served by AGVs and used simulation experiments to validate the proposed models. 

Qiu et al. (2002) reviewed an extensive amount of literature related to scheduling and routing 

algorithms for AGVs and presented a comprehensive survey paper. This paper classified existing 

algorithms and suggested potential areas for future research. De Koster et al. (2004) evaluated the 

performance of various vehicle dispatching rules using discrete-event simulation models of three 

real world companies. Ho and Liu (2009) evaluated the effects of different load-selection rules and 

pickup-dispatching rules on throughput and tardiness, as well as the effects that load-selection 

rules and pickup-dispatching rules have on each other’s performance. Ho et al. (2012) proposed a 

multiple-attribute method to solve pickup-dispatching and load-selection problems for multi-load 

AGVs. All these studies focus on the scheduling of AGVs while ignoring the facets of the 

production system (machining centers) and assume a configuration for the AGVs (number, 

capacity and speed) mostly without any justification. 

In the area of determining resource parameters for the MHS, Egbelu (1987) was one of the 

first to develop analytical procedures for determining the number of AGV’s required for a given 

facility layout. He proposed four different models. Simulation tests performed using the results of 

these analytical models showed that the models could be used to make an initial estimate of the 

number of AGVs required. Tanchoco et al. (1987) compared the effectiveness of Computerized 

Analysis of Network of Queues (CAN-Q) in determining optimum AGV fleet size with a 

simulation based method and concluded that the results obtained by CAN-Q can serve as a good 

starting point for the simulation based method. Lee et al. (1990) evaluated the different factors 

affecting the performance of the AGV served manufacturing system using discrete event 

simulation and concluded that a system with uniform arrival process might significantly reduce 
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the job throughput time compared to a system with exponential arrivals. Lin (1990) presented a 

FORTRAN computer program that determined the number of AGVs required for satisfying 

demand. Sinriech and Tanchoco (1992) proposed a multi-criteria optimization model to determine 

the required number of AGVs considering two objectives: cost and throughput performance. Also, 

management decision tables were provided to enhance the solution procedures. Egbelu (1993) 

proposed a hybrid algorithm comprising of numerical search, computer simulation, and statistical 

analysis. The simulation provided the optimal unit load size and fleet size for AGV systems. 

Mahadevan and Narendran (1993) developed an analytical model to determine the required 

number of AGVs in the manufacturing system and tested the abilities of this model under various 

conditions. Rajotia et al. (1998) proposed an analytical model to determine empty vehicle travel 

time, which is a difficult task due to randomness of the FMS. The estimated empty vehicle travel 

time is then used for determining the required number of AGVs. Arifin and Egbelu (2000) 

developed an analytical model based on a regression technique to determine the optimal number 

of AGVs and compared the results of this model with that of the simulation method. Um et al. 

(2009) proposed a methodology to design an AGV-based MHS by combining multi-objective non-

linear programming and simulation-based evolution strategy techniques. All these studies that 

focused on determining the optimum resource parameters for an AGV-based MHS, ignores the 

facets of the production system in the manufacturing system. 

Most researchers in the field of manufacturing systems have focused on scheduling and 

control strategies of parts on machines. A good number of these studies were carried out in the late 

1980s and early 1990s. Denzler and Boe (1987) investigated various heuristic rules for the 

scheduling of parts in dedicated FMS. This study revealed that simple heuristic rules were more 

effective compared to elaborate and complex ones. Han and McGinnis (1989) presented a discrete 



16 

time flow control method for the flexible manufacturing cell. In this study, the cell operation was 

constrained by machine failures, limited buffer capacities and varying input rates from upstream 

cells. The objective was to minimize stock-out costs while meeting time varying demands. Wu 

and Wysk (1989) described a scheduling algorithm and evaluated various dispatching rules using 

discrete-event simulation. They also developed an expert system that learns from past decisions 

and generates candidate-dispatching rules for ongoing operations. Lee and Jung (1989) applied a 

goal programming method to solve production planning problem in FMS. In this study, multiple 

conflicting objectives were considered. Park et al. (1989) developed a pattern directed scheduler, 

which has the ability to learn patterns in heuristics and select the best scheduling rule under 

different scenarios. Kumar et al. (1990) presented multistage and multi-objective optimization 

models for grouping and loading problems in FMS. The compromise solution for the presented 

model was obtained using a min-max approach. Co et al. (1990) formulated a mixed integer 

program to address batching, loading, and tool configuration problems concurrently in the FMS. 

Chen and Chung (1991) investigated the FMS performance under different manufacturing policies 

and operating conditions. It was concluded that the performance of the FMS is reduced 

considerably if the inherent flexibility of the FMS is not exploited. Chandra and Talavage (1991) 

proposed an approach by which, a part, after finishing an operation, enters a general queue. 

Whenever a machine becomes available, it picks up a part from this general queue using an 

intelligent part selection strategy. This approach performed well compared to the heuristics 

utilizing conventional dispatching rules. Aytug et al. (2003) investigated interaction between dead-

lock avoidance policies and effectiveness of dispatching rules in obtaining optimum system 

performance and found that both dead-lock avoidance policies and dispatching rules affect 

production rate, due date related performance measures, and time in system. Leus and Herroelen 
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(2005) investigated the complexity status of machine scheduling problems with a stability 

objective. In this study, a schedule is considered to be stable if it is robust enough to change little 

when uncertain events occur. Petrovic and Duenas (2006) proposed a fuzzy logic-based decision 

support system for parallel machine scheduling/rescheduling considering uncertain disruptions. 

Zandieh and Adibi (2010) introduced scheduling method based on a variable neighborhood search 

for dynamic job shop considering random job arrivals and machine breakdowns. All of these 

studies that focused on scheduling and control strategies of parts in the manufacturing system did 

not consider the impact of the MHS and therefore may lead to infeasible results. 

Some of the literature that considered the MHS for analyzing the manufacturing system is 

given below. Akella et al. (1984) described a method to calculate times at which parts should be 

dispatched into a system so that the effects of disturbances such as machine failures are minimized. 

Slomp et al. (1988) analyzed three quasi on-line heuristic procedures used for scheduling of a 

work-station, a transport device, and an operator in the FMS. O’Grady and Lee (1988) described 

the use of an artificial intelligence technique for controlling operations in an automated 

manufacturing cell. Davis and Jones (1989) defined an online simulation approach for scheduling 

production in the FMS. In this approach, multiple simulators of FMS are initialized and stopped 

after some time to analyze the results based on which best rules were selected. Ro and Kim (1990) 

presented three new process selection rules and an AGV dispatching rule, based on heuristics, for 

solving operational control problems in the FMS. Chang and Sullivan (1990) extended the work 

of Giffler and Thompson (1960) and developed an algorithm for generating sets of active schedules 

for a dynamic job shop. A partitioning scheme that reduced the number of active schedules 

generated was also presented. Ishii and Talavage (1991) proposed a real-time scheduling algorithm 

for selecting the best dispatching rules dynamically for the next period of a brief time frame in 
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order to respond to the complexities and dynamic behavior of the FMS. Mukhopadhyay et al. 

(1991) presented an integrated heuristic approach to determine an optimal schedule of the FMS 

considering tool allocation, parts scheduling, pallets scheduling, machines scheduling and 

material-handling equipment (MHE) scheduling. Sabuncuoglu and Hommertzheim (1992) 

investigated the performance of different scheduling rules for machines and AGVs in a FMS 

environment using discrete event simulation. All these studies consider a MHS for analysis. 

However, all of these studies either assume uninterrupted availability of the MHS or consider a 

random number of MHUs. The assumption of uninterrupted availability is valid only for conveyor-

based MHSs and not for other types of MHSs. Considering random numbers of the MHUs without 

any rationale and ignoring other factors such as capacity and speed of MHUs fails to reflect the 

exact role of MHS in overall performance of the manufacturing system. 

Based on the above discussion, it is evident that there is a need for an integrated approach 

to analyze the performance of the manufacturing system. The type of resource 

additions/enhancements should be based on the current state of the system and a more holistic 

approach has to be adopted. This integrated approach should consider both material-handling 

resources and production resources to determine optimal decision-making for enhancing the 

productivity of the manufacturing system. 

2.3 Problem Statement 

For an efficient manufacturing system, the two most important components are the 

production system (machining centers) and the material-handling system. To achieve increased 

productivity, additional capacities/resources must be added to the manufacturing system, which in 

turn requires additional investment. This additional investment should be justified by improved 

throughput. In order to increase throughput, there is a need for an integrated approach (Figure 2.2). 
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There is a strong correlation between the production system and the MHS. The performance or 

lack of performance has an immediate impact on the productivity of the other. Any improvements 

in the manufacturing system can be achieved by considering the state of the material-handling 

system and the production system. Therefore, in this research, an integrated approach for analyzing 

those components is proposed. 

 
 

Figure 2.2. Integration of important elements of manufacturing system. 

 
It can be theorized that when the production system and the material-handling system 

interact, the state of each system defines the performance of the manufacturing system. It is 

possible that either one or the other could act as a bottleneck to prevent further increase in the 

productivity of the manufacturing system. Thus, the manufacturing system can be influenced by 

either the production system or the MHS, which in turn will lead to different states. 

2.3.1 Manufacturing System States 

In a dynamic manufacturing system, the production system and the material-handling 

system must be constantly monitored to determine the current state of the manufacturing system 

before appropriate increases in capacity of either the production system or the MHS can be 

effective. It can be stated that the manufacturing system could be in any one of the following states: 

logistics-constrained, production-constrained, transition, or market-constrained. 
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Logistics Constrained State (LCS) 

In a logistics-constrained state, the material-handling system acts as the dominant 

bottleneck, and consequently, the performance of the system is influenced by its characteristics. 

Any change in resource parameters of the material-handling system (e.g., increasing the number, 

speed, or load-carrying capacity of material-handling units) will result in a direct change in the 

output performance parameter. In this state, improving the production system resources will not 

affect system performance. In an LCS, the system is usually characterized by a high work-in-

process inventory, often at the exit buffer of the production machines, low utilization of the 

production machines, and high utilization of the material-handling units. 

Transition State (TS) 

In the transition state, there is no single dominant bottleneck. Instead, both the the 

production system and the material-handling system act as bottlenecks simultaneously. Therefore, 

any improvement in the resources of the production system or the MHS may result in improving 

the system performance. However, the rate of improvement in the system performance parameter 

is less compared to that of in the logistics-constrained state or the production-constrained state. In 

the TS, none of the systems is dominant. The TS is a result of either multiple systems being 

dominant at the same time or the result of high variability. Hence, it is necessary to relieve both 

constraints simultaneously to improve the performance parameter under study. 

Production Constrained State (PCS) 

In the production-constrained state, one or more production centers from the production 

system act as dominant bottlenecks, and therefore, the performance of the system is not influenced 

by the performance of the material-handling system. Therefore, adding any resources to the MHS 

will not affect the system performance parameter. The only way to improve this parameter is to 
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identify the bottleneck machining center/centers and improve the performance. The PCS is usually 

characterized by high utilization of production machines, low utilization of material-handling 

units, and high work-in-process inventory at the input buffer of the production machines. 

Market Constrained State (MCS) 

A market-constrained state occurs when there are not enough products in the system. This 

is usually characterized by low utilization of the material handling units and large idle times for 

the production machines.  

Previous researchers have shown that the performance of manufacturing systems is 

affected by various factors, such as number of MHUs, speed of MHUs, capacity of MHUs, 

capacity and location of input and output buffers at each machining center, dispatching rules for 

the MHUs, location of machining centers, etc. The focus of this research is to identify and 

transform the current state of the manufacturing system and the impact of considered resource 

parameters on the proposed states. The effect of three resource parameters related to material-

handling system is investigated: number, speed, and load-carrying capacity of MHUs on the 

logistics-constrained state, production-constrained state, and transition state. In a market-

constrained state, the addition of production or material-handling resources will have no economic 

justification; however, resources could be reduced to lower the cost of the system. 

2.3.2 Objective 

The main objective here is to propose a theory necessary for defining and classifying the 

states of a manufacturing system as: logistics-constrained state, production-constrained state, and 

transition state to assist in the analysis of manufacturing systems. A study of market-constrained 

state is not conducted here because this can be easily identified. 
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2.4 General Theory for Classifying Current State of Manufacturing System 

The output performance parameters of the manufacturing system, such as throughput, 

utilization of machines, and work-in-process (WIP) inventory, can be used to determine the system 

performance for a manufacturing system. The resource parameters of the manufacturing system 

consist of both the material-handling system (logistics) and the production system. Resources in 

each of these areas can be modified to enhance the performance of the respective system and, in 

turn, the overall manufacturing system. The resource parameters for the MHS considered in this 

research are the number, speed, and capacity of the material-handling units. The resource 

parameters for the production system can be the number of machines at each machining center, 

storage of tools and parts closer to the production system to reduce processing times, capacity of 

input and output buffers, scheduling and routing policies, etc. Modification of the resource 

parameters should be based on the state of the manufacturing system, which can be either logistics-

constrained, production-constrained, or transition. 

Based on extensive modeling and simulation studies, it can be theorized that for a 

manufacturing system in a logistics-constrained state, the change of performance parameter with 

respect to increased resource parameter values of the material-handling system may provide a 

graph similar to the one shown in Figure 2.3. In any bottleneck situation, the mitigation of the 

bottleneck can lead to improved system performance. It can be seen that as any of the resource 

parameters of a MHS are improved steadily, the performance parameters of the manufacturing 

system improve monotonously. The rate of improvement in the performance parameter is high 

initially (say from point P1 to P2) because the MHS is the only bottleneck in the system. However, 

the rate of improvement of performance parameters is a monotonously decreasing function. 

Therefore, the range within which there is a high rate of improved performance of the 
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manufacturing system with improvement in resource parameters of the MHS can be considered to 

be a LCS. 

 
Figure 2.3. Ideal case of system performance parameter vs. any resource parameter of MHS. 

 
As shown in Figure 2.3, beyond the logistics-constrained state, the system performance 

parameter continues to improve with further improvement in resource parameters of the material-

handling system from point P2 to P3, but the rate of improvement in the performance parameter 

decreases. This is because the MHS is no longer the only bottleneck in the manufacturing system. 

Instead, both the MHS and the production system may act as bottlenecks simultaneously. 

Therefore, if the resource parameter of the MHS is increased, say between points P2 and P3, then 

there may or may not be an improvement in the system performance parameter. Thus, the range 

within which the system performance parameter may or may not improve with an increase in the 

resource parameter of the MHS can be considered as a transition state. The transition state exists 

because of the variability present in the system. In a system with no variability, the TS may not be 

present or could be small and may be represented by a small region. The size of the TS region for 



24 

any resource parameter variation is dependent on variability in the system—the larger the 

variability, the larger the TS region. 

Beyond point P3, there is no noticeable improvement in the performance parameter for the 

manufacturing system. This usually indicates the change of the manufacturing system state from 

the transition state to the production-constrained state. However, once the manufacturing system 

enters the PCS, any further increase in any resource parameter of the material-handling system 

does not result in further improvement in the performance parameter. In fact, in simulation studies, 

it has been seen that blocking and other factors may lead to a reduction in the performance 

parameter, even before the PCS is reached. This is because after the TS, the machining 

center/centers act as the bottleneck. Since the MHS is no longer a bottleneck, increasing the 

resources of the MHS will have no impact on the system performance parameter. Thus, the region 

in which there is no improvement in the system performance parameter when improving the 

resource parameters of the MHS can be considered a PCS. 

Previous studies of bottleneck machines in manufacturing systems were limited to 

production machines. In a holistic analysis of the manufacturing system, when the material-

handling system acts as the bottleneck, system performance can be significantly improved by 

mitigating the impact of the MHS rather than increasing the capacity of production machines. 

Similarly, for a manufacturing system in a non-market-constrained state as well as a 

production-constrained state, the change of performance parameter with any resource parameter 

of the production system, may provide a graph similar to the one shown in Figure 2.4. In this case, 

the system is moving from a PCS to a logistics-constrained state. 
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Figure 2.4. Ideal case of system performance parameter vs. any resource parameter 

of production system. 

 
From Figure 2.4, it can be seen that for a manufacturing system in a production-constrained 

state, as any resource parameter (such as additional capacity, speed of processing, etc.) of the 

production system is improved, the performance parameter improves. (Figure 2.4 is obtained by 

using process time as a resource parameter and a simulation that assumes no variability in the 

system.) This improvement in the performance parameter is not constant throughout the range of 

the resource parameter (from point P1 to P4). Initially, the performance parameter improves at a 

higher rate with the increase in resource parameter (from point P1 to P2). Similar to the impact of 

increasing material-handling resources in a logistics-constrained state, the manufacturing system 

undergoes a transition from a PCS to a transition state and then to the logistics-constrained state. 

The performance parameter improves gradually with improvements in the resource parameters up 

to point P3, beyond which there is no noticeable improvement in the performance parameter, even 
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with an increase in the resource parameter. The reason behind the initial increase in the 

performance parameter from point P1 to P2 is that the production system acts as the only bottleneck 

in the manufacturing system. The initial increase in the performance parameter from point P1 to 

P2 depends on the quantity by which the resource parameter of the production system is increased 

as well as on the specific resource parameter of the production system that is being improved. 

Some resource parameters of the production system might affect the system performance 

parameter much more than the other parameters. The region from point P2 to P3 is analogous to 

the TS shown previously in Figure 2.3. Once the system moves to an LCS (e.g., P3), the 

performance parameter does not increase any further, even with improvement in the production 

system resources. 

From the above discussion, it is clear that the graph of the output performance parameter 

plotted against any of the system resources can be of great help in studying the current state of the 

system. Based on the characteristics of this graph, the current state of any given system can be 

categorized as one of three states: logistics-constrained state, transition state, and production-

constrained state. 

In addition to the above-mentioned three states, the graph of the system performance 

parameter versus any resource parameter of the material-handling system can also be divided into 

two broad regions: continuous and discontinuous. For a system that is initially in the logistics-

constrained state, the region where the performance parameter of the system improves with the 

increase in resource parameters of the MHS (irrespective of the rate of improvement in system 

performance parameter) is known as the continuous region (which comprises the LCS and the TS). 

The region where the system performance parameter does not improve any further even after 

increasing the resource parameters of the material-handling system is known as the discontinuous 
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region (or PCS). The point at which a continuous region switches to a discontinuous region is 

known as the transition point. 

Several case studies to understand and test the hypotheses were developed. Some of these 

case studies are used to demonstrate the concepts of manufacturing system states. 

2.5 Case Study 

This case study considers a system in a logistics-constrained state. The performance 

parameter of the manufacturing system considered here is throughput, and the resource parameter 

of the material-handling system with respect to which the system states are observed is speed of 

the material-handling unit. 

