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(ABSTRACT) 

A Flexible Manufacturing System (FMS) is an integrated system consisting of several 

automated work centers interconnected by an automated material handling system. An 

integrated scheduling methodology is required to schedule all FMS sub-systems. The overall 

objective of this research was to develop a scheduling methodology to integrate job sequencing 

and Automatic Guided Vehicle System dispatching within a FMS environment. 

To develop the new scheduling methodology, the currently used AGVS controller decision 

set was examined and expanded. The expanded decision set gives the AGVS controller more 

options to choose from when scheduling the AGVS. 

The developed integrated scheduling methodology contains four steps. The first step 

determines which job is to be processed next by each work center based on job sequencing 

heuristics. The second step determines which work center is to be serviced next by the AGVS 

based on the estimated time till the work center is forced to stop production. The third step 

determines which specific job is to be serviced next by the AGVS by combining the work 

centers’ processing orders and the work center servicing priorities. The fourth step decides 

which AGV is to transport the job requiring immediate service.



Based on the preliminary study of a fictitious FMS, the new scheduling methodology 

showed a statistically significant increase in total job throughput, and a significant decrease in 

average flow time. Work center utilization also increased. A slight increase in unloaded AGV 

travel time was found, but was outweighed by the other benefits.
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CHAPTER | 

INTRODUCTION 

1.1. INTRODUCTION 

Since the 1950s, there have been two major factors influencing the methodologies of 

the manufacturing world. The first major factor is the increasing competitive international 

market. Since World War Il, the world’s industrial nations have continued to increase their 

industrial strength. In addition, the smaller third world countries have also started to develop a 

growing industrialized sector. These, along with many other factors, have created saturated 

markets with tough competition. 

In the past, companies could easily sell their goods to a less demanding market. 

Today, companies have been forced to meet their customers’ demands to remain competitive. 

To meet the customers’ needs, companies have shortened order lead times, offered higher 

quality products and services, and are implementing design changes faster [Bullinger et al. 

1985]. The heavy international competition has caused product life cycles to be permanently 

shortened [Hintz, 321]. A company in today’s market must be flexible in order to quickly 

change and accommodate shorter product life cycles. Companies now desire manufacturing 

facilities that can quickly be modified to meet rapidly changing customer demands [Turner et al, 

1987]. 

The second major influencing factor has been the rapid development and growth of the 

electronics industry. The computer is now being used in almost every facet of the 

manufacturing process. Advances in automation have made robots and CNC machines more 

powerful and common, and as progress continues, automated machines are becoming more 
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and more flexible. The result has been robots and CNC machines working together to process 

a wide variety of parts with little or no human intervention. Computers are used to control 

these automated work centers, acting as a coordinator between the robots and the CNC 

machines. These work centers can be interconnected by a central computer acting as a facility 

controller. The entire manufacturing line can be totally controlled by computers. The central 

computer is responsible for the scheduling decisions of all machines with in its domain. 

The combined effect of international competition and the advances in computer 

automation technology has brought about one of the many by-products of this new 

environment, the Flexible Manufacturing System (FMS). 

1.2 FLEXIBLE MANUFACTURING SYSTEMS 

To compete in today’s market, many companies have heavily invested in automated 

equipment to create a more efficient manufacturing environment. As pieces of automated 

equipment are purchased and installed, islands of automated work centers are created. The 

next logical step is to integrate the individual automated work centers with various automated 

material handling systems. These integrated systems offer greater control and flexibility, and 

are known as Flexible Manufacturing Systems (FMSs). 

A FMS simply consists of several automated work stations (e.g., CNC machines, 

automated work cells, etc.) that are interconnected by an automated material handling system 

(e.g., conveyors, Automatic Guided Vehicles (AGVs), robots, etc.). A central computer monitors 

and directs the overall operations of the entire system [Groover et al. 1986]. FMSs have taken 

their place between fixed automation, which is designed for high volume products, and job 

shops, which are designed to make small quantities of very different products. The FMS is well 
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suited for industries with medium production runs and a fairly large but closely related family of 

products [Raman et al. 1986]. 

1.2.1. FMS Efficiency and Effectiveness 

Efficiency and effectiveness in a FMS are hard to accurately measure. First, the 

meaning of the terms efficiency and effectiveness must be defined. For this thesis, being 

effective means to accomplish the objectives. The objectives may include performance 

objectives (i.e. maximize throughput, reduce the number of late jobs, etc.) or cost objectives 

(i.e. reduce machining costs, reduce inventory costs, etc.). Effectiveness can then be defined 

as a measure of how well the objectives are accomplished. Being efficient can then be defined 

as accomplishing the objectives while using a minimal amount of resources. Resources may 

include machine time, money, raw material, etc. 

To measure effectiveness and efficiency, researchers have developed and used many 

different formulas. Many researchers have argued that effectiveness and efficiency can only be 

truly measured in terms of dollars [Blackstone et al. 1982]. However, the individual costs for 

each part of a system are hard to determine. For this reason, factors closely related to costs 

have been used to measure effectiveness and efficiency. The effectiveness of a system is 

measured through such factors as mean flow time of jobs, number of jobs processed in a given 

time period, lateness of jobs, etc. The efficiency of a system is measured through such factors 

as machine idle time, number of transportation moves required, etc. 

1.2.2 FMS Flexibility 

For a FMS to operate in an effective and efficient manner, it must have the flexibility to 

quickly accommodate new and different types of jobs. For this thesis, a job is considered to be 
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a group of parts that are to be processed together as one unit. To accommodate different 

types of jobs, machine work cells, control systems, and material handling systems must be very 

flexible. To accommodate the different jobs that are introduced into the system, the machine 

work cells must have the ability to perform a wide variety of operations on a wide variety of part 

shapes. The FMS control system must be able to properly route different jobs through the 

system efficiently while taking into account the status and requirements for other jobs in the 

system. The controller's scheduling routines can reduce the flexibility of the system by not 

allowing the system to work at its maximum effectiveness and efficiency. For a FMS to be fully 

flexible, the scheduling routine must be able to utilize all of the FMS’s abilities. 

To be fully flexible, the material handling system must also be able to handle different 

job routes through the system. The material handling system must be highly flexible to handle 

changing flow paths as the demand of jobs and types of jobs changes. The flexibility of a 

material handling system can be measured by enumerating the possible paths through the 

system. As flexibility increases, the number of possible paths also increases. Conveyor 

systems are good for stable high volume products, but are too restrictive with a limited number 

of possible paths. To create new flow paths, additional conveyors must be added or old ones 

have to be moved. This can become very costly and time consuming. Forklift trucks are very 

flexible but the system controller needs more control over the forklifts than is readily available. 

To meet the demands of high flexibility and control, designers created automatic, self-guiding 

fork trucks, known as Automatic Guided Vehicles (AGVs). 

1.3 AUTOMATIC GUIDED VEHICLE SYSTEMS 

An Automatic Guided Vehicle System (AGVS) is an advanced material handling system 

involving driverless, self-guided vehicles. These vehicles follow some type of guide path and 
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are controlled by a computer or microprocessor [Hammond 1986]. Usually a central controller 

directs each AGV in the system to pick-up and deliver materials to the different work cells in the 

system. There are many different types of AGVs. Some AGVs tow carts in a fashion 

resembling a train running through the factory. Some AGVs resemble forklifts and actually 

pick-up pallets of material like a forklift. Others are part of an assembly line where products are 

built directly on top of the AGV. But the most prevalent type of AGV in a FMS is the unit load 

AGV, which carries a single pallet consisting of one unit load, i.e. one job. 

One advantage of AGVs is their ability to follow a diverse set of paths through the 

system. These paths are like streets in a city. The AGV follows the paths to move from work 

cell to work cell. Guide paths currently consist of either a reflective tape on the floor or a guide 

wire embedded in the floor. Both types of guide paths are relatively inexpensive to install and 

modify, compared to fixed material handling systems such as a conveyor [Todd 1986]. The 

ability to quickly install new guide paths gives the AGVS flexibility. This flexibility allows the 

AGVS to accommodate new and different jobs. Currently, researchers are developing AGVs 

that do not need a guide path. These AGVs use new techniques to determine both their 

location in the system and possible paths through the system. Flexibility makes an AGVS an 

ideal material handling system fora FMS. The AGVS can easily be changed to allow new job 

routes thought the current system. 

The AGVS must also be properly scheduled. The AGVS controller must direct all 

AGVs in the system to efficiently and effectively pick-up and deliver jobs in the system. An 

efficient AGVS transports jobs between work centers with a minimal amount of travel distance. 

An effective AGVS delivers jobs on time and in the proper sequence. While these terms are 

not mutually exclusive, an efficient system may not be effective and an effective system may 

not be efficient. 
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Having an effective AGVS is very important. Jobs need to be delivered in the proper 

order and on time. While jobs might be scheduled properly through the machine work cells or 

properly routed through the system, if they are not delivered on time the work centers become 

idle. This decreases the efficiency of the FMS. The AGVS controller is very important to an 

efficient FMS. In addition, if the AGVS is not scheduled properly, valuable time may be wasted 

by AGVs making inefficient moves through the system while either unloaded or loaded. In 

addition, this increases the amount of traffic in the system causing blockages and delays that 

further reduce the efficiency of the system. 

1.4 FMS SCHEDULING TECHNIQUES 

With the need for highly automated equipment, the capital invested in a FMS is 

extremely high. For this reason, it is very desirable to have the FMS operating at its maximum 

efficiency. The required scheduling techniques must be able to schedule the machine work 

centers, the material handling system and all other systems properly and efficiently. 

Unfortunately it is hard to define overall effectiveness and efficiency, so some functions to 

measure performance have been defined. Thus, the effectiveness of a scheduling rule is 

measured by the value of the criterion function that results when the rule is followed [Gere 

1966]. Some of the popular criteria include: system throughput, work center utilization, material 

handling utilization, Work-In-Progress (WIP), mean flow time of jobs, etc. [Russell and 

Tanchoco 1984, Egbelu 1982]. 

While a wide variety of research has been done in the area of job shop scheduling, this 

area remains one of the many unsolved challenges in the analysis of production systems 

[Russell and Tanchoco 1984]. Research has covered a wide variety of topics in the area of job 

scheduling. Some researchers have concentrated on finding the optimal routings for each job 
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through the system, [Raman et al. 1989], while others have tried to determine the effects of job 

sequencing rules [Gere 1966, Kiran and Smith 1984]. All researchers have found that the 

scheduling problem grows exponentially as the job shop or FMS grows in either complexity 

and/or flexibility. Possibly because of this reason, most researchers ignore scheduling the 

material handling system [Blackstone et al. 1982]. 

However, the material handling system can be the most important system in a FMS. In 

fact one author, John White [1988], has even gone to the point of saying the material handling 

system is the integrator of the entire system. The material handling system is the integrator 

because it controls the flow of all jobs. Considerable information about how much time a job 

spends in the material handling system has been published, and reasons why the material 

handling system is important abound. Some studies suggest that a job spends up to 80% of its 

time in the material handling system and up to 80% of its total manufacturing costs are related 

to material handling [Tompkins and White 1984]. The fact still remains that most researchers 

have failed to study the impact of the material handling system scheduling procedures on the 

entire system [Dalal 1990]. 

Egbelu [1982] and Dalal [1990] are two researchers who have devoted some effort to 

the problem of scheduling AGVS within a FMS environment. Most of the research has focused 

on techniques for efficiently moving jobs through the FMS. And, most of the work has been 

devoted to developing heuristics that are simple and easy to implement. 

A heuristic usually bases the scheduling decision on a particular measure of the 

system. For example, the shortest distance heuristic states that an AGV will be sent to the 

work center closest to the AGV’s current position. These heuristic procedures have been 

studied through various simulation techniques and considerable insight has been gained in the 

area. 
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But the performances of the heuristics have been shown to fluctuate according to the 

system’s design and current state. This has left a need for a scheduling methodology that will 

perform consistently regardless of the system’s design and current state, as well as providing 

an efficient schedule. For this thesis, a scheduling methodology is considered to be an overall 

method for scheduling the multiple parts of a FMS system. A scheduling technique is a 

procedure for scheduling one of the FMS sub-systems. A scheduling methodology can be a 

compilation of scheduling techniques. 

The fluctuating performance of the scheduling heuristics is based on several problems. 

The first problem is the lack of a scheduling methodology to integrate job sequencing and AGV 

dispatching decisions. Job sequencing heuristics do not provide for scheduling the AGVS. 

Most researchers have assumed the material handling system will deliver the jobs accordingly 

[Blackstone et al, 1982]. Most AGV dispatching heuristics ignore the job sequencing rules. 

Instead, the jobs are delivered according to the needs of the AGVS. There is a need for a 

methodology to combine the scheduling of all parts of a FMS. 

The second problem is the inability of current heuristics to fully utilize available system 

information. Current heuristics utilize only one or two measures, such as distance or waiting 

time, when making a decision. By combining information, better decisions can be made. For 

example, the shortest distance heuristic ignores any information concerning the queues. Jobs 

are delivered to work centers whether or not there is queue space for the jobs. The 

scheduling techniques need to utilize all available and relevant information to make a well 

informed and sound decision. 

The third problem is the inability to look ahead at known future events. By using the 

information about future events, the controller could schedule the current events of the system 

so that the future events will be better accommodated. For example, a work center's output 

queue has just been filled, and a job has just started processing on the work center's machine. 
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By using a simple heuristic based on remaining queue sizes, the AGVS controller would send 

an AGV to remove a job from this work center’s output queue. However, a controller, utilizing 

the knowledge of future events, could determine when the output queue must be cleared to 

prevent the work center from being blocked. The work center may not be blocked for another 

fifteen minutes. The AGVS controller could easily service other work centers in the mean time. 

The fourth problem is the limited set of decisions currently available to the AGVS 

controller. The current AGVS decision set consists of the following: 

1. An idle AGV can be directed to pick-up a new job. 

2. If no job is available, an idle AGV can stop and wait at the current location. 

3. If no job is available, an idle AGV can go to a preset position and wait. 

4. An occupied AGV must deliver the load. 

This list represents only a few options within the AGVS controller's capabilities. By utilizing all 

possible options, the AGVS may be able to improve system efficiency and effectiveness. 

Further details of the current and possible decision sets are given in Chapter Three of this 

thesis. 

The reason for currently using a smaller decision set is probably based on the heuristics 

currently available. These heuristics do not take into account future events and thus options 

like waiting for a job are not required. But for the look ahead techniques to be fully utilized, the 

decision tree needs to be expanded to its full potential. 

1.5 PROBLEM STATEMENT 

First, there is a need for a scheduling methodology to integrate job sequencing and 

AGV dispatching decisions. Second, current AGV scheduling techniques lack the ability to 

utilize all important and relative information about the system as well as lack the ability to 

Introduction 9



predict, consider and utilize known future events. These future events will not only affect the 

decisions of the AGVS controller but will also affect the system's effectiveness and efficiency. 

Third, there is also a need to expand the possible set of decisions available to the AGVS 

controller. Improvements in these areas will allow the system controller to make better quality 

decisions that will increase the effective AGV utilization and most importantly, decrease mean 

job flowtime, increase system throughput, and reduce order tardiness. 

1.6 OBJECTIVES 

The overall objective of this research was to develop and study a new and expanded 

methodology to integrate job sequencing and AGV dispatching within a FMS environment. The 

individual objectives of this research were as follows: 

1. To expand the decision set available to the AGVS controller to allow more options to be 

considered and evaluated at each decision point. 

2. To develop a FMS scheduling methodology that 

A) integrates job sequencing and AGVS scheduling. 

B) utilizes more system information in the decision process. 

C) predicts certain future events and utilizes this information in the scheduling process. 

3. To compare and evaluate the new methods against previously researched methodologies. 

To achieve these objectives, both a subset of the current AGV scheduling techniques were 

examined, as well as current job shop and FMS scheduling techniques. The knowledge gained 

in these two areas was combined to develop a new scheduling methodology to be used in the 

area of scheduling a FMS. Emphasis was place on developing an AGVS scheduling 

methodology to be used within an FMS. The new scheduling methodology utilizes some of the 
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better techniques in FMS job sequencing and some of the better AGV dispatching rules. In 

addition, new methods of scheduling the AGVS were added. 

In order to determine the effectiveness of the new scheduling methodology, a simulation 

model was used to analyze and comparing both a currently known and the new methodology. 

A simulation study was chosen for several reasons. The main reason is simulation’s ability to 

accurately, quickly and inexpensively model a dynamic system. Simulation can also repeat the 

same parameters for different experiment runs utilizing different scheduling techniques and/or 

different system parameters. SLAM Il with the material handling extension was used to model 

the FMS presented in Chapter Five. SLAM Il has the advantage of being an industrial 

engineering, system analysis oriented package and has special tools designed specifically for 

AGVS modeling. 

The effectiveness of the new methodology was evaluated based on a number of 

performance measures. The measurements to be used include: 

1. Effectiveness Measures 

A) job throughput 

B) average Work-In-Process (WIP) 

C) job flowtime 

2. Efficiency Measures 

A) machine utilization 

B) AGV utilization. 

1.7. OUTLINE OF THESIS PRESENTATION 

The chapters included in this thesis are outlined in this section. Chapter Two, Literature 

Review, contains a review of published information on Job Shop, FMS, and AGVS scheduling 
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techniques. Chapter Three discusses the currently utilized AGVS decision set, and presents a 

more complete AGVS decision set. From the expanded decision set and the literature review, 

a new FMS scheduling methodology was developed. The details of this methodology are 

presented in Chapter Four. To study the new scheduling methodology, a simulation program 

was created to model an example FMS. The details and assumptions concerning the FMS are 

presented in Chapter Five. Chapter Six presents the results of the simulation study along with 

an analysis of the results. Chapter Seven summarizes the findings of this research and 

provides suggestions for further research needed in this area. 
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CHAPTER Il 

LITERATURE REVIEW 

2.1 INTRODUCTION 

This chapter is devoted to reviewing the current literature that is relevant to this 

research. This chapter is divided into the following sections: 

2.2 Job Scheduling 

2.2.1 Job Scheduling in a Job Shop Environment 

2.2.2 Job Scheduling in a Flexible Manufacturing System 

2.3 Automatic Guided Vehicle Systems (AGVSs) 

2.3.1 AGVS Scheduling Techniques 

2.3.2 Methods for Analyzing AGVSs 

2.3.3 Simulation Modeling of AGVSs 

2.4 Look Ahead Scheduling Procedures and Techniques. 

2.5 Summary 

2.2 JOB SCHEDULING 

Job scheduling refers to the process of determining the order in which each individual 

job is to be processed by the given common resources. Where, a resource is considered either 

a machine, worker, material handling system, etc. In most of the literature on job scheduling, 

the resource in question is a processing machine or machining workcell in either a job shop 

[Gere 1966, Blackstone et al. 1982] or FMS environment [Montazeri and Van Wassenhove 

1990]. A few researchers [Egbelu 1982 and Dalal 1991] have studied the subject of 
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scheduling jobs in an AGVS. A job for an AGVS is considered the transportation of a unit load. 

The techniques for scheduling jobs through processing machines and the techniques for 

scheduling a material handling system are very similar. The first half of this chapter will be 

devoted to techniques for scheduling jobs through processing machines while the second half 

will discuss AGVS scheduling techniques. 

2.2.1 Job Scheduling in a Job Shop Environment 

To study the complex subject of job shop scheduling, one must understand the 

definition of a job shop. "A job shop consists of a wide selection of machine tools through 

which many different products (often hundreds or even thousands) are sequenced in a variety 

of ways on one or more of the machines" [Bedworth and Bailey 1987]. Unlike a production line, 

jobs in a job shop do not follow a specific, singular or limiting set of flows. Jobs arrive at the 

shop and flow through the shop in an almost random fashion. This creates a large but finite 

number of ways in which the jobs can be scheduled for processing. 

Job shop scheduling techniques are used to order the sequence of jobs in the system. 

The objective of job shop scheduling techniques is to reduce the job flowtime, reduce the 

number of late jobs, etc. In make a decision, these techniques must analyze a large number of 

jobs. These jobs are competing for time on common machine facilities and have very diverse 

routings through the system [Gere 1966]. There are numerous articles containing overviews 

of job shop scheduling procedures [Gere 1966, Day and Hottenstein 1970, Montazeri and Van 

Wassenhove 1990]. 

Job shop scheduling techniques can be organized into two categories: 1) static and 

2) dynamic scheduling techniques. With static scheduling techniques, jobs are ordered once by 

priority before the actual work begins, and the order remains unchanged until the work is 
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completed [Gere 1966]. Mathematical modeling and solution techniques, such as linear and 

dynamic programming and network flows, are typical techniques used to determine the job 

schedule [Dalal 1991]. These techniques work well only in job shops with a limited number of 

machines where processing times are known, and no changes to the system are accepted. As 

the job shop size is increased, the complexity grows exponentially. To solve the problem, 

many sirnplifying assumptions have to be made, which removes some of the important real- 

world factors. 

Dynamic scheduling techniques are used in situations where jobs arrive randomly and 

continuously over time [Hax and Candea, 1984]. Most industries are considered dynamic job 

shops. With jobs arriving continuously throughout the day and the system continuously 

changing, the static scheduling techniques are not appropriate. The static schedule would 

either have to be completely reworked with every system change or would ignore the changes. 

Since most of the static techniques are very complex, the reworking of a schedule would 

require too much computation time. Ignoring the changes, until a preset time, would hinder the 

effectiveness and efficiency of the scheduling technique. 

On the other hand, dynamic scheduling techniques are concerned with the immediate 

scheduling problem and not the entire schedule. Dynamic techniques are used to schedule the 

system until a significant change occurs in the system. Since the system is changing 

constantly, these techniques must be used several times during the work period. For this 

reason, the dynamic techniques must be very simple and easily to use. By changing the 

schedule when the system conditions change, the dynamic techniques can be more effective 

and efficient in a dynamic job shop. 

