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ABSTRACT

Dynamic Scheduling of Flexible Manufacturing Systems: A Study of Machine and

Material Handling Control Strategies

Devi G. Sivagnanavelu

In recent years there has been an increased interest in automated and Flex-
ible Manufacturing Systems (FMS). These systems are comprised of a number of
computer-controlled machines and material handling devices integrated together for
the purpose of producing different parts with little or no setup. Scheduling and
control of all manufacturing systems is an area that receives considerable attention
because of the potential for significant improvement in shop performance and asso-
ciated cost benefits that can be realized.

Planning and control of FMS differs considerably from the problems cited in
traditional flow shop and job shop environments due to a different set of operating
conditions such as the integrated material handling system and the limited buffer
capacity. Furthermore, the operating environment of an FMS is dynamic, so static
rules based on having all information in advance are not appropriate.

The focus of this research is to develop and test on-line scheduling rules for
both machines and material handling sub-systems of an FMS. The scheduling rules
use various priority attributes and relevant information concerning the availability
status of resources in the decision making process. These rules are dvnamic in nature
because the priority of a job in the system can change continually. The scheduling
rules are applied to control a hypothetical FMS consisting of multiple shared re-
sources for different operating conditions. Simulation is used to model the svstem

and consequently test the performance of different scheduling rules with respect to
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mean flowtime, consistency of output, and efficient operation of the material han-
dling system.

Design of experiments is used to explore the relative effectiveness of scheduling
rules on the system performance measures for a variety of experimental conditions.
Analysis shows that there is a significant difference in the performance of schedul-
ing rules. The performance of machine and material handling scheduling rules can
be dependent, and the choice of rules depends on the operating environment. The
results are summarized to make recommendations on rule selection for a given F\S

operating condition against each of the important performance measures.
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Chapter 1

Introduction

1.1 Background

Flexible Manufacturing Systems (FMS) are automated systems where a number of
different types of resources work together under computer control to transform a
workpiece into a final product or a sub-assembly. This transformation process is a
sequence of processing steps. At each processing step, a number of resources are
simultaneously needed to complete the operation. An FMIS processes a number of
different parts simultaneously with little or no setup and it combines automation
suitable for mass production with flexibility suitable for job shop production.

An FMS is highly capital-intensive and its users are concerned with achieving
high system utilization. Because of cost. the majority of F\S are installed in large
manufacturing corporations, namelyv automotive, aerospace, major defense indus-
tries, large, heavy equipment manufacturers. and machine tool builders. Vought
Aerospace, Dallas, Texas for example uses FMS to produce component parts for air-
craft fuselage. Another example of FMS installation is Cincinnati Milacron Plastics
Machinery Division that manufactures parts for plastic processing machines.

The resources typically used in an FMS include Computer Numerically Con-

trolled (CNC) machines, fixtures, tools, robots, and material handling equipment.
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Figure 1.1: Layout for Vought Aerospace.

Figure 1.1 illustrates the layout for Vought Aerospace consisting of four CNC hori-
zontal machining centers with automatic tool delivery and exchange svstem. Three
Automated (wire) Guided Vehicles are employed for material handling purpose.
Other equipments used are pallets, manual inspection station. part cleaning unit.
and automatic chip removal and separation. The system processes 600 part types.
Limited buffer space in an FMS also imposes a constraint similar to having a limited
shared resource which is the number of buffer spaces. Occasionally, there may also
be a human operator overseeing the overall operation of one or more cells. Machin-
ing operations require the availability of the machine as well as certain tools, and
possibly a robot or worker to place the workpiece. A transportation task requires
the availability of the material handling equipment as well as a buffer space at the
destination station. The resources are usually expensive and therefore cannot be
dedicated to a certain process. but are rather shared between the various processes

in the FMS.



1.2 FMS-Related Problems

EFMS problems can be grouped into two areas: design problems dealing with the
optimal selection of the FMS components; and operational problems dealing with
the optimal utilization of the F)MIS.