2.5.1 Manufacturing System and MHS Considered for Case study 

The layout of the manufacturing system considered for this case study is shown in Figure 

2.5 and includes a total of five machining centers (M) with one machine each. These machines are 

capable of performing multiple operations on parts. Each machining center has a drop-off station 

(D) and a pick-up station (P) for storing unfinished and finished parts, respectively. 

The queue sizes at the pick-up and drop-off stations are maintained independently with 

infinite capacities. In addition to machining centers, there is one input center and one output center 

through which raw materials enter and final products exit the manufacturing system, respectively. 

The inter-arrival time at the input center is assumed to be deterministic with a time of two minutes. 
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Figure 2.5. Guide path layout for manufacturing system. 

 
In this case study, all material-handling paths are unidirectional; the arrows in Figure 2.5 

indicate the direction in which the material-handling units can travel. It is assumed that the MHU 

speed is constant, irrespective of load. Tasks (requests to transport part/parts from one location to 

another) are initiated by machining centers. When a task is assigned to an MHU, it moves along 

the minimum distance path. If there are multiple MHUs that are idle when a task is initiated, then 

the closest idle vehicle rule is used to determine the task assignment. If there are no idle MHUs 

when a task is initiated, then the task is added to the waiting list and will be assigned to the next 

idle MHU. If multiple tasks have accumulated in the waiting list to be assigned and any single 

MHU becomes free, the closest task rule will be used to assign the vehicle to the task. This rule 

ensures that the empty travel time for all MHUs is minimized. The parts accumulated at pick-up 

and drop-off stations at each machining center are accessed on a first-come, first-served basis. The 
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load-carrying capacity of the MHU is specified in terms of the number of parts it can carry. All 

part types processed in the manufacturing system are assumed to be of unit load. So if the load-

carrying capacity of the MHU is specified to be four, then the MHUs are able to carry four parts 

of any combination of part types. To ensure that the MHUs are utilized to their optimum capacity, 

the transportation request for an MHU is generated only when enough parts, which is equal to the 

capacity of the MHU, have accumulated at the pick-up station. Once the assigned task is completed 

by an MHU and if there is no any immediate task to be completed, then the MHU returns to its 

home position. 

The manufacturing system processes four types of parts concurrently; the product mix ratio 

is provided in Table 2.1. Each part’s processing sequence is provided in Table 2.2. The processing 

time for each part type on each of the machining centers is assumed to be deterministic for this 

case study and is provided in Table 2.2. The setup time is assumed to be negligible. 

TABLE 2.1 
 

THE MIX-RATIO AND PROCESS SEQUENCE FOR EACH PART TYPE 
 

Part Type Mix-Ratio Sequence 

1 0.25 M2-M3-M5 
2 0.3 M1-M3-M4 
3 0.2 M3-M4-M5 
4 0.25 M1-M2-M4 

 
 

TABLE 2.2 
 

THE PROCESSING TIME ON EACH MACHINING CENTER 
 

Part Type 
Processing Time (Minimum, Mode, Maximum) 

M1 M2 M3 M4 M5 

1  4.5 5  5 
2 6  4 4.5  
3   3 3 6 
4 5 7  4  
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2.5.2 Experiments 

The manufacturing system described in the previous section is simulated using the 

DELMIA QUEST simulation package in which an automated guided vehicle is used as the 

material-handling unit. At the initialization of the simulation run, there are no parts in the system. 

As the parts enter the system from a source, they are transferred to the input buffer. As soon as 

enough parts (equal to the load-carrying capacity of the MHU) are accumulated at the input buffer, 

a request for transportation is generated. The parts are then transported to the respective machining 

centers according to their routing sequences. Once a part is processed at the last machining center, 

it is transported to the sink and from there exits the system. 

The resource parameters of the material-handling system considered in this study are the 

number, speed, and load-carrying capacity of material-handling unit. The different levels for each 

resource parameter considered in this study are listed in Table 2.3. Any of the three resource 

parameters of the MHS can be used to study behavior of the proposed states. In this study, the 

simulation experiments are run to investigate the behavior of the three proposed states with respect 

to the speed of MHUs, and the effect of number and load-carrying capacity of MHUs on the 

proposed states are investigated. The performance parameter used for the system is throughput. 

TABLE 2.3 
 

DIFFERENT LEVELS OF RESOURCE PARAMETERS FOR MHS 
 

Number of MHUs 

(N) 

Speed of MHUs 

(feet/minute) 
Capacity of MHUs 

1 10 1 
2 20 2 
3 30 3 
4 40 4 
5 50 5 
  60   
  70   
  80   
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TABLE 2.3 (continued) 

Number of MHUs 

(N) 

Speed of MHUs 

(feet/minute) 
Capacity of MHUs 

  90   
  100   
  150   
  200   
  250   
  300   

 

The experimental matrix consists of 350 (5 × 14 × 5) different experimental conditions 

(Table 2.3). For each combination, the simulation model is run for ten days with one shift (eight 

hours) per day. Steady state is reached in one day in most experiments, and the warm-up period is 

thus set at two days. 

2.5.3 Results of Case Study 

Throughput is obtained for each combination of design parameters shown in Table 2.3. In 

this case study, at an initial speed of 10 feet/minute, it is observed that irrespective of the number 

of material-handling units and their load-carrying capacity, the system is in a logistics-constrained 

state. The utilization of the material-handling system is almost 100%, whereas the production 

system is underutilized. For example, the utilization of each machine in the production system for 

a single AGV and single-load-carrying capacity is 7.57%, 7.82%, 8.22%, 32.36%, and 8.64%, 

respectively. The graphs of throughput versus speed are plotted for different combinations of the 

number and the load-carrying capacity of MHUs, are shown in Figures 2.6 to 2.10. 
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Figure 2.6. Throughput vs. speed, for N = 1 to 5 and Capacity = 1. 

 
 

 
Figure 2.7. Throughput vs. speed, for N = 1 to 5 and Capacity = 2. 
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Figure 2.8. Throughput vs. speed, for N = 1 to 5 and Capacity = 3. 

 
 

 
Figure 2.9. Throughput vs. speed, for N = 1 to 5 and Capacity = 4. 
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Figure 2.10. Throughput vs. speed, for N = 1 to 5 and Capacity = 5. 

 

Figure 2.6 shows the effect of increasing speed on throughput for different numbers of 

material-handling units in the system. All MHUs are assumed to have a unit load capacity of one. 

In this case, with a single MHU, the system does not arrive at a production-constrained state within 

the considered speed range of 0–300 feet/minute, whereas for two, three, four, and five MHUs, the 

system arrives at the PCS around the speed of 100, 70, 50, and 30 feet/minute, respectively. It can 

be seen that, as the number of MHUs increases, the system approaches a PCS faster (slope of the 

curve increases) and consequently at relatively lower speeds. Figures 2.7 to 2.10 are similar in 

nature to Figure 2.6, except for the load-carrying capacity of the MHU. 

Comparing the plots across Figures 2.6 to 2.10 for a particular number of material-handling 

units, it can be seen that as the load-carrying capacity of the MHU increases, the system approaches 

a production-constrained state faster (slope of the curve increases) and consequently at 

comparatively lower speeds. For example, consider the case of a single MHU (N = 1) across 

Figures 2.6 to 2.10. In this case, for a load-carrying capacity of one, the system does not arrive at 

the PCS within the considered speed range of 0–300 feet/minute, whereas for load-carrying 
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capacities of two, three, four, and five, the system arrives at the PCS at around 200, 170, 110, and 

90 feet/minute, respectively. A comparison of plots in Figures 2.6 to 2.10 for an increased number 

of MHUs (2, 3, 4, and 5) shows that similar trends can be seen. 

Figures 2.6 to 2.10 demonstrate the effect of speed, number, and load-carrying capacity of 

material-handling units on system throughput, but they do not provide information about the rate 

of change of throughput. For this purpose, graphs of the first-order derivative of throughput with 

respect to speeds are shown in Figures 2.11 to 2.15. Each individual plot reveals the rate of change 

of throughput with respect to speed for a particular combination of number of MHUs and load-

carrying capacity of MHU. From these plots, it can be observed that for most of the cases, the rate 

of change of throughput is higher at lower speeds, after which it gradually decreases with further 

increase in speed, and finally, after a certain speed, there is not much variation. 

 
Figure 2.11. Graph of first-order derivative of throughput with respect to speed (dT/dS), 

for N = 1 to 5 and capacity = 1. 
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Figure 2.12. Graph of first-order derivative of throughput with respect to speed (dT/dS), 

for N = 1 to 5 and capacity = 2. 
 
 

 
Figure 2.13. Graph of first-order derivative of throughput with respect to speed (dT/dS), 

for N = 1 to 5 and capacity = 3. 
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Figure 2.14. Graph of first-order derivative of throughput with respect to speed (dT/dS), 

for N = 1 to 5 and capacity = 4. 
 
 

 
Figure 2.15. Graph of first-order derivative of throughput with respect to speed (dT/dS), 

for N = 1 to 5 and capacity = 5. 

 
Comparing plots within each individual figure reveals the effect of the number of MHUs 

on the rate of change of throughput with respect to speed for a specific load-carrying capacity. For 

example, considering the plots shown in Figure 2.11 for a single load-carrying capacity and for 
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the number of material-handling units from one to five, it can be seen that as the number of MHUs 

increases, the rate of increase in throughput with respect to speed increases for lower speeds, but 

the speeds up to which higher rates of increase in throughput are observed decreases. After the 

initial higher rates of increase, the rate of increase in throughput gradually decreases with a further 

increase in speed, and as the number of MHUs increases, the speed up to which the reduced rate 

of increase in throughput is observed decreases faster. The speeds after which there is not much 

variation in the rate of change of throughput decreases with an increase in the number of MHUs, 

indicating that the system reaches the production-constrained state faster. Similar trends are 

observed in Figures 2.12 to 2.15 for different load-carrying capacities of MHUs. 

Comparing plots across Figures 2.11 to 2.15 for a specific number of material-handling 

unit reveals the effect of the load-carrying capacity of MHUs on the rate of change of throughput 

with respect to speed. For example, consider the plots for two MHUs (N = 2) across Figures 2.11 

to 2.15. In this case, as the capacity increases, the rate of increase in throughput with respect to 

speed also increases for lower speeds. After an initial higher rate of increase at lower speeds, the 

rate of increase in throughput gradually decreases with any further increase in speed, and as the 

load-carrying capacity increases, the rate of increase in throughput is reduced faster. 

An important thing to notice here is that for a combination of a higher number of material-

handling units and higher load-carrying capacities, the higher rate of increase in throughput at 

lower speeds is absent, and only a gradual decrease in the rate of increase of throughput is noticed. 

For example, in the case of a load-carrying capacity of three, for the number of MHUs equal to 

four and five, no initial higher rate of increase of throughput is observed at lower speeds, and only 

a gradual decrease in the rate of increase of throughput is observed. For four MHUs (N = 4), this 
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trend is observed at a capacity of four and five, and for five MHUs, it is observed at almost all 

capacities. 

Plots from Figures 2.6 to 2.10 explain the effect of the considered performance parameters 

of the material-handling system on the production-constrained state. These plots do not shed light 

on the behavior of the logistics-constrained state and the transition state in detail. In other words, 

from these plots, one cannot clearly differentiate between either states. Also, these plots are helpful 

in determining approximate speed and not the exact speed at which the current state of the system 

transforms into a PCS. In order to overcome these problems, a different methodology that 

distinctly identifies all proposed states, thereby assisting in the study of behavior of the proposed 

states, is needed. 

2.6 Conclusion 

In this chapter, a general theory for defining and classifying the current state of the 

manufacturing system is introduced. This theory attempts to integrate two important elements of 

the manufacturing system: production system and material-handling system. According to this 

theory, at any given time, the manufacturing system under consideration can be in any one state: 

logistics-constrained, production-constrained, or transition. The ideal-case graphs describing the 

behavior of any performance parameter with respect to any resource parameter of either the MHS 

or the production system are provided. It is proposed that these three states of the manufacturing 

system can be analyzed with respect to any one resource parameter of either the production system 

or the MHS. With help of the case study, behavior of throughput with respect to the speed of 

material-handling units is investigated. 
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CHAPTER 3 

IDENTIFICATION AND ANALYSIS OF THREE PROPOSED STATES 

 
 

3.1 Abstract 

Managers are continually looking for ways to improve productivity of the manufacturing 

system. To serve this purpose, identifying current state of the system can help managers by leading 

to effective decisions. Therefore, in this study, a methodology is proposed to identify the current 

state of the system as well as methodologies to transform the manufacturing system from one state 

to another are proposed. The effect of resource parameters for the material-handling system, such 

as number and load-carrying capacity of material-handling units on the manufacturing system 

states, are analyzed. 

3.2 Introduction 

Analyzing the behavior or the three proposed states (logistics-constrained, production-

constrained, and transition) will provide more insight about the overall performance of the 

manufacturing system. To accomplish this, all three states must be clearly distinguished, and the 

only way to do this is by knowing when the current state of the system transforms from one state 

to another. Graphs provided in the previous chapter (throughput versus speed and plots of the first-

order derivatives of throughput with respect to speed) convey information regarding a system 

arriving at a production-constrained state, but they are unable to differentiate between the logistics-

constrained and transition states. It is also possible that managers want the manufacturing system 

to operate in one of the three proposed states, depending on the priorities and investments in the 

production system and the material-handling system. Before transforming a manufacturing system 

to the desired state, it is important to identify the state in which that manufacturing system is 

operating. 
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3.3 Objectives 

Objectives for this chapter include the following: 

 Develop a method to identify the current state of the manufacturing system. This method will 

assist managers to focus on the appropriate component (production system or material-

handling system) thereby leading to appropriate decisions to improve the performance of the 

overall manufacturing system. 

 Develop a methodology to detect the transformation of the manufacturing system from one 

state to another. Using this methodology, the current state of the manufacturing system can be 

transformed into the desired one. Also using this methodology, the effect of resource 

parameters of the material-handling system, such as number of material-handling units and the 

load-carrying capacity of material-handling units on the three states considered in this study, 

are investigated. 

3.4 Methodology to Identify Current State of Manufacturing System 

In order to improve productivity of a manufacturing system, it is important to identify the 

current state of the manufacturing system which in turn, will help the improvement efforts to focus 

on the right component ˗ production system or material-handling system.  The system may also 

have a preferred operating state depending on the investment/operating costs of the material 

handling system and the production system. The first step to achieve the desired operating state is 

to identify the current state of the manufacturing system. If a manufacturing system is not operating 

in a desired state, then thought should be given to transform current state to a desired state. The 

demands for products is always changing, and manufacturing systems are expected to respond to 

the changing market trends. Accordingly, manufacturing systems may undergo several changes 

over the time. These changes may include adding a new product to the line, removing an existing 
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product due to reduced demand, replacing existing machines with advanced ones, and changing 

sequencing or control strategies. Every time a manufacturing system undergoes such a change, the 

current state might change, and thus it becomes important to identify the current changed state. 

For all these reasons, it is essential to identify the current state of a manufacturing system, a generic 

method of which is proposed in this section. Once this is done, solutions for further enhancement 

of productivity are suggested, based on the system’s state. A flowchart describing a generic method 

to identify the current state is provided in Figure 3.1. 

 
Figure 3.1. Method to identify current state of manufacturing system. 
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The method shown in Figure 3.1 can be described as follows: 

Step 1 Develop a simulation model for manufacturing system under consideration 

Step 2 Analyze the data obtained by simulation experiments 

Step 3 Is utilization of the material-handling system greater than the threshold? 

If yes Is utilization of production system greater than the threshold? 

If yes Manufacturing system under consideration is in transition state 

If no Manufacturing system under consideration is in logistics-constrained 

state 

If no  Is utilization of production system greater than the threshold? 

If yes Manufacturing system under consideration is in production-constrained 

state 

If no Manufacturing system under consideration is in market-constrained state 

This method is based on utilization threshold values for both material-handling system and 

production system. In order to understand these terms, the ideal case graph for average utilization 

of MHUs and average utilization of bottleneck machine/machines versus any resource parameter 

of the MHS is provided in Figure 3.2. 

From Figure 3.2, it can be seen that at the lowest value of the resource parameter, the 

average utilization of MHUs is almost 100%, while the average utilization of bottleneck 

machine/machines is comparatively less. As the resource parameter increases, the average 

utilization of MHUs starts decreasing, while that of bottleneck machine/machines starts increasing, 

and at some value of the resource parameter, they cross each other. 
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Figure 3.2. Ideal case graph of average utilization of bottleneck machines and average utilization 

of MHUs Vs. any resource parameter of MHS. 
 

Understanding the behavior of the average utilization of MHUs and the average utilization 

of bottleneck machine/machines the terms utilization threshold for MHS and utilization threshold 

for production system can be defined as follows. 

Utilization Threshold for MHS: Minimum average utilization of MHUs above which, the material 

handling system starts acting as a bottleneck which may or may not be dominant one. 

Utilization Threshold for Production System: Minimum average utilization of bottleneck 

machine/machines above which, the production system starts acting as a bottleneck which may or 

may not be dominant one. 

3.4.1 Principle of Selecting Utilization Threshold 

In almost all production situations, manufacturing companies would like to operate in a 

production-constrained state. The selection of a threshold value depends on several factors, such 
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as type and size of manufacturing systems, scheduling and control policies of parts on machines, 

scheduling and routing policies for material-handling units, price of the production system vs. 

price of the material-handling system, and type of MHS being used (manual vs. automatic or 

conveyor-based vs. vehicle-based). If the manufacturing facility is a job shop, then for both 

production system and MHS, the utilization threshold may be set at 70% to 80% to ensure 

flexibility, considering the random nature of the activities. On the other hand, for assembly shops, 

the utilization threshold for both production system as well as MHS may be set as high as 90% to 

95% because activities are much more standardized and comparatively less subject to variations. 

The price of production equipment, for example, could influence the threshold value. In the case 

of expensive production machines, a company typically would be reluctant to add additional 

capacity, unless it is required to do so, and would rather fully utilize available resources. This can 

be achieved by setting higher utilization threshold values for the production system. If MHU is 

relatively inexpensive, then having a low utilization threshold for the MHS ensures that more 

capacity is added to the MHS and confirms that the system moves to a PCS. However, if MHU is 

expensive, then the utilization threshold for the MHS can be kept high. For example, in case of 

automobile assembly plants, typically the utilization threshold for the MHS is set as high as 100% 

because it is continuously moving. In these systems, production equipment, such as robots, may 

have a lower utilization threshold. 

3.4.2 Action Steps for Improving Productivity Based on Current State of Manufacturing 

System 

If the manufacturing system is not operating in a desired state, then the next step for 

managers is to develop an action plan for transforming the current state to the desired state. 

Furthermore, depending on the current state in which the manufacturing system is operating, the 
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manager and decision-makers can come up with action plans for further improvement in the system 

productivity, if required. Therefore, a few action steps are suggested here. 