At the heart of the scheduling process is the scheduling rule, sequencing rule, or 

dispatching rule. These three terms are usually used interchangeably, and for this discussion 

will be termed sequencing rules when referring to prioritizing jobs. The term dispatching rule 
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will be used when discussing AGVS control. A sequencing rule is used to select the next job to 

be processed from a set of jobs awaiting service [Blackstone et al. 1982]. These rules are 

designed to be simple, quick, and easy to implement. They are simply used to prioritize the 

jobs waiting in a queue. They are not designed to optimize the entire system, thus, there is no 

direct correlation between a sequencing rule and the optimal solution. Because there is no 

correlation, hundreds of sequencing rules have been developed [Gere 1966, Blackstone et al. 

1982, Day and Hottenstein 1972]. The following is a list of the most common sequencing rules 

taken from Montazeri and Van Wassenhove [1990]: 

1. 

2. 

SIO 

LIO 

. SPT 

. LPT 

. SRPT 

. LRPT 

. SDT 

. LOT 

. SMT 

10. LMT 

11. FRO 

12. MRO 

13. FIFO 

14. FASFO 

Literature Review 

Select the job with the shortest imminent operation time. 

Select the job with the longest imminent operation time. 

Select the job with the shortest total processing time. 

Select the job with the longest total processing time. 

Select the job with the shortest remaining processing time. 

Select the job with the longest remaining processing time. 

Select the job with the smallest ratio obtained by dividing the processing 
time of the imminent operation by the total processing time for the job. 

Select the job with the largest ratio obtained by dividing the processing 
time of the imminent operation by the total processing time for the job. 

Select the job with the smallest value obtained by multiplying the 
processing time of the imminent operation by the total processing time for 
the job. 

Select the job with the largest value obtained by multiplying the processing 
time of the imminent operation by the total processing time for the job. 

Select the job with the fewest number of remaining operations. 

Select the job with the largest number of remaining operations. 

Select the job according the first in, first out. 

Select the job according to first at shop, first out. 
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15. SLACK Select the job with the least amount of slack. 

16. SLACK/RO Select the job with the smallest ratio of slack time to the number of 
remaining operations. 

17. SSLACK Select the job with the least amount of static slack. 

18. SSLACK/RO _— Select the job with the smallest ratio of static slack time to the number of 
remaining operations. 

19. SLACK/TP Select the job with the smallest ratio of the job slack time to the total 
processing time. 

20. SLACK/RP Select the job with the smallest ratio of the job slack time to the remaining 
processing time. 

While this list is by no means exhaustive, these rules represent some of the better rules 

according to most researchers [Montazeri and Van Wassenhove 1990, Gere 1966, Blackstone 

et al. 1977]. Since there are hundreds of sequencing rules, it is very hard to determine which 

rule will be most effective in any given situation. In fact, no sequencing rule has consistently 

been demonstrated to be superior for a given job shop [Blackstone et al. 1982]. 

A rough idea of which rules are better is based on whether the rule uses static or 

dynamic information. Static information about a job does not change once the job is in the 

system. For example, the job’s system arrival time is static information since this time will not 

change once the job is in the system. A rule based on static information makes its decisions 

based on job information that is assumed to remain the same during the time the job is in the 

shop. Returning to the aforementioned example, FASFO bases its decision on job processing 

order on the job that arrived to the shop first. The first job in the shop will always be selected 

first regardless of the present state of the shop. 

In contrast, dynamic information changes as jobs move through the system. For 

example, a job’s overall remaining processing time is considered dynamic information because 

it changes as it moves through the various processes. A dynamic scheduling rule bases its 

decision on job and system information that changes as jobs move through the shop. This 
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allows dynamic rules to take into account additional information not available to static rules. 

With the additional information, the dynamic rule is expected to be more effective [Gere 1966]. 

2.2.1.1 Job Shop Performance Measures 

The effectiveness of a sequencing rule depends on the criteria chosen and also the 

configuration of the production system [Montazeri and Van Wassenhove 1990]. Generally, 

criteria are classified as follows: 

1. Criteria based on job processing times (flowtime, waiting time), in-process inventory (queue 
lengths, throughput), and utilization (idle time, workload balance), 

2. Criteria based on job due dates (late jobs, tardiness), and 

3. Criteria based on costs (setup costs, WIP carrying costs, etc.). 

This list was taken from Kiran and Smith [1984]. Some researchers argue that the sequencing 

rule should be based solely on cost effectiveness. However, costs are usually hard to track, 

and thus the criteria most often used for studying sequencing rules are flowtime, lateness, and 

tardiness [Blackstone et al. 1982]. These criteria may be defined as follows: 

1. Flowtime The amount of time a job spends in the system. 

2. Lateness The amount of time the completion time of job exceeds its due date. 
Lateness may be negative, indicating an early completion. 

3. Tardiness The positive lateness of a job. 

4. Number Tardy The number of jobs with positive lateness. 

Even when only one criterion is chosen, there has not been found a sequencing rule that 

consistently performs better than the others. 
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2.2.1.2 General Sequencing Rules 

A wide variety of research has been performed analyzing sequencing rules. This 

review will not attempt to summarize all of the research, instead some of the more well known 

general results are given. Further information can be obtained from one of many surveys [Gere 

1966, Day and Hottenstein 1970, Panwalkar and Iskander 1977, Blackstone et al. 1982, Kiran 

and Smith 1984a and 1984b, Schultz 1989, and Montazeri and Van Wassenhove 1990]. 

When the criterion chosen is average flowtime, the SIO rule has been found to 

outperform the other rules based on processing time [Blackstone et al. 1982]. While the SIO 

rule tends to reduce the average flowtime, the principle disadvantage of the SIO rule is a high 

flowtime variance. The SIO causes some jobs to be very late, since jobs with large processing 

times are held in the system while jobs with shorter processing times are processed. This also 

causes some jobs to be extremely late. To reduce variance and tardiness, a modified SIO has 

been used. This rule forces jobs to the top of the queue that have been waiting for a specified 

time or after a specified lateness is reached. However, the modified rule increases average 

flowtime. 

When the criterion chosen is either lateness or tardiness, rules based on due dates 

perform better. The principle advantage of due-date-based rules over processing-time-based 

rules is a smaller variance of job lateness, and often a smaller number of tardy jobs [Blackstone 

et al. 1982]. Reducing the variance of lateness is a step towards Just-in-Time manufacturing 

since jobs are only processed when needed. This usually translates to lower costs since jobs 

are not held up in inprocess inventories. Of the due-dated based rules, slack-per-operation 

(SLACK/RO) has consistently outperformed the other due date based rules [Blackstone et al. 

1982]. 

While these are some very general statements about the performance of sequencing 

rules, there has not been a sequencing rule that has consistently demonstrated significantly 
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better performance over other rules. To determine which rule is best suited for a particular job 

shop, each rule must be researched in light of the job shop’s design and performance criteria. 

2.2.2 Job Scheduling in a Flexible Manufacturing System 

A Flexible Manufacturing System (FMS) is merely a very highly automated job shop. 

From a job scheduling aspect, FMS scheduling techniques are very similar to job shop 

scheduling techniques [Sarin and Dar-El 1984]. The same sequencing procedures and rules 

have been used in both types of systems with basically the same results. However, FMSs are 

quite expensive, and the need for choosing the proper scheduling technique is further 

highlighted. 

Fortunately, the increased automation allows for: 

1. Real time knowledge of job status, and 

2. The ability to easily implement changes on the floor via computer decisions. 

These features allow a FMS controller to base its decisions on accurate, updated information 

and implement its decisions while they are still applicable. Also, FMSs are more controllable 

than a job shop due to the high level of automation. In a properly working system, any 

decisions by the controller will be carried out as the controller expects. In a job shop, decisions 

may not be carried out as expected due to the human element. The processing times in a 

FMS are also relatively constant due to the high level of automation. These features allow 

FMSs to be easily simulated with fairly accurate results. 

Unfortunately many researchers have assumed that the only scare resource in a FMS 

is the processing equipment [Blackstone et al. 1982, Hax and Candea 1984]. By making this 

assumption, the system can be easily simplified by ignoring other resources such as the 

material handling system. It is assumed the material handling system will not constrain the 
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system. This assumption assumes the processing time at the work centers is relatively large 

compared to the time spent in the material handling system. However, the processing times in 

a FMS are almost the same as the transportation times. If the material handling system is not 

scheduled properly, jobs will spend too much time waiting for transportation. This has caused 

some researchers to add one more dimension to the scheduling problem - the Automatic 

Guided Vehicle System. 

2.3. AUTOMATIC GUIDED VEHICLE SYSTEMS 

Automatic Guided Vehicle Systems (AGVSs) consist of several computerized, driverless 

material handling vehicles that follow designated paths through a FMS. Most of the research 

related to AGVSs has been in the area of AGVS physical design and optimization. Examples 

of design issues found in the research literature are network design [Egbelu and Tanchoco 

1986], system control [Gaskins and Tanchoco 1987], vehicle routing [Blair et al. 1984] and 

optimal vehicle fleet size [Egbelu 1987]. Relatively few papers discuss the issue of AGVS 

scheduling techniques. The following sections discuss the issues of AGVS scheduling 

techniques, methods for analyzing AGVSs, and simulation of AGVSs. 

2.3.1 AGVS Scheduling Techniques 

A good paper to start the discussion of AGVS scheduling techniques is by Kusiak 

[1985]. This paper provides a taxonomy of material handling problems as related to FMSs. 

The paper contains information on both AGVS and Automatic Storage and Automatic Retrieval 

Systems (AS/RS). The AS/RS section is not discussed here. Kusiak highlights the need to 

optimize the material handling system with respect to the system’s performance objectives. 

The optimization problem as related to AGVSs can be divided into design problems and 
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operational problems. The design problems include optimal network layout, optimal number of 

vehicles, optimal number of pallets, etc. For more detail on these problems, the reader is 

referred to Egbelu [1986], Gaskins and Tanchoco [1987], Tanchoco et al. [1987], Koff [1987], 

and Mahadevan and Narendran [1990]. 

The operational problems are divided into Vehicle Routing Problems (VRP) and Vehicle 

Scheduling Problems (VSP). The Vehicle Routing Problem can be described as follows: given 

a set of demand points and a central supply depot, find a minimum-cost set of tours, which 

meets the required demands subject to constraints on the capacity and range of the vehicles 

{[Kusiak 1985]. The VRP is a pure routing problem because there are no deadlines or 

precedence constraints on the deliveries. The common formulation of the VRP has been based 

on the Travelling Salesman Problem. A large volume of research has been concentrated on 

finding solutions to the VRP, but, most solutions can only solve small problems. Mostly 

heuristic methods are used to solve the larger problems. 

The Vehicle Scheduling Problem is applicable to transportation systems where the 

delivery time constraints and precedence constraints are dominant. Kusiak states the vehicle 

scheduling problem as follows: given a set of transportation tasks to be performed, find a 

schedule that minimizes the number of vehicles required and/or the total travel time. Note that 

the issue of job flowtime and job lateness is not considered. A review of various articles on the 

subject of VSP is given, but all of the articles discussed used linear programming techniques 

that were not specifically developed for an AGVS. The actual details of the techniques where 

not given. The use of heuristics for solving the VSP was also not discussed. 

Maxwell and Muckstadt [1982] wrote one of the first papers dealing with the 

operational aspects of AGVS. The objective of their paper was to show how the overall design 

of an AGVS can determine the minimum number of required vehicles. They developed a 

mathematical model with an objective function that minimizes the total travel time for empty 
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vehicles moving between stations. The problem becomes a simple transportation problem 

utilizing linear programming. The travel times between stations and the number of vehicle 

loads moving between stations are the only information needed to solve the problem and to 

determine the minimum number of vehicles. However, this static problem does not consider 

time dependant effects such as blocking, battery charging and buffer capacity. The paper then 

presents a dispatching rule that takes into account some of these time dependant effects. The 

dispatching rule is based on a manufacturing area used primarily to assemble finished 

products. The units are produced on a paced line so that the output approaches a 

deterministic value. 

The dispatching rule attempts to assign vehicle trips to routes so that the time between 

visits at each station are spread uniformly across the period of time vehicles operate during the 

shift. The dispatching rule was reported to measure and reduce expected blocking effects and 

storage capacity needed. Leung et al. [1987] extended the work of Maxwell and Muckstadt to 

situations where vehicle types with different load-carrying capacities and travel speeds are 

present in the system. 

While most of the original papers on scheduling AGVS discuss only the importance of 

the AGVS schedule, Raman et al. [1986] discusses the importance of simultaneously 

scheduling jobs on machines and scheduling the material handling devices in automated 

manufacturing facilities such as a FMS. The paper points out that in job shops, the processing 

times tend to be large relative to the material transportation times, and queuing time represents 

the major portion of the manufacturing lead time. Consequently, efficient scheduling of the 

material transporters is not critical. 

In a FMS, however, the setup times are low and travel times can become comparable 

to the processing times, thus, material handling scheduling is just as important as machine 

scheduling. An integer programming model is presented that combines machine and material 
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handling scheduling. The objective function of the model is to minimize total tardiness. The 

problem is viewed as a resource-constrained project scheduling problem, where each move or 

operation requires the use of a specific resource for a specified period of time. This procedure 

will solve static problems. The paper suggests the dynamic problem can be decomposed into a 

series of static problems, which need to be solved on a rolling-horizon basis. 

Most of the research discussed so far has been on static models. There have been 

three major papers, known to this researcher, that specifically deal with dynamic models and 

the use of dispatching rules to schedule the AGVS. A discussion of these three papers is given 

below. 

Egbelu and Tanchoco [1984] presented some heuristic rules for dispatching AGVs ina 

job shop environment. This paper came out of a much more in-depth study of AGVSs by 

Egbelu [1982]. The objective of the 1984 paper was to determine the characteristics of the 

heuristics and to determine which heuristic performs better. The paper begins by defining two 

categories of dispatching rules and then describes the results of several simulation studies. 

The first category of dispatching rules involves the decision process of selecting a 

vehicle, from a set of idle vehicles, to be assigned to a unit load to be transferred. In this case, 

a single work center has just finished a job and is requesting a unit load pick-up by one of 

several idle AGVs. This category of dispatching rules is referred to as Work Center Initiated 

Task Assignment Rules (WI). 

The second category of dispatching rules involves the decision process assigning an 

idle AGV to a work center, from a set of work centers simultaneously requesting the service of 

a vehicle. In this case, the AGV has just finished a task and is requesting an assignment to a 

unit-load from list of several unit-loads. This category of dispatching rules is referred to as 

Vehicle Initiated Task Assignment Rules (VI). For the AGVS to run properly, a rule from each 

of two categories must be selected and used jointly. 
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The objective of the simulation study by Egbelu was to determine the effect of several 

work center and vehicle initiated rule combinations on the system. Egbelu studied fifteen rule 

combinations using AGVSim, a simulation program developed specifically to simulate an AGV 

system. The rules used in the simulation study are defined as follows: 

1. Work Center Initiated Task Assignment rules. 

A) 

B) 

C) 

D) 

E) 

Random Vehicle (RV) - not studied 
Select an idle AGV randomly. (This rule is used to simulate a system where no control 
rules are used.) 

Nearest Vehicle (NV) 
Select an idle AGV with the smallest travel distance to the work center, where the 
travel distance is a function of the vehicle’s speed and the vehicle’s distance from the 
work center. 

Farthest Vehicle (FV) 
Select an idle AGV with has the largest travel distance to the work center. 

Longest Idle Vehicle (LIV) 
Select the AGV that has remained idle the longest among all the idle vehicles. 

Least Utilized Vehicle (LUV) - not studied 
Select the AGV that has the lowest utilization among all the idle vehicles. 
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2. Vehicle Initiated Task Assignment rules. 

A) Random Work center (RW) - not studied 
Select a work center randomly from a list of all work centers requesting service. 

B) Shortest Travel Time/Distance (STT/D) 
Select a work center based on the smallest travel distance from the AGV. 

C) Longest Travel Time/Distance (LTT/D) 
Select a work center based on the largest travel distance from the AGV. 

D) Maximum Outgoing Queue Size (MOQS) 
Select the work center with the highest number of jobs in the outgoing queue. 

E) Maximum Remaining Outgoing Queue Size (MROQS) 
Select the work center with the least amount of space in the outgoing queue. 

F) Modified First Come-First Serve Rule (MFCFS) 
Select the work center from the top of the requested file. A work center can only have 
one request in the request file. A jobs will enter the request file only when it reaches 
the service end of the queue. 

G) Unit Load Shop Arrival Time (ULSAT) - not studied 
Select the work center based on the earliest arrival time of the jobs at the service ends 
of the queues. 

Each work center rule was paired with each vehicle rule to form a combination. Each 

combination was used in two simulation runs. Shop throughput, in unit loads, was the 

measurement used to determine the rules’ performance. Before the conclusions about the 

results can be made, a phenomenon call shop locking must be addressed. 

Shop locking refers to the situation where there is a complete seizure of further material 

flow throughout the shop. Shop locking occurs when a work center's output queue reaches 

capacity, thus leaving the processing machine blocked. This in turn causes the work center's 

input queues to reach capacity. Then AGVs, trying to deliver jobs to the work center, are 

unable to unload. Eventually, all AGVs have a load destined for a work center with a full input 

queue. Then the AGVs can not remove work from the work center's output queue because 

they already have a load for the input queue. The work center can not empty the input queue 

until the output queue is emptied. The shop is now locked. 
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Shop locking occurred when the vehicle rules MOQS, STT/D, and LTT/D were used. 

Shop locking occurred, while utilizing the STT/D and LTT/D rules, because these rules 

discriminate against some output queues based on their distance from the other queue 

locations. The LTT/D will not service a work centers output queue that is on the outskirts of the 

system compared to the other output queues. While utilizing the LTT/D rule, the AGVs will 

never service these work centers’ output queues. However, the other work centers will still be 

sending jobs to these work centers’ input queues. This causes the work centers to become 

sink nodes, material goes in but never leaves. The STT/D causes the same effect except the 

output queues close to the input queues is ignored. The MROQS and MFCFS tule are not 

based on distance and thus do not discriminate against certain work centers. Their goal is to 

service queues that are closest to capacity, thus, shop locking is not a common occurrence. 

Once shop locking occurs, it must be cleared in some manner. One way is to use a 

standard lift truck to move jobs until the AGVs can resume control again. This is not a very 

effective measure against shop locking but will clear the shop. Another method is to provide a 

buffer queue so that the AGVs can be unloaded and the shop cleared. Shop locking can be 

prevented in several ways. The easiest way is to use modified rules where a work center, with 

full input and output queues, receives the highest priority for service. If an AGV is already 

enroute to this work center, its unit load is placed in a buffer queue. The AGV then removes a 

job from the blocked work center and delivers the job. The AGV then retrieves the job from the 

buffer and proceeds to the now unblocked work center. The details of this rule were discussed 

in Egbelu’s dissertation [1982]. 

Using this shop locking prevention measure, the simulation study was performed with 

all fifteen rule combinations [Egbelu 1984]. The results suggest that the MROQS and MFCFS 

rules performed better than the MOQS, STT/D, and LTT/D rules. It was observed that the 

results showed that there was little difference in performance between the three work center 
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initiated rules. The explanation for this was that the AGV system was overloaded. The work 

center initiated rules were simply not used often enough to have an effect on the performance 

measures because there were only a few times when more than one AGV was idle. Since the 

rules were rarely used, there was little difference in the results. The opposite would be true if 

the material handling system was underutilized. The work center initiated rules would be used 

most often and the vehicle initiated rules would have little or no effect on the performance 

measures. 

Egbelu also performed the simulation tests with infinite queues to eliminated the need 

for shop locking procedures. Based on the number of jobs processed, the MFCFS rule once 

again performed better than the other rules. The STT/D also performed well based on this 

measure, however, the queue sizes escalated to over 200 units at some stations. This means 

several work centers became sink nodes, receiving jobs but never having jobs removed. With 

infinite queues the MROQS rule turned into the MOQS rule and performed accordingly. 

Egbelu also considered the commonly used policy of dispatching vehicles based on a 

preprogrammed routing sequence. A routing sequence involves determining an optimal path 

for the AGVs through the FMS. Since a FMS is continuously changing, the optimal path will 

also be continuously changing. The results of the best sequence did not perform well 

compared to the dispatching heuristics used in the initial study. 

Dalal [1991] closely followed the works of Egbelu and expanded the previous study to 

conclude the effects of job sequencing rules used at the work centers. The previous research 

assumed a FIFO queue for both the input and output queues of the machine work centers. 

Dalal also performed the simulation tests with both high and low AGV utilization to determine 

the effect of work center initiated rules. The following rules were used in the simulation study: 
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1. Work Center Initiated Dispatching Rules 

A) Nearest Vehicle (NV) 

B) Longest Idle Vehicle (LV) 

2. Vehicle Initiated Dispatching Rules 

A) Random Work Center (RW) 

B) Fist In System First Out (FISFO) 

C) Maximum Outgoing Queue Size (MOQS) 

D) Shortest Travel Distance (STD) 

3. Job Dispatching Rules 

A) First In First Out (FIFO) 

B) Fewest Remaining Operations (FRO) 

C) Shortest Operation Time (SOT). 

The simulation study consisted of two scenarios. In each scenario, the system was loaded to 

allow for high and low AGV utilization. In the first scenario, the job dispatching rule was limited 

to FIFO. This allowed for the effects of work center rules to be evaluated and allowed 

comparisons to previously recorded results by Egbelu. In the second scenario, the work center 

initiated rule was held to NV. The rule was picked due to slightly better performance in the first 

scenario. The simulation study measured the following criteria: throughput, flowtime, AGV 

waiting time, machine waiting time, queue lengths, and empty travel to loaded travel time ratio. 

The results of the first scenario simulation study did not statistically show a difference in 

perform between the vehicle rules, STD, MOQS, and FIFO. All three rules did perform better 

than FISFO. The VI rule in general had a significant effect on the system performance. The 

performance measures were not significantly effected by the WI rules when the AGV utilization 

was high. The performance measures were not effected significantly by either the WI or the VI 

rules when the AGV utilization was low. 
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In the second scenario simulation study, the performance measures were not generally 

effected by the job dispatching rules, except in the case of the time jobs spent awaiting AGVs 

and the mean total queue length for AGVs. With regards to system throughput, the FRO- 

FISFO combination yielded the smallest throughput. The combination of STD-SOT usually 

yielded the best results, but the improvement was not statistically significant. 