FMS design problems are related to the decisions that must be made before
the installation of an F)MS. These decisions include: the selection of parts to be
made, the selection of appropriate machine tools. the selection of material handling
equipment, the computer system configuration, the process design of each part, and
the evaluation of different lavouts. Of these design issues. the selection of parts to
be made and its process design determine the level of flexibility and may undergo
changes after installation.

FMS operational problems involve production planning and scheduling. Pro-
duction planning in an FMS is more difficult than in assembly lines or job-shops
because each machine is versatile and is capable of performing different operatiors,
the system can process several different part types simultaneously, the system is
characterized by limited local buffers. and each part may have more than one route
in the system. The limited size of buffers in particular can cause system block-
ing. a state in which all operations come to stop because of conflicting resource
requirements.

FMS operational control is usually coordinated by a central computer or con-
trol unit, as shown in Figure 1.1, that is equipped with comprehensive software
modules for scheduling. tool allocation, traffic, production processing, and possibly
system simulation. The control unit takes as input information on the state of all
resources and continuously monitors the activities of the equipment and provides
supervisory and engineering reports. Under computer control, parts are prioritized
to use the resources.

The criteria used to evaluate different operational control strategies are based

on performance related measures such as the production rate (i.e., number of parts
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processed per period), the mean flowtime of parts, work-in-process, average waiting
time, variance of waiting times and resource utilization. Some of the measures of
performance can be conflicting. For example. the scheduling strategy that reduces

average work-in-process may not necessarily improve production rate.

1.3 Scope of the Research

The focus of this study is on the scheduling of jobs for an FMS. The performance
and efficiency of an FMS is highly dependent on the efficient allocation of resources.
Prior studies indicate that FMS performance is significantly affected by the choice
of scheduling rules. Montazeri et al. (1990) evaluated scheduling rules for an F\IS
and the results indicated that the developed heuristics significantly reduced average
waiting times and improved machine utilization. Sabuncuoglu et al. (1992) investi-
gated the performance of several job shop rules in a hypothetical FMS. They found
which scheduling rule significantly reduced the mean flowtime measure.

Static and deterministic off-line scheduling techniques. commonly used for pro-
duction scheduling in traditional job shops, are not appropriate for F)MS control.
Instead. a more dynamic decision making process is generally used to react quickly
to changes in the state of the system as different parts arrive for processing in the
svstem at random points in time.

It is important that the scheduling rules co-ordinate the allocation of all types
of resources (CNC machines, tools, material handling equipment, buffer spaces, etc.)
depending on their current status of availability. The objective of this research is t2
develop and test dynamic scheduling rules for machine and material handling sub-
systems for different FMS operating conditions against multi-criteria performance
measures.

A part undergoing an operation on a machine will have to request all the



required machining resources before processing can take place. Machine schedul-
ing rules prioritize jobs on a machine upon the completion of current machining
operation. Priority rules are developed based on the current status of machining
resources required for processing a job. A part that has completed its processing on
the current machine will have to be physically transported to the next machine in
sequence. This study utilizes Automated Guided Vehicles (AGV’) to transport raw
materials and work-in-process for the hypothetical FMS. However, the dispatching
rules proposed in this study can also be applied to operate FMS which uses robots for
material handling. AGV's are driverless, battery powered, and can be programmed
from a system controller to travel along a predetermined path. The control system
dispatches idle vehicles to perform material handling functions in the shop floor. car-
rying materials from one station to the other. Failure to design an efficient on-line
AGV dispatching algorithm may lead to poor performance of the FMS. An AGV
dispatching rule assigns an idle AGV to move a part from one location to another
location in the FMS. If there is no part waiting for pick-up, the AGV remains idle
and awaits for a travel request to emerge. Possible interaction between the machine
scheduling and AGV dispatching rules are also studied.