If a manufacturing system is found to be in a logistics-constrained state, then it is known 

that the material-handling system is a dominant bottleneck. Unless this dominant bottleneck is 

mitigated, the system productivity cannot be improved. Therefore, resource parameters of the 

MHS such as speed, number, and load-carrying capacity of the material-handling unit should be 

increased appropriately. In this state, the dominant bottleneck can be further mitigated by selecting 

appropriate scheduling and routing policies for MHUs. Scheduling of MHUs includes dispatching 

a set of MHUs for completing the task of pickup and delivery of jobs efficiently. Routing of MHUs 

includes determining a suitable route that is free of conflict and satisfies the constraint such as 

shortest distance, shortest time, or minimum energy consumption. 

If a manufacturing system is found to be in a production-constrained state, then it is known 

that one or more machining centers is the dominant bottleneck. Productivity of the manufacturing 

system in this state can be improved by mitigating the dominant bottleneck. The obvious way to 

mitigate this dominant bottleneck is to add more machines at bottleneck machining centers. But 

this approach is not economically feasible in many cases. Therefore, it is necessary to focus on the 

other aspects of the production system such as tool selection, tool replacement, tool sequencing, 

and selection of fixtures, which can potentially reduce processing times. Optimum allocation of 

buffers at the bottleneck machines can mitigate these bottlenecks. Some lean manufacturing 

techniques such as 5S and standardized work can also be implemented to reduce unproductive 

time and thereby increase capacity of the production system. 

If a manufacturing system is in a transition state, then there is no single dominant 

bottleneck. In this case, both the material-handling system and the production system act as a 
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bottleneck simultaneously. In order to improve productivity of a manufacturing system in the TS, 

resource parameters of either system can be increased. Therefore, managers can choose the most 

efficient and economical action plan from the above-mentioned action plans for either the logistics-

constrained state or production-constrained state. 

If a manufacturing system is in market constrained state then it is know that there are not 

enough orders for the finished products. In this case increase/changes to the production mix are 

necessary to achieve a state change. The mix ratio of the product types which are in high demand 

should be increased and that of the product types less in demand should be reduced or even 

removed from the product line. In addition, other issues such as product pricing changes, new 

product lines, etc. should be considered. 

3.5 Methods to Detect Transformation from One State to Another 

A manufacturing system is a dynamic entity, and it is often possible that the dynamic 

system changes its lead to state transitions. It is also possible that a manufacturer would prefer to 

be in a given system state and would like to adjust resource parameters to achieve that state. For 

example, when one system is significantly more expensive than another, the expensive resources 

need to be used more effectively (as long as the market does not become the constraint). For 

example, if the production system is significantly more expensive than the material-handling 

system, then the production planner may want to operate/design the system to be in a production-

constrained state. Thus, there is a need for a method that will help to achieve the transformation of 

a manufacturing system from the current state to a desired state. Under dynamic conditions the 

parameters of operation may change and it is necessary to identify or detect the transformation of 

the manufacturing system from one state to another. The transformation should also be done while 

minimizing the cost of transformation and maximizing the throughput. For instance, when 
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transforming from a logistics-constrained state to a production-constrained state, the cost of 

transforming can be kept low by ensuring that the resource parameters of the material handling 

system are sufficient to get the current state to the production-constrained state and the throughput 

to the maximum possible level. 

The transformation from one state to another can be achieved by adequately changing any 

of the appropriate resource parameters of either the material-handling system or the production 

system. For instance, if the manufacturing system is in a logistics-constrained state (refer to Figure 

2.3) and an additional capacity is added to the MHS by either increasing the speed, increasing the 

load-carrying capacity, or increasing the number of material-handling units, then the current state 

can be transformed from an LCS to a transition state. If further capacity is added to the MHS by 

increasing any one of its resource parameters, then the current state of the manufacturing system 

transforms from a TS to a production-constrained state. Similarly, for instance, if the 

manufacturing system is in a PCS (refer Figure 2.4) and an additional capacity is added to the 

production system by either increasing the number of machines at appropriate machining centers, 

reducing the processing times at appropriate machining centers, or increasing the capacity of input 

and output buffers, then the current state can transform from a PCS to a TS. If further capacity is 

added to the production system by improving any one of the resource parameters of the production 

system, then the current state of the manufacturing system transforms from a TS to an LCS. Since, 

modifying resource parameters of the MHS is relatively easier and usually less expensive 

compared to that of the production system, considering the manufacturing system in an LCS, 

methods to detect transformations from an LSC to a TS and from a TS to a PCS are proposed here. 



53 

3.5.1 Method to Detect Transformation from LCS to TS 

The transformation from a logistics-constrained state to a transition state can be achieved 

by adequately changing any of the resource parameters of the material handling system such as 

number, speed, and load-carrying capacity of material-handling units. This method is based on 

simulation, and two simulation models are developed. The first simulation model is for the 

manufacturing system under consideration, which is in an LCS, and is referred to as the original 

model (OM). The second simulation model is similar to the first, except that it has one additional 

machine at each machining center; this model is referred to as the enhanced production capacity 

model (EPCM). Because capacity can be added to the MHS by modifying any of the resource 

parameters, it is left to the system planner to experiment with them. The methodology to identify 

the value of the selected resource parameter at which transformation occurs is described in Figure 

3.3. 

 
Figure 3.3. Flow chart for detecting transformation from LCS to TS. 
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3.5.2 Method to Detect Transformation from TS to PCS 

The transformation from a transition state to a production-constrained state can be achieved 

by adequately changing any of the resource parameters of the material-handling system such as 

number, speed, and load-carrying capacity of material-handling units. This procedure is similar to 

the one explained in Section 3.5.1 in which two simulation models are developed. The first 

simulation model is for a manufacturing system under consideration, which is known to be in a 

transition state. The second simulation model is exactly the same as the first one, except it has one 

additional MHU. The first model is referred to as the OM and the second one is referred to as the 

enhanced material-handling capacity model (EMCM). Because capacity can be added to the MHS 

by modifying any of the resource parameters, it is necessary to decide the resource parameter to 

be modified, which is referred to as the selected resource parameter. The methodology to identify 

the value of the selected resource parameter at which transformation occurs is described in Figure 

3.4. 

 
Figure 3.4. Flow chart for detecting transformation from TS to PCS. 
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3.5.3 Case Study for Detecting Transformation of Manufacturing System 

The manufacturing system adopted for this case study and the resource parameters and 

performance parameter are the same as those described in Chapter 2, Section 2.5. In this study the 

three proposed states are analyzed with respect to the speed of the material-handling units. The 

objective here is to identify the speeds at which transformation from one state to another occurs, 

for each combination of the number and the load-carrying capacity of MHUs. To serve this 

purpose, the methodologies discussed in Sections 3.5.1 and 3.5.2 are used. 

3.5.3.1 Transformation from LCS to TS 

The manufacturing system considered for this case study is known to be in a logistics-

constrained state at the lowest speed of 10 feet/minute, for each combination of the number and 

load-carrying capacity of the material-handling units (refer to Table 2.3). The resource parameter 

that will be modified is the speed of the MHUs. The methodology followed to identify the speed 

at which transformation from the LCS to the TS occurs is similar to the one described in Section 

3.5.1 and the flow chart with appropriate changes is shown in Figure 3.5. 

 
Figure 3.5. Flow chart to identify speed at which transformation from LCS to TS occurs. 
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The actual transformation may occur between speed levels of the MHUs in the last two 

simulations. If it is necessary to identify the exact speed at which the transformation occurs, a 

binary search tree approach between the ranges of the two speeds can be iteratively performed to 

determine the speed at which transformation occurs. 

The methodology shown in Figure 3.5 determines the speed range within which the 

material-handling system is the dominant bottleneck and leads to a logistics-constrained state. The 

same methodology is followed for all other combinations of the number of material-handling units 

and their load-carrying capacities. The speeds at which the current state of the manufacturing 

system under consideration transforms from the LCS to the transition state for different 

combinations of the number and the load-carrying capacity of MHUs is provided in Table 3.1. 

TABLE 3.1 
 

SPEEDS AT WHICH TRANSFORMATION FROM LCS TO TS OCCURS 
 

Number 

of MHUs 

Load-Carrying 

Capacity 

Transformation 

Speed  

Number 

of MHUs 

Load-Carrying 

Capacity 

Transformation 

Speed  

1 1 109 1 4 96 
2 1 51 2 4 47 
3 1 39 3 4 31 
4 1 29 4 4 23 
5 1 24 5 4 18 
1 2 151 1 5 86 
2 2 69 2 5 41 
3 2 45 3 5 27 
4 2 33 4 5 20 
5 2 26 5 5 16 
1 3 115       
2 3 56       
3 3 36       
4 3 28       
5 3 22       
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3.5.3.2 Transformation from TS to PCS 

This case study uses results from the previous section. The manufacturing system at any 

combination of speeds, number, and load-carrying capacities of material-handling units provided 

in Table 3.1 will be in the transition state. Here, the speed of MHUs is increased further in 

increments of 10 feet/minute for given combinations of the number of MHUs and their load-

carrying capacities. The methodology followed to identify the speed at which transformation from 

the TS to the production-constrained state occurs is similar to the one described in section 3.5.2, 

and the appropriate changes are shown in Figure 3.6. 

 
Figure 3.6. Flow chart to identify speed at which transformation from TS to PCS occurs. 

 
If the exact speed at which this transition occurs must be identified, then the same approach 

used in the previous section can be used. The methodology shown in Figure 3.6 determines the 

minimum speed after which only the machining center/centers act as the dominant bottlenecks, 

which leads to a production-constrained state. The same procedure is followed for all other 

combinations of the number of material-handling units and their load-carrying capacities. The 
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speeds at which the current state of the manufacturing system under consideration transforms from 

the TS to the PCS for different combinations of the number and the load-carrying capacity of 

MHUs is provided in Table 3.2. 

TABLE 3.2 
 

SPEEDS AT WHICH TRANSFORMATION FROM TS TO PCS OCCURS 
 

Number 

of MHUs 

Load-Carrying 

Capacity 

Transformation 

Speed  

Number 

of MHUs 

Load-Carrying 

Capacity 

Transformation 

Speed  

1 1 - 1 4 108 
2 1 145 2 4 50 
3 1 88 3 4 35 
4 1 62 4 4 27 
5 1 50 5 4 21 
1 2 239 1 5 98 
2 2 87 2 5 45 
3 2 57 3 5 31 
4 2 43 4 5 23 
5 2 33 5 5 18 
1 3 150       
2 3 63       
3 3 46       
4 3 31       
5 3 27       

 

3.5.3.3 Effect of the Resource Parameters on Three Proposed States 

Identifying the speeds at which transformation from one state to another occurs (provided 

in Tables 3.1 and 3.2), for each combination of the number of material-handling units and their 

load-carrying capacities, all proposed states are distinguished clearly, as shown in Figures 3.7 to 

3.11. Comparing plots within each individual figure reveals the effect of the number of MHUs for 

a specific load-carrying capacity, whereas comparing plots across Figures 3.7 to 3.11 for a specific 

number of MHU reveals the effect of the load-carrying capacity of MHUs on each state. 



59 

 
Figure 3.7. Distinct states for N = 1 to 5, and capacity = 1. 

 
 

 
Figure 3.8. Distinct states for N = 1 to 5, and capacity = 2. 
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Figure 3.9. Distinct states for N = 1 to 5, and capacity = 3. 

 
 

 
Figure 3.10. Distinct states for N = 1 to 5, and capacity = 4. 
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Figure 3.11. Distinct states for N = 1 to 5, and capacity = 5. 

From each individual figure, it can be seen that as the number of MHUs increases, the 

logistics-constrained state and transition state shrink, whereas the production-constrained state 

expands. In other words, it can be stated that as the number of MHUs increases, the system exits 

the LCS sooner and sooner (at relatively lower speeds), the span of the TS is reduced, and the 

system approaches a PCS faster and faster (at relatively lower speeds). For example, consider the 

case where the load-carrying capacity of each MHU is one as shown in Figure 3.7. In this case, 

with a single MHU (N = 1), the system arrives at the TS at speed of 109 feet/minute, whereas for 

two, three, four, and five MHUs, it arrives at the TS at speeds of 51, 39, 29, and 24 feet/minute, 

respectively. Considering the same case with a single MHU, the system does not arrive at a PCS 

even at a speed of 300 feet/minute, whereas for two, three, four, and five MHUs, it arrives at a 

PCS at speeds of 145, 88, 62, and 50 feet/minute, respectively. Comparing plots across the figures 

for a particular number of MHUs, it can be seen that as the load-carrying capacity of each MHU 

increases, the system exits the LCS sooner and sooner (at relatively lower speeds), the span of the 

TS is reduced, and the system approaches the PCS faster and faster (at relatively lower speeds). 
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For example, consider the case of a single MHU (N = 1) across Figures 3.7 to 3.11. In this case, 

for a load-carrying capacity of one, the system arrives at the TS at a speed of 109 feet/minute, 

whereas for load-carrying capacities of two, three, four, and five the system arrives at the TS at 

speeds of 151, 115, 96, and 86 feet/minute, respectively. Considering the same case, for a load-

carrying capacity of one, the system does not arrive at the PCS even at a speed of 300 feet/minute, 

whereas for load-carrying capacities of two, three, four, and five the system arrives at the PCS at 

speeds of 239, 150, 108, and 98 feet/minute, respectively. 

From this analysis, it can be seen that for combinations of a higher number and higher load-

carrying capacity of material-handling units, the transition states are very narrow, and it is possible 

that for some manufacturing systems using a higher number of MHUs with higher load-carrying 

capacities, the transition state might not even exist. From the above discussion it can be concluded 

that both performance parameters—the number of MHUs and their load-carrying capacities—have 

a similar effect on the proposed states. Comparing the effect of both parameters, it is also observed 

that the proposed states are more sensitive towards the number of MHUs than the load-carrying 

capacity of each MHU. 

3.6 Conclusion 

In this chapter, the methods to detect transformation from a logistics-constrained state to a 

transition state as well as from a transition state to a production-constrained state are developed. 

With the help of a case study, the developed methodology is explained to identify the speeds at 

which the current state of the manufacturing system transforms from a LCS to a TS and from a TS 

to a PCS. In addition, the effects of resource parameters of the material-handling system, such as 

the number of material-handling units and their load-carrying capacities on the three proposed 

states are investigated. From results of the case study, it is found that as the number of MHUs is 
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increased, the speed at which the system enters the PCS decreases, and the speed range within 

which the system appears to be in an LCS and TS also decreases. The load-carrying capacity of 

MHUs has a similar effect on the three proposed states as does the number of MHUs. The generic 

method to identify the current state of any manufacturing system is also proposed. 

Methods to detect transformation from one state to another and to identify the current state 

of the manufacturing system are helpful in the following ways: 

 The decision-maker focusing on the right component (production system or MHS) of the 

manufacturing system and thereby assisting in making appropriate decisions. 

 Planning a move from the current state of the manufacturing system to a desired state. 

 Verifying if the manufacturing system is operating in the desired state. 
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CHAPTER 4 

CONSIDERATION OF VARIABILITY AND INVESTIGATING ITS EFFECTS 

 
 

4.1 Abstract 

Because operating a manufacturing system efficiently is of great commercial importance, 

managers or decision-makers face new challenges every day. To assist managers and decision-

makers, Dhuttargaon et al. (2014) proposed an integrated approach to analyze the current state of 

the manufacturing system. This study extends the work of Dhuttargaon et al. (2014) by 

incorporating system variability. The effect of system variability on the three proposed states is 

investigated. 

4.2 Introduction 

In recent years, the intense competition and rising demand for customized products has 

changed the technique of manufacturing drastically, forcing the traditional manufacturing system 

to evolve into job shops and flexible manufacturing systems. For any manufacturing system to be 

effective, two components production system and MHS play vital role. In this research, the 

production system is considered to be those elements of the manufacturing system responsible for 

transformation of raw material into work-in-process inventory which then can be assembled 

together to form a subassembly or final product. The MHS consists of those components of the 

manufacturing system responsible for loading, transferring, and unloading of raw material in a 

safely and timely manner. According to Tompkins (2010), a well-designed MHS can lead to 

improved efficiency of the overall manufacturing system, reduce the cost of labor, maximize the 

utilization of space, and reduce the damage to raw materials. Considerable literature explores both 

components. But most of the available literature lacks an integrated approach to improve the 

overall performance of a manufacturing system. For instance, literature focusing on the production 
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system overlooks the effect of the MHS, and vice versa. For overall improvement of the 

manufacturing system, both components must be considered together. 

The majority of literature related to the production system is motivated by a need for the 

scheduling of parts on machines. This aspect of the production system has been explored by 

researchers, and a few examples are mentioned here. Scudder and Hoffmann (1985) explored the 

effectiveness of composite (considering both time and cost information) scheduling rules in a 

randomly routed job shop. They concluded that, including the cost information in scheduling rules 

can reduce the work-in-process inventory and maximize the shipment of the most profitable orders. 

Hutchinson and Khumawala (1990) compared seven real-time and two off-line scheduling 

schemes for a random flexible manufacturing system (FMS). Their results showed that an off-line 

schemes, which decomposes the scheduling problem, performed better for the FMS, and as 

flexibility of the FMS increases, this off-line scheme generates more output while reducing the 

average flow time of parts. Kannan and Ghosh (1993) described three new truncation procedures 

based on the critical ratio, change in queue rank, and operation slack. This study also used four 

dispatching rules to dispatch truncated jobs. Their results revealed significant interaction between 

dispatching rules and truncation schemes and that new truncation schemes are as good as or better 

than older methods. Holthaus and Ziegler (1997) presented an approach for coordinating different 

decentralized dispatching rules in a dynamic job shop based on look-ahead information. This 

approach is analyzed by a simulation study and results indicate its effectiveness in reducing flow 

time. Rossi and Dini (2000) presented a real-time genetic algorithm to generate an optimized 

production schedule in a dynamic FMS, which is capable of dealing with unforeseen situations 

and part flow changes. Results showed the ability of an algorithm to respond in real time, achieved 

by an evolutionary strategy capable of minimizing the number of genetic operations necessary to 
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reach an optimal schedule. Asano and Ohta (2002) proposed a heuristic algorithm, based on the 

tree search procedure, for solving the job shop scheduling problem with the objective of 

minimizing the total weighted tardiness. Computational results revealed that the suboptimum 

solution can be found with little computation time using the proposed algorithm because it does 

not require any parameter estimation for its implementation. Thiagarajan and Rajendran (2005) 

presented dispatching rules for dynamic assembly job shops. This study consisted of two phases. 