Russell and Tanchoco [1984] performed a study to evaluate four vehicle dispatching 

rules, namely: largest number in queue; preferred order by nearest load; longest waiting time; 

and random assignment. The paper focused on a job shop with one computer-dispatched lift 

truck, which is very similar to a FMS with an AGV servicing the work centers. The objectives of 

the dispatching rules were: 

1. Maximize vehicle utilization, 

2. Minimize empty travel time, 

3. Minimize total travel time, 

4. Maximize load size, or 

5. Use storage space at pick-up and delivery points efficiently. 

In addition, the dispatching rules were evaluated in relation to overall system objectives such 

as: 

1. Minimizing mean flow time of jobs, 

2. Maximizing machine utilization, and 

3. Minimizing job lateness. 

The input and output queues of each work center were limited to FIFO, thus the effects of job 

sequencing rules were not studied and did not effect the system. Since there was only one 

material handling unit, the work center initiated rules were not needed or used. A Q-GERT 

simulation model of the job shop was created and twenty simulation runs per dispatching rule 

were performed. The results suggest that the longest waiting time dispatching rule results in 
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the smallest mean flow time per job but the difference was not statistically significant. The 

results showed that the variation in mean flowtime, machine utilization, and vehicle utilization 

were not significant. The only significant variations was maximum queue length. The largest 

number in queue dispatching rule balanced the truck queues as it was designed to do. 

2.3.2 Analysis Methods For an AGVS 

Many different methods have been used to analyze different aspects of an AGVS. In 

general, mathematical models have been used to analyze AGVS design problems, while 

simulation models have been used to analyze the operational aspects of AGVSs. Mathematical 

models have been used in design problems because of the static nature of the problem. On 

the other hand, simulation models are better able to handle the dynamic aspects of the 

operational problems [Kiran and Smith 1984]. 

Some of the many mathematical techniques include mathematical programming, integer 

programming, Markov decision processes, and queuing theory. Mathematical programming has 

been used to estimate the minimum number of vehicles [Maxwell and Muckstadt 1982], and to 

analyze flow path design [Gaskins and Tanchoco 1987]. Hodgson et al. [1987] used Markov 

decision processes to analyze some control rules for an AGVS. Integer programming has been 

used to analyze assignments of AGVs with different vehicle types [Leung et al. 1987] and to 

analyze the effects of simultaneously scheduling of machines and material handling devices 

[Raman et al. 1986]. Tanchoco et al. [1987] utilized queuing theories and CAN-Q 

(Computerized Analysis of Network of Queues) to determine the total number of vehicles in an 

AGVS. 

Simulation has been used to model systems where dynamic behavior was needed to 

determine the effects of changes to the system. For example, simulation was used by both 
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Egbelu [1982] and Dalal [1991] to determine the effects of different AGV dispatching policies in 

a FMS. Egbelu and Tanchoco [1986] used simulation to determine the potentials for bi- 

directional guide paths for AGVSs. 

Egbelu [1987] performed a study to compare mathematical models and simulation 

models. The objective was to determine how the mathematical models performed compared to 

the simulation models, and to determine which method should be used and when. Egbelu 

chose four mathematical methods for determining the number of AGVs needed for a FMS. In 

the study, the job shop was required to process 200 units per day. Four estimates were found 

using the mathematical models. Then, a simulation package, AGVSim, was used to model the 

system. The number of AGVs in the simulated system was slowly increased until 200 or more 

units were processed in the time allotted. The simulation exercise was repeated several times 

using the different dispatching heuristics outlined in Egbelu [1984]. The results suggested that 

the mathematical models underestimated the required number of vehicles in most of the 

dispatching strategies [Egbelu 1987]. The STT/D rule was the only dispatching policy where 

the number of vehicles for the simulation was closely estimated by the mathematical models. 

The mathematical methods give low estimates because they lack the ability to take into 

account the travel of unloaded vehicles, vehicle blocking ,and congestion [Gaskins and 

Tanchoco 1987]. All of these items, slow down the AGVs. The simulation models could 

account for these items, thus, the simulated estimates were slightly higher. On the other hand, 

the advantage of mathematical models is that they give solutions without having to analyze the 

simulation output [Gaskins and Tanchoco 1987]. However, simulation gives more insight into 

the actual performance of the system. Mathematical models are usually cheaper to set-up and 

solve, while simulation models can be difficult to set-up and analyze. In general, mathematical 

models are good for determining initial system requirements. These requirements can then be 
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used to justify whether the system is roughly economically justifiable. Simulation could then be 

used to check all estimates and to actually design the system. 

2.3.3. Simulation Modeling of AGVS 

The objective of this thesis is to determine the effects of different AGV dispatching 

policies. Since, the objective is not to find the optimal number of vehicles or the optimal flow 

path, mathematical models will not be used. Simulation will be used because it models the 

details of the dynamic system. A detailed dynamic simulation model is needed to fully 

understand and model the dynamic dispatching techniques. 

A simulation can be considered the process of designing a mathematical-logical model 

of a real system and experimenting with this model on a computer [Pritsker 1984]. Most 

systems can be sub-divided into a series of events. For example, the arrival of a job in the 

system is an event. The objective of a simulation program is to properly handle these events 

by mimicking the actions of the real system when the actual event happens. This requires a 

program to represent the state of a system at a point in time and then move the system from 

state to state [Pritsker 1984]. 

Simulation models can be written in almost any high level programming language such 

as FORTRAN, C, or Pascal, etc. However, many general-purpose simulation languages have 

been developed to aid in the development of the simulation model. These programs have 

developed routines that handle the control structure for common parts of a system, such as a 

queue. By using these languages, the program can concentrate on modeling the system and 

not programming the details. General-purpose languages include SLAM II, GPSS, SIMSCRIPT 

Il and SIMAN. 
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The modeling of a material handling system requires a more specialized simulation 

language, since the model will require some knowledge of the facility layout [Pritsker 1984]. 

Several simulators have been written to handle the unique features of an AGVS. Egbelu [1982] 

developed AGVSim and Pritsker & Associates [1984] have added several material handling 

routines for SLAM II to help model material handling systems. These languages allow the 

facility layout to be directly entered into the simulation model. These languages also take into 

account several of the characteristics of AGVS that render them difficult to model such as 

avoiding vehicle collisions, mapping the AGVS, controlling vehicle speed, and vehicle staging 

[Davis 1986]. 

2.4 LOOK-AHEAD SCHEDULING TECHNIQUES 

Look-ahead scheduling techniques are designed to predict events that will happen in 

the future, and using these events, develop a local optimal schedule for the current state of the 

system. Zeestraten [1990] presents a look-ahead sequencing procedure that is used as an 

approximation method for solving the minimum makespan problem for a job shop with routing 

flexibility. The paper explains the look ahead procedure and demonstrates that the look ahead 

procedure produces a better solution than priority sequencing rules. While this paper presents 

a solution to the minimum makespan problem for a job shop, the ideas can easily be 

transferred to the scheduling of AGVs in a FMS system. Job shops and FMSs are very closely 

related and finding the minimum makespan for a job is similar to finding the shortest path of an 

AGV. 

Zeestraten begins by reviewing the current methods of solving the job scheduling 

problem and discusses the desirable characteristics of a production control algorithm. The look 

ahead procedure is presented beginning with an overview of the structure of the look ahead 
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procedure, followed by a detailed discussion of the state space representation and the 

evaluation function. The results of several experiments are presented and conclusions about 

how the look ahead procedure preformed against the other scheduling procedures are 

developed. 

Job shop scheduling without and with routing flexibility was researched. The 

scheduling solution without flexibility was found to be NP-hard and grows exponentially. For 

this reason, only small problems can be solved without using heuristic solutions. It was found 

that very little work has been done with the job shop scheduling problem with routing flexibility 

and most solutions were based on priority sequencing rules. 

There are two characteristics of a well designed production control algorithm. The first 

characteristic is the ability to take full advantage of the available routing flexibility. The present 

heuristics only use part of the available routes. The second characteristic is the ability to use 

the algorithm for real time control. This means the algorithm must be solved in relatively short 

time. The current heuristics for job shop scheduling are easy and fast but lack the ability to 

search for an optimal solution and thus are inconsistent in their performance. 

Using a scheduling technique to solve the problem before hand also has some 

problems. The schedule must be based on estimated times of events. As the events happen, 

the entire schedule may become obsolete and the schedule could provide a far from optimal 

solution. The look ahead procedure can search for a local optimal solution, using the current 

status of the system and can re-evaluate the schedule easily to keep the schedule closer to an 

optimal solution. 

The look ahead procedure itself consists of two parts: 

1. The state space representation of the states that can be reached in a set time interval. 

2. The evaluation function used to determine the local optimal state that the system should be 
directed towards. 
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These parts are vital to any look ahead procedure. The details of Zeestraten’s look ahead are 

geared for solving the job shop scheduling problem and will not be given. But, the overall 

concepts are still applicable to solving the AGV scheduling problem of this thesis. 

2.4.1. State Space Representation 

The state space representation consists of branches and nodes. Usually a state space 

is represented as a tree structure as shown in Figure 1. Each node represents a state of the 

system while each branch or operator represents an act of assigning a schedulable operation, 

which moves the system to a new state. The major task of a look ahead procedure is to 

develop the tree structure for the system. This is usually the driving force of the problem, while 

the evaluation function is used to solve the problem, i.e. partition the tree. 

The state space starts with the current state of the system and a data base of 

schedulable operations in the system, and the point in time when each machine or AGV 

becomes available for the next operation. A non-schedulable operation is an operation that can 

not be scheduled until another schedulable operation is preformed. The procedure starts with 

the current state of the system, and a branch is created for each possible operation. An 

example of an operation is the machining of a job on a specific machine. Each of these 

operations will take the system into a new and different state. Now from each of these new 

nodes, all possible operations from the new state are branched off in the same manner. 

As Zeestraten points out, the usual tree structure represents the entire system, which 

creates a very large tree. The usual structure does not make the distinction between strongly 

dependent and strongly independent branches. This causes a separate branch to be created 

for each unrelated job. For example, machining job A on Machine 1 and job B on Machine 2 

will create four branches 1) Schedule A first, 2) Schedule B second, 3) Schedule B first and 
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Node: State Descriptor t——= C) 

Branch: Operator ————=> 

  Figure 1. State Space Represented as a Tree Structure     
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4) Schedule A second (see Figure 2). To avoid this problem, Zeestraten presents a different 

method of state representation. Zeestraten suggests creating multiple state trees, one for each 

machine and one for each job (see Figure 3). While this method appears to create a more 

complex system of state trees, it reduces the number of branches by eliminating independent 

branches. This method noticeably reduces the overall problem. Now each job and machine 

only have nodes and branches that effect them. 

2.4.2 Evaluation Function 

The evaluation function is used to determine which final level nodes the system will be 

directed towards. Once a local optimal node from the bottom level of nodes is picked, the path 

leading to that node gives the schedule. With Zeestraten’s method of developing multiple trees, 

one for each machine and one for each job, there is an optimal node on each tree. The 

system must then determine the effect of picking one of these nodes has on the other trees 

since the trees are not entirely independent. Once the local optimal pairs of nodes are picked, 

the schedule is known. The specific evaluation function to be used is dependant on the 

problem at hand. 

Now the only remaining decision is how far ahead does the tree extend? Zeestraten 

suggests looking ahead two operations on each machine. This limits the state space and time 

needed to preform the look ahead procedure. This limits the size of the state space so that the 

problem can be solved in a reasonable amount of time. While the look-ahead procedure looks 

two steps ahead in time to obtain the schedule, only one operation per machine is actually 

assigned before the look-ahead procedure is redone. 

Zeestraten compared the new look ahead method against several popular heuristics 

such as FCFS (First Come First Served) and LPT (Longest Processing Time). Zeestraten 
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Figure 2. Single Tree Structure Representation   
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2 - Start Job B 

Figure 3. Multiple Tree Structure Representation       
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found that the look ahead procedure obtained makespans that were on average four percent 

shorter than the ones produced by the heuristics. The look ahead preformed consistently well 

while the heuristics did not preform well under all circumstances. Overall, the look ahead 

procedure was one step closer to achieving the true ‘optimal’. 

2.5 SUMMARY 

This chapter has attempt to briefly review some of the pertinent literature relevant to 

this thesis. Two of the major topics reviewed were job shop scheduling techniques and AGVS 

scheduling techniques. In the area of job shop scheduling, there is a vast amount of literature, 

and this chapter is not meant to be an exhaustive review of all the articles on this subject. 

Many operations scheduling researchers have found the job shop scheduling problem to be 

challenging and inherently difficult due its combinatorial nature [Hax and Candea 1984]. In 

general, most of the optimization techniques are only capable of solving very small, simple 

systems. Unfortunately once the problem increases in size, it usually becomes NP-complete 

and very hard to solve. Hax and Candea state: 

The fact that a problem is NP-complete is highly valuable because then the effort 

should be directed toward finding efficient approximation techniques for generating 

good feasible schedules, rather than searching for possibly inefficient algorithms that 

hold some promise of optimality. 

Many researchers have thus turned to sequencing heuristics to solve the problem. 

These sequencing heuristics have been very useful but a single heuristic has not been 

found to solve the scheduling problem for every job shop. These heuristic sequencing rules are 

usually very simplistic. The sequencing rules can be classified as either static or dynamic rules. 
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Usually the dynamic rules perform better because they can react to changes in the status of the 

system changes. 

The second major subject reviewed in this chapter was the AGVS scheduling 

techniques. Most of the literature on AGVS has been on the subject of AGVS design. 

Relatively few articles have been written conceming the scheduling of the AGVs with in the 

material handling system. Most researchers used mathematical modeling methods to 

determine the best AGV routes thought the system. These methods solve only the static 

systems and fail to fully optimize the dynamic systems. Few researchers [Egbelu 1982, Dalal 

1991] have researched the effects of using dispatching heuristics with the AGVS. These 

heuristics are very similar to the job shop sequencing heuristics, but they have been modified to 

fit the AGVS. 

The literature reviewed in this chapter gives a brief overview of the job shop and AGVS 

scheduling problem. Unfortunately, most of the research has completely separated these two 

problems. The literature combining the two problems did so in a very cursory manner. The 

two problem combination has been addressed by scheduling one system, and then the other 

system was forced to follow this schedule. For example, Dalal [1991] researched the effects of 

work center sequencing rules and AGV dispatching rules. In this case, the work center 

sequencing rules could only effect the jobs within the work centers’ queues. The overall 

schedule was dictated by the AGVS. The literature has failed to fully integrate the scheduling 

of the two systems. The two systems can not be separately scheduled due to their 

interdependence. 
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CHAPTER Ill 

AGVS CONTROLLER DECISION SET 

3.1 INTRODUCTION 

This chapter is devoted to discussing the set of decisions available to the AGVS 

controller. The currently researched set of decisions will be presented followed by a proposed, 

expanded set of possible decisions that was researched in this thesis. The AGVS decision set 

needed to be expanded so more options can be considered and evaluated at each decision 

point. The expanded set of options provides the AGVS controller more flexibility to make better 

scheduling decisions. In addition, the current decision set does not easily allow for the use of 

look-ahead techniques. The expanded decision set allows decisions to be made based on 

information about future events. For example, the current decision set will only assign an AGV 

to jobs waiting in the output queues. The expanded decision set permits assignment of an 

AGV to jobs anywhere in the system. 

This chapter is divided into the following sections: 

3.2 Previously Researched AGVS Controller Decision Set, and 

3.3 Proposed AGVS Controller Decision Set. 

3.2 RESEARCHED AGVS CONTROLLER DECISION SET 

The current set of AGVS controller decisions has been compiled from information 

provided in Egbelu [1982] and Dalal [1991]. The decision set consists of actions that the AGVS 

controller can take when scheduling the AGVs. The action to take is delineated by the states 

of the individual AGVs and the status of the work centers’ output queues. By defining the 
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possible states of the individual AGVs and the possible states of the output queues, a decision 

tree can be constructed. This decision tree can be used by the AGVS controller to determine a 

possible course of action for each AGV. Figure 4 presents a decision tree that has been used 

in the current research on the effects of AGV dispatching heuristics. The controller starts at the 

top of the decision tree each time a decision is needed. The next section will explain Figure 4 

in detail. 

3.2.1. AGVS Controller Decision Tree 

The decision tree’s first layer consists of the two major states of the AGV. These two 

states are either loaded or unloaded. An AGV is considered to be loaded immediately after a 

job has been loaded on the AGV. Once an AGV is loaded, the only option available to the 

controller is to unload the AGV using a direct routing. To do this, the AGV is immediately sent 

to the next machine on the load’s machining route. the AGV’s route must be along the shortest 

path to the next work center with no delays, other than traffic delays. Once at the load’s 

destination, the load must be immediately unloaded. The AGV is then considered to be an 

unloaded AGV. 

On the other hand, if an AGV is unloaded then the status of all the work center output 

queues must be determined. The output queues either have jobs waiting to be serviced or not. 

If there are jobs waiting for service then the AGV will be directed to travel immediately to one of 

the output queues and pick-up a job. The AGV must take the shortest path to the output queue 

and immediately pick-up the load. Once the AGV picks-up a load, if is considered loaded. At 

this point its state changes to loaded, and the decision process starts over again. If no jobs are 

waiting in the output queues, then the AGV is sent to a designated parking area to wait for a 

job to enter an output queue. Once a job enters an output queue, the status of the output 
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queues changes and the decision process starts over again. 

The AGVS controller decision tree is used each time a change in one of the states 

occurs. States change when an AGV goes from unloaded to loaded or when a job enters an 

empty output queue. Scheduling heuristics are used to determine which AGV is sent and 

which output queue is serviced first. 

3.3 PROPOSED EXPANDED AGVS CONTROLLER DECISION SET 

The proposed expanded AGVS controller decision set is partly based on an idea 

presented in Mukhopadhyay et al. [1991], but is generally based on the abilities of the AGVS 

controller. The proposed decision tree is presented in Figure 5. Once again the first layer of 

the decision tree is based on the status of the individual AGVs. The status is either loaded or 

unloaded. 

lf the AGV is loaded then the AGV will be directed to unload, but not necessarily 

immediately. Of course the standard option of going directly to the job’s next destination and 

unloading, without delay, is available. However, the controller will also have the option of 

delaying the AGV through one of several ways. In order to delay the AGV, the following 

options have also been added: 

1. Wait-Unload Wait at the current location before delivering and unloading the job, 

2. Go-Indirect-Unload Travel indirectly (i.e. not the shortest path) to the next machine and 
unload, 

3. Go-Wait-Go- Travel to a specified location, wait, then deliver and unload the job, 
Unload 

4. Go to Buffer- Travel to a general buffer storage area and unload the job. 
Unload 

These options have been added to allow for a delay to be inserted into the delivery time of a 

specific job. A delay could allow time for another AGV to reach the next work center and 
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unload a job with a higher priority. This will allow the order of the parts to be rearranged, by 

the AGVS, to obtain a better schedule. This will be extremely useful in FMSs where all work 

center queues are FIFO and cannot be rearranged. The Buffer-Unload option allows a job to 

be temporarily sidelined while allowing the AGV to continue delivering other jobs. Once an 

AGV has unloaded, the decision tree is started over again. 

An AGV waiting under the loaded branch of the decision tree will cease waiting at one 

of the following events: 

1. Another AGV needs the guide path on which the AGV is waiting, 

2. The AGV has waited for a specific amount of time, 

3. The job with a higher priority has been delivered to the next work center, 

4. The estimated delivery time is now greater than the estimated delivery time of the job with 
the higher priority on the next work center, 

5. The AGV is needed by a more urgent job (In this case the job currently loaded would either 
be taken to the general buffer or the next machine.). 

Once one of these events has occurred, the AGV would then be reconsidered as a loaded AGV 

and would be subject to the same set of decisions. 

The second branch of the decision tree is for unloaded AGVs. In the current AGVS 

controller decision tree, the decision for an unloaded AGV is based on the status of the output 

queues. In the expanded decision tree, decisions are not based solely on the status of the 

output queues. By basing a decision only on the jobs in the output queues, the AGVS 

controller ignores jobs still in the work centers. When using look-ahead procedures, all jobs, or 

a subset of all jobs, will be taken into account when making a decision. To allow for this, the 

decision set must be able to handle decisions other than to serve jobs in the output queues. 

For this reason, the unloaded branch of the decision tree is broken into two different branches 

based on the type of assignment. The first branch is for direct assignments. Direct 

assignments are made immediately, and the assignment specifies which job is to be serviced 
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by the AGV. The second branch is for delayed assignments. In a delayed assignment, the 

decision of which job to service is delayed until some later point in time. 

Under the Direct Assignment Branch, the following options are available: 

1. Direct Move AGV proceeds directly to an output queue, 

2. Wait & Move AGV stops at the current location before traveling to the specific output 
queue, 

3. Indirect Move AGV travels on an indirect path to an output queue. 

These three options tell an AGV how to move to a specific output queue. Once at the output 

queue, the AGV has the ability to either 1) immediately pick-up a specific job or, 2) to delay the 

pick-up for a specified time. Once an AGV has picked-up a job, it is considered loaded and the 

decision process will be started over again. The direct move coupled with an immediate pick- 

up was used previously in most of the research papers [Egbelu 1982, Dalal 1990]. The option 

of direct move coupled with a delayed pick-up was used in Mukhopadhyay [1991]. 

By not separating the decision tree based on the status of the output queues, all jobs in 

the system can be considered regardless of their status. This allows jobs with higher priorities 

to be moved through the system as fast as possible. The reason for allowing a delayed pick-up 

is to allow the AGV to be assigned to a job regardless of the whether the job has finished 

processing. The delayed pick-up allows a job to finish processing while the AGV waits. This 

allows the AGV to travel to the job while the job is still processing. Any time spent traveling 

toward the job while the job is processing represents a possible flowtime reduction for the job. 

If the AGV was assigned to the job after processing was complete, then the entire travel time 

might be added to the job’s flowtime. 