The FMIS scheduling literature includes research studies ranging from analyt-
ical techniques (Sawik 1995, Sabuncuoglu and Suleyman 1998) to simulation (Ma-
hadevan and Narendran 1990, Lee 1996) and artificial intelligence/expert systems
(Seifert et al. 1998). While research through each technique is necessary for better
understanding and solving the problems associated with FMS, this study focuses
on simulation-based experimental studies of the FMS scheduling problem. Discrete-
event simulation models are developed to implement the scheduling rules in an
example FMS with an uni-directional AGV track layout. An example FMS problem
is specially designed to study the effectiveness of machine-scheduling in combination
with AGV dispatching rules under varyving conditions. The simulation models were

developed in SIMSCRIPT I1.5 language.
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This research investigates the relative effectiveness of machine and AGV schedul-
ing rules against the performance criteria based on the mean flowtime, consistency of
output, and efficient operation of AGVs. The operation of AGV's is judged based on
empty-to-loaded travel time ratio and average AGV utilization. The FMS scheduling
rules are tested under a variety of experimental conditions. A factorial experiment
is conducted to investigate the importance of several system operating parameters
related to the performance of the FMS scheduling rules. Statistical analysis was

carried out using the STATISTICA software package.

1.4 Organization of the Thesis
The remainder of this thesis is organized as follows:

Chapter 2 “Literature Review” provides a detailed literature survey of F)MS schedul-

ing.

Chapter 3 “Scheduling Rules” explains the machine scheduling and AGV dis-

patching rules that are developed in this research.

Chapter 4 “System Description and Simulation™ discusses the hypothetical FMS
with the AGV track layout and system parameters. Also, the simulation

technique to test the rules and performance measures is described.

Chapter 5 “Experimental Design and Analysis”™ discusses the design of the sim-
ulation experiments to evaluate the performance of the rules. Experimental

analysis of the output are also presented.

Chapter 6 “Conclusion” lists some recommendations.

In addition there are three appendices containing detailed results.



Chapter 2

Literature Review

This chapter reviews the work done by some researchers in evaluating scheduling
rules against different performance measures in different environments. The litera-
ture on design and operational control of FMS are both extensive, but this chapter

discusses only the scheduling aspect.

2.1 Classification of Scheduling Problems

A tyvpical job in an FMS needs a primary resource and possibly a number of addi-
tional secondary resources. For instance, if the job is a machining operation, the
primary resource is the machine, and the secondary resources may be tools. fixture,
pallet, human operator or a robot. If the job is a transport operation, the primary
resource is the material handling equipment, and the secondary resource may be the
buffer space at the destination machine, and a robot or human for loading the part.

One of the most important aspects of operational control in an FMS is the

allocation of limited resources to waiting jobs. Decisions made in this regard can be

classified into:

e AGV dispatching - Assigns an idle vehicle to move a part from one location

to another in the manufacturing syvstem. Decisions such as which AGV a job
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requiring service should select among a set of vehicles available, and which
job a released AGV should consider for pick-up assignment from one of the

work-stations are made.

e Scheduling and dispatching of jobs in FMS - Allocation of primary resources for

which multiple jobs are waiting with its required additional resources available.

e Tool sharing strategies in FMS - Allocation of secondary resources to satisfy

the needs of component parts and products.

The following sections summarize some of the previous papers relevant to each

of the categories.

2.2 AGYV Dispatching

The structure of industrial production has drastically changed due to automation
and the material handling system is one of the main areas that has looked to au-
tomation to improve svstem performance. An AGV system is a computer-controlled
factory-wide transporter. The flexibility of an AGV system makes the task of con-
trolling the AGV's challenging. The issues of controlling AG\'s may include dispatch-
ing, routeing and scheduling. Dispatching involves a decision rule or methodology
for selecting a vehicle or station for pick-up or delivery assignments. The routeing
problem is concerned with finding a route that will allow a vehicle to reach a desti-
nation in the shortest possible time without interruption. Scheduling encompasses
the dispatching and routeing issues with the introduction of time.

The following review addresses the operational control of AG\V-based material
handling systems. According to Klein and Kim (1996). AGV dispatching rules
can be classified into single-attribute dispatching and multi-attribute dispatching
based on the number of attributes included in the decision making process. Possible

attributes include information with respect to the AGV track layout, location of



AGVs, AGV status, and queue size of pick-up and destination workstations. In the
literature, different AGV dispatching rules are developed and tested under different
manufacturing environments such as FMS and job-shop involving uni-directional

and bi-directional layouts.