In the first phase, relative costs for earliness and tardiness of jobs are considered and dispatching 

rules for minimizing the sum of weighted earliness and weighted tardiness are proposed. In the 

second phase, relative costs of earliness, tardiness, and flowtime of jobs are considered, and 

dispatching rules for minimizing the sum of weighted earliness, weighted tardiness, and weighted 

flow time of jobs are proposed. Adibi et al. (2010) presented a method based on an artificial neural 

network and variable neighborhood search for job shop scheduling in a dynamic environment. The 

proposed solutions were compared with other widely used scheduling methods, and results 

demonstrated the effectiveness of the artificial neural network method. Zhang et al. (2013) 

formulated a job scheduling problem with two new objective functions, setup and synergy costs, 

in addition to the total weighted tardiness criterion, and they proposed a Pareto-based genetic 

algorithm to solve the formulated problem. The proposed method was applied to both the real 

world as well as randomly generated scheduling occurrences to verify its effectiveness. All of these 

studies were focused on the scheduling and control strategies of parts in the manufacturing system 

without considering the MHS, one of the key elements of the manufacturing system, and therefore 

possibly leading to infeasible results. 

The amount of literature focusing on scheduling of parts on machines while considering 

the MHS for analyzing the performance of a manufacturing system is comparatively less, and a 
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few of them are discussed here. Anwar and Nagi (1998) formulated a problem for simultaneous 

scheduling of automated guided vehicles and machines with the objective of minimizing the total 

makespan, material-handling cost, and inventory holding cost. Because the problem turned out to 

be NP-hard, a heuristic was developed, the effectiveness of which was demonstrated through 

extensive numerical studies. Jerald et al. (2006) proposed an adaptive genetic algorithm for 

simultaneous scheduling of parts and AGVs in an FMS environment, which minimizes both 

penalty cost for not meeting delivery date and machine idle time. The effectiveness of the proposed 

algorithm was verified by comparing it with a traditional genetic algorithm. Caumond et al. (2009) 

formulated a mathematical model for the simultaneous scheduling of machines and MHS in an 

FMS, taking into consideration the maximum number of jobs allowed in the system, limited 

input/output buffer capacities, empty vehicle trips, and no-move-ahead trips. This study also 

studied the consequences of common assumptions used in heuristics. Kumar et al. (2011) 

attempted to incorporate both a machine-selection heuristic and a vehicle-assignment heuristic into 

the differential evolution approach to integrate and synchronize the scheduling of machines and 

vehicles. According to these authors, results showed that the proposed approach outperformed 

other approaches available in the literature. Lacomme et al. (2013) presented a framework based 

on a disjunctive graph to formulate an integrated scheduling (machines and AGVs) problem and a 

memetic algorithm to generate optimal schedules for machines and AGVs. Computational results 

are presented to show effectiveness of the proposed approach. Although all of this literature 

considers the MHS in the analysis, they either assume uninterrupted availability of the MHS or 

consider a random number of material-handling devices. The assumption of uninterrupted 

availability is valid only for conveyor-based MHSs and not for other types of MHSs. To reflect 
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the exact role of MHS in the overall performance of the manufacturing system, factors such as 

capacity, speed, and number of material-handling devices must not be ignored. 

The literature focusing on MHS can be categorized into two classes one focusing on the 

dispatching, routing and scheduling techniques, and the second focusing on determining optimum 

resource parameters such as number, speed, and capacity of material-handling devices. 

Krishnamurthy et al. (1993) developed a column generation technique to obtain a set of conflict-

free routes for AGVs in dynamic manufacturing environment. An extensive empirical 

investigation carried out during this study indicates that the developed method is able to generate 

a feasible and implementable solution within a reasonable amount of time. Bozer and Yen (1996) 

presented two new dispatching rules—modified shortest travel time first and bidding-based 

dynamic dispatching—in order to effectively utilize empty material-handling devices and 

overcome shortcomings of existing dispatching rules. A simulation methodology was used to 

compare the new rules to the existing rules, and results indicated that both new rules improve the 

performance of MHS considerably. Taghaboni-Dutta (1997) proposed an algorithm based on the 

demand driven strategy. This algorithm arranges loads that are ready to be transferred by 

considering the value added to them as they progress through the manufacturing process. A 

simulation technique was used to analyze the proposed algorithm, and the experimental results and 

effectiveness of the algorithms are discussed. Oboth et al. (1999) performed extensive studies to 

address design and operational control issues for the AGV-based MHS. This study presented a 

network representation of the AGV environment, including traffic flow along guide paths, location 

and representation of intersections and buffers. This study also proposed a method for real-time 

demand selection and assignment, dynamic routing, and positioning of idle vehicles. During this 

study the performance evaluation of six demand selection policies, four demand assignment 
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policies, and two idle vehicle positioning policies were carried out. Tan and Tang (2001) 

developed a dispatching system for AGVs in a flexible manufacturing system based on a 

combination of the fuzzy-Taguchi approach. In this system initially, a decision-making system 

based on fuzzy logic helps generate promising solutions for a multi-objective problem in a 

dynamic environment, and then the Taguchi method tunes previously generated solutions to obtain 

optimal performance. A simulation technique is used to demonstrate the effectiveness of this 

hybrid approach. Desaulniers et al. (2003) proposed an exact approach for solving both 

problems—dispatching and conflict-free routing of AGVs—simultaneously in an FMS. The 

proposed approach uses a column-generation method and is tested on numerous manufacturing 

scenarios. Results indicate that for most of the scenarios, the problem can be solved in a reasonable 

amount of time. De Koster et al. (2004) evaluated different dispatching rules available in the 

literature on three real-world scenarios using a simulation technique. This study concluded that the 

simple rules based on load and vehicle proximity perform best for all three scenarios, and the use 

of little pre-arrival information of loads can considerably improve the performance of the 

dispatching rules. Maza and Castagna (2005) proposed a two-stage approach for conflict-free 

routing of bi-directional AGVs in an FMS, which combines advantages of the pre-planning and 

real-time methods. In the first stage, conflict free fastest routes for AGVs are generated and then 

in the second stage conflicts are avoided in real-time manner. Simulation experiments were 

conducted to study the effectiveness of the proposed approach. Correa, Langevin, and Rousseau 

(2007) proposed a hybrid approach to solve scheduling and conflict-free routing problems for 

AGVs in an FMS. The proposed approach decomposes the problem into two interrelated sub-

problems, the first using constraint programming to generate schedules and the second using 

mixed-integer programming to generate conflict-free routes. This hybrid approach can be used to 
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solve problems with up to six AGVs. All these studies that explore dispatching, routing, and 

scheduling techniques for AGVs did not consider the elements of the production system in their 

analysis and assumed a particular configuration for the MHS (number, speed, and capacity of 

material-handling devices). 

The second class of literature related to MHS focused on determining optimum resource 

parameters for it, and few relevant papers are reviewed here. Egbelu (1993) presented a 

mathematical model for simultaneous determination of optimum unit load size, vehicle capacity, 

and fleet size for an AGV-based MHS considering total manufacturing cost. This mathematical 

model was solved with an algorithm comprising a numerical search, computer simulation, and 

statistical analysis. A real-life example revealing the application of the developed algorithm to 

solve design problem was discussed. Kasilingam and Gobal (1996) presented a cost model for 

determining the optimum number of AGVs. A tradeoff between the idle time of vehicles and the 

idle time of machines in combination with a simulation technique was used to solve this model. 

With the help of a hypothetical manufacturing system, an application of the developed model is 

illustrated. Shen and Kobza (1998) developed a dispatching-rule-based algorithm based on 

queuing theory and Markovian processes to determine the minimum number of vehicles required 

in a system. This algorithm represents the relationship between empty-vehicle travel time, number 

of vehicles, and the several work-center-initiated dispatching rules. According to the authors, this 

study provides engineers an insight into MHS behavior.  

Nakano and Ohno (2000) proposed an approach combining analytical and simulation 

techniques for designing an AGV system in a just-in-time environment. The proposed approach 

determines the number of AGVs, the input buffer capacities and locations of the machines leading 

to minimum total cost. Experimental results demonstrating the effectiveness of the proposed 
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approach are discussed. Hung and Liu (2001) tackled the problem of fleet size determination for 

multi-load AGVs, proposing an analytical method to determine the optimum fleet size for multi 

load AGVs to satisfy job handling requirements in a job shop environment. For an illustrative 

example, the proposed analytical model was compared with simulation methodology under 

different dispatching rules and the results from both the methodologies were found to be 

reasonably close. Koo et al. (2004) proposed a procedure for determining the optimum number of 

AGVs in a manufacturing system. Initially, a queuing model was used to estimate the part waiting 

times for different vehicle-dispatching rules. Then these part waiting times were used to estimate 

the required number of AGVs to ensure a predefined part waiting time limit. According to the 

authors, the proposed procedure is also applicable to transportation systems of people, a container 

transportation service system as well as a parcel pickup and delivery system. Raman et al. (2009) 

developed a two-step analytical method to determine the required quantity of material-handling 

equipment in a manufacturing facility. In the first step, promising solutions are generated 

considering loading and unloading times, loaded and unloaded traveling, etc. In the second step, 

promising solutions are ranked according to cost factors such as utilization of MHE, work in 

process at the MHS, and life cycle cost. An illustrative example comparing the proposed method 

with the methods available in the literature is discussed and results reveal the effectiveness of the 

proposed method. Choobineh et al. (2012) used a multi-class closed-queuing network to model the 

operation of an AGV-based MHS considering loaded and empty travel times in addition to loading, 

unloading, and blocking time. Then the steady-state behavior of a closed queuing network was 

modeled using a linear programming approach. Optimal solutions for the linear program provides 

the required fleet size. The proposed method was compared with simulation models for various 

scenarios and for 87% of the scenarios, the proposed method estimated accurate fleet size. All of 
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these studies that focused on determining the optimum resource parameters for an AGV-based 

MHS ignore facets of the production system in the manufacturing system. 

From the above discussion, it is obvious that there is a need for an integrated approach to 

analyze the performance of a manufacturing system. The decision related to addition or 

enhancement of resources should be based on the current state of the system and hence a more 

holistic approach must be adopted. This integrated approach should consider both material-

handling resources and production resources to make optimal decisions for improving the 

productivity of the overall manufacturing system. In Chapter 2, an approach to integrate the 

production system and the MHS is proposed, whereby a manufacturing system at any given time 

can be in one of the three states: logistics-constrained, transition, or production-constrained. When 

the MHS acts as dominant bottleneck, the manufacturing system is said to be in a logistics-

constrained state. During this state, the performance of the manufacturing system is highly 

sensitive to the any-resource parameter (speed, capacity or number of the material handling units, 

etc.) of the MHS. Increasing resource parameters of the production system (storage capacity of 

input/output buffers, number of machines in machining centers, scheduling and routing policies, 

etc.) does not affect the performance of the manufacturing system while the system is in logistics-

constrained state. When both the MHS and the production system simultaneously act as a 

bottleneck, the manufacturing system is said to be in transition state. In this state, performance of 

the manufacturing system is sensitive to the resource parameters of both the MHS and the 

production system. This state is a combination of a logistics-constrained state and a production-

constrained state. In production-constrained state, production system acts as a dominant bottleneck 

and therefore performance of the manufacturing system is highly affected by resource parameters 

of the production system. Knowing the characteristics and behavior of these different states of the 
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manufacturing system helps decision-makers or production planners to take appropriate decisions, 

which in turn will optimize throughput or other performance measures. For example, in order to 

increase system throughput, it would not be appropriate to increase the number of machines or 

number of MHUs without knowing the current state of the system. 

An initial attempt to propose an integrated approach to analyze the current state of the 

manufacturing system was made in Chapters 2 and 3, however, this study has its own limitation 

as it is considered a deterministic system. Almost all manufacturing systems are characterized by 

some variability. In this study an attempt is made to expand the study and explain the concepts as 

applied to a manufacturing system with variability. The impact of the degree of variability on the 

three states is also studied in this research. 

4.3 Problem Statement 

Improved productivity can be obtained by the addition of capacity or resources to a 

manufacturing system. This addition cannot be random; rather, it requires a disciplined approach. 

Before capacity or resources are added to the manufacturing system, it is important to consider 

two components of the manufacturing system: production system and material-handling system. 

These two elements continuously act together and have an effect on each other’s performance. The 

decision regarding addition of appropriate capacities or resources should consider state of the 

manufacturing system. To assist managers and decision makers in making effective decisions, an 

integrated approach for analyzing current state of the manufacturing system is needed.  

An integrated approach is proposed in Chapters 2 and 3, in which the current state of a 

manufacturing system is classified into three different states, and a methodology to identify the 

current state of the system is proposed. Because the main objective was to propose a generic theory 

with an integrated approach for analyzing manufacturing systems, the manufacturing system 
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considered for this study was assumed to be deterministic. However, almost all manufacturing 

systems have different sources of variability, which plays a major role in its performance. Some 

of these sources of variability come from unreliable machines and tools, human performance, 

processing times, and job-arrival times. In addition to these internal sources of variability, there 

are external sources of variability, such as supplier and demand. The variability induced from such 

sources might affect the system in different ways. In a manufacturing system, several operations 

and machines are linked together. The variability induced in upstream machines is propagated to 

downstream machines as the output from one machine becomes input for later machines. 

According to Ahn (2011), variability affects both flow of a manufacturing system and the quality 

of the product in a negative way. Other major effects of variability includes higher in-process 

inventory, increased lead times, decreased overall utilization, and decreased throughput. 

According to Tamilselvan (2010), variability can cause the shifting of bottlenecks from one 

machine to another. It is possible that to achieve the same amount of throughput, a manufacturing 

system with variability might need additional capacity or resources compared to a system without 

variability. 

4.3.1 Objective 

Based on the above discussion, the main objective of this research is to investigate the 

effect of variability in processing times on the manufacturing system states proposed in Chapter 

2. In addition, a methodology to detect the transformation from a logistics-constrained state to a 

transition state and from a transition state to a production-constrained state, considering variability, 

is also proposed. 
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4.4 Considering Variability and Studying its Effect on Manufacturing System States 

The objective here is to study the effect of variability in processing times on the three 

system states such as logistics-constrained, transition, and production-constrained. Thus, two 

levels of variability—low and high—are considered, for which means and probability distribution 

shapes needs to be kept same. Therefore, based on the literature, a triangular distribution 

(minimum, maximum, and mode) is used for both levels of variability with modes being the same. 

For high variability the difference between mode and minimum as well as mode and maximum is 

two times greater than that for low variability. In order to study the effect of variability on the three 

system states, distinctly identifying the states for each variability case is necessary. Therefore, in 

this section, a method to detect transformation from a LCS to a TS and then from a TS to a PCS 

for a manufacturing system with variability is described. Finally, the three system states for both 

low-variability and high-variability cases are compared with each other as well as to the case with 

no variability (deterministic) discussed in Chapter 3, Section 3.5.3. 

4.4.1 Methodology to Detect Transformation from LCS to TS with System Variability 

The transition from one state to another can be achieved by adequately changing any of the 

appropriate resource parameters. For instance, if the manufacturing system is in a logistics-

constrained state, then increasing capacity of the material-handling system by using a larger 

material-handling unit, increasing the speed of the material-handling unit, or increasing the number 

of material-handling units in the system can change its current state from an LCS to a transition 

state or production-constrained state. The methodology to detect transformation from an LCS to a 

TS is based on a simulation technique, which requires the development of two simulation models. 

The first model is referred to as the original model (OM), and the second one, similar to the first 

except that it has additional production capacity for each machining center, is referred to as the 
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enhanced production capacity model (EPCM). Any one of the resource parameters of the MHS 

can be increased to increase its capacity. The methodology discussed here is based on the 

methodology proposed in Chapter 3, Section 3.5, for deterministic manufacturing systems. 

However, since variability is incorporated into the manufacturing system, two major modifications 

to the previous methodology are required. The first modification deals with the issue of number of 

replications and the second one deals with the issue of enough statistical evidence to conclude the 

difference in throughput between the OM and EPCM. 

Because variability is induced into the manufacturing system, for each combination of 

resource parameters, such as number, load-carrying capacity, and speed of the MHUs, the 

performance parameter (throughput in this case) will be different for each replication. Here, 

inferences about the actual throughput for any particular combination of resource parameters will 

be made from sample throughputs. Therefore, a sample mean is used as an unbiased estimator of 

the throughput. To ensure validity of the results and to add more confidence to the results, it is 

important to replicate each experiment, and the larger the number of replications, the more reliable 

the results. However, a large number of replications require more resources and time. Therefore, 

determining an adequate number of replications is an important part of any empirical study. This 

problem can be solved by using any one of the approaches available in books or the literature to 

determine an adequate number of replications for both the OM and EPCM. 

In this methodology, for a particular combination of resource parameters, throughputs from 

the OM and EPCM are compared. Inference about the difference between two population means 

must be made from two sample means. To make an inference about the difference between the 

population means of two independent samples, strong statistical evidence is required. To serve this 

purpose, the technique of estimating confidence intervals for the difference between two 
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population means (µ1–µ2), discussed by Mendenhall and Sincich (2006), is used and is described 

here. The formula employed for estimating the confidence interval for the difference between two 

population means is. 

    2 2

1 21 2 2
1

ny y t s s    (4.1) 

where,  𝑛1 = number of replications for OM 

𝑛2 = number of replications for EPCM 

𝑛 = 𝑛1 = 𝑛2 

Degrees of freedom 𝜈 = 𝑛1 + 𝑛2 − 2 = 2(𝑛 − 1) 

𝑦1̅̅ ̅ = sample mean of throughput from OM 

𝑦2̅̅ ̅ = sample mean of throughput from EPCM 

𝑠1 = standard deviation of sample from OM 

𝑠2 = standard deviation of sample from EPCM 

Significance level of 𝛼 = 0.05 

𝜇1 = population mean of throughput from OM 

𝜇2 = population mean of throughput from EPCM 

Equation (4.1) provides 95% confidence interval for the difference between two population 

means (µ1–µ2). The 95% confidence interval for (µ1–µ2) is represented as (LCL, UCL), where 

LCL stands for the lower confidence limit, and UCL stands for the upper confidence limit. This 

confidence interval can be interpreted as follows: 

 If both LCL and UCL are positive numbers then there is enough statistical evidence to 

conclude that throughput from the OM is greater than that from the EPCM. 

 If both LCL and UCL are negative numbers then there is enough statistical evidence to 

conclude that throughput from the EPCM is greater than that from the OM. 
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 If LCL is a negative number and UCL is a positive number then there is not sufficient 

statistical evidence to conclude the difference in throughput between the OM and EPCM. 

For a manufacturing system with variability, the methodology to identify the value of the 

selected resource parameter at which transformation from a LCS to a TS occurs is described in the 

flow chart shown in Figure 4.1. 

 

 
Figure 4.1. Flow chart for detecting transformation from LCS to TS  

for manufacturing system with variability. 
 