The indirect move option allows the AGV to move while waiting for a job. This prevents 

the AGV from blocking a path and/or allows a second AGV to pick-up a job before the first AGV 

picks-up its job. Allowing another AGV to pick-up first is useful in a system containing different 
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types of AGVs. A slower AGV might be used to delay the first job in the output queue or a 

faster AGV might be used to accelerate the first job. Allowing another AGV to pick-up first 

does not appear to be useful in a system with identical AGVs. Using the indirect move option 

is more expense because the AGVs will require more energy to operate and will acquire more 

wear and tear. However, moving vehicles do not entirely block the path and allow other AGVs 

to use the path. 

While in the wait mode, the unloaded AGV will wait until one of the following events 

Occur: 

1. The required job becomes available, 

2. Another AGV needs the guide path on which the AGV is sitting, 

3. The AGV has waited for a specific amount of time, 

4. The AGV is need elsewhere and is reassigned. 

One of these events will cause the AGV to stop waiting and will start the decision process over 

again. 

The second branch under the Unloaded AGV branch is the Delayed Assignment 

branch. This branch will be taken if there are no jobs waiting for AGV service, or if the 

assignment decision is to be delayed for some other reason. The following options are 

available under this branch: 

1. Travel & Wait AGV travels along a specific path until an assignment is made. 

2. Travel-Park & AGV travels to a parking zone and waits for an assignment. 
Wait 

3. Wait AGV waits at present location for an assignment. 
These options allow the controller to delay making a specific assignment. In the event there 

are no jobs in the system, the controller might need to delay the decision until a job arrives. Of 

course, if no jobs are in the system then one AGV should be sent to the receiving area, since 

the next job will arrive there first. Otherwise, a delay without an assignment would be 
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inconsistent with the overall objectives of reducing job flowtime and meeting due-dates. These 

options probably would only be used in cases where the system is empty. 

Under the Delayed Assignment Branch, the AGV will wait until one of the following 

events occurs: 

1. A job makes a request for service, 

2. Another AGV needs the guide path on which the AGV is sitting, 

3. The AGV has waited for a specific amount of time and the decision is to be rechecked. 

These conditions would cause the AGV to stop waiting. At this point, the decision tree would 

be used again to determine the best decision at this point. 

3.4 SUMMARY 

Both the currently used decision set and a proposed expanded AGVS controller 

decision set have been discussed in this chapter. The expanded decision set has been created 

to give the AGVS controller more options to choose from when scheduling the AGVS. In 

addition, the expanded decision set also accommodates the use of look-ahead techniques not 

necessarily accommodated in the current set. This decision set will be studied in conjunction 

with the new scheduling techniques developed in this thesis. 
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CHAPTER IV 

INTEGRATED FMS SCHEDULING 

METHODOLOGY 

4.1 INTRODUCTION 

The overall objective of this thesis was to develop and study a new and expanded 

methodology for integrating job sequencing and AGV dispatching within a FMS environment. 

As defined in Chapter One, a scheduling methodology is an overall method of scheduling the 

entire FMS, while a scheduling technique is a procedure for scheduling part of the FMS. This 

chapter is devoted to the discussion of the scheduling methodology developed and researched 

for this thesis. The new scheduling methodology was designed: 

1. To utilize the expanded AGVS decision set presented in Chapter Three 

2. To integrate job sequencing and AGVS scheduling techniques, 

3. To accommodate more knowledge and information in the decision making process, and 

4. To utilize information about the timing of future events. 

These changes allow the scheduling methodology to utilize the advantages of both job 

sequencing and AGVS scheduling. In addition, the changes have increased the amount of 

information, and the number of feasible decisions available to the scheduling methodology. By 

utilizing the additional information, the scheduling methodology can make a better and more 

informed decision. This chapter discusses the details of the new scheduling methodology, and 

Chapter Six discusses the results of the simulation study utilizing the new methodology. 
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This chapter begins by discussing the new and expanded set of inputs to the 

scheduling methodology. This is followed by a brief discussion of the basic elements of 

previous research that was incorporated into the new scheduling methodology. A brief 

overview of the scheduling methodology developed for this thesis is then given, followed by a 

detailed description of the scheduling methodology. 

4.2 INPUTS TO THE SCHEDULING METHODOLOGY 

The dispatching heuristics presented in Egbelu [1982, 1984] and Dalal [1990] used very 

limited information in the scheduling decision process. The information usually consisted of 

only one system measurement, such as travel distances, number of jobs in a queue, or the 

job’s time in system. An example of these heuristics is the Shortest Travel Distance rule. To 

make a scheduling decision, this rule uses only the information on the distance from the AGV 

to the jobs requiring service. All other information about the system is not utilized. These 

heuristics were designed to be simple and easy to use, and thus, only require one or two easily 

accessible pieces of information about the system. 

This thesis studied the effects of utilizing additional pieces of information in the 

scheduling process. Table 1 gives a detailed listing of information readily available to the 

system controller at any point in time. This list contains information on the system’s status (i.e., 

AGV Busy/Idle), and information on system parameters (i.e., Distance between work centers, 

Queue sizes). By combining information on the system status and the system parameters, 

more information can be calculated about the system’s status. 

For example, the time until a work center becomes idle can be calculated by summing 

the processing times of jobs in the input queue. To do this, the list of jobs in a work center’s 

input queue and information on job processing times are combined. A list of information that 
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Table 1. Example of Information Readily Available 

INFORMATION AVAILABLE ON AGVS 

AGV status - Busy/Idle 

Present route of each AGV and estimate time of 

completion, if applicable 

Present location of AGV 

Distance between any two points on the AGV guidepath 

Vehicle speeds 

Loading and Unloading times of AGV’s at each station 

Location of AGV when it changes status from loaded to 
unloaded 

INFORMATION AVATLABLE ON WORK CENTERS 

Work Center status - Busy/Idle 

Type of Job currently being processed and time until 
process completion 

Number of jobs in input and output queues 

Types of jobs in input and output queues 

Number of jobs that input and output queues can 
accommodate 

INFORMATION ON JOBS IN THE SYSTEM 

Location of each job in the system 

Route of each job in the system 

Job processing time at each work center 

The time job has been in system 
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can be calculated is given in Table 2. By expanding the information on the system’s status, the 

controller has a more complete picture of the system. To utilize this complete picture of the 

system, a scheduling methodology was created to examine the additional information in the 

scheduling process. 

4.3. LOGIC AND STRATEGY USED IN DEVELOPING THE NEW 

SCHEDULING METHODOLOGY 

Within a FMS, there are two resources, work centers and AGVs, that must be 

simultaneously scheduled. Attempts to improve either system, without examining the resulting 

effects on the other system, may not improve the overall system. It is logical to assume that 

the work centers should take precedence over the AGVs, since the work centers add value to 

the product. The AGVS’s main objective is to service the work centers by delivering material at 

the right time and at the right place [Tompkins and White 1984]. 

Previous researchers have either concentrated on scheduling either the work centers 

[Blackstone et al 1982], or scheduling the AGVS [Egbelu 1984]. Dalal [1991] attempted to 

combine some of the job sequencing techniques with the AGV dispatching heuristics, however 

the AGV dispatching heuristics took precedence. Jobs were delivered to the work center based 

on the AGVS’s needs. Only the jobs immediately in the input queue were considered for job 

sequencing. For this reason, the results of the study did not show a significant improvement in 

system performance with the use of job sequencing rules 

The scheduling methodology developed for this thesis utilizes the advantages of job 

sequencing techniques by giving these techniques precedence over the AGVS scheduling 

techniques. The new methodology uses job sequence rules to determine the order of job 

delivery to the work centers. The AGVS is then required to deliver the jobs in this order if 
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Table 2. Example of Calculated Information 

INFORMATION ON AGV STATUS 

Time required to delivery current load and reach any 
point in the system. 

Time required to move between current position and 
any point in the system. 

INFORMATION ON WORK CENTER 

Processing time of each job in input queue 

Time until work center will become blocked 

Time until work center will become idle 

Sum of the processing times of all jobs in the input 
queue 

Destination of jobs in the queues 

Remaining number of jobs in either queue 

Remaining spaces for jobs in either queue 

INFORMATION ON JOBS IN THE SYSTEM 

For a job in an input queue, the time it will be 
finished processing. (i.e. sum of processing times 
of all jobs before it in the input queue) 

For a job in an output queue, the number of jobs 
ahead of it and the estimated time till it can be 
transported 

For a job on an AGV, the time of arrival at the next 
station 

From the above information, an estimate of the 
processing time at the next work center 
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possible. There are occasions when the jobs can not be easily delivered in order, at this point 

the second priority job becomes the first priority job. By forcing the AGVS to deliver jobs in 

order, the job sequencing rules have precedence over the AGV dispatching rules. 

Previous research has shown that the AGVS performance can be increased by 

assigning the transportation of jobs to the closest AGV [Egbelu 1982]. In this case, increased 

performance was defined as increased travel time of loaded AGVs and decreased unloaded 

travel time. The new scheduling methodology also utilizes the principle of nearest vehicle in 

the AGVS scheduling. The transportation of a job is preformed by the closest AGV. However, 

the new methodology examines all AGVs, not just the idle AGVs, to determine the closest AGV 

to the job. This includes AGVs still in the process of delivering jobs. 

The most important new piece of information used by the methodology is information 

about the timed occurrence of future events. The methodology utilizes information about when 

a work center will stop production, and when an AGV will finish delivering a job. Work centers 

about to stop production require immediate service. This information allows the AGVS to 

concentrate on servicing these work centers. By knowing when the AGVs finish deliveries, the 

scheduling methodology can determine which AGV is closest to a job. 

By combining these three principles, the new scheduling methodology has the ability to 

improve overall system performance. The discussion will now turn to the details of the 

scheduling methodology. First a brief overview of the system is given, followed by a detail 

description of each step in the scheduling methodology. 

4.4 OVERVIEW OF SCHEDULING METHODOLOGY 

Within the FMS scheduling process, there are four sequencing priority associated 

questions to be addressed. 
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1. Which job is to be processed next by a work center? 

2. Which work center is to be serviced next by the AGVS? 

3. Which specific job is to be serviced next by the AGVS? 

4. Which AGV should deliver the next job? 

These questions address the order of service for several sub-systems. The actual timing of 

service will be discussed later. The four steps of the scheduling methodology were designed to 

answer each of these four questions. Figure 6 gives an overview of the scheduling process. 

The first step in the methodology determines which job is to be processed next by each 

work center. The preferred processing sequence is referred to as the Job Processing Order 

(JPO) for each work center. The process starts by grouping jobs waiting for AGVS service 

according to the next work center on each jobs’ route. Each group of jobs represents a 

separate list of jobs destined for each work center. These lists of jobs contain the jobs to be 

processed in the near future by each work center. The jobs on the list are sorted using job 

sequencing heuristics, such as shortest processing time. Each sorted list gives the Job 

Processing Order (JPO) for its work center. 

The second step determines which work center is to be serviced next by the AGVS. 

Servicing priority is based on the estimated time till the work center is forced to stop production. 

Production is stopped for one of two reasons: 

1. The work center has finished processing all jobs in the input queue and becomes idle and 

is starved for work, or 

2. The work center has filled the output queue and becomes blocked. 

The work center that will be forced to stop production first is given the highest work center 

servicing priority. 

The third step determines which specific job is to be serviced next by the AGVS. The 

move job is found by combining the work centers’ JPO lists and the work center servicing 
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priorities. If the highest priority work center will soon be idle, the objective is to deliver a job to 

the work center before it becomes idle. The first job to be delivered by the AGVS is the highest 

job on that work center's JPO list. This job is labeled the highest system priority job. This job 

should be moved from its current work center location to the highest priority work center first. 

If this job is not at the end of the output queue immediately available to the AGVS, 

other jobs must be removed first instead. The methods for removing jobs from the output 

queues will depend on many factors, such as its priority ranking at its destination work center. 

Additional details will be discussed later. 

If the highest priority work center will be blocked, the objective of the AGVS is to 

remove jobs from that output queue before the work center is blocked. The methods for 

removing jobs from the output queue are discussed later. Based on the information gained by 

examining the system in this manner, the jobs requiring immediate service can be found. 

The fourth step determines which AGV is to transport the first job requiring immediate 

service. This is the most complex of the four steps. The previously documented methods for 

solving this problem have ranged from complex mathematical systems to over-simplified 

heuristics. The methods presented here concentrate on determining which AGVs are capable 

of servicing a job while satisfying the AGVS’s objectives. After establishing which AGVs can 

service the job, the closest AGV is assigned to the job. 

Within the methodology present here, the AGV capable of servicing the highest priority 

job first is assigned to the job. This includes AGVs currently servicing another job. These 

loaded AGVs might be able to finish servicing there current job and service the highest priority 

job faster than idle AGVs. The full details of the scheduling method are discussed later in this 

chapter. 
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4.5 STEP ONE - JOB PRIORITY ORDERING PROCEDURE 

The discussion will now turn to the details of the scheduling methodology. The first 

step in the scheduling process is to determine the Job Processing Order (JPO) for each work 

center. Other researchers [Day and Hottenstein 1970, Blackstone et al 1982 ] have shown that 

the order in which jobs are processed has a significant effect on many system performance 

measures, such as job flow time and job throughput. For this reason, it is desirable for the 

scheduling methodology to be able to determine the JPO and to be able to process jobs in that 

order. This will allow the scheduling methodology to improve certain performance criteria. 

There are many techniques currently available for determining the JPO, however, these 

techniques do not account for the material handling system. Previous AGVS scheduling 

methods [Egbelu 1982] have ignored the JPO. With these methods, jobs were processed in 

the order the AGVS delivered them, and the AGVS delivered jobs according to its needs. This 

does not guarantee the jobs will be processed in the JPO given by the job sequencing 

heuristics. Dalal [1991] researched the effects of combining some job sequencing techniques 

with AGV dispatching rules. However, Dalal’s techniques only utilized the job sequencing 

techniques for jobs physically located in the input queues. Dalal also allowed the AGVS to 

determine the order for delivering jobs to the input queues. Because of this, no significate gain 

in system performance was noticed. 

The method presented in this thesis concentrates on determining the JPO for jobs 

waiting to be delivered to the work centers. The AGVS is then required to deliver jobs to the 

work center according to the JPO. This allows the scheduling methodology to take advantage 

of the job sequencing techniques. By using the job sequencing techniques, system 

performance measures can be improved. 
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4.5.1 Determining the Job Processing Order 

When determining the JPO, jobs are ranked only against other jobs waiting to be 

processed by the same work center. Jobs are not ranked against all other jobs in the system, 

since they are not all competing for the same resource. __I|n this thesis, only jobs waiting for 

AGVS service are considered when determining the JPO. Since FIFO input queues are being 

used, the processing order of jobs already in the input queue cannot be rearranged. Jobs 

located in an output queue or currently being serviced by a work center are considered as 

waiting for AGVS service. In addition, jobs waiting to enter the system via the receiving center, 

are also considered to be waiting for service. 

To find the job priority, all jobs waiting for AGVS service are grouped according to their 

destination work centers. Figure 7 shows an example system. Column 1 on the left hand side 

lists the work centers and the jobs physically located in their output queues. Column 2 lists the 

jobs according to their destination work center. These groups of jobs represent the future work 

load for each work center. The problem now is to determine the JPO for each work centers’ 

group of jobs. This problem is a classic job scheduling problem and has been discussed in 

several articles [Day and Hottenstein 1970, Blackstone et al 1982]. The reader is referred to 

Chapter Two of this thesis for a review of such articles. 

In general, the Shortest Imminent Operation time (SIO) rule reduces the average 

flowtime but has a high flow time variance. SLACK/RO has been used to reduce the number of 

late jobs, and combinations of both rules have been tried with various results. For further 

information see Section 2.2.1.2. It is not the objective of this thesis to examine specific job 

sequencing rules. For this thesis, only the SIO rule was used to prioritize the groups of jobs. 

Using the SIO rule, each group of jobs destined for a work center can be prioritized. 

The ranked list is considered the work center's Job Processing Order (JPO) list. In Figure 7, 
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Column 3 has been sorted according to SIO, and represents the JPO list for the work centers. 

In the event of a tie, the tie is broken by using the job's arrival time into the system. This helps 

to reduce the average job flow time. By processing the jobs according to the JPO, it has been 

shown in other research [Day and Hottenstein, 1970] that the average job flow time will be 

decreased, and the job throughput will be increased. However, for the jobs to be processed in 

this order, they must be delivered in order. Thus, one of the objectives of the AGVS is to 

deliver the jobs to each work center according to its JPO. Since FIFO queues are being used, 

this will require the AGVS to rearrange the jobs. Methods for doing this include delaying a low 

priority job on the AGV or placing the job in a buffer. 

By examining the JPO lists, the scheduling process can determine which job is to be 

delivered first to each work center. In Figure 7, Job # 47 is to be delivered to Work Center 1 

first, and Job # 62 is to be delivered to Work Center 2 first. The next problem to solve is to 

determine which work center should be serviced first. In terms of the example, this means 

determining if Job # 47 should be delivered to Work Center 1 first or should Job # 62 be 

delivered to Work Center 2 first. To solve this problem the work centers also must be 

prioritized. 

4.6 STEP TWO - WORK CENTER SERVICING PRIORITIZING 

In general, production output is maximized when all work centers are operating at one 

hundred percent utilization. However, as Goldratt and Cox [1986] point out, work centers 

should only be working provided there is necessary work to be preformed. Running work 

centers just to increase utilization only creates unnecessary inventory. Under this theory, 

known as Optimized Production Technology (OPT), only the bottleneck work center should be 

working full time. 
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The bottleneck is the work center with the lowest capacity and thus controls the 

system’s output. Other work centers should work according to the schedule dictated by the 

bottleneck’s capacity. However, if the system is properly balanced, all the work centers will 

have about the same capacity, and the bottleneck will change dynamically over time. 

For this research, it is assumed the effects of bottlenecking are minimized by properly 

scheduling the release of jobs into the system. This creates balanced work loads on all work 

centers. Work centers are allowed to operate at one hundred percent utilization, provided there 

is work in the system. 

4.6.1. Work Center Ranking Criteria 

Given the system work load is balanced, objective of the scheduling methodology is to 

not allow a work center to stop production. Production stops when: 

1. no jobs are available in the input queue (starvation), or 

2. the machine cannot unload the current job because the output queue is full (blockage). 

Allowing production to stop is only acceptable if there is no work currently available for the work 

center. There will be situations where it is impossible to prevent a work center for stopping 

production. 

4.6.1.1 First Work Center Prioritizing Constraint 

In general, the first prioritizing constraint is: no work center shall be allowed to stop 

when work is available. Under this constraint, highest priority goes to the work center that will 

stop producing first. The time until a work center stops producing is referred to as Time Of 

Stoppage (TOS). To prevent a work center from stopping, it is desirable to deliver additional 

jobs to a work center before a work center finishes the job currently being processed. In 
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addition, it is desirable to remove jobs from the output queue before the work center is blocked. 

By determining when each work center will become either starved or blocked, the work centers 

can be ranked for service. The highest ranking going to the work center that would stop 

producing first. 

4.6.1.2 Second Work Center Prioritizing Constraint 

The second constraint for work center prioritizing is: servicing one work center shall 

not cause a second work center to go idle with higher priority jobs. This constraint was not 

added to the methodology tested due to limitations of the simulation model. It is explained here 

for completeness, but is truly a further research area. Under the second constraint, the benefits 

of servicing the first work center must be weighed against the cost of allowing the second work 

center to go idle with higher priority jobs. Here the jobs bound for the second work center 

might be late where jobs bound for the first work center have some slack time. Since one of 

the overall objectives is to reduce the number of late jobs; the benefit of expediting the late jobs 

might be greater than the cost of allowing the first work center to become idle. Allowing the 

first work center to become idle will only slightly increase the average job time in system and 

slightly decrease overall production. 

The penalty for allowing the first work center to become idle must also be balanced 

against the consequences of allowing other jobs to become late. In this case, the penalty for 

creating more late jobs might be greater than the benefit of minimally increasing production. A 

better solution might be to allow the work center to stop while late jobs are rushed to other 

work centers. 
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4.6.2 Determining Time Of Stoppage 

To determine when a work center will stop, the Time Of Idleness (TOI) and the Time Of 

Blockage (TOB) must be calculated. The minimum of these two times will determine the Time 

Of Stoppage (TOS). 

4.6.2.1 Determining Time Of Idleness 

TOI is estimated by determining when the job currently being processed will finish and 

adding the sum of the processing times of jobs in the input queue. In addition, jobs currently 

being delivered (i.e., on an AGVs) need to be accounted for. If the job arrives before the work 

center requires the job, the processing time of the job is simply added to the work center’s TOI. 

If the next job going to the work center is not delivered before the work center becomes idle, 

then there will be work center idle time that must be added to the TOI. The time the work 

center is idle, plus the processing time of the next job will be added to TOI. In summary: 

TO|= Current processing finishing time 
+ Sum of processing times of jobs in input queue 
+ Processing times of jobs being delivered 
+ Max (0, Delivery Time of Jobs - TOI* ) 

TOI* = Current Processing Finish Time 
+ Sum of Processing Times of jobs in input queue 

Using the example given in Figure 8, an example of calculating TOI can be discussed. The 

current process finish time is 100, and the sum of processing times for jobs in the input queue 

is 17 minutes. The TOI* is then 117. If no jobs are currently scheduled for delivery, the TOI 

for Work Center 1 would be 117. If Job # 47 (see Figure 7) has been scheduled for delivery, 

the scheduling process would need the delivery time for Job # 47. If the delivery time was 115, 

the job would arrive before the work center became idle. The new TOI would be: 

TOI = 100 + 17 + 10 + MAX( 0, 115 - 117) = 127 
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PROCESS 
JOB PROCESSING FINISH 

NUMBER TIME TIME 

INPUT # 70 7 117 
QUEUE # 46 10 110 

MACHINE # 64 8 100 

OUTPUT # 61 10 92 
QUEUE # 45 7 82   
  

  Figure 8. Example of Calculating TOI and TOB   
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If the delivery time was 120, the job would arrive after the work center became idle. The new 

TOI would be: 

TOI = 100 + 17 + 10 + MAX( 0, 120 - 117) = 130 

Notice an induced idle time of three minutes is created. 