2.2.1 Single-Attribute Dispatching

Single-attribute dispatching models are based on just one dispatching criteria in the
decision making process.

Mahadevan and Narendran (1990) studied the design and operation of AGV
based material handling systems for an F)MS. They addressed the key issues such
as the traffic flow pattern along the AGV tracks. decisions regarding provision of
control zones, number and capacity of buffer for the vehicles, the number of vehicles
required, and vehicle dispatching rules. The vehicle dispatching rules tested in the
study are all based on single attribute. The discussion on vehicle dispatching rules
is made following the design issues that are addressed in the paper.

According to the authors, if a single AG\V operates in a closed loop. the traffic
control problem is simple, and the need for control zones and buffers does not arise.
However, when more vehicles circulate in the system. decisions regarding control
zones, buffers, traffic flow pattern along the AGV tracks, and vehicle dispatching
have to be made. For resolving traffic problems, the use of control zones and buffers
would help. A control zone will allow only one vehicle to use a track at a time.
In addition, buffers may be provided for the vehicles waiting to use the control
zones. Another strategy suggested by the authors to overcome collisions is to design
a single vehicle loop configuration which divides the entire network of AGV tracks
into few small closed loops. each of which allows only one vehicle to circulate. This
design removes the problems of vehicle collision and interference and simplifies traffic
management. Buffers have to be suitably placed in order to facilitate inter-loop

transfer of jobs. As mentioned by the authors, the drawback of this arrangement



would be its inability to tackle vehicle breakdowns which will paralyze the loops.
Additional problems such as creation of bottleneck loops, requirements of additional
space, guide path and storage points may also arise. To overcome these problems, the
authors suggested an alternate strategy wherein the vehicles are restricted to travel
along selected AGV tracks only. This scheduling strategy retains the advantages of
the small closed-loop configuration and also adapts to vehicle breakdowns.

Next, they developed a formula to estimate the minimum number of vehicle
required. This estimate is for an FMS processing jobs in more than one sequence
which allows alternate routeing of the jobs due to machine failure or work-load
balance considerations.

A simulation model for a system producing five job types with six machines, a
load/unload station and a central buffer for work-in-process was constructed using
GPSS/PC and some of their suggested strategies were tested. They estimated the
number of AG\V's required to be three for a set of processing times at the machines
and two for the same system with larger values of processing times.

Theyv studied the same model with 3 AG\V's based on three vehicle dispatching
rules. namely. the least utilized vehicle rule, the farthest idle vehicle rule, and the
sequential dispatch rule. All the three dispatching rules use the following single
attributes: the least utilized vehicle rule considers the amount of time an AGV is
held busy, the farthest idle vehicle rule uses the distance between idle vehicle and
the job. and the sequential dispatch rule is based on the arrival time of jobs. Besides
dispatching rules, the performance based on the single vehicle loop configuration was
also studied. The performance measures used were the mean flow-time of the jobs,
the utilization of the AGVs and the average number of jobs waiting for an AGV.

In the study, the single vehicle loop configuration and the sequential dispatch
rule is found to fare better than the other rules in the system considered for the study.
This is because, the system under consideration has small number of machines and

few inter-loop transfers.
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More recently. Seifert, Kay and Wilson (1998) introduced a dynamic vehicle
routeing strategy based on hierarchical simulation. When routeing is dvnamic, dif-
ferent paths can be taken by an AGV at different times when moving between two
given nodes. Taking into consideration the current status of the system. the ve-
hicle router selects a path for the AGV at the time that the vehicle is dispatched
(Hodgson et al. 1987) and if there is a communications link between the router and
the vehicle. then the router modifies the vehicle’s path during travel. They observed
that the shortest travel-distance route may not be the shortest travel-time route.
Along any given route, the actual travel speed of a vehicle depends on the amount
of congestion encountered. This can affect the overall performance of the AGV sys-
tem. The research uses single-attribute, namely the travel-time for AGV routeing
decision.