4.4.2 Methodology to Detect Transformation from TS to PCS with System Variability 

The manufacturing system in a transition state can be transformed to a production-

constrained state by adequately increasing any of the material-handling system resource 
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parameters such as number, speed, and load-carrying capacity of the material-handling units. This 

methodology is comparable to the one in Section 4.4.1 in which two simulation models are 

developed. The first one is for the manufacturing system under study and is referred to as the OM, 

and the second one is exactly similar to the first one, except that it has additional material-handling 

capacity, is referred to as the enhanced material-handling capacity model (EMCM). Any one of 

the resource parameters of the MHS can be increased to add further capacity to the MHS. Because 

variability is considered, similar to the methodology discussed in the previous section, this 

methodology also incorporates two major modifications into the methodology proposed in Chapter 

3, Section 3.5.2, to detect transformation from a TS to a PCS. The first modification deals with the 

number of replications, and the second modification deals with finding enough statistical evidence 

to conclude the difference in throughput between the OM and EMCM. In order to have enough 

statistical evidence to conclude the difference in throughput between the OM and EMCM, the 

same approach discussed by Mendenhall and Sincich (2006) and described in the previous section 

is used. In the previous section, throughputs from the OM and EPCM were compared, whereas in 

this section, throughputs from the OM and EMCM will be compared. Therefore, in the previously 

described approach, to determine the confidence interval for the difference in throughput means, 

the EPCM is replaced with the EMCM. With all these modifications, the methodology to identify 

the value of the selected resource parameter at which transformation from a TS to a PCS occurs is 

described in the flow chart shown in Figure 4.2. 
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Figure 4.2. Flow chart for detecting transformation from TS to PCS  

for manufacturing system with variability. 
 

4.5 Case Study 

The manufacturing system, resource parameters, and performance parameter considered 

for this case study are the same as those described in Chapter 2, Section 2.5. The only difference 

is the introduction of variability into the manufacturing system by means of processing times for 

all machining centers. Two different levels of variability—low and high—are introduced. Based 

on the literature review, it is relevant to assume a triangular distribution for processing times. The 

details of processing times on all machining centers for both low-variability and high-variability 

cases are provided in Table 4.1 and 4.2, respectively. 
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TABLE 4.1 
 

PROCESSING TIMES ON EACH MACHINING CENTER FOR LOW-VARIABILITY CASE 
 

Part 

Type 

Processing Time (Minimum, Mode, Maximum) 

M1 M2 M3 M4 M5 

1  3.5, 4.5, 5.5 4, 5, 6  4, 5, 6 
2 5, 6, 7  3, 4, 5 3.5, 4.5, 5.5  
3   2, 3, 4 2, 3, 4 5, 6, 7 
4 4, 5, 6 6, 7, 8  3, 4, 5  

 
 

TABLE 4.2 
 

PROCESSING TIMES ON EACH MACHINING CENTER FOR HIGH-VARIABILITY CASE 
 

Part 

Type 

Processing Time (Minimum, Mode, Maximum) 

M1 M2 M3 M4 M5 

1   1.5, 4.5, 7.5 2, 5, 8   2, 5, 8 
2 3, 6, 9   1, 4, 7 1.5, 4.5, 7.5   
3     0, 3, 6 0, 3, 6 3, 6, 9 
4 2, 5, 8 4, 7, 10   1, 4, 7   

 
The DELMIA QUEST simulation package was used to simulate the manufacturing system 

with variability. The different levels of number and load-carrying capacity of the material-handling 

units considered for this case study are the same as those considered in Chapter 2, Section 2.5 

(refer to Table 2.3). Because variability is introduced into the manufacturing system, every time 

the simulation experiment is run for each combination of number and load-carrying capacity of 

MHUs, the simulation experiment results in different throughputs. Therefore, as mentioned 

previously, determining an adequate number of replications is important. Of the many different 

approaches available in books and in the literature, an incremental approach presented by Law and 

Kelton (2000) is used. The mean is used as an unbiased measure of throughput for any combination 

of resource parameters. Thus, for each combination of resource parameters, the simulation 

experiment is run for ten days (with one shift per day), with an adequate number of replications 
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depending on variability level (low or high). For most combinations of resource parameters, the 

steady state is reached in one day. Therefore, the warm-up period is set at two days to ensure the 

manufacturing system has reached the steady state. 

Similar to Chapter 3, the three manufacturing system states are analyzed with respect to 

speed of the MHU in this case study. The objective here is to investigate the effect of variability 

on the manufacturing system states. To satisfy this objective, the speeds at which the 

manufacturing system state transform from logistics-constrained state to transition state and from 

TS to production-constrained state need to be identified for both low-variability and high-

variability cases. For this, methodologies proposed in Sections 4.4.1 and 4.4.2 are used. 

4.5.1 Transformation from LCS to TS 

At the lowest speed of 10 feet/minute, the manufacturing system under consideration is 

known to be in the logistics-constrained state for any combination of number and load-carrying 

capacity of material-handling units (refer to Table 2.3). For this case study, the selected resource 

parameter to be increased is the speed of the MHU. The methodology used to identify the speed at 

which transformation from LCS to transition state occurs, for both low-variability and high-

variability cases, is similar to one described in Sections 4.4.1, and the flow chart with appropriate 

changes is shown in Figure 4.3. 

Using the approach described in the flow chart shown, the speed of MHUs is increased in 

levels of 10 feet/minute. However, the actual transformation might occur between the speed levels 

of MHUs in the last two iterations. Therefore, if the exact speed at which the transformation occurs 

is required to be identified, a binary search tree approach between the levels of the two speeds can 

be used. To explain the proposed methodology, consider the high-variability case, where the 

number of MHUs is two with a single load-carrying capacity. The simulation models for the OM 
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and EPCM are configured with required processing times (Table 4.2 for high variability) as well 

as number and load-carrying capacity of the MHU. Using the incremental approach proposed by 

Law and Kelton (2000), an adequate number of replications for both the OM and EPCM are 

determined at four to five different random speeds, and the maximum among them is used for 

further experimentation. Using this incremental approach, it is found that 20 replications of both 

OM and EPCM are required to obtain statistically reliable results. Starting with the lowest of speed 

of 10 feet/minute, the simulation experiments for OM and EPCM are run with 20 replications each. 

 
 

Figure 4.3. Flow chart to identify speed at which transformation from LCS to TS  
occurs for manufacturing system with variability. 

 
The throughputs from OM and EPCM are compared by determining the confidence interval 

for the difference between throughput means according to the method discussed by Mendenhall 
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and Sincich (2006). It is found that, with a current speed of 10 feet/minute, the throughput from 

the EPCM is not greater than that from the OM (both UCL and LCL are not negative numbers). 

Then, the speed of MHUs are increased to the next level of 20 feet/minute for both the OM and 

EPCM. The simulation experiments for both the OM and EPCM with 20 replications each are run, 

and the throughput means are compared. With a speed of 20 feet/minute it is found that the 

throughput from the EPCM is not greater than that from the OM. Therefore, the speed of the MHUs 

is increased to the next level of 30 feet/minute for both the OM and EPCM, and simulation 

experiments are run, after which the throughput means are compared. With a speed of 30 

feet/minute, it is found that throughput from the EPCM is not greater than that from the OM. 

Therefore, the speed of the MHUs is increased to the next level of 40 feet/minute for both the OM 

and EPCM, and simulation experiments are run, after which the throughput means are compared. 

With a speed of 40 feet/minute, it is found that throughput from the EPCM is greater than that 

from the OM (both UCL and LCL are negative numbers). This indicates that with a speed of 40 

feet/minute, the OM has transformed from a LCS to either a TS or a production-constrained state. 

But the actual transformation might have occurred somewhere between the speed levels of 30 and 

40 feet/minute. To identify the exact speed at which transformation occurs, a binary search tree 

approach between the levels of 30 and 40 feet/minute is used. According to a binary search tree 

approach, the actual transformation occurs at a speed of 35 feet/minute. 

The methodology shown in Figure 4.3 determines the speed range within which the 

material-handling system acts as the dominant bottleneck and leads to an LCS. The same 

methodology is followed for all other combinations of number and the load-carrying capacity of 

MHUs. The speeds at which the current state of the manufacturing system, considered for this case 

study, transforms from LCS to TS for different combinations of number and load-carrying capacity 
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of MHUs, are provided in Table 4.3 for the low-variability case and in Table 4.4 for the high-

variability case. 

TABLE 4.3 
 

SPEEDS AT WHICH TRANSFORMATION FROM LCS TO TS OCCURS 
FOR MANUFACTURING SYSTEM WITH LOW VARIABILITY 

 

Number 

of MHUs 

Load-

Carrying 

Capacity 

Transformation 

Speed (ft/min) 

Number 

of MHUs 

Load-

Carrying 

Capacity 

Transformation 

Speed (ft/min)  

1 1 110 1 4 96 
2 1 50 2 4 46 
3 1 38 3 4 31 
4 1 30 4 4 23 
5 1 24 5 4 18 
1 2 149 1 5 85 
2 2 67 2 5 39 
3 2 45 3 5 27 
4 2 33 4 5 20 
5 2 26 5 5 16 
1 3 116      
2 3 55      
3 3 36      
4 3 28      
5 3 22      

 
 

TABLE 4.4 
 

SPEEDS AT WHICH TRANSFORMATION FROM LCS TO TS OCCURS  
FOR MANUFACTURING SYSTEM WITH HIGH VARIABILITY 

 

Number 

of MHUs 

Load-

Carrying 

Capacity 

Transformation 

Speed (ft/min) 

Number 

of MHUs 

Load-

Carrying 

Capacity 

Transformation 

Speed (ft/min) 

1 1 103 1 4 95 
2 1 35 2 4 46 
3 1 37 3 4 31 
4 1 30 4 4 22 
5 1 24 5 4 18 
1 2 147 1 5 87 
2 2 64 2 5 39 



86 

TABLE 4.4 (continued) 

Number 

of MHUs 

Load-

Carrying 

Capacity 

Transformation 

Speed (ft/min) 

Number 

of MHUs 

Load-

Carrying 

Capacity 

Transformation 

Speed (ft/min) 

3 2 44 3 5 26 
4 2 32 4 5 20 
5 2 27 5 5 16 
1 3 115      
2 3 53      
3 3 36      
4 3 27      
5 3 22      

 

Consider the combination of a single load-carrying capacity with the number of MHUs 

from one to five, for the low-variability case, as shown in Table 4.3. With a single MHU, the 

system transformation from LCS to TS occurs at a speed of 110 feet/minute and with two, three, 

four, and five MHUs, that transformation occurs at speeds of 50, 38, 30, and 24 feet/minute, 

respectively. It can be observed that as the number of MHUs with a single load-carrying capacity 

increases, the speed at which the system transforms from LCS to TS decreases. Similar trends can 

be observed for any other combination of specific load-carrying capacity with a different number 

of MHUs for both low-variability and high variability cases. Now consider the combination of five 

MHUs with load-carrying capacities of one to five, for the high-variability case shown in Table 

4.4. With a single load-carrying capacity, the system transforms from LCS to TS at a speed of 24 

feet/minute, whereas with load-carrying capacities of two, three, four, and five, this transformation 

occurs at the speeds of 27, 22, 18, and 16 feet/minute, respectively. It can be observed that with 

five MHUs, as the load-carrying capacity increases, the speed at which the system transforms from 

LCS to TS decreases. Similar trends can be observed for any other combination of specific number 

of MHU with different load-carrying capacities for both low- variability and high-variability cases. 
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These observations are consistent with the results of the deterministic case discussed in Chapter 3, 

where it was concluded that for any specific load-carrying capacity, as the number of MHU 

increases as well as for any specific number of MHUs, as the load-carrying capacity increases, the 

system exits the LCS at a lower speed. 

4.5.2 Transformation from TS to PCS 

This methodology uses the results obtained in the previous section. At the speeds provided 

in Tables 4.3 and 4.4 for different combinations of speed, number, and load-carrying capacity, the 

manufacturing system with low variability and high variability, respectively, will be in the TS. 

This methodology, which identifies the speed at which transformation from TS to PCS occurs, is 

similar to the one described in Section 4.4.2. The actual methodology is described in the following 

flow chart shown in Figure 4.4. 

 
Figure 4.4. Flow chart to identify speed at which transformation from TS to PCS 

occurs for manufacturing system with variability. 



88 

 
Similar to the methodology discussed in the previous section, for the methodology 

proposed in the above flow chart, the speed of the MHUs is increased in levels of 10 feet/minute. 

However, the actual transformation might occur between the speed levels of the MHUs in the last 

two iterations. Therefore, if the exact speed at which the transformation occurs is required to be 

identified, a binary search tree approach between the levels of the two speeds can be used. To 

explain the proposed methodology described in the flow chart shown in Figure 4.4, consider the 

low-variability case, where the number of MHUs is four with a single load-carrying capacity. The 

simulation models for the OM and EMCM are configured with required processing times (Table 

4.1 for low variability) as well as number and load-carrying capacity of MHUs.  

Using the incremental approach proposed by Law and Kelton (2000), an adequate number 

of replications for both the OM and EMCM are determined at four to five different random speeds, 

and the maximum among them is used for further experimentation. Using this incremental 

approach, it is found that ten replications of both models are required to obtain statistically reliable 

results. Experiments for the OM and EMCM are initiated with the next immediate level from the 

speed, at which the OM transforms from a LCS to a TS for this particular combination of the 

number and load-carrying capacity of MHUs (provided in Table 4.3 and is 30 feet/minute). 

Therefore, starting with a speed of 40 feet/minute, the simulation experiments for the OM and 

EMCM are run with ten replications each.  

Throughput means from the OM and EMCM are compared using the method discussed by 

Mendenhall and Sincich (2006). It is found that, with a speed of 40 feet/minute, throughput from 

the EMCM is greater than that from the OM (both UCL and LCL are negative numbers). Then the 

speed of MHUs is increased to the next level of 50 feet/minute. Simulation experiments for both 

the OM and EMCM are conducted with ten replications each, and throughput means are compared. 



89 

It is found that with a speed of 50 feet/minute, throughput from the EMCM is greater than that 

from the OM. Therefore, the speed of the MHUs is increased to the next level of 60 feet/minute 

for both the OM and EMCM, and simulation experiments are conducted, after which throughput 

means are compared. Again, it is found that throughput from the EMCM is greater than that from 

the OM, with a speed of 60 feet/minute. Therefore, the speed of the MHUs is increased to the next 

level of 70 feet/minute and simulation experiments for both the OM and EMCM are conducted, 

after which throughput means are compared. With a speed of 70 feet/minute, it is found that 

throughput from the EMCM is not greater than that from the OM (both UCL and LCL are not 

negative numbers). This indicates that with a speed of 70 feet/minute the OM has transformed 

from a TS to a PCS. However, the actual transformation might have occurred somewhere between 

the speed levels of 60 and 70 feet/minute. To identify the exact speed at which transformation 

occurs, the binary search tree approach between the levels of 60 and 70 feet/minute is used, and 

the actual transformation occurs at a speed of 64 feet/minute. 

The methodology shown in Figure 4.4 determines the minimum speed, after which only 

the machining center/centers act as the dominant bottlenecks and leads to a PCS. The same 

procedure is followed for all other combinations of number and load-carrying capacity of MHUs. 

The speeds at which the current state of the manufacturing system under consideration transforms 

from TS to PCS for different combinations of number and load-carrying capacity of MHUs, are 

provided in Table 4.5 for the low-variability case and in Table 4.6 for the high-variability case. 
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TABLE 4.5  
 

SPEEDS AT WHICH TRANSFORMATION FROM TS TO PCS OCCURS 
FOR A MANUFACTURING SYSTEM WITH LOW VARIABILITY 

 

Number 

of MHUs 

Load-

Carrying 

Capacity 

Transformation 

Speed (ft/min) 

Number 

of MHUs 

Load-

Carrying 

Capacity 

Transformation 

Speed (ft/min) 

1 1 - 1 4 111 
2 1 150 2 4 50 
3 1 90 3 4 36 
4 1 64 4 4 27 
5 1 51 5 4 21 
1 2 250 1 5 100 
2 2 90 2 5 45 
3 2 59 3 5 32 
4 2 45 4 5 24 
5 2 35 5 5 19 
1 3 158       
2 3 65       
3 3 47       
4 3 32       
5 3 29       

 
 

TABLE 4.6  
 

SPEEDS AT WHICH TRANSFORMATION FROM TS TO PCS OCCURS 
FOR A MANUFACTURING SYSTEM WITH HIGH VARIABILITY 

 

Number 

of MHUs 

Load-

Carrying 

Capacity 

Transformation 

Speed (ft/min) 

Number 

of MHUs 

Load-

Carrying 

Capacity 

Transformation 

Speed (ft/min) 

1 1 - 1 4 112 
2 1 145 2 4 53 
3 1 91 3 4 37 
4 1 64 4 4 26 
5 1 50 5 4 20 
1 2 257 1 5 101 
2 2 94 2 5 47 
3 2 61 3 5 32 
4 2 45 4 5 23 
5 2 36 5 5 20 
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TABLE 4.6 (continued) 

Number 

of MHUs 

Load-

Carrying 

Capacity 

Transformation 

Speed (ft/min) 

Number 

of MHUs 

Load-

Carrying 

Capacity 

Transformation 

Speed (ft/min) 

1 3 162       
2 3 68       
3 3 48       
4 3 33       
5 3 27       

 

Consider the combination of load carrying capacity two with number of MHUs from one 

to five, for low-variability case, as shown in Table 4.5. For this case, with a single MHU, the 

system transformation from TS to PCS occurs at a speed of 250 feet/minute and with two, three, 

four, and five MHUs, transformation occurs at speeds of 90, 59, 45, and 35 feet/minute, 

respectively. It can be seen that as the number of MHUs with load-carrying capacity of two 

increases, the speed at which the system transforms from TS to PCS decreases. Similar trends are 

shown for other combinations of specific load-carrying capacity with a different number of MHUs 

for both low-variability and high-variability cases. Now consider the case of four MHUs with load 

carrying capacities of one to five, for the high-variability case, as shown in Table 4.6. Here, with 

a single load carrying capacity, the system transforms from TS to PCS at a speed of 64 feet/minute, 

whereas with load-carrying capacities of two, three, four, and five, that transformation occurs at 

speeds of 45, 33, 26, and 23 feet/minute, respectively. It can be seen that, with four MHUs, as the 

load-carrying capacity increases, the speed at which the system transforms from TS to PCS 

decreases. Similar trends can be observed for any other combination of specific number of MHUs 

with different load-carrying capacities for both low-variability and high variability cases. These 

observations are consistent with results from the deterministic case discussed in Chapter 3, where 

it was concluded that for any specific load-carrying capacity and for any specific number of MHUs, 
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as the number of MHUs increases and as the load-carrying capacity increases, the system enters 

the PCS at a lower speed. 

4.5.3 Investigating Effects of Variability on Manufacturing System States 

The objective here is to investigate the effect of variability on three states of the 

manufacturing system. Therefore, the graphs revealing three system states distinctly for 

deterministic (discussed in Chapter 3, Section 3.5.3), low-variability, and high-variability cases 

are plotted for each possible combination of number and load-carrying capacity of material-

handling units and are shown in Figure 4.5 to 4.9. 