4.6.2.2 Determining Time Of Blockage 

TOB occurs when the output queue becomes full and a finished job cannot be 

unloaded from the machine due to lack of output queue space. The machine is considered 

blocked at this point. To calculate TOB, first determine the number of spaces remaining in the 

output queue, X. Then determine the time required to process the next X + 1 jobs. This 

includes the remaining processing time of the job currently on the machine and the processing 

time of jobs in the input queue. These processing times will determine TOB. When a job is 

removed from the output queue or scheduled for removal, TOB must be recalculated. 

Using the example in Figure 8 again, there are two jobs in the output queue, X = 0. 

The next step is to determine the processing time of the next job. From Figure 8, the next job 

will be completed at time 100, thus the TOB for Work Center 1 is 100. If Job # 45 has been 

scheduled for pick-up at time 95, the new TOB must be recalculated. Now there would be one 

slot in the output queue available, X = 1. The next step is to calculate the processing time for 

the next X + 1 jobs or in this example, the next two jobs. The job on the machine will be 

finished at time 100. Adding Job # 70's processing time to this gives a finishing time of 110. 

The new TOB for Work Center 1 would be 110. 

If a job is removed from the output queue after the work center has been blocked, the 

blocked time must be taken into account. Since the work center was blocked, it is assumed 

that the job on the work center machine will automatically be place into the output queue when 

a job is pick-up by the AGV. This will once again fill the output queue, and the work center will 
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be blocked when the next job to be processed is finished. Thus, the new TOB will be the 

amount of time needed to process that job plus the time when that job would be started. The 

starting time in this case is equal to the AGV pick-up time. 

Using the example in Figure 8, if JOB # 45 is scheduled for pick-up at time 115, the 

work center will be blocked for five time units. Job # 70 cannot start processing until time 115. 

Adding Job # 70’s processing time gives a TOB for Work Center 1 of 125. 

When the work center does not contain enough jobs to fill its output queue, the work 

center cannot be blocked. When this occurs, the TOB is set to an artificially high value. This 

prevents the work center from being ranked based on TOB since it will not be blocked under 

the current situation. 

In addition, there are situations where no jobs exist that are currently waiting for AGVS 

service and destined for a work center. When that work center finishes the jobs currently in its 

input queue, it must become idle. There is no more work for that work center. In this case, the 

work center's TOI is set to an artificially high time. This prevents the work center from being 

ranked based on TOI, since the work center must go idle. If the TOI was allowed to be the true 

TOI, the scheduling process would attempt to find a job destined for the work center. Since 

there are none, the scheduling logic would be incomplete and would result in an error message. 

While the work center would become idle, there is nothing that can be done to prevent it. 

4.6.3. Determining Work Center Priority 

TOS is then the minimum of TOI and TOB and is used as a priority index for ranking 

the work centers for service. Highest priority goes to the lowest TOS. The work center with the 

highest priority should be scheduled for AGVS service first. If the work center will become idle, 

jobs bound for that work center should be scheduled for delivery before the work center 
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becomes idle. The delivery order (i.e., - which job to deliver first) is given by the JPO list. 

Determining the priority of jobs bound for this work center was discussed in the previous 

section. lf the work center will become blocked, the AGVS should be scheduled to remove jobs 

from the output before the work center is blocked. 

4.7. STEP THREE - JOB MOVEMENT PRIORITY 

Once the highest priority work center to be serviced has been found, based on TOS, it 

is necessary to determine which job will actually be moved next. The process for determining 

which job to move and how to move it is based on: 1) whether the highest priority work center 

is becoming idle or blocked, 2) the physical location of jobs within the work centers, and 3) the 

job processing priority for those jobs. The next two sections will discuss how the AGVS 

determines which job is to be moved and which type of assignment is to be given to the AGV. 

Please note all queues are considered FIFO for this process. 

4.7.1. AGVS Scheduling With Idle Work Centers 

This section assumes the highest priority work center to be serviced will soon become 

idle. The highest priority work center is labeled WC1. When a work center is becoming idle, 

the AGVS's objective is to deliver jobs to WC1 before it becomes idle. WC1’s JPO list will 

determine the order for delivering jobs to WC1. The first job on WC1’s JPO list is given highest 

priority for movement. This job is the highest system priority job and is called System Job One 

(SJ1). 

The next step is to find the current work center where SJ1 is located, and to determine 

how to access it and move it to WC1. The objective is to remove SJ1 from its current location 

and delivered it to WC1. However, SJ1 may not be directly available for AGV pick-up, since 
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SJ1 may be blocked in an output queue by other jobs. Jobs blocking SJ1 must be removed 

from the output queue, so SJ1 can be accessed by the AGVS. 

To determine how SJ1 is removed from the output queue, several scenarios have been 

defined. The scenarios are based on SJ1’s location within the work center's queues and the 

type of job blocking SJ1 in the work center. A comprehensive list of scenarios is given below. 

First, remember SJ1 is the highest system priority job. Under the extended notation SJ1 is 

labeled J,.,,,, (see Figure 9 for details). Remember also, work centers other than WC1 also 

have high priority jobs based on their own JPO list. The J concept is explained in o,d,r.8,p 

Figure 9. 

For each scenario, there is a list of possible actions to be taken by the AGVS to 

remove SJ1. The actions were determined by using the expanded decision set given in 

Figure 5 in Chapter Three. All actions start with an unloaded AGV’s assignment. All unloaded 

AGVs are given a direct assignment to move without delay to pick-up a job. Once an AGV has 

picked-up a job, the AGV is considered loaded. If the loaded job is highest on any JPO list, the 

AGV is given a direct unload assignment. For lower jobs on the JPO lists, the job delivery is 

delayed either while on the AGV or by placing the job in the buffer. The actions listed are 

independent of the actual AGVs used. The scenarios are as follows: 

1.0 dogs 

SJ1 is located at the end of the output queue in position p = 1. 

Actions 

A) Direct Pick-up and Direct Delivery of J, ,,,, from c to d. 
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c = 0 to 

d= 1 to 

r= i1 to 

s = 1 to 

p= 1to 

N 

NIQ 

NJS 

The jobs are designated by: J,4,., 

The current work center location 
of the job. 

0 = Receiving center 

The job’s next work center 
destination. 

N + 1 = shipping center 

The job’s rank among other jobs 
destined for the same work 
center, d. 

NIQ = Number of jobs going to 
Input Queue, d. 

The job’s overall system priority. 

NJS = Number of Jobs in the System 

The position of the job within 
work center d. See diagram 
below. 

N = Number of work centers in the system. 

M = Number of positions within the work center 

Diagram showing queue positions 

  

>   

Input Output 
Queue Machine Queue 

5 | 4 
  

3 2{/1+ > 
        Figure 9. Notation for Job Labeling   
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or 

Joai12 Where p = 1 of work center c is occupied by J,,,,, whose d # d of SJ1. 

SJ1 is blocked by another job in the output queue. The blocking job is first on another 

work center’s JPO list. 

Actions 

A) 1) Direct Pick-up and Direct Delivery of J, ,,., 

2) Direct Pick-up and Direct Delivery of J. ,.,,5 

Jogi Where p =1 of work center c is occupied by J,,,,, whose d = d of SJ1. 

SJ1 is blocked behind another job in the output queue. The blocking job has the 

second JPO priority at the same destination as SJ1. 

Actions 

A) 1) Direct Pick-up and Delayed Delivery of J,45.; 

2) Direct Pick-up and Direct Delivery of J, ,,,. 

B) 1) Direct Pick-up and Buffer of J, 42. , 

2) Direct Pick-up and Direct Delivery of J,,,,. 

This scenario is actually broken into four sub-scenarios. Each sub-scenario is based on 

the same starting point. In each case, SJ1 is blocked behind another job in the output 

queue. The blocking job has second JPO priority at a second work center destination 

different from SJ1’s destination. The blocking job is labelled BJ1 and the second work 

center is labelled WC2. The notation is: 

Jeai12 Where p = 1 of work center c is occupied by J,,,,, whose d # d of SJ1. 

The individual sub-scenarios are delineated by the location of the highest priority job for 

the second work center. 
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4.1 

or 

or 

4.2 

or 

4.3 

or 

Joaik1 Where c =c of SJ1 and B1, and d = d of But 

WC2’s first JPO priority job is located at the end of an output queue. 

Actions 

A) 1) Direct Pick-up and Delivery of J.444; 

2) Direct Pick-up and Delivery of J, 42,, 

3) Direct4 Pick-up and Delivery of J,,,,2 

B) 1) Direct Pick-up and Delay of J,4.,, 

2) Direct Pick-up and Delivery of J,,,,. 

C) 1) Direct Pick-up and Buffer of J,4.,, 

2) Direct Pick-up and Delivery of J..,,. 

Joaikp Where p> 2,c=c of SJ1,d=d of But 

WC2’s job with first JPO priority is located behind BJ and SJ1 in the same queue. 

Actions 

A) 1) Direct Pick-up and Delay of J, ,2,, 

2) Direct Pick-up and Delivery of J, 44,,> 

B) 1) Direct Pick-up and Buffer of J, 45,, 

2) Direct Pick-up and Delivery of J,.4,,2 

Joaike Where c =c of SJ1, d =d of BU1 

WC2’s job with first JPO priority is blocked by a yet another job at another current 

location. 

Actions 

A) In this case, schedule J,,,,2 as SJ1. Then schedule the original SJ1. 

B) 1) Direct Pick-up and Delay of J,,.,, 

2) Direct Pick-up and Delivery of J.4,42 
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or C) 1) Direct Pick-up and Buffer of J, ,,,, 

2) Direct Pick-up and Delivery of J, 4,2 

4.4 Josep Where c =c of SJ1, d =d of BU1 and p > 2. 

or 

or 

7.1 

WC2’s job with first JPO priority is blocked by more than two jobs at its current 

location. 

Actions 

A) In this case, schedule BJ1 as a J,,,,, (see scenario 2). 

B) 1) Direct Pick-up and Delay of J,45,, 

2) Direct Pick-up and Delivery of J,4,42 

C) 1) Direct Pick-up and Buffer of J. 42,, 

2) Direct Pick-up and Delivery of J,4,,. 

Joa112 Where p = 1 of work center c is occupied by J, ,,,, where r > 3 

SJ1 is blocked by a job lower than the second job on the JPO list. 

Actions 

A) 1) Direct Pick-up and Buffer of J, ,2,., 

2) Direct Pick-up and Delivery of J.4,,2 

Jogi12 Where p = 1 of work center c is occupied by J c,N+1,r,s,1 

SJ1 is blocked by a finished job ready to be moved to shipping. 

Actions 

A) 1) Direct Pick-up and Delivery of J.u.4..; 

2) Direct Pick-up and Delivery of J,.4,,. 

Under this scenario, SJ1 is still located on the machine or J, ,,,5 

The output queue in front of SJ1 is empty. 

Action 

A) Schedule J,,,,3 aS J.4,;, - AGV might have to wait. 
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7.2 Queue position p = 1 is occupied. 

Action 

A) Schedule J,4415 AS Joai12 

7.3. Both queue positions p = 1 and p = 2 are occupied. 

7.3.1 Soares 

The first job in the output queue has the highest JPO priority at a work center. 

Action 

A) 1) Direct Pick-up and Delivery of J,,,., 

2) Now Output queue position p = 2 is empty see scenario 7.2. 

7.3.2 If the first job in the output queue does not have highest JPO priority at a work center, 

then abandon SJ1 and pick the second JPO priority for WC1. 

This list of scenarios is by no means complete. However, it does represent the vast 

majority of the cases. Using these scenarios, the method for removing SJ1 from the output 

queue can be determined. 

4.7.2 AGVS Scheduling With Blocked Work Centers 

in this general case, the highest priority work center will soon be blocked. The 

objective of the AGVS at this point is to remove jobs from the highest priority work center's 

output queue before the work center is blocked. In this case, the highest system priority job is 

simply the job at the end of the work center's output queue. The end of the output queue is 

considered to be position 1. Once again, several scenarios can be constructed to determine 

the action needed. The scenarios are: 
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or 

Jeaii1 7 The first job in the output queue has the highest JPO priority at another work 

center. 

Actions 

A) Direct Pick-up and Delivery of J.44,, 

Joa211 7 The first job in the output queue has the second highest JPO priority at another 

work center. 

Actions 

A) Direct Pick-up and Delay of J,,.,, 

B) Direct Pick-up and Buffer of J, 42, , 

Joari.1 Where r>2. The first job in the output queue has a JPO priority lower than second 

job. 

Actions 

A) Direct Pick-up and Buffer of J, ,.,, 

Jeneirt1” Phe first job in the output queue is finished and is ready for delivery to shipping. 

Actions 

A) Direct Pick-up and Delivery of Jou. 

This list is not a full list of possibilities but covers the most important cases. 

4.7.3 Review of Step Three 

Based on the whether the highest priority work center is becoming idle or blocked, the 

highest system priority job can be determined. Then by determining which scenario applies, 

the first job to be moved and the proper action to take can be identified. The fourth and final 

step is to determine which AGV will move the job. 
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4.8 STEP FOUR - AGVS SCHEDULING 

The fourth step is the most difficult of the four steps. This step determines which AGV 

is to move which job given the order of job movement. First a summary review of previously 

researched dispatching rules is necessary. 

In previous research [Egbelu 1982, Dalal 1991], simple heuristics were used to 

determine which AGV serviced which job. For more details see Section 3.2.1. The rules were 

classified as Work Center Initiated (WI) or Vehicle Initiated (VI). VI rules were used when more 

than one job was waiting for one idle AGV. In a system running at near capacity, these rules 

would determine which job was to be serviced next. For example, the job nearest the AGV 

would be serviced next. Vi rules ignore the work centers’ job processing priorities. 

The scheduling process presented here has replaced the VI rules with a methodology 

designed to determine which job requires servicing first, based on more relevant system data. 

With this procedure, jobs request AGVs according to their processing priority, their destination 

work centers service priority, and their position within the output queue. With this scheduling 

procedure, only the next job to be moved can request service. Since only one job can be 

requesting service, the VI rules are not needed. 

Previously, when only one job is requesting service from multiple AGVs, the WI rules 

were used. The only WI rule that repeatedly demonstrated superior results was the Nearest 

Vehicle Rule [Egbelu 1982, Dalal 1991]. The Longest Idle Vehicle and Least Utilized Vehicle 

were merely created to increase the AGVS utilization. Increased AGVS utilization is a minor 

concern compared to delivering jobs in a timely manner. The original Nearest Vehicle Rule 

assures that a job receives the fastest possible service, but only from a pool of idle AGVs. The 

rule can easily be extended to include all AGVs, including non-idle (loaded) AGVs. 
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4.8.1 Modified Nearest Vehicle Rule 

To include all AGVs in the NV rule, an estimated time till idle must be calculated for 

each AGV. If an AGV is currently delivering a job (loaded), the estimated Vehicle Time Till Idle 

(VTTI) is the estimated time the AGV finishes moving to the drop-off point and unloads. For an 

unloaded AGV, the estimated VTTI is simply the present time. In addition to the estimated 

VTTI, the location of the AGV when it becomes idle is required. This location is called the 

Vehicle Idle Point (VIP). For unloaded AGVs, the VIP is simply the current location. For 

loaded AGVs, the idle point is the drop-off point of the current load. 

To determine the nearest vehicle to a job, the Estimated Time of Arrival (ETA) is 

required for each AGV. The ETA is merely the VTTI of the AGV plus the estimated travel time 

from its VIP to the job’s current location. The travel time can be estimated by dividing the total 

distance between points by the average vehicle speed. Unfortunately, this does not account for 

blockage cause by AGV traffic, which is extremely difficult to determine. The estimated travel 

time could be increased by the average block time per move. The simulation program in this 

thesis did not account for the block time when making estimated travel time calculations. 

With the Modified Nearest Vehicle rule, the AGV with the lowest ETA is considered to 

be the closest AGV. This modification allows all AGVs to be considered in a job servicing 

decision. Previously, loaded AGVs were ignored. However, the time required for a loaded 

AGV to unload and move to the location of the job requesting service may be shorter than the 

time for the nearest idle AGV to reach the job. By examining all AGVs, the Modified Nearest 

Vehicle rule allows more possible solutions to be found for the job servicing decision. While the 

Modified Nearest Vehicle rule is an improvement, it also has some drawbacks. 
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4.8.2 Delivery Time Scale 

So far, every AGV rule or scheduling procedure has ignored the job’s delivery time 

scale. A job’s delivery time scale is defined by two points. At one end is the time when a job 

can be picked-up, i.e. reaches the end of the output queue. The other end is defined by the 

point in time when a job is needed at the next work center. The previously researched AGV 

dispatching rules did not examine this vital piece of information. 

When a job is required at the next work center as soon as possible, the overall nearest 

vehicle is the best choice. The nearest vehicle will deliver the job on time or with the least 

amount of delay. But what happens when the job has some delivery slack time? The nearest 

vehicle could deliver the job before it is required, thus satisfying one of the objectives - do not 

allow a work center to become idle. However, what if the second or third closest AGV could 

also deliver the job before it is required at the next work center? 

4.8.2.1 AGV Service Time Window 

The previous argument brings up the concept of a Service Time Window (STW). The 

STW is made up of a Pick-up Time Window and a Delivery Time Window (see Figure 10). The 

Pick-up Time Window defines the time window when a job can be picked-up and still be 

delivered on time. The Earliest Pick-up Time (EPT) defines the front edge of the Pick-up Time 

Window. The EPT is merely the point in time when the job reaches the AGV end of the output 

queue. A job’s EPT is the pick-up time of the job ahead of it in the output queue or the job’s 

process finishing time, whichever time is greater. The Latest Pick-up Time (LPUT)} is 

determined by the Latest Delivery Time (LDT). The LDT is simply the TOI of the destination 

work center. LPUT is LDT minus the estimated travel time, including load and unload times. 

Integrated FMS Scheduling Methodology 81



  

  
  

      
PICK-UP TIME DELIVERY TIME 

      

    

            

                      

  

  

    

  

WINDOW WINDOW 

_| | 

EARLIEST LATEST EARLIEST LATEST 
PICK-UP PICK-UP DELIVERY DELIVERY 
TIME TIME TIME TIME 

S, 

7 
TIME 

    

SERVICE TIME WINDOW 

Figure 10. Service Time Window     
  

Integrated FMS Scheduling Methodology 82



On the other side of the delivery action, there is a Delivery Time Window. The LDT 

was defined as the TOI of the destination work center. To determine Earliest Delivery Time 

(EDT), the JPO list must be examined. The EDT of any job ts the actual delivery time of the 

job with the next highest priority on the work center’s JPO list. In some cases, the AGV must 

be delayed in order to not violate the EDT. The delay time is the EDT minus the travel time 

(including load and unload) minus the actual job pick-up time. 

4.8.3. Researched Scheduling Methodology 

For the scheduling methodology analyzed herein for this thesis, a combination of the 

MNV rule and the STW was used in the AGV scheduling decision process. Once the job to be 

serviced has been established, the methodology searches for the nearest AGV able to pick-up 

the job within the Pick-up Time Window (PTW). AGVs arriving before the EPT, are allowed to 

service other jobs. From the pool of AGVs capable of picking up within the PTW, the nearest 

AGV is chosen for possible job service. If there is not an AGV meeting this requirement, the 

nearest AGV is picked. 

In the case of a work center that will be idle, the scheduling methodology preforms a 

cursory examination of the Delivery Time Window. The methodology compares the estimated 

delivery time to the Latest Delivery Time (LDT). If the job cannot be delivered before the LDT, 

the methodology examines the possibility of delivering the second priority job using the same 

procedure. If the second priority job is at the end of the output queue, the methodology 

determines the job's earliest delivery time. If the second priority job cannot be delivered on 

time or if it is not at the end of an output queue, the methodology schedules the first priority job 

for delivery as usual. In this case, the work center will be allowed to become idle. Otherwise if 
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the second priority job can be delivered on time, it is scheduled for delivery. This reduces the 

work center idle time and increases the work center utilization. 

4.8.3.1 Earliest Delivery Time 

Due to the limitations of the simulation model created to analyze the researched 

scheduling methodology, the researched methodology does not utilize the Earliest Delivery 

Time (EDT). However, the subject needs to be addressed here for completeness. The EDT 

for a job is defined by the actual delivery time of the job with the next highest priority. If a job 

arrives too early, it will be processed before a higher priority job, thus changing the job 

processing order. The EDT is a main concern when secondary priority jobs must be 

immediately removed from the output queue. 

From the list of scenarios from Sections 4.7.1 and 4.7.2, there are many situations 

where a secondary priority job needs to be removed from the output before the first priority job 

can be scheduled for service. If a second priority job is to be removed first, tt should be 

delayed in the AGVS to allow the first priority job to be delivered first. In these cases, the 

actions listed with the scenario usually requires the job to be delayed or placed in the buffer. A 

delay can be accomplished by stopping the loaded AGV or directing the AGV to use a longer 

route to the drop-off point. When an AGV is stopped, it should be stopped on an idle segment 

of the AGVS or on a siding. Stopping the AGV on a busy section of track could hinder the 

other AGVs. Buffering the job means to place the job in a temporary holding area somewhere 

in the system. | 

A delay would be used when the job only needs to be delayed for a short period of 

time. To calculate the amount of delay needed, the scheduling system would need the job’s 

Earliest Delivery Time (EDT). The job needs to be delayed at least until this time. The delay 

needed would be the difference in the normal delivery time for the job and the Earliest Delivery 
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Time. To find the EDT, the system would need to determine the delivery time for the next 

highest priority job. This time may or may not be readily available. This time could be 

calculated in situations where the next highest priority job could be easily scheduled for service. 

For example, a situation where the higher priority job is at the end of an output queue 

(Scenario 4.1) or directly behind the lower priority job (Scenario 2) is considered. In these 

cases, the system could easily schedule the higher priority job for service and determine the 

amount of delay needed. 

In other cases, the system should default to sending the job to some location for delay. 