In their proposed hierarchical simulation, whenever there is an AG\ routeing
decision in the main simulation, subordinate simulations are performed to evaluate
a limited set of alternative routes in succession until the current routeing decision
is finalized and the main simulation resumed. Also. they used the global vision as
information support to avoid obstacles in the way of an AGV". Global-vision-system
refers to the use of cameras (or other types of sensors) placed at fixed locations in
a work space to extend the local sensing available on board each vehicle in a free-
ranging AGV system (Kay 1992, Kay and Luo 1993). Information from the cameras

is used to:

1. Monitor the workspace to detect and track potential obstacles in the immediate

vicinity of each AGV and over its intended path.

o

Track each AGV along its intended path to bound errors in the vehicle’s dead-

reckoning sensors.

3. Monitor the load aboard each AGV to detect positioning errors

11



4. Provide video images of the entire work space so that a human operator can

monitor the status of operations throughout the facility.

The authors have used item (1) in their study to evaluate the use of a computer
simulation model as a short-term decision tool for AGV routeing that accounts
for the current system status and determines the current optimal path with the
minimum travel time to reach a certain destination. A case study of a prototype
AG\V system consisting of ten P and D stations, seven intersection region nodes.
varied number of AGV's and pedestrians and operating under the control of a global
vision system is used to test the static and dynamic vehicle routeing strategies.

To evaluate the performance of the AGV system. they formulated a specific
performance measure referred to as the ‘relative delay’ of an AGV, which is the
difference between the AG\’'s actual travel time to its current destination, and the
corresponding theoretical minimum travel time of the AGV as determined by its
maximum speed and the shortest-travel-distance path between the AG\’s current
origin and destination nodes.

The results of the case study indicated the superiority of dynamic approach
in comparison to the deterministic shortest travel-distance path. However, as indi-
cated in the paper, these results cannot be generalized without much more extensive
experimentation. Moreover, to enjoy the full benefits one can gain from the dynamic
vehicle routeing approach, the authors suggest to account for the capabilities of this
approach during the design phase of the AGV system by including more flexibility in
AGV system design. Specifically, the AGV system design should provide a sufficient
number of alternative paths that can be chosen so that critical bottlenecks can be
bypassed dynamically, allow for dvnamic selection of P and D stations correspond-
ing to the same work-center, and allow for varyving degrees of sensing capabilities to
provide information concerning the congestion status of the system, ranging from

purely local, vehicle-based sensing to full global vision capabilities.



2.2.2 Multi-Attribute Dispatching

Multi-attribute dispatching models consider several dispatching criteria concurrently
in the decision making process.

Lee (1996) evaluated three composite rules which combine the primary dis-
patching rules with tie-breaking rules in a job-shop environment. He considered an
assembly system with AGV-based material handling system. Multiple vehicles were
used on an uni-directional track layout. The system consisted of four major assem-
bly lines and each has a pair of drop-off station and pick-up station for material
handling purpose. The possible routes of AGVs among the workcenters and the
warehouse can be thought as directed links of a network.

Four types of assembly jobs arrive at incoming dock. As incoming jobs are
generated. four AGV's are available to carry loads of materials from the warehouse
to the drop-off stations of the assembly lines. The materials are then assembled
into finished products which can be picked up from the pick-up station at the end
of the assembly line. Since multiple vehicles are allowed in the system, collisions
are avoided by the zone control capability that allows only one AG\™ to access the
junction or a section of the track at a time.

Four vehicle-initiated dispatching rules namely Stay in Same Station (SS),
Nearest Station and Stay in Same Station (NS-SS), Nearest Station and High activity
area (NS-HA) and High queue and Nearest Station (HQ-NS) were evaluated in this
study. SS was used as a benchmark for comparison purpose. Of the rules tested,
SS and NS-SS are single-attribute dispatching rules, and NS-HA and HQ-NS are
multi-attribute dispatching rules.

Discrete-event simulation models were developed in SIMAN language to im-
plement the composite dispatching rules. A dispatching rule is used when an AGV
completes a drop-off task and looks for the next task. When an AGV approaches a
junction, a FCFS control scheme is used to avoid possible collisions.