 
Figure 4.5. Comparison of three system states among deterministic, low variability, 

and high variability cases for MHU 1 to 5 with capacity 1. 
 



93 

 
Figure 4.6. Comparison of three system states among deterministic, low variability, 

and high variability cases for MHU 1 to 5 with capacity 2. 
 
 

 
Figure 4.7. Comparison of three system states among deterministic, low variability, 

and high variability cases for MHU 1 to 5 with capacity 3. 
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Figure 4.8. Comparison of three system states among deterministic, low variability, 

and high variability cases for MHU 1 to 5 with capacity 4. 
 
 

 
Figure 4.9. Comparison of three system states among deterministic, low variability, 

and high variability cases for MHU 1 to 5 with capacity 5. 
 



95 

Comparing the plots within each individual figure reveals the effect of number of MHUs 

for a specific load-carrying capacity, whereas comparing plots across Figures 4.5 to 4.9 for a 

specific number of MHUs reveals the effect of the load-carrying capacity of the MHU on three 

states of the manufacturing system. Consider the case where load-carrying capacity of MHU is 

two, with low variability in the system, as shown in Figure 4.6. Here, with a single MHU (N = 1) 

the range of TS is 101 (system exits the LCS at a speed of 149 feet/minute and enters the PCS at 

a speed of 250 feet/minute, the difference of which is 101), whereas with two, three, four, and five 

MHUs, the range of the TS is 23, 14, 12, and 9, respectively. From this example, it is clearly seen 

that with a load-carrying capacity of two, as the number of MHUs increases, the range of the TS 

decreases. Similar trends can be observed for any other combinations of specific load-carrying 

capacity with a different number of MHUs for any low or high variability into the system. Now 

consider the case where number of MHUs is one with high variability in the system, as shown 

across Figures 4.5 to 4.9. In this case, with a single load-carrying capacity, the range of the TS is 

197, whereas with load-carrying capacities of two, three, four, and five, the range of the TS is 110, 

47, 17, and 14, respectively. From this example it is clearly seen that with a single MHU, as its 

load-carrying capacity increases, the range of its TS decreases. Similar trends can be observed for 

other number of MHUs with different load-carrying capacities for any low or high variability in 

the system. In general it can be stated that irrespective of the variability in the system, as the 

number and load-carrying capacity of MHUs increases, the rage of the TS decreases. 

For investigating effects of the variability, for any combination of number and load-

carrying capacity, the three system states need to be compared among deterministic, low-

variability, and high-variability cases. Consider the case where the load-carrying capacity of the 

MHU is two with a single MHU, as shown in Figure 4.6. In this case, with no variability in the 
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system (deterministic) the range of the TS is 88, whereas with low variability and high variability, 

range of the TS 101 and 110, respectively. With few exceptions, a similar trend can be observed 

for other combinations of number and load-carrying capacity of MHUs. In general, it can be 

concluded that as the variability in the system increases, the range of the TS also increases. 

Consider the case where load-carrying capacity of MHU is two, as shown in Figure 4.6. 

For this case, with a single MHU, the difference between the range of TS for the deterministic case 

and low-variability case is 13 (101 - 88) and that between the low-variability and high-variability 

case is 9 (110 - 101). For the same case, with two, three, four, and five MHUs the difference 

between the range of TS for deterministic and low-variability cases as well as for low-variability 

and high variability cases is shown in Table 4.7. As shown, for any specific load-carrying capacity, 

as the number of MHUs increases, the effect of variability on the range of the TS decreases. 

TABLE 4.7 
 

DIFFERENCE BETWEEN THE RANGES OF TRANSITION STATE 
FOR CONSIDERED VARIABILITY CASES 

 

Number 

of MHUs 

Difference between the range of TS 

For deterministic 

and low variability 

For low and high 

variability 

2 5 7 
3 2 3 
4 2 1 
5 2 0 

 

Consider the case where the number of MHUs is two, as shown across Figures 4.5 to 4.9. 

Here, with load-carrying capacity of one, two, three, four, and five the difference between the 

range of TS for deterministic and low-variability cases as well as for low-variability and high-

variability cases is shown in Table 4.8. It can be seen that for any specific number of MHUs, as 

the load-carrying capacity increases, the effect of variability on the range of the TS decreases. 
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TABLE 4.8 
 

DIFFERENCE BETWEEN RANGES OF TRANSITION STATE 
FOR CONSIDERED VARIABILITY CASES 

 

Capacity 

of MHUs 

Difference between the range of TS 

For deterministic 

and low variability 

For low and high 

variability 

1 6 10 
2 5 7 
3 3 5 
4 1 3 
5 2 2 

 

From the above discussion, in general, it can be concluded that, the effect of variability on 

the range of the TS is dominant for combinations of a lower number and load-carrying capacity of 

MHUs and is less dominant for combinations of higher number and load-carrying capacity of 

MHUs. 

4.6 Conclusion 

In this study, methodologies to detect transformation from one system state to another with 

consideration of variability are proposed. Using these proposed methods for the considered case 

study, the effect of variability on the three system states are investigated by considering two 

different levels of variability: low and high. Finally, results of the low-variability and high-

variability cases are compared with that of the deterministic case discussed in Chapter 3. From this 

comparison, it is concluded that as the variability of the system increases, the transition state 

becomes wider and wider (range increases). As the number and/or load-carrying capacity of the 

MHU increases, the effect of variability on the transition state creases. For a manufacturing system 

consisting a lower number and load-carrying capacity of MHU with high variability, in order to 
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reach a production constrained state, more material-handling capacity needs to added, compared 

to that of the deterministic or low-variability case. 

Fundamentally there are three basic sources of variability: supply, production, and market 

demand. Of these three basic sources of variability, only production is considered in this study. 

Therefore, it can be expected that in real life, the effect of variability on the transition state might 

be much more dominant than observed in this study. In this case, the span of transition state might 

be wider, and will be necessary to add further material handling capacity to reach production-

constrained state, compared to the manufacturing system with lower variability. 
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CHAPTER 5 

EFFECT OF DIFFERENT FAILURE PATTERNS OF MATERIAL-HANDLING 

SYSTEM ON PERFORMANCE OF MANUFACTURING SYSTEM 

 
 

5.1 Abstract 

Material-handling systems have emerged as an essential part of different facilities such as 

manufacturing, assembly, warehouse, port, and healthcare. Numerous papers exploring the 

applications and design factors of material-handling systems are available. However, very few of 

them consider the failure of material-handling units and their effect on the overall performance of 

the manufacturing system. In this study, the performance of a manufacturing system under 

different failure patterns of material-handling units is investigated, and a cost analysis method to 

determine the cost-effective failure pattern and the optimal fleet size is proposed. A simulation 

method is used for evaluating the performance of the manufacturing system under different failure 

patterns of the material-handling units. 

5.2 Introduction 

A manufacturing system transforms raw materials into finished goods through a sequence 

of activities such as inputting raw materials, processing at workstations, transporting semi-finished 

parts between various workstations, inspecting each stage of the process, inspecting the final 

product, and transporting the finished goods to inventory. The material-handling system is an 

integral part of a manufacturing system and is responsible for all transport-related (of raw materials 

as well as finished goods) activities. The MHS facilitates inter connectivity and delivers the right 

amount of material at the right place at the right time in a cost-effective manner (Raman et al. 

2009). According to Tompkins et al. (2010), in a manufacturing environment, the material-

handling activities do not add any value to the final product, but their cost might range anywhere 
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from 15% to 70% of the total production cost. An efficient MHS not only improves the 

effectiveness of a manufacturing system but also lowers the operational cost by reducing the work-

in-process inventory and capital cost by considering the desired the service level. 

From the above discussion, it is evident that in order to have a competitive edge, it is 

necessary to have an efficient MHS that will reduce the cost of material-handling activities and 

improve space utilization, flexibility, production operation, safety, and working conditions. 

Different material-handling equipment available in the market includes conveyors, cranes and 

hoists, industrial trucks, AGVs, and monorails. 

Implementing an MHS requires the consideration of various issues. Le-Anh and De Koster 

(2006) categorized all issues related to the MHS into three different levels of the decision-making 

process: strategic, tactical, and operational. The guide-path design (in the case of an AGV) and 

location of pick-up and drop-off stations can be included at the strategic level because decisions 

regarding these issues will strongly affect decisions regarding other issues. Issues like estimating 

the number, speed, and capacity of material-handling units as well as scheduling MHUs can be 

included at the tactical level. Finally, routing MHUs in a conflict-free manner is included at the 

operational level. Over the past few decades, many researchers have explored issues involved in 

all the above levels; however, most research has focused on issues at the tactical and operational 

levels. For example, Gaskins and Tanchoco (1987), Goetz and Egbelu (1990), Kaspi and Tanchoco 

(1990), Johnson and Brandeau (1993), Al-Sultan and Bozer (1998), Kaspi et al. (2002), Lim et al. 

(2002), and Ko and Egbelu (2003) proposed different methods to generate an optimal 

unidirectional guide path to minimize the total material-handling vehicle travel distance or travel 

time. Very few researchers, such as Egbelu and Tanchoco (1986) and Gaskins et al. (1989), have 



104 

explored the bidirectional guide path for material-handling vehicles, which is not as widely used 

as the unidirectional guide path. 

Many researchers have focused on dispatching, routing, and scheduling of MHUs. 

According to Le-Anh and De Koster (2006), numerous material-handling vehicle dispatching rules 

can be classified into single-attribute, multi-attribute, hierarchical, look-ahead, and preemption. 

Single-attribute dispatching rules dispatch MHUs based on one parameter. For example, Egbelu 

and Tanchoco (1984), Mahadevan and Narendran (1994), Sabuncuoglu (1998), Yamashita (2001), 

Talbot (2003), and De Koster et al. (2004) evaluated different single-attribute dispatching rules 

and investigated their effect on the overall performance of an MHS. Multi-attribute dispatching 

rules dispatch MHUs using more than one parameter. Klein and Kim (1996), Hwang and Kim 

(1998), and Jeong and Randhawa (2001) have proposed several multi-attribute dispatching rules 

and solved dispatching problems using different tools such as the bidding concept, a neural 

network, or simulation. In hierarchical dispatching, the value added for processed parts is taken 

into consideration while making dispatching decisions. Sabuncuoglu and Hommertzheim (1992), 

Yim and Linn (1993), Taghaboni (1997), and Tan and Tang (2001)have proposed different 

dynamic dispatching algorithms based on different logic and shown that the hierarchical 

dispatching rules perform better than simple dispatching rules. A few researchers, like Mantel and 

Landeweerd (1995), Bozer and Yen (1996), and De Koster et al. (2004), have explored dispatching 

rules using the look-ahead period or the preemption rule. At the operational level, routing MHUs 

in a conflict-free manner is very important. Scheduling and routing problems are closely related 

and therefore have been addressed by many researchers concurrently. Scheduling refers to 

deciding when, where, and how an MHU should act to perform an assigned task. Dumas et al. 

(1991), Bilge and Ulusoy (1995), Savelsbergh and Sol (1998), Ulusoy et al. (1997), Yang et al. 
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(2004), Abdelmaguid et al. (2004), Jerald et al. (2006), and Corréa et al. (2007) proposed different 

approaches to solve the MHU scheduling and routing problem. 

Because MHUs are expensive, identifying the required number of MHUs to obtain a 

desired level of performance is important. Many researchers have focused on this important issue 

for the past three decades. Different approaches available in the literature to determine the required 

number of MHUs can be divided into three categories: analytical techniques, simulation 

techniques, and hybrid techniques. According to Kesen and Baykoc (2007), in analytical 

techniques, the manufacturing system is defined as the mathematical model and an attempt is made 

to optimize the parameters of interest. Fitzgerald (1985), Tanchoco et al. (1987), Mahadevan and 

Narendran (1990, 1993), Kasilingam (1991), Sinriech and Tanchoco (1992), Beamon and 

Deshpande (1998), Shen and Kobza (1998), Arifin and Egbelu (2000), Hung and Liu (2001), 

Talbot (2003), Sujono and Lashkari (2007), and Raman et al. (2009) have proposed analytical 

models based on different approaches such as queuing theory, integer programming, regression 

theory, and statistical theory. The simulation technique is widely used by industry today for solving 

different problems related to a manufacturing system. According to Arifin and Egbelu (2000), 

most of the MHU-related research has relied on the simulation technique. Egbelu (1982), Newton 

(1985), Ceric (1990), Mahadevan and Narendran (1993), and Kesen and Baykoc (2007) proposed 

simulation-based methods to determine the required number of MHUs using either coding 

language like FORTRAN or simulation tools like ARENA. By comparing analytical and 

simulation techniques, it can be said that for analytical techniques, many simplifying assumptions 

about a manufacturing system are made, and therefore, the mathematical models fail to reflect real-

world scenarios. By using simulation techniques, the shortcomings of the simplifying assumptions 

can be overcome. Back in the 1970’s and 1980’s, simulation techniques were time consuming 
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because computers were slow and their computational capabilities limited. Because sophisticated 

simulation tools were not available, developers were forced to use programming languages and 

develop complicated simulation codes. Today, with the availability of advanced computers and 

simulation tools, simulation times are reduced considerably, which facilitates accelerated 

simulation testing for real-time decision-making. The hybrid technique combines the simulation 

and analytical techniques whereby, initially, the approximate fleet size is estimated using the 

analytical method, and then the simulation method is used to refine the rough estimate. Since the 

hybrid technique is an effective combination of the other two, it overcomes the drawbacks the 

other techniques that are used independently. Egbelu (1993), Mahadevan and Narendran (1994), 

Kasilingam and Gobal (1996), and Nakano and Ohno (2000) proposed hybrid approaches to 

determine the precise number of required MHUs. 

5.3 Problem Statement 

As mentioned in the literature review, the majority of research related to the material-

handling system has focused on issues such as guide path design, dispatching, scheduling, routing, 

and estimating the number of material-handling units. While doing so, none of the previous 

literature considered failure of the material-handling units in their analysis. It was assumed that 

MHUs have 100% reliability and never fail. However, this is not the case. MHUs often fail as does 

other mechanical equipment, and they must be repaired before they can be brought back to normal 

operating condition. Failure of an MHU affects the performance of the overall manufacturing 

system. Therefore, in this study, an attempt is made to investigate the effects of different failure 

patterns of MHUs on the performance of a manufacturing system as well as on the total cost of the 

MHS. This study can be considered a first step towards developing a strategy for selecting 

appropriate MHUs in manufacturing facilities, when failure patterns are known. 
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5.3.1 Objectives 

The main objectives of this study are as follows: 

 Investigate the effects of different failure patterns on the performance of the manufacturing 

system and based on this investigation determine the optimum number of MHUs required 

for each failure pattern. 

 Perform a cost analysis to identify the most cost effective failure pattern for MHUs and 

determine the required number of MHUs. 

5.4 Methodology 

One of the main objectives of this study is to investigate the effects of different failure 

patterns on the performance of the manufacturing system. The performance of the manufacturing 

system can be measured using different performance measures such as system throughput, work-

in-process inventory level, utilization of machines as well as material-handling units, mean flow 

time of parts, mean tardiness of parts, etc. In this study, system throughput and utilization of 

machines as well as MHUs are used as performance measures. There are different techniques for 

evaluating manufacturing systems. These are based on analytical, algorithmic, and artificial 

intelligence methods. An alternate method is to use simulation. With the availability of advanced 

computers and sophisticated simulation tools, computational speeds are faster, and as a result, 

simulation-based techniques provide a viable alternative. In this research, simulation is used for 

evaluating the performance of the manufacturing system in this study. 

For simulation experiments, parameters such as inter-arrival time, processing times on 

different machines, and speed of MHUs are considered to be deterministic, whereas time between 

failure and time to repair are considered to be probabilistic and follow exponential distribution and 

triangular distribution, respectively. Failure patterns are formulated by varying the mean time 
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between failures and the mean time to repair in chronological order. The different failure patterns 

considered in this study are the following: (a) no failure (NF), (b) low failure frequency with high 

repair time (LFHR), (c) medium failure frequency with medium repair time (MFMR), and (d) high 

failure frequency with low repair time (HFLR). Becasue the objective is to compare the effects of 

different failure patterns on the performance of the manufacturing system, the mean time between 

failures and the mean time to repair for different failure patterns are formulated in such a way that 

the total downtime for each MHU remains the same over the time of the experiment, irrespective 

of the failure pattern. For each failure pattern, simulation experiments are repeated with an 

increasing number of MHUs (by an increment of one for each experiment), and considered 

performance measures are recorded for each experiment. The optimal number of MHUs for each 

failure pattern is determined based on system throughput. The next step is to study the operating 

cost of the MHS considering different failure patterns. The objective here is to identify the most 

cost-effective failure pattern. 

5.4.1 Simulation Experiment Details 

Two case studies are considered for this study. The manufacturing systems for both are 

simulated using the DELMIA QUEST simulation package. At the beginning of the simulation run, 

there are no parts in the system. As the parts enter the system from a source, they are transferred 

to the input buffer and then transported to the respective machining centers according to their 

processing sequence. Once the part is processed at the last machining center, it is transported to 

the sink from where it exits the system. Each machining center consists of one machine as well as 

a drop-off and a pick-up station. Drop-off and pick-up stations are used to store unfinished and 

finished parts, respectively. The queue sizes at these stations are maintained independently with 

infinite capacities. 
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For simulation experiments, tasks (requests to transport part/parts from one location to 

another) are initiated by machining centers. When a task is assigned to a material-handling unit, it 

moves along the minimum distance path. If multiple MHUs are idle when a task is initiated, then 

the closest idle vehicle rule is used to determine the task assignment. If no idle MHU is available 

when a task is initiated, then the task is added to the waiting list and will be assigned to the next 

idle MHU. If multiple tasks have accumulated in the waiting list to be assigned and any single 

MHU becomes free, then the closest-task rule will be used to assign an MHU to the task. This rule 

ensures that the empty travel time for all MHUs is minimized. The parts accumulated at pick-up 

and drop-off stations at each machining center are accessed on a first-come, first-served basis. 

Once the assigned task is completed by an MHU and if there is no any immediate task to be 

completed, the MHU returns to its home position. For both case studies, the MHUs are operated 

at a constant speed of 20 feet/minute. Whenever an MHU fails, it is considered to not obstruct 

functionality of other MHUs in the system. 

For both case studies, all simulation experiments are run for 15 days with one shift (8 hours) 

per day. While simulating a system with any one of its parameters being stochastic, the simulation 

results are influenced by initial bias (Whitt, 1991). The initial bias is avoided by using a warm-up 

period and ignoring the data collected during this time (until the system reaches steady state). For 

both case studies, it was found that the system reached the steady state within the first five days. 

Therefore, for both case studies, the warm up period of five days is used. 