A preset position could be used to reduce the amount of calculations needed to determine the 

actual location for stopping. Ideally, this location should be near the buffer. When the job 

arrives, at the buffer, the system should once again check the status of the higher priority job. 

If the system can now determine the amount of delay needed, it should proceed as normal. If it 

still can determine the delay, it should automatically place the job in the buffer. If the preset 

position for delay is the buffer, the AGV will not lose more time taking the job to the buffer. 

When the delay is considered too long or cannot be easily found, the system should 

default to place the job in the buffer. The buffer is used to delay jobs for a long period of time. 

Buffering a job also allows the AGV to service other jobs and allows other jobs to be removed 

from the output queue. Jobs remain in the buffer until required. The buffer can be modeled in 

the same manner as the receiving queue. 

4.8.4 Shop Locking 

The phenomenon called shop lock occurs when all AGVs cannot preform their assigned 

tasks. Usually this happens when all AGVs have a load but cannot drop off their loads at a 

queue. It can also occur when two AGVs are trying to drop off loads at a full work center. The 
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second AGV must wait on the main track for the first AGV to clear the spur. This can prevent a 

third AGV from removing a job from the output queue. This assumes the output queue spur is 

on the same segment of track only further down the line. 

This can occur on rare occasions in any system. To prevent this from happening, a 

simple over-ride is placed in the scheduling methodology. For this thesis, the over-ride rule 

was triggered when a work center contained five or more jobs, including jobs scheduled for 

delivery. At this point, the closest idle AGV was instructed to remove a job from the output 

queue. 

Normally the TOB rule will prevent the work center from becoming overly full. There 

are situations where the TOB rule will not react in time. Especially when a work center has a 

full output queue but will not be blocked for a long time period. In this case, four jobs might be 

delivered to the work center before TOB. In this case, the last two jobs can not be unloaded 

and shop lock occurs. 

4.8.5 Review of Step Four 

Once the scheduling process has determined exactly which job is to be moved next by 

the AGVS, the final step is to determine which AGV is to move this job. To determine the 

AGV, the scheduling process determines the VTTI and the VIP of each AGV in the system. 

Based on the VTTI and the VIP, the process can determine the estimated the job pick-up and 

delivery time for each vehicle. The process then compares the job’s STW to the estimated 

pick-up and delivery times of each AGV. The AGV that can pick-up and deliver the job in the 

least amount of time while meeting the STW, is selected to service the job. 
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4.9 SUMMARY 

The scheduling methodology developed for this thesis, has been designed: 

1. To utilize the expanded AGVS decision set presented in Chapter Three, 

2. To accommodate more knowledge and information in the decision making process, and 

3. To utilize information about the timing of future events. 

The resulting methodology combines the best job sequencing rules with the best AGV 

dispatching rules. The combination is then augmented by additional timing information. 

By forcing the AGVS system to deliver jobs according to the Job Processing Order, the 

jobs are no longer randomly delivered to the work centers. This allows the system to take 

advantage of the benefits of job sequencing. By examining the work center event times and 

AGV’s timing, the AGVS can concentrate on work centers that need immediate attention with 

the most appropriate AGV. 

The scheduling methodology presented here has successfully combined job sequencing 

with AGV dispatching. Since the two sub-systems must work together, they must be scheduled 

together. By combining the job sequencing rules and the event times, a scheduling 

methodology has been developed that will increase the system performance in the areas of job 

flow time and job throughput. The results of the simulation study supporting these claims is 

found in Chapter Six. 
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Chapter V 

DESCRIPTION OF THE HYPOTHETICAL 

FLEXIBLE MANUFACTURING SYSTEM 

5.1 INTRODUCTION 

This chapter is devoted to the discussion of the FMS that was modeled and exercised 

in the simulation studies for this thesis. This hypothetical FMS was modeled after FMSs 

presented in articles such as Maxwell and Muckstadt [1982], Egbelu [1982,1984], Dalal [1991], 

and others discussed in Chapter Two. In addition, several books have been used including 

Holland [1982], Hammond [1986], and Luggen [1991]. Although the hypothetical FMS does not 

represent an actual FMS, it is representative of a typical FMS. This chapter will give a general 

description of each major sub-system of the FMS along with a list of underlying assumptions 

that have been made concerning each sub-system. 

The FMS modeled in this thesis consists of six non-identical work centers, a receiving 

center, a shipping center, and an AGV docking and recharging area. The layout of the FMS is 

presented in Figure 11. The solid lines represent the AGV guide path while the dotted lines 

represent the physical bounds of the individual work centers. The FMS is 80 feet wide by 160 

feet long. The five major sub-systems of the FMS are 1) the jobs, 2) the work centers, 3) the 

receiving and shipping center, 4) the AGVS, and 5) the system controller. The last section 

briefly describes the simulation study. 
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5.2 JOB DESCRIPTION 

A job consists of a unit load of parts that are to be processed together as one unit or 

batch. The number of parts in a job remains constant and is dependant on the job type. The 

actual number of parts in a job is irrelevant to this research. The processing of a job will be 

considered a single activity. Jobs enter the system through the receiving station at a uniform 

rate of 30 per hour. The four job types are uniformly distributed with a general ratio of 3:3:2:2. 

Each job travels through the work centers according to its predetermined route that is defined 

by its job type. Routes for the four part types are given in Table 3. Upon completion at the last 

work center, jobs are taken to the shipping station where they are removed from the system. 

The following assumptions apply to jobs entering the system: 

1. A job consists of a unit load of parts. The parts are to be processed together as a unit and 
the actual number of parts is irrelevant to this thesis. 

2. Each job requires one AGV for transportation. 

3. Jobs are independent of each other. 

4. Jobs enter the system through the receiving station. 

5. Jobs follow a predetermined route though the work centers as given in Table 3. 

6. The processing times per job at each work center are considered deterministic and are 
given in Table 3. These times include set-up times and material handling times within the 
work center. 

7. The number of work centers a job must flow through are dependant on the job type. 
Repeat visits to a work center are permitted. 

8. Due to memory limitations in the SLAM software, only thirty jobs are allowed in the system 
at one time. (See Section 5.4 for details of job balking.) 

5.3 WORK CENTERS 

There are six non-identical work centers in the FMS. A work center consists of any 

number of machines working together to preform one operation on a job. An example of a 
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Routing Matrix 

Table 3. Job Routing, and Processing Times 

  

  

  

  

  

  

Job Work Center 
Type 

1 6 3 1 6 

2 4 5 2 1 3 

3 2 4 5 1 

4 3 5 4                   

Processing Times (min.) 
  

  

  

  

  

  

                

Work Center 

Job 

Type 1 2 3 4 5 6 

——-- 

1 6 0 5 0 0 10 

2 6 8 7 6 6 0 

3 7 8 0 6 5 0 

4 0 0 8 8 8 0       
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work center would be a CNC machine that is loaded by a robot. However, the actual physical 

description of the work centers is not important to this research. Only the work centers’ 

interface with the material handling system is relevant. 

The material handling system interface consists of one input and one output queue at 

each work center. An AGV delivers one job to the input queue at a time. Jobs wait in the 

input queue until called by the work center for processing. The job then remains in the work 

center until processing is completed. The work centers can only process one job at a time. 

Once a job has started processing, it can not be interrupted. Upon completion, the job is 

placed into the work center's output queue to await transportation to the next work center on its 

route. 

The work center queues are fixed conveyor type queues. The fixed conveyor forces a 

FIFO queuing practice on the work center. Since the order of the jobs cannot be changed once 

they are in the queues, the AGV system will have to be planned so jobs will arrive according to 

the job processing order. The method of determining the job order is discussed in Chapter 

Five. Both the input and the output queues can hold up to two jobs each. 

The following assumptions apply to the work centers: 

1. The processing times of a job at a work center are deterministic and includes set-up time, 
machining time, and material handling time within the work center. 

2. Once a work center starts to process a job, it can not be interrupted. 

3. Each work center has a dedicated input and output queue. 

4. Work centers are considered to be reliable and breakdowns are not modeled. 

5. All scheduled maintenance occurs outside of the study period time. 

6. Tooling is considered to be a non-limiting resource. 

7. Job inspection is not done at the work center. 
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5.4 RECEIVING AND SHIPPING CENTERS 

The receiving and shipping centers are the gateway for jobs into and out of the system. 

Jobs arrive at a rate of one every two minutes. Due to software memory constraints, only thirty 

jobs are allowed in the entire system at one time. This number includes jobs in the receiving 

area. When a job arrives at the system, and there are thirty jobs in the system, the job will balk 

and be lost. The receiving area consists of a holding area for jobs wait to acquire space in the 

receiving queue. Two types of queues where modeled in the receiving area. Chapter Six 

explains the reasoning for modeling the two different queues. The first queue was the standard 

FIFO queue with a capacity of two. The second queue consisted of four parallel FIFO queues, 

one for each job type. Each of the four parallel queues had a capacity of one. Jobs wait for 

queue space are held in another general queue in both situations. When a job acquires a 

queue space, the job is considered in the FMS and statistics on the job begins. The receiving 

queues were also subject to the same queue constraints as the work center queues. 

Completed jobs are taken to the shipping center and unloaded. At this point, the job 

has left the system and statistics on the job were collected. No operations were modeled at the 

shipping center, thus the shipping center will have no queue. 

It is assumed that any palletizing operations are not limiting resources. Time spent in 

these operations is not considered to be part of the job’s flowtime in the FMS. The number of 

pallets available are considered to be more than required by the system. 

5.5 AUTOMATIC GUIDED VEHICLES 

The FMS contains a fleet of four identical AGVs that follow the guide paths given in 

Figure 11 (The arrows in Figure 11 point in the AGV direction of movement). The actual 

number of AGVs was determined through preliminary simulation studies. To determine the 
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number of AGVs the following rule was used: the AGV fleet capacity must be large enough to 

handle the demands of the system but not so large that AGVs are idle more than fifty percent 

of the time. 

The AGV fleet is responsible for moving all jobs from the receiving area to the work 

centers, between work centers, and from the work centers to the shipping area. All movement 

within a work center was handled by the work center and did not require an AGV. The 

movements of the AGV was controlled by the decision tree discussed in Chapter Three and the 

process of assigning and scheduling AGVs discussed in Chapter Four. Unless instructed 

otherwise, all AGVs moved along the shortest path between the pick-up and delivery points. 

When unloading or loading, the AGV entered a bi-directional side spur, thus allowing other 

AGVs to use the main guide path while the AGV was stopped. 

The following assumptions apply to the AGVS: 

1. The AGV fleet consists of identical AGVs and thus have identical physical and operational 
characteristics. 

2. An AGV can transport one job at a time. 

3. Vehicles travel at a constant speed of 120 ft/min with minimal acceleration and deceleration 
such that the travel distance can be directly converted into estimated travel times. The 
actual travel times depended on traffic interferences. 

4. Load/Unload times are thirty seconds. 

5. Idle AGVs are directed to the AGV parking spurs located around the shipping spur. Idle 
AGVs do not block the shipping spur and any idle AGV can be removed at any time. 

6. There is a spur, requiring ten feet of AGV travel, at each input and output queue. Each 
spur is bi-directional. One AGV can occupy the spur at one time. AGVs waiting for an 
occupied spur must stop and wait on the main guide path. 
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5.6 SYSTEM CONTROLLER 

The system level controller is responsible for scheduling all activities within the FMS. It 

cannot schedule job arrival times to the system. Within the work centers, the system controller 

is not responsible for work center control. Most job sequencing is done through scheduling the 

AGVS. Scheduling the AGVS was the primary function of the system controller. The actual 

scheduling methodology used by the system controller was the focus of this thesis. Details of 

the scheduling methodology are given in Chapter Four. 

5.7 SIMULATION STUDY OF THE FMS 

The FMS described here was simulated using the SLAM II simulation package with the 

material handling extension. The material handling extension was designed specifically to 

simulate AGV movements. For the simulation study two programs were created. 

The first program is a modified program written by Dalal [1991], and was used as a 

benchmark to compare the new scheduling methodology. The program was changed to model 

the FMS given here, but the scheduling logic was not changed. This model was used to 

simulate the use of the Nearest Vehicle rule (NV), the FIFO rule and the Nearest Vehicle - 

Maximum Output Queue Size rule (NV-MOQS). The NV-MOQS rule used the NV rule until one 

or more of the output queues were full. At this point, the closest full output queue received 

AGVS service first. This rule helps prevent shop locking. 

The second study utilized a program that modeled the same FMS but used the new 

scheduling methodology described in Chapter Four. This model required over 500 lines of 

FORTRAN user written supplemental code. A copy of the both the FORTRAN and SLAM code 

can be found in Hamilton [1992]. Due to the large size, verification was a major issue to 

address. 
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5.7.1. Program Verification 

The verification and validation phase of the simulation study was broken down into two 

parts. The first part tested the scheduling logic of the FORTRAN code. To understand how the 

code was validated, the reader must realize that the FORTRAN section of the code contains its 

own database. The database contains information on work centers, jobs and AGVs. This 

database was created by examining SLAM’s databases, and moving the necessary information 

into a FORTRAN database. 

To verify the scheduling logic, different situations where manually entered into the 

FORTRAN code’s database. This allowed the program to be verified independently of the 

SLAM code. Situations were created to force the program to make a specific scheduling 

decision. The program was required to examine the situation and report back its decision. If 

the program returned a wrong decision the program was checked for errors, or the situation 

was exarnined to determine if the program had found the proper solution. 

The process continued until the program return the proper scheduling decision for all 

situations. At least one situation was created to test each branch of the scheduling procedure. 

This process verified the scheduling logic. The next step was to verify the creation of the 

internal database. 

The creation of the internal database was tested using a simple SLAM model. Entities 

or jobs were placed in the appropriate SLAM IFILES (an IFILE is a group of jobs that have 

been placed in a queue). The FORTRAN code was then required to obtain the necessary 

information from the SLAM system and organize it into its internal database. The database 

was then printed for verification. 

The final step was to merge the SLAM code and the FORTRAN code. To verify the 

final program, only one job was sent through the system. Activity traces were used to verify the 
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proper movement of jobs through the system. The program was debugged until the job was 

able to completely move through the entire system. In the next step, ten jobs were allowed to 

move through the system. Finally, one hundred jobs were placed into the system. Besides the 

activity traces, the number of jobs entering the system was compared to the number of jobs 

leaving the system to verify that no jobs were created or lost in the system. 

Also due to the cornplexity of the SLAM model, the program has several built in checks. 

At several points in time, copies of the same job were kept in different files. If the program 

finds a job in one file and can not find it in the second file, the program stopped execution. 

Beyond these measures, the actual program results were examined. The results were 

checked for outcomes that did not make intuitive sense. The final versions of the program 

gave results that were expected. 

5.7.2 Simulation Runs 

In all there were four versions of the new simulation program and three versions of 

Dalal’s program (see Section 6.2 for details of each version). Each version was allowed to run 

for 2200 minutes. The system was allowed a warmup period of 200 minutes, at which time 

data collection was started. Two runs of each version were performed using different random 

number seeds. 

5.8 SUMMARY 

This chapter has presented the details and assumptions concerning the FMS model in 

the simulation study. The FMS was modeled after FMSs presented in articles such as Maxwell 

and Muckstadt [1982], Egbelu [1982,1984], Dalal [1991], and others discussed in Chapter Two. 

The five major sub-systems of the FMS are 1) the jobs, 2) the work centers, 3) the receiving 
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and shipping center, 4) the AGVS, and 5) the system controller. Each sub-system was 

described and list of applying assumptions was given. 

The details of the simulation study were presented. The discussion also addressed 

program verification methods. 
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CHAPTER VI 

RESULTS AND ANALYSIS OF 

SIMULATION STUDY 

6.1 INTRODUCTION 

The purpose of this chapter is to discuss the results of the simulation study performed 

to test and analyze the scheduling methodology developed. The discussion will focus on 

analyzing the results and comparing the performance of the new methodology with previously 

researched methods. To determine the performance of the new scheduling methodology, the 

following performance measures were recorded: 

1. AGYV Utilization, 

2. Average Machine Utilization, 

3. Average Work-In-Process, 

4. Average Flow Time of Jobs, and 

5. Total Job Throughput. 

T-tests were used to test for statistically significant differences in averages. 

The chapter begins by describing two modifications of the FMS presented in Chapter 

Five. The details of these modifications will be discussed in the next section. These 

modifications resulted in four versions of the FMS. Each version utilized the scheduling 

methodology presented in Chapter Four. In addition, a fifth simulation model of the FMS was 

created using a published AGV dispatching heuristic. This fifth model was used as a 

benchmark to compare the results of the new scheduling methodology. The discussion will 
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focus on explaining performance gaps between the new scheduling methodology and the 

benchmark AGV dispatching heuristic. 

6.2 VERSIONS OF THE FMS MODEL 

The simulation study started with the original FMS as described in Chapter Five. Early 

analysis of the performance measures reveled some weaknesses in the original system design. 

Based on the initial data, two modifications were made to the FMS. Section 6.4 provides 

evidence to substantiate the claims made in this section. 

The first change was from one overall FIFO receiving queue to four independent and 

parallel queues for each job type. With only one overall FIFO receiving queue, all jobs are 

placed in one queue according to arrival time. This allows only one job type to be readily 

available for AGVS pick-up at any one point in time. To pick-up another job type, the jobs at 

the front of the queue must be removed first. In addition, only the first two jobs can be 

considered for AGVS service due to limitations of the simulation model. This allowed the 

scheduling system to consider only up to two job types incoming to the system for AGVS 

service. 

By considering only the first two jobs, there could be situations where a work center 

would be forced to become idle due to lack of work. If Work Center #4 is about to become idle, 

a new Job Type 2 could be pulled into the system to prevent the work center from starving. 

But, with one FIFO queue, if a Job Type 3 and a Job Type 4 are at the head of the receiving 

queue, a new Job Type 2 could not be pulled into the system. Because of this, Work Center 

#4 would become starved and idle even if there was a Job Type 2 in the receiving queue. 

To prevent the system from starving itself in this manner, four independent and parallel 

FIFO receiving queues for each job type were created. These queues will be referred to as 

Results 100



parallel receiving queues. If a job of a certain job type was in the receiving area, these parallel 

receiving queues allowed the system to pull that job type into the system as needed. In the 

above case, the system could find a Job Type 2 in Job Type 2’s receiving queue, and prevent 

the work center from becoming idle. 

The second change concerns which jobs are available for consideration in the AGVS 

scheduling process. The original system considers jobs currently being processed on the work 

center machines as available for AGVS service, along with the jobs in the output queues. This 

allows an AGV to be dispatched to pick-up a job before the job finishes being processed. This 

helps reduce the job’s waiting time in the queue. Any time the AGV spends traveling toward 

the job, while the job is still being processed, is time not added to the job’s flow time. 

Dispatching an AGV early is favorable in an idle system, where no other jobs are immediately 

waiting for AGVS service. It is typically better to have the AGV waiting at the work center than 

waiting in the AGV parking spurs. 

In a system that has a substantial number of jobs immediately waiting for AGVS 

service, valuable time may be wasted waiting for jobs to finish being processed. The time is 

better spent servicing jobs ready for immediate pick-up. For this reason, the second 

modification was to not considered jobs currently being processed as available for AGVS 

service. 

Under this modification, there is a slight penalty in the form of higher flow times when 

the system is idle. In an idle system, the AGV is dispatched from the AGV parking spurs after 

the job finishes being processed. This requires the job to wait longer for an AGV and increases 

the job’s flow time. Based on this simulation study, this was a negligible penalty. 
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These two modifications to the original system created four versions of the FMS. The 

four versions are as follows: 

1. System! - A) FIFO receiving queue. 
B) Jobs still being processed are considered for AGVS service. 

2. System Il - A) FIFO receiving queue. 
B) Jobs still being processed are not considered for AGVS service. 

3. System Ill - A) Parallel receiving queues. 
B) Jobs still being processed are considered for AGVS service. 

4. System IV - A) Parallel receiving queues. 
B) Jobs still being processed are not considered for AGVS service. 

Each system was modeled using the scheduling methodology presented in Chapter Four. 

Because System IV had both modifications, it gave the best overall results. Section 6.4 

provides further evidence to confirm the reasoning for the modifications made in this section. 

6.3 BENCHMARKING SIMULATION MODEL 

To compare the new scheduling methodology to previously researched AGVS 

scheduling methods [Egbelu 1982, Dalal 1991], a simulation model was created utilizing the 

best available heuristics. Three vehicle initiated heuristics were selected, 1) Nearest Vehicle 

(NV), 2) FIFO, and 3) Nearest-Vehicle with Modified Outgoing Queue Size (NV-MOQS). The 

work center initiated heuristic chosen was Nearest Vehicle. The selection was based on 

simulation results reported in Egbelu [1982] and Dalal [1991]. 

Several simulation runs were made using NV and FIFO. Unfortunately, both rules 

frequently experienced shop lock. Shop lock is a condition where 1) AGVs transporting jobs 

cannot make deliveries due to full input queues and/or 2) all empty AGVs are blocked by full 

AGVs trying to unload [Egbelu 1984]. Several different random number generator seeds were 

tried, but no seed was found that allowed either rule to be fully modeled. Shop locking has 
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been recorded many times when utilizing the NV rule [Egbelu 1982, Dalal 1991]. The NV rule 

discriminates against certain work centers’ output queues due to distances. As these work 

centers become full, the AGVs trying to deliver jobs to these work centers cannot unload. This 

leads to shop locking. 

Shop locking with FIFO has not been widely reported. The system locks when several 

jobs destined for the same work center request and receive AGVS service before jobs leaving 

the destination work center receive service. If there are more jobs destined for the work center 

than there is queue space, the work center becomes full, and the AGVs cannot unload their 

jobs. Empty AGVs sent to remove jobs from the output queue are blocked by AGVs trying to 

unload. The result is shop lock. 

The NV-MOQS prevents shop locking by servicing full output queues first. Under this 

rule, the AGVS system checks for full output queues. If one or more is found, an idle AGV is 

dispatched to the nearest one. If no full output queues are found, idle vehicles are dispatched 

to the closest jobs. Under this rule, the FMS did not experience shop lock in this simulation 

study. 

