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Chapter 1

INTRODUCTION

A typical manufacturing facility contains work sta-
tion(s), storage, and receiving and shipping linked by a
material handling system. The simplest manufacturing facil-
ity consists of a receiving dock, service station, and ship-
ping dock (Figure 1). The movement of parts between any two
points in a facility is accomplished using various types of
material handling equipment. The time a unit spends in a
facility is dependent on the effectiveness of the material
handling system being used in that facility.

Matefial handling is concerned with: motion, time,
quantity, and space [5]. Moving material in the most effi-
cient manner, controlling the production time, satisfying
the demand for the manufacturing processes, and utilizing
the available space efficiently are the basis of efficient
material handling.

The material handling system to be used becomes criti-
cal as a business grows. The design and selection of a
material handling system cannot be overlooked ifveconomic
manufacture is desired. Material handling directly affects
the production in terms of manufacturing costs, product
quality and flow, and product traceability. A properly

designed material handling system can reduce costs, increase
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capacity, and improve working conditions. Increased capac-
ity may result in better space utilization, improved layout,
and/or higher equipment utilization. In the past, material
handling costs have been reduced which usually reduced pro-
duction costs. This trend is declining. In some companies,
the material handling cost may be as much as 80-90% of the
labor cost [37].

A variety of material handling equipment is used in
industry. A combination of several types of this equipment
usually make up a material handling system. Apple [5] clas-
sifies different handling equipment under three main types
as:

1. Coﬁveyors.

2. Cranes and Hoists.

3. Industrial trucks.
There are sub-classifications under each. Material handling
systems in operation today are combinations of several types
of equipment which are generally categorized as:

l. Fixed-path handling equipment.

2. Limited area handling equipment.

3. Mobile equipment. [52]
Conveyors, storage/retrieval systems, and monorails are a
few types of the first class. Examples of limited-area
equipment include cranes and hoists while the variable path
equipment covers all forms of industrial trucks and perhaps

towline systems.



ADVANCES IN MATERIAL HANDLING SYSTEMS-COMPUTER CONTROLS IN

MATERIAL HANDLING

During the last two decades, material handling systems
have advanced technologically in an extraordinary fashion.
These advancements have contributed significantly in ware-
housing in terms of automation and design. With that trend,
attention is now also being given to processing areas
(actual assembly areas). It is apparent that some trends

have developed. For instance:

1. Automatic and remote controlled equipment,

2. Handling integrated into processing,

3. Handling systems replacing mechanization of indivi-
dual handling tasks,

4. Communication capabilities integrated into equip-
ment,

5. High speed, large capacity, flexible, and better
controlled conveyors,

6. Cranes with remote, and electric or computer con-
trol,

7. Unit handling, and

8. Use of robots. [5]

With the trend toward more sophisticated controls, use
of computers, and microprocessors that diagnose their own

troubles, and progress in other aspects of hardware and



applications, better ways for material handling continue to
offer improved operations [22]. The trend is toward more
simplified, yet more sophisticated, controls.

Material flow and the optimization of the handling
equipment are the primary functions of the controller today.
These computers respond very quickly to operation require-
ments such as the storage and retrieval of parts, sortation,
transportation, and tracking of every part in the system.

Computer applications have contributed to the advent of
Automatic Storage and Retrieval Systems (ASRS). An ASRS is
an automated warehouse with the storage and retrieval of
parts done either partially or completely automatic. Sto-
rage célls or shelves are used to store parts. Computer
controlled cranes, self-guided stock or order selectors are
used to accomplish the job of storage and retrieval. The
position of each type of part and their quantities are
stored in the memory of the computer. Space has always been
of major concern, and now narrow aisle concepts and use of
guided industrial trucks have shown improvement in space
utilization. The hardware consists of two major parts: 1) A
mini-computer system with disks and tape data storage, video
display terminals and printers, 2) a data terminal that can
be mounted on a guided wvehicle. A dual processor would
offer unique security, reliability and data integrity capa-

bilities of substantial values to any warehousing operation



[62]. By means of advanced telecommunication technology,
warehouse personnel can remain in constant communication
with the computer system from anywhere in the warehouse.

Carousels are usually used where space is a constraint.
Shelves or bins are used to place parts in this "mini-ware-
house". These multilevel bins rotate along a fixed path.
Each part may have a fixed location of storage. Storage and
retrieval of parts is partially or completely automatic.
The location and quantities of parts are stored in the
memory of the computer. The storage and retrieval process
is performed by rotating and bringing the desired bin to a
loading/unloading station. Carousels are also being used in
manufacturing environments. Work stations are located
around the carousel so operators have easy access to the
parts.

Several systems are available for part identification

and tracking. Magnetic and optical sensors, or decoders,
are commonly used for reading identification labels. Prin-
ters are used to print the labels. Many systems are also

capable of handling inventory and order-entry transactions,
which adds a new dimension to inventory control or the sta-
tus of an order being picked.