5.4.2 Case Study 1 

The layout of the manufacturing system considered for this case study is shown in Figure 

5.1. There are a total of six machining centers (M1 to M6), each having one machine. A single part 

is processed in the system, and the part visits each machining center in sequential order (M1-M2-
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M3-M4-M5-M6). Guide paths for the material-handling units are unidirectional, and the arrows in 

Figure 5.1 indicate the direction in which the MHU can travel. The inter-arrival time for incoming 

parts is assumed to be deterministic, with a value of 10 minutes. The processing times at all 

machining centers (M1 to M6) are assumed to be deterministic and are 5, 8, 12, 10, 6, and 7 

minutes, respectively. The details regarding the mean time between failures and mean time to 

repair for the different failure patterns considered for this case study are provided in Table 5.1. 

 
Figure 5.1. Layout of manufacturing system for Case Study 1. 

 
TABLE 5.1 

 
MHU FAILURE AND REPAIR DETAILS FOR CASE STUDY 1 

 

Failure 

Pattern 

Mean Time between 

Failure in Minutes 

(Exponential) 

Mean Time to Repair in 

Minutes 

(Triangular) 

Mean Minimum Mode Maximum 

NF 0 0 0 0 
LFHR 400 50 55 60 
MFMR 50 6.25 6.9 7.5 
HFLR 33 4.2 4.6 5 
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5.4.2.1 Results for Case Study 1 

According to Chapter 2, a manufacturing system at any given time will be in either a 

logistics-constrained state, production-constrained state, or a transition state. The system is 

considered to be in an LCS when the material-handling system acts as a dominant bottleneck. As 

a result any increase in the resource parameters of the MHS, such as the number, speed, or load-

carrying capacity of material-handling units, will improve the output performance parameter of 

the manufacturing system. When the system is in an LCS, increasing the resource parameters of 

the production system, such as increasing the number of machines, employing the optimum buffer 

allocation, or implementing the lean manufacturing techniques (e.g., 5S and standardized work), 

will not affect the output performance parameter of the manufacturing system. The system is 

considered to be in a PCS when one or more machines/machining centers act as dominant 

bottlenecks. As a result, increasing resource parameters of only the production system (not the 

MHS) will improve the output performance parameter. The system is considered to be in a 

transition state when both the MHS and production system act as bottlenecks simultaneously. As 

a result, an increase in the resource parameters, either the MHS or the production system, will 

improve the output performance parameter. But the rate at which the output performance 

parameter improves is less compared to that in the LCS and the PCS. 

The simulation experiments are run for each failure pattern with a varying number of 

MHUs from 1 to 11. Throughput for each failure pattern with a different number of MHUs is 

provided in Table 5.2. The maximum obtainable throughput for a manufacturing system under 

consideration is 2,202 units, which is obtained with the NF pattern and with seven MHUs in the 

system. For LFHR and MFMR patterns, the maximum obtainable throughput is 2,201 units, with 

ten MHUs in the system, whereas for the HFLR pattern, this is 2,200 units with nine MHUs in the 
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system. From this observation, it can be stated that for different failure patterns, the number of 

MHUs required to obtain maximum throughput varies. The optimum number of MHUs required 

for any manufacturing system depends on the failure pattern of MHUs being used as explained in 

the paragraphs that follow. 

TABLE 5.2 
 

THROUGHPUT FOR DIFFERENT COMBINATIONS OF FAILURE 
PATTERNS AND NUMBER OF MHUS FOR CASE STUDY 1 

 
Number 

of MHUs 

Throughput 

NF LFHR MFMR HFLR 

1 23 12 13 6 
2 155 100 90 85 
3 433 307 270 256 
4 795 590 521 489 
5 1243 945 819 780 
6 1732 1331 1217 1128 
7 2202 1797 1615 1540 
8 2200 2199 2071 1943 
9 2200 2200 2199 2200 
10 2200 2201 2201 2200 
11 2200 2200 2199 2200 

 

To obtain better understanding of the effect of different failure patterns on the behavior of 

the throughput, the information from Table 5.2 is represented in a graph format as shown in Figure 

5.2.  
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Figure 5.2. Throughput vs. number of MHUs for different failure patterns for Case Study 1. 

 

As shown for the NF pattern, as the number of MHUs increases from one to seven, considerable 

increase in throughput is seen. After seven, even if the number of MHU is increased, no further 

increase in throughput is seen. Similarly, for the LFHR pattern, the considerable increase in 

throughput is observed until eight MHUs, and any further increase in the number of MHUs does 

not increase the throughput considerably, whereas for MFMR and HFLR patterns, considerable 

increase in throughput is observed until nine MHUs. The reason behind this behavior can be 

explained by referencing the logistics-constrained state and the production-constrained state. For 

all considered failure patterns initially with a single MHU, the system is in LCS, where the MHS 

acts as a dominant bottleneck. Therefore, as each additional MHU is added to the system, the 

dominant bottleneck is mitigated and considerable increase in throughput is observed. This 

considerable increase in throughput continues until an adequate number of MHUs is added to the 

system (for NF, LFHR, MHMR and HFLR, this adequate number of MHUs is seven, eight, nine, 

and nine, respectively), after which the system is in a PCS, where the MHS is no longer a dominant 

bottleneck. Therefore, any further increase in the number of MHUs does not lead to a considerable 
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increase in throughput. From Figure 5.2, it can also be seen that the rate of increase in throughput 

with each MHU addition is higher for the NF pattern followed by the LFHR, MFMR, and HFLR 

patterns, respectively. 

To understand the behavior of MHU utilization with respect to different failure patterns, 

the plots of average MHU utilization versus number of MHUs are plotted for each failure pattern 

and are shown in Figure 5.3.  

 
Figure 5.3. Average MHU utilization vs. number of MHUs for different failure patterns 

for Case Study 1. 
 

As shown, for the NF pattern, the average MHU utilization is 100% up to seven MHUs, 

after which it starts declining as further MHUs are added. For the LHFR, MFMR, and HFLR 

patterns, the average MHU utilization is between 85% and 90% up to eight MHUs, after which it 

starts declining as further MHUs are added. There is no visible difference between the plots of 

average MHU utilization versus number of MHUs for the LHFR, MFMR, and HFLR patterns. 

From these observations, it can said that with fewer MHUs in the system, the average utilization 

of the MHU is higher, and with an adequate number of MHUs in the system, this starts declining 
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with each further addition of MHU. The reason behind this behavior can be explained with 

reference to the logistics-constrained state and the production-constrained state. The system with 

fewer MHUs, irrespective of failure pattern, is usually in an LCS, where the MHS acts as a 

dominant bottleneck. Therefore, until an adequate number of MHUs is added to the system, the 

average MHU utilization remains higher. According to Chapter 2, the system in an LCS is usually 

characterized by high utilization of MHUs. The system with an adequately higher number of 

MHUs, irrespective of failure pattern, is usually in PCS, where the MHS no longer acts as a 

dominant bottleneck. Therefore, adding any further MHU to such a system will result in excess 

capacity of the MHS, thus leading to reduced utilization of the MHUs. According to Chapter 2, 

the system in PCS is usually characterized by low utilization of MHUs. 

For this case study, the plots of utilization for each machine versus number of MHUs for 

different failure patterns are shown through Figures 5.4 to 5.9. Consider the case of machine 2 

utilization versus number of MHUs for different failure patterns, as shown in Figure 5.5. For this 

case, with the NF pattern initially, as the number of MHUs increases, the utilization also increases. 

This increase in utilization is observed until the number of MHUs is increased to seven, after which 

there is no further increase in utilization, even with the further addition of MHUs. For the same 

case, with LFHR, MFMR, and HFLR, the increase in throughput is observed until eight, nine, and 

nine MHUs, respectively. Similar trends can be observed for other machines as well. In general, 

from Figures 5.4 to 5.9, it can be concluded that initially with every addition of an MHU, the 

utilization of the machines increases and continues until an adequate number of MHUs are added, 

up to the maximum threshold limit, after which no further increase in utilization, even with the 

further addition of MHUs, is observed. The maximum threshold limit of utilization is different for 

each machine, and for bottleneck machines, this is 100%. For this case study, with an adequately 
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higher number of MHUs in the system, machine 3 (M3) acts as a bottleneck, since this machine is 

utilized 100% (refer to Figure 5.6). The reason behind this behavior again can be explained with 

respect to an LCS and a PCS. Irrespective of the failure pattern, initially with fewer number of 

MHUs, the system is in an LCS, where the MHS is a dominant bottleneck (not the machines). 

Therefore, as the capacity of the MHS is increased (by increasing the number of MHUs), the 

machine utilization increases. According to Chapter 2, one of the characteristics of an LCS is the 

lower utilization of machines. Once the adequate number of MHUs are added to the system, it 

enters a PCS, where one or more machines act as bottlenecks. In a PCS, bottleneck machines are 

utilized 100%, whereas non-bottleneck machines are utilized less than 100%. According to 

Chapter 2, one of the characteristics of a PCS is the higher utilization of bottleneck machines. 

From Figures 5.4 to 5.9, it can be seen that with each addition of an MHU, the rate of increase in 

machine utilization is higher for the NF pattern, followed by LFHR, MHMR, and HFLR patterns, 

respectively. 

 
Figure 5.4. Machine 1 utilization vs. number of MHUs for different failure patterns 

for Case Study 1. 
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Figure 5.5. Machine 2 utilization vs. number of MHUs for different failure patterns 

for Case Study 1. 
 
 

 
Figure 5.6. Machine 3 utilization vs. number of MHUs for different failure patterns 

for Case Study 1. 
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Figure 5.7. Machine 4 utilization vs. number of MHUs for different failure patterns 

for Case Study 1. 
 
 

 
Figure 5.8. Machine 5 utilization vs. number of MHUs for different failure patterns 

for Case Study 1. 
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Figure 5.9. Machine 6 utilization vs. number of MHUs for different failure patterns 

for Case Study 1. 
 

5.4.2.2 Cost Analysis for Case Study 1 

In this section, the total costs of material-handling system for different failure patterns are 

considered and an attempt is made to identify the most cost-effective combination of the failure 

pattern and number of material-handling units. While implementing the MHS, it is very important 

for engineers or decision-makers to select an economically feasible option of the many options 

available. In order to achieve this, engineers or decision-makers need to consider factors like 

equipment cost, expected downtime, labor cost for repair, and cost of spares to be replaced. For 

this cost analysis, the NF pattern is not considered, because, as in real life, it is not feasible to have 

100% reliable MHUs. In this analysis, the initial equipment cost, labor cost for repair, and cost of 

replaced spares are considered. These cost factors for MHUs following LHFR, MFMR, and HFLR 

patterns are assumed and are provided in Table 5.3. 
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TABLE 5.3 
 

CONSIDERED COSTS FOR DIFFERENT FAILURE PATTERNS FOR CASE STUDY 1 
 

MHU Failure 

Pattern 

Equipment 

Cost ($) 

Labor Cost 

($/Hour) 

Spares 

Cost ($) 

LFHR 35000 80 100 
MFMR 25000 60 90 
HFLR 15000 50 80 

 

The total cost of the MHS is calculated by summing up the initial equipment cost and repair 

cost, which is explained in equation (5.1). 

𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡 = (𝐸𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝐶𝑜𝑠𝑡 × 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑀𝐻𝑈𝑠) + (𝐿𝑎𝑏𝑜𝑟 𝐶𝑜𝑠𝑡 × 𝑅𝑒𝑝𝑎𝑖𝑟 𝑇𝑖𝑚𝑒) 
+(𝑆𝑝𝑎𝑟𝑒𝑠 𝐶𝑜𝑠𝑡 × 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑅𝑒𝑝𝑎𝑖𝑟𝑠)     (5.1) 
 

The repair times and number of repairs to be used in equation (5.1) are known from simulation 

results and are provided in Table 5.4. The total cost of the MHS and respective throughput for 

different combinations of number and failure patterns of MHUs are provided in Table 5.5. 

TABLE 5.4 
 

REPAIR TIMES AND NUMBER OF REPAIRS FOR DIFFERENT  
FAILURE PATTERNS FOR CASE STUDY 1 

 

Number 

of MHU 

LFHR MFMR HFLR 

Repair 

Time 

(Hour) 

Number of 

Repairs 

Repair 

Time 

(Hour) 

Number of 

Repairs 

Repair 

Time 

(Hour) 

Number of 

Repairs 

1 49.33 54 49.15 429 50.32 657 
2 102.14 111 101.88 888 102.17 1,333 
3 150.34 164 154.80 1348 156.82 2,044 
4 202.16 221 207.57 1807 212.18 2,765 
5 249.33 272 260.79 2271 266.43 3,473 
6 307.96 336 317.15 2762 323.06 4,212 
7 343.87 376 371.22 3234 376.63 4,909 
8 395.56 432 427.07 3721 433.28 5,651 
9 448.80 491 479.90 4181 487.73 6,359 
10 495.28 542 533.40 4648 542.52 7,073 
11 560.94 614 587.78 5122 594.00 7,743 
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TABLE 5.5 
 

TOTAL COST AND THROUGHPUT FOR CASE STUDY 1 
 

Number 

of MHU 

LFHR MFMR HFLR 

Cost ($) Throughput Cost ($) Throughput Cost ($) Throughput 

1 44,346.40 12 66,559.00 13 70,076.00 6 
2 89,271.20 100 136,032.80 90 141,748.50 85 
3 133,427.20 307 205,608.00 270 216,361.00 256 
4 178,272.80 590 275,084.20 521 291,809.00 489 
5 222,146.40 945 345,037.40 819 366,161.50 780 
6 268,236.80 1,331 417,609.00 1,217 443,113.00 1,128 
7 310,109.60 1,797 488,333.20 1,615 516,551.50 1,540 
8 354,844.80 2,199 560,514.20 2,071 593,744.00 1,943 
9 400,004.00 2,200 630,084.00 2,199 668,106.50 2,200 
10 443,822.40 2,201 700,324.00 2,201 742,966.00 2,200 
11 491,275.20 2,200 771,246.80 2,199 814,140.00 2,200 

 

The maximum throughput for the system under consideration is 2201, 2201, and 2200 units 

for LFHR, MFMR, and HFLR patterns, respectively. From Table 5.5, consider the LHFR pattern, 

for which the maximum throughput of 2,201 units is obtained with ten MHUs and the associated 

total cost of the MHS is $443,822.40. For the same pattern with nine MHUs, throughput is 2,200 

units (one unit less than that with ten MHUs), and the associated total cost of the MHS is 

$400,004.00. In this case, by sacrificing one unit of throughput (using nine MHUs instead of ten), 

a savings of $43,818.40 in MHS cost can be obtained. Now, from Table 5.5 consider the MFMR 

pattern, for which the maximum throughput of 2,201 units is obtained with ten MHUs and the 

associated total cost of the MHS is $700,324.00. For the same pattern with nine MHUs, the 

throughput is 2,199 units (two units less than that with ten MHUs), and the associated total cost of 

the MHS is $630,084.00. In this case, by sacrificing two units of throughput (using nine MHUs 

instead of ten), a saving of $70,240 can be obtained. Thus, in general, it can be said that, for each 
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failure pattern, the total cost of the MHS associated with maximum throughput is considerably 

higher compared to that with one less number of MHUs for a respective failure pattern with no 

considerable gain in throughput. Table 5.5 does not provide any decisive information to select a 

combination of the number and failure pattern of MHUs, which is economically viable. In order 

to overcome this problem, it was decided to use cost per throughput as the selection criteria. The 

cost per throughput for different combinations of the number and failure patterns is provided in 

Table 5.6. 

TABLE 5.6 
 

COST PER THROUGHPUT FOR CASE STUDY 1 
 

Number 

of MHU 

LFHR MFMR HFLR 

Throughput 

Cost per 

Throughput 

($) 

Throughput 

Cost per 

Throughput 

($) 

Throughput 

Cost per 

Throughput 

($) 

1 12 3,695.55 13 5,119.93 6 11,679.35 
2 100 892.72 90 1,511.48 85 1,667.63 
3 307 434.62 270 761.51 256 845.16 
4 590 302.16 521 527.99 489 596.75 
5 945 235.08 819 421.29 780 469.44 
6 1,331 201.53 1,217 343.15 1,128 392.83 
7 1,797 172.57 1,615 302.37 1,540 335.42 
8 2,199 161.37 2,071 270.65 1,943 305.58 
9 2,200 181.82 2,199 286.53 2,200 303.68 

10 2,201 201.65 2,201 318.18 2,200 337.71 
11 2,200 223.31 2,199 350.73 2,200 370.06 

 

From Table 5.6, it can be seen that for each failure pattern, as MHUs are added to a system, 

the cost per throughput decreases, which continues up to a particular number of MHUs, after which 

the cost per throughput starts increasing again. This is because in the initial phase, as each MHU 

is added to the system, the additional cost of MHS is compensated by the considerable increase in 

throughput. Until a considerable increase in throughput for each additional MHU is obtained, the 
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cost per throughput decreases. With an adequately high number of MHUs in the system, the rate 

of increase in throughput with each further addition of an MHU is reduced, and therefore, the 

increase in cost of the MHS is no longer compensated by the increase in throughput. Thus, for 

each manufacturing system there is an optimal number of MHUs beyond which, the cost per 

throughput with each addition of MHU increases. The minimum cost per throughput for LFHR, 

MFMR, and HFLR patterns are $161.37, $270.65, and $303.68, respectively. For this case study, 

the most cost-effective failure pattern is LFHR, for which the least cost per throughput is obtained 

with eight MHUs, and the corresponding throughput is 2,199. 

5.4.3 Case Study 2 

The layout of the manufacturing system considered for this case study is shown in Figure 

5.10. There are a total of five machining centers (M1 to M5) with one machine each. 

 
Figure 5.10. Layout of manufacturing system for Case Study 2. 
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A single part is processed in the system and the part visits each machining center in sequential 

order (M1-M2-M3-M4-M5). Guide paths for the MHUs are unidirectional and the arrows in Figure 

5.10 indicate the direction in which the MHU can travel. The inter-arrival time for incoming parts 

is assumed to be constant with at 18 minutes. The processing times at all machining centers (M1 

to M5) are assumed to be deterministic and are 20, 16, 26, 18, and 22 minutes, respectively. The 

details about mean time between failure and mean time to repair for different failure patterns 

considered in this study are provided in Table 5.7. 