6.4 DATA RESULTS AND ANALYSIS 

A full report of the data obtained from each simulation run is given in Appendix A. 

Each system was simulated two times with a run length of 2200 minutes. Data were collected 

from time 200 to 2200. All graphs in this chapter represent the average for both simulation 

runs for a particular model or version of the system. The major performance measures are 

presented throughout the chapter with bar graphs. The following sections analyze and discuss 

each performance measure. These results are only truly valid for the FMS tested, but based 

on the results, generalizations can be made about other systems. 
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6.4.1. Equipment Utilization 

To begin the analysis of the simulation data, equipment utilization was examined. 

While utilization is not a good overall performance measure, it gives some insight into the 

performance of the system under the different circumstances. Equipment utilization helps to 

understand the results of other important performance measures, such as average flow time 

and throughput. 

6.4.1.1 Average AGV Utilization 

AGV utilization indicates the potential for high output and low flow times. High AGV 

utilization is required to increase output and reduce flow times. On the other hand, high AGV 

utilization does not directly result in increased output or reduced flowtime. AGV utilization 

reports are presented in Figure 12. Idle time is considered to be anytime an AGV does not 

have an assignment. The idle time may be spent traveling to the parking spurs or waiting at a 

specific location for an assignment. 

Under Systems |, Il, and Ill, the AGVs were idle approximately one third of the time. 

Compared to System IV and NV-MOQS, these systems were experiencing higher idle time. 

Systems | and II] experienced higher idle times because AGVs were waiting for jobs to finish 

processing. In Systems II and IV, jobs still being processed were not considered for AGVS 

service. This allowed the AGVs to concentrate on servicing jobs immediately available for 

transportation. 

System II experienced higher AGV idle time than System IV because of the FIFO 

receiving queue. For example, when the system required a new Job Type 1 and only Job 

Type 4 was available, the AGV went idle. If Job Type 4 was not required for an extended 
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period of time, non-idle AGVs were assigned to them. This allowed the idle AGVs to be 

available for more important jobs. 

In System IV, jobs still being processed were not considered as available for AGVS 

service and parallel receiving queues were utilized. This system did not spend time waiting for 

jobs to finish processing. Instead, it concentrated on transporting jobs immediately available for 

AGVS service. This helped to reduce the AGV idle time. In addition, with the parallel receiving 

queues, the AGVS could deliver any new job type as needed. This helped to prevent the 

AGVS from becoming idle, since it could transport any new job type as needed. 

The NV-MOQS results are misleading. The results report a loaded utilization of 68.8%. 

Actually about 20% of the time was waiting for input queue space. The simulation recorded 

this time as part of the loaded time. While the AGVs were waiting for input queue space, other 

jobs finished processing and entered the AGVS. When space was made available in the input 

queue and the AGVs finished unloading, more jobs were immediately available for AGVS 

service. This helped reduce the amount of idle time for the AGVS. 

In System IV, the AGVS determined the work centers Time Of Idleness (TOI), thus little 

time was wasted delivering jobs to work centers will large input queues. These work centers 

did not require service in the immediate future. Because of this, the AGVS spent only one 

percent of the time waiting for input queue space. The NV-MOQS did not utilize this 

information. {t picked-up and tried to deliver the closest job regardless of the status of the 

destination work center. 

The NV-MOQS system did have the lowest unloaded AGVS utilization. This is 

attributed to the use of the NV rule. This rule is intended to minimize unloaded travel distance 

by dispatching idle AGVs to the closest job. This does not guarantee the best overall 

performance. The new scheduling methodology dispatches AGVs based on need and not 
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distance. The job requiring immediate service is not necessarily the closest job. For this 

reason, the new methodology is expected to have higher unloaded travel time. 

In summary, System IV had the highest AGV productive utilization of all four system 

versions using the new scheduling methodology. The simulation program utilizing the NV- 

MOQS, reports lower idle times, lower unloaded travel times, and higher loaded travel times. 

But these numbers are misleading. Conclusions about the differences between System IV and 

NV-MOQS cannot be directly determined based entirely on AGV utilization. There are too 

many differences in how the data were collected. In addition, AGV utilization does not directly 

translate into high output and low flow times. AGV utilization is important in understanding and 

analyzing the other performance measures. 

6.4.1.2 Average Work Center Utilization 

For this research, it is assumed that all jobs arriving at the FMS are needed to meet 

customer demand. Jobs are not placed into the system merely to increase work center 

utilizations. Since all jobs require processing, higher work center utilization is desired. As with 

AGV utilization, high work center utilization is required for increased output, but high machine 

utilization does not directly cause increased output. The overall average machine utilizations 

are presented in Figure 13, and the individual machine utilization averages are presented in 

Figure 14. 

Systems I, Il, and III have lower machine utilizations than System IV. Systems |, and III 

have lower utilizations because AGVs spend time waiting for jobs to finish processing. This 

might allow the job’s destination work center to become idle. Utilization could be increased by 

delivering a lower priority job immediately to the work center. In addition, other work centers 

might become idle even when there are jobs ready to be transported to them, because the 

AGVs are waiting for other jobs to finish processing. By only servicing jobs ready for 
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transportation, the AGVS has a better chance of delivering a job before the destination work 

center becomes idle or another work center becomes idle. 

System II has lower machine utilization than System IV because the appropriate jobs 

cannot be pulled from the FIFO receiving queue. If System II needs a Job Type 1, but none 

are at the head of the receiving queue, the effected work center will become idle. System IV 

has higher utilization because it can pull any job type into the system as needed. This allows 

System IV to bring in new jobs to keep work centers utilized. In addition, System IV’s AGVs do 

not spend time waiting for jobs to finish processing. This allows the AGVS to deliver jobs 

faster, which in turn, prevents work centers from becoming idle. 

The NV-MOQS system had about the same average machine utilization as 

Systems |, Il, and Ill. To compare the average machine utilization of System IV and NV- 

MOQS, a_t-test was constructed to compare the two systems. Using an alpha level of 0.05, 

each individual machine utilization was compared to determine if there was a significant 

difference in the averages. With the exception of Work Center #6, the work centers had 

significantly higher utilizations for System IV than NV-MOQS. Work center number six had a 

high utilization under both System IV and NV-MOQS, thus it was not possible to significantly 

improve the performance. 

System IV had higher machine utilizations due to the scheduling methodologies ability 

to determine when work centers would become blocked or starved. Based on these times, the 

AGVS could service the most critical work center first. This minimized the downtime for any 

work center. The NV-MOQS rule does not utilize this information. This rule delivers jobs 

regardless of the work centers’ needs. It may deliver a job to a full work center while allowing 

another work center to starve. 
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6.4.2 Work In Process 

Like machine utilization, Work-In-Process (WIP) does not give a true indication of 

overall system performance. In general, low average WIP is desired to reduce inventory costs 

and to reduce congestion in the system. Average WIP also gives some insight into the average 

flow time measurements. High WIP tends to increase the flow time and reduces system 

performance [Hax and Candea 1984]. When comparing average flow times, WIP must also be 

examined. If two FMSs have the same average flowtime, the FMS with the higher average 

WIP is scheduling the congested system better. If two FMSs have the same average WIP, the 

FMS with the lower average flowtime is scheduling the system better. In general, small 

increases in WIP can be tolerated if there are substantial decreases in flow times. 

Figure 15 presents the average overall WIP for each of the simulated systems. 

Figure 16 presents the average WIP for each job type. Systems | and Il had the lowest overall 

WIP. The lower WIP levels are due to the AGVS considering jobs still processing for AGVS 

service. When there are few jobs in the system, most of the output queues are empty. From 

the TOI calculations, work centers still processing would have higher TO!’s than idle work 

centers. Based on this, the idle work centers would have higher priority. Usually, the only jobs 

destined for the idle work centers are still being processed on other work centers. 

Under Systems | and Il, the AGVS would dispatch the AGVs to pick-up these jobs while 

they are still being processed. The AGVs could then spend time waiting for the jobs. The jobs 

in the receiving queues are ignored because their destination work centers are still processing 

and have higher TOI’s. Since the AGVS is concentrating on servicing jobs in the system, fewer 

jobs are brought into the system. This keeps the WIP levels low. 

Under Systems III and IV, the jobs still being processed are not considered for AGVS 

service. This means that although the destination work centers have lower TOIl’s, there are no 
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jobs currently waiting for AGVS service destined for these work centers. But, there are jobs at 

the receiving center requesting service. The AGVS will dispatch AGVs to pick-up the jobs at 

the receiving center. This increased the number of jobs in the system, and increased the 

average WIP levels. 

The system with NV-MOQS had the highest WIP. This system gave priority to work 

centers with full output queues. The receiving queue was almost always full. This forced the 

AGVS to remove jobs from the receiving queue more often, and therefore increased the 

average WIP levels. 

By examining the individual WIP levels for each job (see Figure 16), a similar pattern is 

notice for System I, System Il and NV-MOQS. Job Type 1 and Job Type 2 had higher levels of 

WIP than Job Type 3 and Job Type 4. This is due to the FIFO receiving queues. Job Type 1 

and Job Type 2 arrived about twice as often as Job Type 3 and Job Type 4. The FIFO queue 

forced these systems to bring in more Job Type 1s and Job Type 2s. Systems Ill and IV 

brought jobs into the system according to need. Since Job Type 1 has long processing times, 

it is not needed as often. For this reason, significantly lower levels of Job Type 1 are found in 

Systems II] and IV. 

System IV and NV-MOQS had the same WIP levels for all job types except Job 

Type 1. This shows that System IV can better plan the intake of jobs from the receiving area. 

The new scheduling methodology can determine when new jobs are needed to keep the work 

centers busy. Since both systems have the same WIP levels for three of the job types, the flow 

times for these jobs should be approximately the same for both systems. This is assuming 

both scheduling methods are equal. 
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6.4.3 Average Flow Time of Jobs 

One of the important measures of system performance is average job flow time [Hax 

and Candea 1984]. Low average flow times indicate a system’s ability to respond to changes 

[Goldratt 1986]. Lower average flow times help the system meet due dates, or quickly respond 

to design or product changes. The average flow time for all jobs is given in Figure 17. The 

average flow time per job type is given in Figure 18. Notice in the individual flow times the 

pattern is about the same as the individual WIP levels. This highlights the relationship between 

WIP and flow time. 

Systems | and III have about the same overall average flow time. As explained 

Section 6.4.2, these systems concentrate on jobs already in the system. By dispatching AGVs 

before processing is finished, the average wait time is reduced. Less wait time correlates with 

lower flow times. 

System II has the highest flow time of all systems using the new methodology. This is 

largely due to the increased WIP and not being able to consider jobs on the machines for 

AGVS service. When there are few jobs in the system, there are few jobs waiting for AGVS 

service. This forces the AGVs to sit idle in the AGV parking area. When a job finishes 

processing, the AGV must travel toward the job while the job waits. By waiting until the job is 

finished before beginning to move toward it, there is increased wait time for each job. In 

Systems | and Ill, the AGV travels while the job is being processed. This reduces the wait time 

for the job. 

System IV has a slightly higher average overall flow time than Systems | and Ill. Part 

of the increase is due to the increased WIP. System IV's idle AGVs must also wait for jobs to 

finish being processed before leaving the parking spurs. System IV’s advantage is the use of 

parallel receiving queues. System IV can bring any required job into the system. With a FIFO 
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queue, the first job in the receiving queue must be brought into the system to obtain the second 

job in the queue. Since the first job is not required immediately, it must spend more time in the 

system than if it was left in the receiving area. 

All systems using the new methodology have significantly lower overall flow times than 

NV-MOQS. To determine if there was a significant difference in the average flow times, a t-test 

was constructed. The test used a confidence level of 95%. Tests were done on the average 

flow times for each job type under System IV and NV-MOQS. All job types except Job Type 4 

showed a significantly lower average flow time under System IV. Job Type 4 did not show a 

statistical difference in flow time between System IV and NV-MOQS. 

The reduction in job flow times for the other job types was partly due to the better 

AGVS scheduling methodology. Under NV-MOQS, loaded AGVs waited an average of two to 

three minutes for input queue space. This increased the flow time of the job loaded on the 

AGV. Job Type 1, which spent an average of ten minutes waiting for input queue space, 

showed the largest drop in flow time between System IV and NV-MOQS. 

The major reason for the difference in flow times is attributed to the use of job 

sequencing heuristics in the new scheduling methodology. Under NV-MOQS, the AGVS 

virtually delivers the jobs to the work centers in random order. The jobs are delivered based on 

AGVS’s needs and not work center needs. Previous research [Blackstone et al 1982] has 

shown that job sequencing heuristics can decrease the average flow time. The new scheduling 

methodology utilizes the Shortest Processing Time rule (SPT) to sequence jobs. SPT has been 

shown to reduce flow times in other research [Blackstone et al 1982]. The results of this 

research agree with these findings. 

The only exception to these findings was Job Type 4. This job had the same flow time 

in both System IV and NV-MOQS. This is explained by examining Job Type 4’s processing 

times. It has the longest processing time of all job types for all three of its operations. Other 
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researchers have shown that the SPT rule discriminates against jobs with long processing 

times [Blackstone et al 1982]. Jobs with shorter processing times are usually processed first. 

This tends to increase the wait time and flow time for the jobs with longer processing times. 

By subtracting the individual processing times on each machine, the average wait time 

for each job type can be found. The average wait time per operation for each job type under 

System IV are given in Figure 19. It can be seen that Job Type 4 has the highest wait time of 

the four job types. This shows that Job Type 4 was forced to wait while other job types where 

processed. 

6.4.4 Total Job Throughput 

The final performance measure analyzed was average total throughput. Throughput 

measures the amount of salable goods the FMS can manufacture in a given time period. This 

is the one performance measure that can be easily translated into a monetary value. The 

average overall throughput for the two simulation runs is presented in Figure 20. System IV 

shows a dramatic increase in job throughput, because System IV has the best of both system 

modifications. Through higher machine utilization, and low average flow times with higher WIP, 

System IV can produce more than Systems |, II, and Ill for the analyzed model. 

To determine if System IV had significantly higher average throughput than NV-MOQS, 

a t-test was constructed. The t-test indicated there was a statistically significant difference in 

the average throughput at the 93% confidence level. 

The differences in throughput are all based on the scheduling methodologies. First, 

System IV has the ability to determine the proper job sequencing order. This reduces the 

average flow time. Second, by determining which work center needs immediate service, 

System IV can service the most critical work centers first. This increases machine utilization. 
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Third, by selecting the proper job type from the receiving queue, WIP is kept to a minimum. 

Higher machine utilization, lower WIP, and lower flowtime all help System IV to produce more 

finished goods than NV-MOQS. 

6.5 SUMMARY 

This chapter has presented, analyzed, and compared several performance measures 

recorded in the simulation study. Two modifications of the original FMS were presented. The 

reasons for the changes were explained throughout the chapter. The four versions of the FMS 

using the new scheduling methodology were compared to the best of the previously researched 

dispatching heuristics. 

The final analysis indicates that for the analyzed FMS, the new scheduling methodology 

performs better than the NV-MOQS dispatching rule. This was based on reduced average flow 

times, and increased average throughput. In addition, the new scheduling methodology helped 

to increase the machine utilization. While the new scheduling methodology showed a slight 

increase in AGVS unloaded travel time, this is negligible compared to the increased 

productivity. 
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CHAPTER VII 

CONCLUSION 

7.1. SUMMARY 

To compete in today’s market, many companies have heavily invested in highly 

automated equipment to create a more efficient manufacturing environment. Integration of the 

equipment is essential for greater control and flexibility. These integrated systems are known 

as Flexible Manufacturing Systems (FMSs). A FMS simply consists of several automated work 

stations interconnected by an automated material handling system (e.g., Automatic Guided 

Vehicles (AGVs)). The entire system is controlled by a central computer that monitors and 

directs the operations of the entire system [Groover et al. 1986]. FMSs are designed to handle 

small lots of a wide variety of jobs. 

Due to the high capital investment in a FMS, it is very desirable to have the FMS 

operating at its maximum efficiency and effectiveness. For a FMS to operate in an effective 

and efficient manner, it must have the flexibility to quickly accommodate new and different types 

of jobs. To accommodate different types of jobs, machine work cells, control systems, and 

material handling systems must be very flexible. 

The FMS control system must be able to properly route different jobs through the 

system efficiently while taking into account the status and requirements for other jobs in the 

system. This requires a scheduling methodology capable of scheduling both the jobs and the 

AGV system and integrating the scheduling of both. Attempts to improve either system, without 

examining the resulting effects on the other system, may not improve the overall system. 
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Previous researchers have either concentrated on scheduling either the work centers 

[Blackstone et al 1982], or scheduling the AGVS [Egbelu 1984]. 

While a wide variety of research has been done in the area of job shop and FMS 

scheduling, this area remains one of the many unsolved challenges in the analysis of 

production systems [Russell and Tanchoco 1984]. Egbelu [1982] and Dalal [1990] are two 

researchers who have devoted some effort to the problem of scheduling AGV systems within a 

FMS environment. Most of the research has focused on techniques for increasing the 

efficiency of the AGVS. Their work has been devoted to developing heuristics that are simple 

and easy to implement. 

The first problem addressed by this research is the limited set of decisions currently 

available to the AGVS controller. The second problem is the lack of a scheduling methodology 

that integrates the job sequencing techniques and the AGVS scheduling techniques. The third 

problem is the inability of the current heuristics to fully utilize available system information. The 

fourth problem is the inability of the heuristics to look ahead at known future events. 

The overall objective of this research was to develop and study a new and expanded 

methodology to integrate job sequencing and AGV dispatching within a FMS environment. To 

accomplish the overall objective, the first sub-objective was to expand the AGVS controller 

decision set to allow for a more robust AGVS scheduling methodology. Second, the scheduling 

methodology had to be expanded to utilize information on future events and additional system 

information. The third sub-objective was to compare and evaluate the new methods against 

previously researched methodologies. 

Before developing the new scheduling methodology, the currently used AGVS controller 

decision set was examined and then expanded. The expanded decision set was created to give 

the AGVS controller more options to choose from when scheduling the AGVS. In addition, the 
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expanded decision set also accommodates the use of look-ahead techniques not necessarily 

accommodated in the current set. 

When creating the FMS scheduling methodology, there were four sequencing priority 

associated questions to be addressed. 

1. Which job is to be processed next by a work center? 

2. Which work center is to be serviced next by the AGVS? 

3. Which specific job is to be serviced next by the AGVS? 

4. Which AGV should deliver the next job? 

The new scheduling methodology consists of four steps that are designed to answer these four 

questions. 

The first step in the methodology determines which job is to be processed next by 

each work center. The preferred processing sequence is determined through the use of a job 

sequencing heuristic. The shortest processing time heuristic was used in this research. 

The second step determines which work center is to be serviced next by the AGVS. 

Servicing priority is based on the estimated time till the work center is forced to stop production. 

Production is stopped for one of two reasons: 

1. The work center has finished processing all jobs in the input queue and becomes idle and 

is starved for work, or 

2. The work center has filled the output queue and becomes blocked. 

The work center that will be forced to stop production first is given the highest work center 

servicing priority. 

The third step determines which specific job is to be serviced next by the AGVS. The 

move job is found by combining the work centers’ Job Processing Order (JPO) lists and the 

work center servicing priorities. The actual job to be moved will depend on whether the work 

center is becoming idle or blocked. 
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The fourth step decides which AGV is to transport the first job requiring immediate 

service. This is the most complex of the four steps. The methods presented here concentrate 

on determining which AGVs are capable of servicing a job while satisfying the AGVS’s 

objectives. Within the methodology present here, the AGV capable of servicing the highest 

priority job first is assigned to the job. 

This new integrated scheduling methodology was designed: 

1. To utilize the expanded AGVS decision set presented in Chapter Three, 

2. To integrate job sequencing and AGVS scheduling techniques, 

3. To accommodate more knowledge and information in the decision making process, and 

4. To utilize information about the timing of future events. 

The scheduling methodology developed for this thesis integrates the job sequencing 

decisions and AGV dispatching decisions. To accomplish this, the job sequencing decisions 

are given precedence over the AGV dispatching decisions. 

This is a logical assumption since the work centers add value to the product. 

The most important new piece of information used by the methodology is information 

about the timed occurrence of future events. The methodology utilizes information about when 

a work center will stop production and when an AGV will finish delivering a job. Work centers 

about to stop production require immediate service. This information allows the AGVS to 

concentrate on servicing these work centers. 

The performance of the new scheduling methodology was examined through the use 

of a simulation study. To compare the performance of the new scheduling methodology, a 

fictitious FMS was created and modeled using both the new scheduling methodology and some 

of the previously researched AGV dispatching heuristics. The following performance measures 

were recorded: 
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1. AGYV Utilization, 

2. Average Machine Utilization, 

3. Average Work-In-Process, 

4. Average Flow Time of Jobs, and 

5. Total Throughput. 

Based on the preliminary study of the given FMS, the new scheduling methodology 

showed a statistically significant increase in total job throughput. In addition, the new 

scheduling methodology showed a significant decrease in the jobs’ average flow times. The 

utilization of the work centers’ machines was also increased by the new scheduling 

methodology. The new scheduling methodology showed a slight increase in unloaded AGV 

travel time. In the past, this was a sign of an inefficient AGVS, but, the new scheduling 

methodology strives for a more effective AGVS, so some decrease in AGVS efficiency can be 

excepted. This decrease in efficiency is outweighed by the increase in total job throughput and 

decrease in jobs’ average flow times. 

7.2 CONCLUSIONS 

Through a review of scheduling literature, logical analysis, and a preliminary simulation 

study, several conclusions about AGVS scheduling and overall FMS scheduling were formed. 

The following paragraphs discuss these conclusions. 

Based on the simulation results, the first conclusion is that integrating the individual 

scheduling techniques into one overall methodology can improve overall system performance. 

While one sub-system may take priority over the other sub-systems, the scheduling 

methodology should be flexible enough to accommodate the needs of all sub-systems. 
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Second, in the case of integrating job sequencing techniques and AGV dispatching 

techniques, the job sequencing decisions should be made independently of the AGV 

dispatching decisions. The order in which jobs are delivered to a work center should not be 

controlled by the AGVS. Job sequencing should be dependant on job characteristics and not 

the needs of the AGVS. 