He used the design of simulation experiments to evaluate the performance of

13



the scheduling rules. He identified mean time between arrivals, arrival distribution
and ratio of AGV travel time to the assembly time as the three factors which might
affect the performance of the rules. The factors were tested at 2 by 2 by 3 levels
resulting a 2 x 2 x 3 factorial design with 12 experiments. With 4 rules and 3
replications. the total number of simulation experiments performed was equal to
144. The performance measures collected from the simulation were throughput,
average flow-time per job and average inventory level in the system. An analysis
of variance (ANOVA) procedure was then performed to identify the factors and the
factor interactions that may affect the performance measures.

The results reveal that the NS-SS and HQ-NS performed equally well in
throughput and WIP, while NS-SS outperformed HQ-NS on flow time. The per-
formance difference between the SS rule and the composite rules was significantly
affected by the job inter-arrival time (TBA). the ratio of AGV travel time to assem-
bly time (RT), and the interaction between the two factors (TBA*RT).

The above study has not showed importance over the performance of machine
scheduling rules in relation to the AG\" dispatching rules. Further tie-breaking is
required when considering a layout wherein two or more stations are equi-distant to
eachother.

Klein and Kim (1996) proposed a multi-attribute decision models (MADM)
which consider several dispatching criteria concurrently in the decision making pro-
cess. They presented four such rules namely simple additive weighing method
(SAWNI), Yager's multi-attribute decision making method (YAGER), modified ad-
ditive weighing method (MAWM) and max-max method (MMIM). There is no clear
mention of the list of attributes used in the priority calculation of MADM.

SAWNMI is the widely used method of MADM. Suppose the decision maker
assigns a set of importance weights to the attributes, W {w;, wa. ..., w,}. Then the

most preferred alternative, A* is selected such that

A= {.4- Lo Wity }

max -
t 1 Wy

=
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where z,; is the outcome of the ith alternative about the jth arttribute with a nu-

merical comparable scale. z;; can be the values that represent the number of loads

in output buffers, the waiting time of a part, or a travel distance of a vehicle.
Yager (1977,1978,1981) developed a fuzzy MADM model which employs a

fuzzy numeric rating approach. Consider the objectives, G,. Ga. .. .. G, each associ-

ated with a fuzzy subset over the set of alternatives A;, A,..... 4,,. Let R;;. Ria..... Rim

be fuzzy numerical ratings of each alternative assessed by objective i. Each objective

may be represented as

G,-=Z%',i=1....,n.
=] °

The decision D is denoted as

In order to normalize attribute values MAWM uses membership functions of
the fuzzy sets which represent the objectives. By this. the MAWNI is able to take
an expert’s opinion or previous experience of operating a shop into account when
converting an attribute value to a new value that will represent the situation of each
department more adequately.

MMM determines the value of an alternative by selecting the maximum value
of the objectives rather than adding up all the values of objectives. In other words,
the most urgent or desirable situation of an objective is used to represent the situ-

ation of the alternative. The most preferred alternative, A~, is selected such that

A" = {A; | max max(w;z;)}
i
where z;; is the outcome of the ith alternative about the jth attribute (or objective)
which is obtained from a membership function of the attribute.
A simulation model was developed to test the dispatching rules for an AGV

system. The four MADM methods along with three other single attribute dispatch-

ing rules namely, shortest travel time/distance rule, maximum queue size rule and
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longest waiting time rule were tried for a three-department and thirteen-department
layout configurations. The results of the simulations under different rules were ana-
lvzed and compared according to the performance measures collected such as the job
completion time, total travel time of empty vehicles, maximum and average queue
length and waiting time. Analysis showed the multi-attribute dispatching rules out-
performed the single-attribute ones and MAWYM appeared to be the most robust
rule overall. Thus the superiority of the multi-attribute dispatching rules for AG\'s
is observed in this paper.