TABLE 5.7 
 

MHU FAILURE AND REPAIR DETAILS FOR CASE STUDY 2 
 

Failure 

Pattern 

Mean Time between 

Failure in Minutes 

(Exponential) 

Mean Time to Repair in Minutes 

(Triangular) 

Mean Minimum Mode Maximum 

NF 0 0 0 0 
LFHR 1000 150 160 170 
MFMR 166.7 25 26.7 28.3 
HFLR 62.5 9.4 10 10.6 

 

5.4.3.1 Results for Case Study 2 

The simulation experiments are run for each failure pattern with a varying number of 

MHUs from one to nine (because throughput does not increase further with the addition of MHUs 

for all failure patterns). Throughput for each failure pattern with a different number of MHUs is 

provided in Table 5.8. The maximum throughput obtained for NF pattern is 1,016 units with seven 

MHUs in the system. For LFHR, MFMR and HFLR patterns, the maximum obtained throughput 

is 1,018 units with six MHUs, 1,015 units with seven MHUs, and 1,017 units with eight MHUs, 

respectively. From this observation, it can be stated that for different failure patterns, the number 

of MHUs required to obtain maximum throughput varies. The optimum number of MHUs required 
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for any manufacturing system would depend on the failure pattern of MHUs being used, as 

explained in the paragraphs that follow. 

TABLE 5.8 
 

THROUGHPUT FOR DIFFERENT COMBINATIONS OF FAILURE  
PATTERNS AND NUMBER OF MHUS FOR CASE STUDY 2 

 

Number 

of MHUs 

Throughput 

NF LFHR MFMR HFLR 

1 25 10 13 14 
2 210 138 124 114 
3 470 354 335 304 
4 790 636 606 554 
5 1016 910 894 824 
6 1016 1018 1013 1015 
7 1016 1016 1015 1016 
8 1016 1015 1014 1017 
9 1016 1015 1015 1016 

 

To obtain a better understanding of the effect of different failure patterns on the behavior 

of throughput, the information from Table 5.8 is represented in a graph in Figure 5.11. 

 
Figure 5.11. Throughput vs. number of MHUs for different failure patterns for Case Study 2. 
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Figure 5.11 considers the NF pattern, for which as the number of MHUs increases from one to 

five, considerable increase in throughput is seen. After five MHUs, even if the number is increased, 

no further increase in throughput is seen. Similarly, for LFHR, MFMR, and HFLR patterns, 

considerable increase in throughput is observed until six MHUs each. From Figure 5.11 it can also 

be seen that the rate of increase in throughput with each addition of an MHU is higher for the NF 

pattern followed by LFHR, MFMR, and HFLR patterns, respectively. 

To understand the behavior of MHU utilization with respect to different failure patterns, 

the plots of average MHU utilization versus number of MHUs are plotted for each failure pattern 

and shown in Figure 5.12. 

 
Figure 5.12. Average MHU utilization vs. number of MHUs for different failure patterns 

for Case Study 2. 
 
As can be seen, for the NF pattern, the average MHU utilization is 100% up to five MHUs, after 

which this starts declining as further MHUs are added. For LHFR, MFMR, and HFLR patterns, 

the average MHU utilization is between 85% and 90% up to five MHUs, after which this starts 

declining as further MHUs are added. There is no visible difference between the plots of average 

MHU utilization versus number of MHUs for LHFR, MFMR, and HFLR patterns. From these 
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observations, it can be said that, similar to Case Study 1, with fewer MHUs in the system, the 

average utilization of the MHU is higher, and with an adequate number of MHUs in the system, 

this starts declining with each further addition of an MHU. The reason behind this behavior is 

explained in the results section for Case Study 1, discussed in the previous section. 

For Case Study 2, the plots of utilization for each machine versus number of MHUs for 

different failure patterns are shown in Figures 5.13 to 5.17. Consider the case of machine 3 

utilization versus the number of MHUs for different failure patterns, as shown in Figure 5.15. For 

this case, with the NF pattern initially, as the number of MHUs increases, the utilization also 

increases. This increase in utilization is observed until the number of MHUs is five, after which 

there is no further increase in the utilization, even with the further addition of MHUs. For the same 

case, with LFHR, MFMR, and HFLR patterns, an increase in throughput is observed until six 

MHUs each. Similar trends can be observed for other machines as well. In general, from Figures 

5.13 to 5.17, it can be concluded that initially with every addition of an MHU, the utilization of 

machines increases. This increase in utilization continues until an adequate number of MHUs are 

added to the system, up to the maximum threshold limit (this can be different for each machine), 

after which there is no further increase in utilization, even with the further addition of MHUs. The 

maximum threshold limit of utilization is different for each machine, and for bottleneck machines, 

this is 100%. For this case study, with an adequately higher number of MHUs in the system, 

machines 1 (M1) and 3 (M3) act as a bottlenecks, because they are utilized 100% (refer to Figures 

5.13 and 5.15). The reason behind this behavior is explained in the discussion of the results for 

Case Study 1. From Figures 5.13 to 5.17, it can be observed that with each addition of an MHU, 

the rate of increase in machine utilization is higher for the NF pattern followed by LFHR, MHMR, 

and HFLR patterns, respectively, even for this case study. 
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Figure 5.13. Machine 1 utilization vs. number of MHUs for different failure patterns 

for Case Study 2. 
 

 
Figure 5.14. Machine 2 utilization vs. number of MHUs for different failure patterns 

for Case Study 2. 
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Figure 5.15. Machine 3 utilization vs. number of MHUs for different failure patterns 

for Case Study 2. 
 

 
Figure 5.16. Machine 4 utilization vs. number of MHUs for different failure patterns 

for Case Study 2. 
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Figure 5.17. Machine 5 utilization vs. number of MHUs for different failure patterns 

for Case Study 2. 
 

5.4.3.2 Cost Analysis for Case Study 2 

For this case study, the total cost of the material-handling system for different failure 

patterns is considered in this section, and an attempt is made to identify the most cost-effective 

combination of failure pattern and number of material-handling units. While implementing the 

MHS, it is very important for engineers or decision-makers to select an economically feasible 

option out of the many options available. Similar to Case Study 1, the NF pattern is not considered 

for this cost analysis, because it is not feasible to have 100% uptime for MHUs. The same cost 

factors with the same values (shown in Table 5.3) as considered for Case Study 1 are used in this 

analysis. 

The total cost of the MHS is calculated by summing up the initial equipment and repair 

costs, using equation (5.1) provided previously. The repair times and number of repairs for Case 

Study 2 are known from the simulation results and are provided in Table 5.9. The total cost of the 

MHS and the respective throughput for different combinations of number and failure patterns of 

MHUs, for the case study under consideration, are provided in Table 5.10. 
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TABLE 5.9 
 

REPAIR TIMES AND NUMBER OF REPAIRS FOR DIFFERENT FAILURE PATTERNS 
FOR CASE STUDY 2 

 

Number 

of MHUs 

LFHR MFMR HFLR 

Repair 

Time 

(Hour) 

Number 

of Repairs 

Repair 

Time 

(Hour) 

Number 

of Repairs 

Repair 

Time 

(Hour) 

Number 

of Repairs 

1 61.45 23 54.12 122 58.75 352 
2 112.14 42 119.94 270 118.91 715 
3 176.98 66 175.61 395 178.28 1,070 
4 238.46 89 235.62 529 230.94 1,387 
5 320.31 119 301.00 680 293.22 1,761 
6 368.34 137 374.69 844 358.76 2,153 
7 426.59 159 421.28 947 421.55 2,530 
8 477.59 178 497.67 1,119 475.51 2,854 
9 531.23 198 547.92 1,231 535.64 3,214 

 
 

TABLE 5.10 
 

TOTAL COST AND THROUGHPUT FOR CASE STUDY 2 
 

Number 

of MHUs 

LFHR MFMR HFLR 

Cost ($) Throughput Cost ($) Throughput Cost ($) Throughput 

1 42,216.00 10 39,227.20 13 46,097.50 14 
2 83,171.20 138 81,496.40 124 93,145.50 114 
3 125,758.40 354 121,086.60 335 139,514.00 304 
4 167,976.80 636 161,747.20 606 182,507.00 554 
5 212,524.80 910 204,260.00 894 230,541.00 824 
6 253,167.20 1,018 248,441.40 1,013 280,178.00 1,015 
7 295,027.20 1,016 285,506.80 1,015 328,477.50 1,016 
8 336,007.20 1,015 330,570.20 1,014 372,095.50 1,017 
9 377,298.40 1,015 368,665.20 1,015 418,902.00 1,016 

 

The maximum throughputs for a system in Case Study 2 are 1018, 1015, and 1017 units 

for LFHR, MFMR, and HFLR patterns, respectively. From Table 5.10, consider the MFMR 

pattern, for which a maximum throughput of 1,015 units is obtained with seven MHUs, and the 
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associated total cost of the MHS is $285,506.80. For the same pattern with six MHUs, throughput 

is 1,013 units (two units less than that with seven MHUs), and the associated total cost of the MHS 

is $248,441.40. In this case, by sacrificing two units of throughput (by using six MHUs instead of 

seven), a savings of $37,065.40 for the MHS cost can be obtained. From Table 5.10, consider the 

HFLR pattern, for which the maximum throughput of 1,017 units is obtained with eight MHUs, 

and the associated total cost of the MHS is $372,095.50. For the same pattern with seven MHUs, 

throughput is 1,016 units (one unit less than that with eight MHUs), and the associated total cost 

of the MHS is $328,477.50. In this case, by sacrificing one unit of throughput (by using seven 

MHUs instead of eight), a savings of $43,618 can be obtained. Again, for the same pattern with 

six MHUs, throughput is 1,015 units (two units less than that with eight MHUs), and the associated 

total cost of the MHS is $280,178.00. In this case, by sacrificing two units of throughput (by using 

six MHUs instead of eight), a savings of $91,917.50 can be obtained. Thus, in general, it can be 

said that for each failure pattern, the total costs of MHSs associated with maximum throughput are 

considerably higher compared to those with one or two less number of MHUs for respective failure 

pattern with no considerable gain in throughput. Table 5.10 does not provide any decisive 

information to select a combination of the number and failure pattern for MHUs that is 

economically viable. In order to overcome this problem, it was decided to use cost per throughput 

as the selection criteria. The cost per throughput for different combinations of the number and the 

failure patterns for this Case Study 2 are provided in Table 5.11. 
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TABLE 5.11 
 

COST PER THROUGHPUT FOR CASE STUDY 2 
 

 

From Table 5.11, it can be seen that for each failure pattern, as MHUs are added to a 

system, the cost per throughput decreases, which continues up to a particular number of MHUs, 

after which the cost per throughput starts increasing again. The reason behind this trend is 

explained in the results section of Case Study 1. The minimum cost per throughput for LFHR, 

MFMR, and HFLR patterns is $233.54, $228.48, and $276.04, respectively. For Case Study 2, the 

most cost-effective failure pattern is LFHR, for which the least cost per throughput is obtained 

with eight MHUs, and the corresponding throughput is 894. 

5.5 Conclusion 

In this paper, different failure patterns for MHUs, such as NF, LFHR, MFMR, and HFLR, 

are considered, and their effects on overall performance of the manufacturing system are 

investigated. The failure patterns, LFHR, MFMR, and HFLR, for which failure of the MHU is 

considered, are comparable because they are defined in a way that with an adequately longer 

simulation run, the total down time of MHUs will be the same. Two case studies are performed to 

Number  

of MHU 

LFHR MFMR HFLR 

Throughput 

Cost per 

Throughput 

($) 

Throughput 

Cost per 

Throughput 

($) 

Throughput 

Cost per 

Throughput 

($) 

1 10 4,221.57 13 3,017.47 14 3,292.69 
2 138 602.69 124 657.23 114 817.07 
3 354 355.25 335 361.45 304 458.93 
4 636 264.11 606 266.91 554 329.43 
5 910 233.54 894 228.48 824 279.78 
6 1,018 248.69 1,013 245.25 1,015 276.04 
7 1,016 290.38 1,015 281.29 1,016 323.30 
8 1,015 331.04 1,014 326.01 1,017 365.88 
9 1,015 371.72 1,015 363.22 1,016 412.31 
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substantiate the findings. For both case studies, the performance of the manufacturing system is 

best with the NF pattern, which is expected because it assumes 100% reliable MHUs. But apart 

from the NF pattern, the performance of the manufacturing system is comparatively better with 

the LFHR pattern because the rate of increase in throughput and machine utilization with each 

addition of the MHU is higher, and the threshold limit for throughput is achieved with fewer 

MHUs. The better performance of the LFHR pattern over the MFMR and HFLR patterns is 

evidently visible with Case Study 1 than with Case Study 2. Thus, it can be said that the effect of 

failure patterns on the performance of the manufacturing system mainly depends on the 

characteristics of failure patterns such as mean time between failure and mean time to repair. 

A cost analysis method is also presented to identify the most cost-effective combination of 

the failure pattern and number of MHUs. Managers or decision-makers often face a difficult task 

of choosing the right MHS from different competitive options available. Considering that the 

failure patterns for available competitive options of an MHS are known, the presented cost analysis 

method helps managers or decision-makers choose the most cost-effective option and number of 

MHUs for the selected option. In general, it can be said that this cost analysis method will help 

organizations develop a buying strategy for an MHS because it helps to choose between highly 

reliable MHUs and less reliable MHUs. The highly reliable MHU is expected to be expensive and 

fail less frequently, but might take longer time to repair whenever it fails (because of the 

sophisticated design and need for expert mechanics), whereas the less reliable MHU is expected 

to be inexpensive and fail more frequently, but might take less time to repair whenever it fails 

(because of the comparatively less-sophisticated design on which local mechanics might be able 

to work). 
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORKS 

 
 

6.1 Conclusions 

In this chapter the important findings of this dissertation are summarized and possible 

future works are discussed. The theory for classifying and defining manufacturing system states is 

proposed in Chapter 2. This theory integrates two important components of the manufacturing 

system—production system and material-handling system, and classifies current state of the 

manufacturing system into logistics-constrained state, transition state, production-constrained 

state, and market-constrained state. Characteristics of each of these states are discussed and as the 

market-constrained state is easy to identify it was decided not considered it in further analysis. The 

concept of logistics-constrained, transition, and production-constrained states are explained with 

help of ideal-case graphs of performance parameter versus any resource parameters of production 

and material-handling system.  The behavior of the proposed states is analyzed with the help of a 

case study. 

As an extension to the classification of the manufacturing system states, a methodology to 

identify current state of the manufacturing system is proposed. This methodology helps to focus 

on the right component of the manufacturing system, leading to effective decisions for improving 

productivity. This methodology also helps in verifying if the manufacturing system is operating in 

a desired state whenever changes such as, addition of new product to the system, removal of 

obsolete product from the system, replacement of existing machines with better ones or alteration 

of processing sequence and control strategies are made. The possible actions to be taken to improve 

productivity of the overall system, once the current state of the manufacturing system is identified 

have been detailed as well.  The graphs of performance parameter versus any resource parameter 
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(discussed in Chapter 2) were not able to differentiate between the three system states and 

therefore, it was unable to analyze the behavior of three system states. This problem was overcome 

by the methods, to detect transformation from logistics-constrained state to transition state and 

from transition state to production-constrained state, proposed in Chapter 3. These methods can 

help in planning a move from the current state of the manufacturing system to the desired state and 

by verifying if the manufacturing system is operating in the desired state. The methods to detect 

transformation from logistics-constrained state to transition state and from transition state to 

production-constrained state are demonstrated using case study in which, the effects of the number 

of material-handling units and their load-carrying capacities on the three proposed states are 

investigated. It was found that for combinations of lower number and lower load-carrying 

capacities of material-handling units, the range of transition state is wide and the system enters 

production-constrained state at higher speed. But, as the number or load-carrying capacity of 

material-handling unit increases the system migrates from transition state to the production-

constrained state at comparatively lower speed. 

The manufacturing systems considered during analysis in Chapter 3 were deterministic in 

nature. Whereas, in real life manufacturing systems are rarely deterministic as some variability is 

always associated with it through different sources. Therefore, the methods to detect 

transformation from one state to another proposed in Chapter3 may not be applicable when 

variability is present. To overcome this shortcoming, methods to detect transformation from 

logistics-constrained state to transition state and from transition state to production-constrained 

state, considering variability, are developed in Chapter 4.  To investigate the effects of variability 

on the three states two different levels of variability—low and high—are considered. From results 

it is concluded that, in general as the variability increases the range of the transition state increases 



142 

and the effect of variability on the transition state is more dominant in a system with lower number 

and lower load-carrying capacities of material-handling units. 

In Chapter 5, different failure patterns for material-handling units are considered and their 

effects on the manufacturing system performance are investigated with the help of case studies. 

The different failure patterns considered in this study were no failure, low failure frequency with 

high repair time, medium failure frequency with medium repair time, high failure frequency with 

low repair time. It was found that performance of the manufacturing system is best with no-failure 

pattern because it assumes 100% reliable MHUs. Apart from no-failure pattern, the performance 

of the manufacturing system is better with low-failure-frequency-with-High-Repair pattern 

compared with Medium-Frequency-Medium-Repair time and High-failure-Frequency-Low-

Repair-time patterns. In Chapter 5, cost analysis method which helps in the most cost effective 

solutions are also developed. This method helps in identifying the most cost-effective failure 

pattern, and associated required number of MHUs. This method is useful in choosing the 

appropriate material-handling system from multiple competitive options available, assuming that 

the failure patterns for multiple MHS options are known. 

6.2 Future Works 

In Chapters 3 and 4, the three proposed states are analyzed with respect to the speed of 

material-handling units, considering deterministic and variable processing times, respectively. 

While doing so, infinite buffer capacities are assumed. Buffers in manufacturing system acts as 

cushion against occurrence of system starving, blocking, and deadlock by storing finished or 

unfished parts. Therefore, it is important for manufacturing system to have buffers. But they 

consume space which in turn requires money. If buffer capacity is too small it will lead to the 

starvation of machining centers on the other hand if it is too large it will lead to the consumption 
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of considerable amount of space and money. It would be interesting topic to investigate the effect 

of finite buffer capacities on the three proposed states, and in addition the methods to identify the 

optimum buffer capacity considering three states. 

Chapter 5 of this dissertation is devoted to investigate the effects of different failure 

patterns for material-handling units on overall performance of the manufacturing system. The case 

studies considered for this investigation were assumed to be deterministic in nature and have 

infinite buffer capacities. This is rarely true in reality as most of the manufacturing systems have 

variability associated with it, and finite buffer capacities. Most of the work models and solution 

methodologies could be considered under finite buffer capacity. The study in Chapter 5 considers 

different failure patterns only of MHUs and not for machines. It would be interesting topic to 

consider different failure patterns for both MHUs and machines and investigate the effect of their 

possible combinations on overall performance of the manufacturing system. This would especially 

true when a mix of bottle-neck and non-bottleneck machines have variability.  Many researchers 

in the field of manufacturing have explored different scheduling rules for both machines as well 

as material-handling units. Scheduling rules are usually used for prioritizing jobs on either 

machines or material-handling units. Researchers have suggested effective scheduling rules for 

different type of manufacturing systems. While investigating effectiveness of scheduling rules for 

different type of manufacturing systems none of the studies have considered failure of either 

machines or material-handling units.  The impact of effectiveness of scheduling rules under these 

conditions of variability and finite buffer and its impact on the manufacturing states needs to be 

investigated considering different failure patterns for both machines and material-handling units. 