Third, in order to integrate the different scheduling techniques, a more robust AGVS 

scheduling methodology is required. To accornplish this, the AGVS scheduling methodology 

needs the following: 

1. The ability to examine future events to determine when each work center will become 

either blocked or starved The highest priority for AGVS is given to the work center that will 

stop production first. 

2. The ability to locate that work center's highest priority job and to determine the appropriate 

action necessary to deliver it. 

3. The ability to examine future events concerning each AGV. This allows all AGVs to be 

considered when making a scheduling decision, not just the idle ones. 

4. The ability to examine the job’s time scale to determine if the job can be delivered on time. 

If it cannot be delivered on time, the AGVS controller should be able to determine the 

appropriate action. 

These four items all help the AGVS controller have a more robust scheduling system. 

The fourth conclusion is that more information should be used in the FMS scheduling 

process than currently is being used. This increase in information will help the FMS controller 

make better scheduling decisions. 

Fifth, when multiple job types are being processed in the same system, the receiving 

queue should allow any job type to be readily available. This allows the system to pull in the 

proper work needed to increase the overall efficiency and effectiveness of the system. It has 
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been assumed that jobs available in the receiving queues are required to meet production 

needs. Jobs are not pulled into the system to merely increase efficiency factors. 

Sixth, when making an AGVS scheduling decision, jobs being processed on a machine 

should not be considered. This is based on the preliminary study. It is believed that there is a 

trade-off point at which a job still being processed should be considered. This trade-off point 

would be based on the work load of the system. In the event there are no other jobs waiting 

for AGVS service, these jobs should be considered in AGVS scheduling decisions. Also, jobs 

with very little remaining processing time should be considered in AGVS scheduling decisions. 

Research still needs to be done to determine the operational definition of little remaining 

processing time. 

7.38 FUTURE RESEARCH AREAS 

The research presented here is the first step in developing a more integrated FMS 

scheduling methodology. The research efforts were concentrated on developing an integrated 

scheduling methodology for job sequencing and AGV dispatching. While the objectives of this 

thesis were met, there is still a need for further research in this area. The following are 

suggested areas for future research: 

1. Develop a simulation program that fully implements the scheduling methodology, 

2. Perform a more extensive simulation study comparing the performance of the scheduling 

methodology, 

3. Develop a scheduling methodology utilizing due dates, 

4. Develop a scheduling methodology that utilizes look ahead - branch and bound 

procedures, 

5. Develop a scheduling methodology that integrates other FMS sub-system (i.e. AS/RS), and 
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6. Apply the developed methodology to other applicable systems. 

Each of these areas will be discussed in detail in the following sections. 

7.3.1. Development of a Full Simulation Program 

Due to software limitations and time constraints, a simulation study using the entire 

scheduling methodology was not performed. This has left a need for a simulation study to fully 

test the methodology presented in this thesis. The portions of the methodology not tested were 

discussed throughout this thesis. The most important piece of the methodology that needs to 

be fully implemented is the Service Time Window (STW). 

The Earliest Delivery Time (EDT) of the STW was not implemented due to time and 

software constraints. The EDT of any job is simply the actual delivery time of the job with the 

next highest priority on the work center's JPO list. If the higher priority job is already scheduled 

for delivery, the EDT is easy to define. Otherwise, the EDT can be hard to determine. Without 

the EDT, the AGVS decision options concerning any type of job delay cannot be modeled. 

This included any decisions to buffer a job or to delay a job by using a longer path through the 

system. These options require the knowledge of the EDT. For this reason, a method for 

determining the EDT needs to be developed and implemented. 

The second software limitation was not being able to model the job delay options given 

in Section 4.6. All delay options given in Section 4.6 require the knowledge of the EDT. 

Without the EDT, most of scenarios and actions given in Section 4.6 could not be modeled. 

For this research, any job that was picked-up was delivered directly without delay. There is a 

need for a program that fully utilizes the list of scenarios and actions given in Section 4.6. 

These are the two major software limitations that need to be addressed and 

researched. Most of the software problems encountered in this research were due to the 
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simulation software's design. The chosen software utilized the previously published dispatching 

heuristics to schedule the AGVS. AGVS scheduling was also performed within the software 

and could not easily be changed to fit the new scheduling methodology. A large proportion of 

the program developed for this research was devoted to removing scheduling control from the 

simulation language. It is suggested that a different simulation software be found to perform a 

more extensive simulation study. 

One of the promising languages that may be of use is Object Oriented Programming. 

This programming style has the ability to model both the individual work centers and AGVS 

along with the proper scheduling methodology. The scheduling methodology itself can be 

considered as an object. Messages would pass from the work center objects to the scheduling 

objects. Then the scheduling object could make a decision and pass a message onto the 

AGVS object. This would allow full control of the AGVS scheduling. In addition, the scheduling 

object could easily be removed and replaced. This would allow for one scheduling object for 

the new scheduling methodology and one for the AGV dispatching heuristics. These multiple 

objects would help in comparing the two scheduling methods. 

In addition to a new simulation software, the use of an Expert System (ES) should be 

examined. An ES can easily model a large number of simple heuristics. If the new scheduling 

methodology is dissected, it becomes a sequence of heuristic decisions. The scenarios and 

actions given in Section 4.6 could easily be translated into a heuristic rule base. For example, 

if the highest priority job is accessible by the AGVS, then send an AGV to directly pick-up and 

deliver the job. Also an expert system could be integrated in some of the object oriented 

programming languages. 
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7.3.2 Extensive Simulation Study 

The research efforts were concentrated on developing a methodology for scheduling a 

FMS and not on fully testing the methodology. This has left a need for further testing of the 

scheduling methodology. First, the methodology should be further tested using the same FMS 

presented in this thesis. The effects of changing parts of this system need to be researched. 

Some of the possible parts to change are 1) the average number of jobs in the system, 2) the 

number of job types, 3) the job routings and processing times, and 4) the number of AGVs. 

Research is needed to determine the effects of these changes and to determine how the new 

scheduling methodology performs under the new conditions. If the new scheduling 

methodology does not perform as well, the point where one should switch from it to the 

dispatching heuristics needs to be found. 

Second, in addition to changing parts of the given FMS, other real or fictitious FMSs 

need to be model using the new scheduling methodology. Any new FMS should also be 

modeled using the previously published AGV dispatching heuristics [Egbelu 1982, Dalal 1992]. 

Third, only one job sequencing heuristic was tested. The Shortest Processing Time 

heuristic (SPT) was chosen. The results indicated that the average job flow time was reduced 

with the introduction of this rule. Research was not extended to determine if the reduction was 

solely caused by the use of SPT or if it was based on better AGVS scheduling. The job 

sequencing heuristic could easily be changed to random or another sequencing heuristic to 

determine the effect of the job sequencing heuristic on the system. 

Fourth, several decision points need to be explored. There are several decision points 

that are based on a simple yes or no response. For example, the decision determining if the 

job can be delivered on time. The Latest Delivery Time (LDT) is checked in this decision. If 

the LDT is exceeded by any amount of time, an attempt to deliver a lower priority job was 
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made. The research did not examine the effects of allowing certain jobs to be delivered after 

the LDT. For example, it might be better to allow a work center to become idle while waiting 

for a job that is critical to a customer’s needs. This would allow the critical job to move quickly 

through the system, but would cause some idle time of certain work centers. Research is 

needed to determine if the benefits would outweigh the increased idled time. 

Research is also needed to determine how much idle time is not tolerable. Is a one 

second delay too much delay or is one minute too much delay? Research is needed to 

determine if there is a trade-off point where certain jobs should be delivered even if their next 

work center will experience down time. 

This research also discovered that when the system has a substantial number of jobs, 

it is better to not considered jobs still being processed as available for AGVS service. The 

researched simulation model did not consider these jobs. They were not consider even when 

there were very few jobs in the system. Research is need to determine the effect of 

considering these jobs when the system has very few jobs. It is suggested that these jobs 

should not be considered unless a AGV will be forced to become idle. At this point, the 

scheduling process should be opened to jobs still being processed. 

7.3.3. Development of Methodology Utilizing Due Dates 

The scheduling methodology here chose to use the Shortest Processing Time (SPT) 

job sequencing heuristic. Since this rule does not require due dates, due dates were ignored. 

The design of the methodology does allow for the job sequencing heuristic to be easily 

changed. Research could be conducted to test the use of one of the popular due date 

heuristics in conjunction with the integrated scheduling methodology. 
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7.3.4 Development of Look-Ahead Procedures 

In the researched methodology and previous research, the AGV best meeting a set 

requirement was selected to service a job. The methodology researched here chooses the 

closest AGV that can service the job within the job’s Pick-up Time Window. These methods 

ignore other AGVs meeting the STW requirements. In this case, allowing the second closest 

AGV to service the job might have some advantages. This would allow the closest AGV to 

deliver another job. The closest AGV might be the only AGV capable of delivering the next or 

second job on time. But, it cannot service the second job if it is assigned to the first job. In 

this case, a better decision would be to use the second closest AGV to service the first job to 

be moved and free the closest AGV to service the second job. 

Ideally, the AGVS scheduling method should be able to explore the possibility of using 

any one of the AGVs meeting the specific requirement. A proposed method would be to use 

look-ahead branch-and-bound scheduling procedures. A good description of a look-ahead 

procedure is given by Zeestraten [1990]. 

The process starts by defining the current state of the system. This point or state in 

time is called a decision node. It represents the state of the system when a decision must be 

made. Extending from each decision node is a decision branch. Each branch represents a 

feasible decision that can be made at the current system state. At the end of each branch is a 

new decision node. These branches and nodes can be represented by a decision tree as 

shown in Figure 1 in Chapter Two. 

In this problem, a decision node represents the point in time when an AGVS decision 

must be made. The decision branch would represent the selection of a specific AGV for 

service. In the case where multiple AGVs are capable of servicing a job, multiple branches 

could be taken. When two AGVs could be picked, two branches would extend from the node. 
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Each decision branch would take the system to two new decision nodes. At each of these 

nodes, the AGVS scheduling process would be repeated. The process would continue 

cascading downward until being stopped by bounding. Usually the process is stopped after two 

or three decisions down one branch have been made. After this point, the problem becomes 

too big and the information becomes unreliable. 

Once the process has cascaded down along one branch, a final node is reached. 

Each branch will have an ending node representing the possible states that can be reached 

from the current system state. The next step would be to evaluate each ending node against a 

predetermined criteria. Based on this criteria, the best system state to move towards would be 

selected. The decisions that lead the process to this state would then be implemented. 

Using the look-ahead procedure, the effects of choosing the second or third best AGV 

could be explored. In the case where the best AGV would better serve the second job, the 

look-ahead procedure would be able to determine this conclusion. Basically the technique 

gives the decision process more information. The more information the system has, the better 

chance the system has of finding a better solution. 

7.3.5 Development of an Integrated Scheduling Methodology 

While this research concentrated only on the scheduling of jobs and the AGVS, there 

are several other sub-systems of the FMS that need to be added. For example, there is a 

need for integrating the scheduling of the automatic storage systems (e.g., AS/RS) and the 

tooling systems. Like the AGVS, these systems should complement the job sequencing 

decision and not dictate the job processing order. In addition to physical systems, scheduling 

job arrival times could be added. 
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7.3.6 Applicant Of Methodology To Other Systems 

This research has concentrated on integrating the FMS scheduling system. The basic 

concept was that the proper job processing sequence should be determined. Then, the 

material handling system should be scheduled to best meet this sequence. This concept could 

be used in AS/RS scheduling. Most AS/RS schedules are concerned with the maximum 

efficiency of the AS/RS. This requires the jobs to be removed and stored according to their 

needs. The logic developed here could be used to increase the overall performance and not 

just the AS/RS performance. 

There are many other systems that are comprised of sub-systems. When integrating 

the scheduling of the two sub-systems, the most important sub-system should be determined. 

The methodology should then favor this system but should not let this sub-system’s control 

dominate. 
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VERSION NUMBER ONE 

Description - FIFO receiving queue, Jobs being processed on 
the work center machines are considered for 
AGV service. (Run #1 : Run #2) 

  

  

  

TOTAL WORK IN PROCESS FLOW TIME 
NUMBER 
OF JOBS STANDARD STANDARD 
FINISHED AVERAGE | DEVIATION AVERAGE DEVIATION 

JOB TYPE1 | 90: 93 | 4.4: 4.8) 1.4: 1.7 | 96.1 : 102.0 | 16.9 : 16.9 
JOB TYPE2 | 97: 78] 4.5: 3.4 | 2.0: 1.9 | 93.2: 85.6 | 19.3 : 13.5 
JOB TYPE3 | 55: 59] 2.0: 2.2) 1.6: 1.5 |] 75.6: 72.9 | 15.7: 15.4 
JOB TYPE 4 | 59: 61] 1.9: 1.7 | 1.2: 1.1 | 62.9: 56.2 | 11.7 : 11.2 
  

ALL JOBS 301 : 291 | 12.8 : 12.1 | 2.7: 2.5 | 84.9: 82.0 | 21.1 : 20.2               
  

  

  

  

  

          
  

  

  

MACHINE 

UTILIZATION 

STANDARD 
AVERAGE DEVIATION 

MACHINE 1 78 $3: 76 % 41.4 % : 42.6 % 

MACHINE 2 61% : 57 % 48.8 % : 49.5 % 

MACHINE 3 81% : 76 % 39.4 $3: 42.5 % 
MACHINE 4 69 % : 67 % 46.4 %$ : 47.1 % 

MACHINE 5 67 $ : 64 % 47.2 % : 48.0 % 
MACHINE 6 91% : 94 % 29.0 % : 23.1 % 

AGV UTILIZATION 

STANDARD 
AVERAGE DEVIATION 

Idle 29.3 %$ : 31.2 % 24.9 %$ 3: 24.2 % 

Traveling Empty 26.5 % : 24.8 % 21.7 % : 21.2 % 
Traveling Loaded 44.3 % : 43.5 % 24.2 € : 24.0 %           
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VERSION NUMBER TWO 

Description - FIFO receiving queue, Jobs being processed on 
the work center machines are not considered 
for AGV service. (Run #1 : Run #2) 

  

  

  

                  
  

  

  

  

  

        
  

  

  

  

TOTAL WORK IN PROCESS FLOW TIME 

NUMBER 
OF JOBS STANDARD STANDARD 

FINISHED AVERAGE | DEVIATION AVERAGE DEVIATION 

Job Type 1 93: 96 5.4: 6.2 | 1.6: 1.6 | 116.0 : 127.0 | 21.6 : 20.0 

Job Type 2} 101: 83 5.3: 4.3 | 2.4: 2.0 | 107.0 : 106.0 | 20.3 : 19.1 
Job Type 3 56: 64] 2.5: 2.7/1.7: 1.7 [| 89.0: 85.6 | 15.7: 17.2 

Job Type 47 61: 65) 2.1: 2.45 1.3: 1.4] 70.8: 70.9 | 15.2 : 12.4 

Total 311 : 308 7] 15.2 : 15.6 | 3.5: 3.2 99.1 : 101.0 | 25.2 : 27.7 

MACHINE 
UTILIZATION 

STANDARD 

AVERAGE DEVIATION 

Machine 1 82 % : 81 % 38.8 % 3: 39.2 % 
Machine 2 63 4% : 61 % 48.2 $ : 48.9 % 

Machine 3 83 %¢ : 83 % 37.3 % : 38.0 % 
Machine 4 71% : 70 % 45.3 % : 46.0 % 
Machine 5 69 % 3: 68 % 46.2 %€ : 46.8 % 
Machine 6 93 4 : 98 % 26.3 % : 14.9 % 

AGV UTILIZATION 

STANDARD 

AVERAGE DEVIATION 

Idle 26.4 % : 24.7 % 37.8 &€ : 27.6 % 
Traveling Empty 26.8 % : 26.3 % 23.6 4% : 23.3 % 
Traveling Loaded 46.8 % : 49.0 % 27.1% : 27.2 %             
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VERSION NUMBER THREE 

Description - Non-FIFO receiving queue, Jobs being processed 
on the work center machines are considered for 
AGV service. (Run #1 : Run #2) 

  

  

  

TOTAL WORK IN PROCESS FLOW TIME 
NUMBER 
OF JOBS STANDARD STANDARD 
FINISHED AVERAGE | DEVIATION AVERAGE DEVIATION 

JOB TYPE1 | 91: 93 | 3.8: 3.7 | 1.0: 0.8} 83.3: 80.8 | 17.0: 13.0 

JOB TYPE2 | 90: 92] 3.6: 3.7] 1.8: 1.7] 82.8: 81.1 | 14.3 : 13.8 

JOB TYPE3 |] 64: 62] 2.1: 2.1] 1.3: 1.6] 67.7: 69.0 | 15.2: 19.9 

JOB TYPE 4 | 56: 53] 2.4: 2.4] 1.0: 1.0] 89.4: 89.4 | 30.5: 32.7 
  

ALL JOBS 301 : 300 | 11.9: 11.8 | 2.4: 2.2 | 80.9: 80.0 | 20.5 : 20.5                 
  

  

  
    

        
  

  

  

  

MACHINE 
UTILIZATION 

STANDARD 
AVERAGE DEVIATION 

MACHINE 1 77 % : 77 % 42.1 %4 : 42.1 % 

MACHINE 2 61 % : 61 % 48.8 % : 48.9 % 
MACHINE 3 76 % 3: 77 % 42.5 @ : 42.1 % 

MACHINE 4 67 4% : 67 % 47.0 % 3: 47.0 % 
MACHINE 5 64 % : 64 % 48.1% : 48.0 % 

MACHINE 6 91% : 92 % 28.8 @ 3: 26.4 % 

AGV UTILIZATION 

STANDARD 
AVERAGE DEVIATION 

Idle 31.2 %$ : 30.7 % 22.6 %€ : 22.4 % 
Traveling Empty 26.0 € : 26.0 % 21.1 % : 21.1 4% 
Traveling Loaded 42.8 % : 43.3% 23.7 € 3: 23.9 %             
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VERSION NUMBER FOUR 

Description - Non-FIFO receiving queue, Jobs being processed 
on the work center machines are not considered 
for AGV service. (Run #1 : Run #2) 

  

  

  

TOTAL WORK IN PROCESS FLOW TIME 
NUMBER 
OF JOBS STANDARD STANDARD 
FINISHED AVERAGE | DEVIATION AVERAGE DEVIATION 

JOB TYPE] | 98: 97 | 4.4: 4.2] 0.8: 0.6 | 92.0: 87.8) 12.5: 9.5 
JOB TYPE 2 | 122: 113] 5.6: 5.1] 2.0: 2.1] 95.4: 90.4 | 13.3 : 14.6 
JOB TYPE3 | 69; 707 2.8: 2.5} 2.8: 1.4] 80.5: 76.1 | 17.3 : 14.4 
JOB TYPE 4 | 67: 70] 3.0: 2.8 | 3.0: 1.57 87.5: 78.2 | 25.3 : 23.1 
      ALL JOBS 356 : 350 | 15.8 : 14.7] 1.7: 2.2 | 90.1: 84.4 | 17.6: 16.6             

  

  

  

            
  

  

  
  

MACHINE 
UTILIZATION 

STANDARD 

AVERAGE DEVIATION 

MACHINE 1 90 $€ : 87 % 30.3 4 : 33.7 3 

MACHINE 2 75 $6 : 72 % 43.1% : 45.0 % 

MACHINE 3 95 4: 93 % 21.2 % : 25.8 % 

MACHINE 4 84 4 3: 83 % 36.6 % : 37.4 % 
MACHINE 5 81% : 80 % 38.9 % 3: 39.9 % 

MACHINE 6 96 % 3: 96 % 19.9 % : 18.5 $% 

AGV UTILIZATION 

STANDARD 

AVERAGE DEVIATION 

Idle 18.7 € : 21.0 3 22.7 @ : 22.6 % 
Traveling Empty 29.5 % : 28.2 % 22.9 % : 22.2 % 
Traveling Loaded 51.8 % : 50.8% 25.5 % 3: 24.8 %             
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NV-MOQOS VERSION 

Description - Program utilizes the Nearest Vehicle with 
Maximum Output Queue Size heuristics. 
(Run #1 : Run #2) 

  

  

  

TOTAL WORK IN PROCESS FLOW TIME 
NUMBER 
OF JOBS STANDARD STANDARD 
FINISHED AVERAGE | DEVIATION AVERAGE DEVIATION 

JOB TYPE] | 95: 96] 7.3: 7.4 | 1.4: 1.8 | 148.0 : 154.0 | 18.5 : 20.8 
JOB TYPE2 | 90: 92] 5.3: 5.4 | 2.1: 2.1 | 121.0 : 118.0 | 16.0 : 17.2 
JOB TYPE3 | 63: 59] 3.0: 2.9] 1.7: 1.4 | 98.6 : 100.6 | 16.5 : 15.3 
JOB TYPE4 | 62: 57] 2.6: 2.6] 1.6: 1.9 | 83.2: 84.5 | 13.7 : 14.5 
  

ALL JOBS 310 : 304 | 18.2 : 18.2 | 1.5: 1.7 | 117.0 : 120.0 | 29.6 : 31.4                 
  

  

  

          
  

  

  

  

MACHINE 
UTILIZATION 

STANDARD 

AVERAGE DEVIATION 

MACHINE 1 79 % 3: 78 % 40.9 % : 41.7 % 

MACHINE 2 60 % : 59 % 49.0 %$ : 49.2 % 
MACHINE 3 81 % : 81 % 39.2 4 : 39.1 % 

MACHINE 4 70 % : 68 % 45.9 4% : 46.6 % 
MACHINE 5 67 % : 65 % 47.2 % : 47.6 % 

MACHINE 6 96 + 3: 97 % 19.2 % : 17.6 % 

AGV UTILIZATION 

STANDARD 
AVERAGE DEVIATION 

Idle 11.4 % : 13.0 % Not Available 
Traveling Empty 19.3 % : 18.8 % Not Available 
Traveling Loaded 69.3 % : 68.2 % Not Available           
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