Akturk and Yilmaz (1996) proposed a micro-opportunistic approach to solve
the AG\ scheduling problem. Automated Manufacturing Research Facility (AMRF)
is a well-known factory reference model at the National Institute of Standards and
Technology in the USA. There are five levels in the AMRF hierarchy, which are
factory. shop. cell, workstation and equipment. The paper presents a new approach
to incorporate AGV into the overall decision-making hierarchy. To achieve this, they
proposed a hybrid approach in which the control mechanism for the AGV module is
designed using a hetererchical structure, so it can interface both shop and cell levels
directly.

In the shop level’s scheduling problem, the beginning and ending times of
jobs in cells are determined with approximate transportation time requirements,
which will be passed to the proposed AGV module. Furthermore, the cell level
is responsible for scheduling the jobs to workstations. With some approximate
time requirements for material movement, each cell prepares an initial schedule.
Similar to those of the shop level, a release time and due-date for each move is
determined. The AGV module receives move orders between and within cells in the
form of time windows in which the corresponding move request has to be completed.
This forms a special case of multi-attribute dispatching since the move requests are

known in advance and an off-line schedule is determined satisfying certain constraints
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(attributes) of the problem formulation. Therefore, the proposed method is an off-
line scheduling algorithm for the AGV dispatching problem.

The objective of the AGV module’s scheduling problem is to minimize the
amount of deviation from the given time windows. They considered .\’ move requests
with given time windows and pick-up drop-off points and M identical vehicles in
a planning horizon. The AGV track layout is assumed to be uni-directional. The
loads are unit loads, and one vehicle is sufficient for a load request. For the traffic
management problem. the control at intersection points of the uni-directional guide
path is used to avoid collisions. The above problem is modeled as a mixed integer
program (MIP), where the objective is to minimize the total deviation from the time
windows.

The developed algorithm was tried on a 20-job problem with the required
parameters such as release time, due-date, and transportation time of jobs with the
pick-up and drop-off points. The system is served by two vehicles operating on an
uni-directional layout. The final schedule obtained is feasible, i.e. the total deviation
is equal to zero. and also free of collisions.

The experimental factors that might affect the performance of the proposed
algorithm were the number of jobs to be scheduled, layout, tightness factor and
number of vehicles. Each factor has three levels in the design resulting in 3™ full-
factorial design, which corresponds to eighty-one treatment combinations. The num-
ber of replications of each combination is taken as five, that gives 405 different runs.
Finally, an ANOVA model is performed to observe the effects of factors on the
performance measure. All factors were found to be significant on the performance
of the proposed method. For combination of factors, only the layout-time window

tightness interaction is found to be significant.



2.3 Scheduling and Dispatching of Jobs in FMS

Scheduling of machines and vehicles in an FMS environment are considered under
this category. Job dispatching rules can further be classified based on the informa-
tion required to prioritize the jobs waiting for the resources to process its request.
The priority calculations may require information purely related to the job or the
resource or both. Job information may include its arrival time to the shop. pro-
cessing time on each machine and the number of operations required to complete
processing. Resource information may include the queue size of jobs in the input and
output buffers. Also, some research studies use the same information to schedule
both machines and vehicles.

Montazeri and Van Wassenhove (1990) used modular FMS simulator to an-
alvze scheduling rules. The modular FMS simulator is a general-purpose, user-
oriented. discrete-event simulator designed to help the user in design. operation.
and scheduling of manufacturing systems. It provides the user with a wide range
of priority rules to choose from and enables the user to define his/her own rules if
required. The software configuration of the simulator includes three subsystems: an
input part to allow user to input various kinds of data in an interactive mode: a
process part which forms the main body of the simulator consists of four major sec-
tions namely event section, control section, decision-rule section, and a simulation
section; and an output part primarily designed to generate statistical reports.

The authors tested fourteen different scheduling rules for a hypothetical system
with the modular FMS simulator. The hypothetical FMS consists of three machine
families, three load/unload stations, five machines, three carriers. and 11 work-in-
process buffer positions. All machines in the families have their own dedicated
shuttle and a worker is assigned to each station to load parts on the pallets and

unload parts from the pallets. The scheduling rules tested were:

e SIO - Shortest Imminent Operation time
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