In the area of receiving, a software module enables the
system to capture all material as it is taken from the

receiving dock. A radio data terminal is used to identify



quantity and storage location of the material. This type of
receiving handles material that does not need individual
tracking [62].

For material flow within the shop, computer controlled
conveyor systems are commonly used. Parts are automatically
moved from work center to work center throughout the system
on a prescribed route. Cartrack systems are also becoming
available and very soon will compete with conveyors. Mono-
tonous and dangerous handling tasks are easily performed
with this equipment.

Computer controlled, robot-like, variable path indus-
trial vehicles generally identified as Automatic Guided Veh-
icles (AGV) will be a major part of future material handling
systems. Currently, AGV systems are primarily used in ware-
housing environments [37].

Automated material handling systems have also contri-
buted in the development of Flexible Machining Systems
(FMS). An FMS consists of a group of work stations linked
by an automated material handling system. Work stations are
usually NC machines. This integrated system 1is computer
controlled. An important feature of an FMS is that it can
process a variety of different part types simultaneously at

the various work stations.



CONVEYORS
There are hundreds of types of material handling equip-
ment and more are being invented every day. It is estimated
that presently there are:
240 types of conveyor,
60 types of trucks and vehicles,
100 types of cranes and hoists,
70 types of containers and racks, and

100 types of auxiliary equipment. 6r

570 types of material handling equipment [5].

In this section some of the common types of conveyors
are described. Many definitions have been adopted from

Apple [5].

1. Belt Conveyors. An endless fabric, rubber, plastic,
leather, or metal belt operating over belt idlers or sliding
bed for handling materials, packages, or objects placed
directly on the belt. Mesh belts are commonly used in food
processing plants. Flat, portable, and troughed are three
types of belts. Belt conveyor is used for assembly lines,
elevate or lower objects.

2. Bucket Conveyors. Gravity discharged and pivoted are
two types of conveyors of this class of conveyors. Buckets

attached between two endless chains which operate in suita-



ble guides or casing in horizontal, vertical, inclined, or a
combination of these paths over drive, corner, and take-up
terminals. Used for heavy and bulk material, and also for
wet and greasy material.

3. Cable conveyors. Overhead Tramway is used when space
is a constraint. Hooks are attached to wheels which move on
a rod.

4. Chain Conveyors. A variety of conveyors fall under
this category. Apron, arm, car type, flight, pallet, roll-
ing, trolley are just to name a few, capable of handling
almost any material.

5. Gravity Chute. A slide shaped so that it guides
objects as they are moved from one location to another.
Used for inter-flow and inter level moves.

6. Pneumatic Conveyors. Pipeline, air-activated grav-
ity, and tube are examples of this class of conveyors. Used
for dry material, storage of bulky material, and extra
safety.

7. Roller Conveyors. Mostly used among all types of
conveyors. Supports the load on a series of rollers, turn-
ing on fixed bearings, and mounted between side rails at
fixed intervals. Distance between rollers is dependent on
the size of the object moved. Some example of roller conve-
yofs are:

a. Accordian

b. Gravity



10

c. Live
d. Portable
e. Spiral

8. Screw Conveyors. Conveyor consists of a continuous
or broken-blade helix or screw fastened to a shaft (pipe)
and rotated in a trough so that the revolving screw advances
the material.

9. Vibrating Conveyors. A trough or a tube flexibly
supported and vibrated at a relatively high frequency and
small amplitude to convey material (used mostly for hot
objects and gaseous materials).

10. Wheel Conveyors. Gravity, 1live, and spiral are
three types of this class of conveyors. These conveyors
support the load on a series of skate-like wheels, mounted
on common shafts in a frame or on parallel spaced rails, and
with the wheels spaced to accomodate the size of the load to

be carried (very similar to roller conveyors).
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ADVANCES IN CONVEYOR SYSTEMS

Conveyor systems technology has advanced tremendously
in the last decade. Photoelectric sensors and programmable
controllers of the fiber-optic type are used in conjunction
with conveyors for assembly line production. Line shaft
conveyors and conveyors with the capability to make 90
degree turns are playing an important role in live roller
technology. Different types of mechanisms are available to
powerize a conveyor line. Powered accumulating conveyors
which can automatically separate products are also availa-
ble. Accumulating conveyors are used in industry where pro-
ducts must not make any contact with each other. This is
the only type of material handling equipment which can be
used in a 'super clean' electronic industry where any con-
tact of metals generates enough particals to damage the pro-
duct. The electronic industry was probably the last indus-

try introduced to automated material handling.
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PLANNING FOR A MATERIAL HANDLING SYSTEM

An analytical approach is usually taken in the search
for a solution to the material handling problem. It is
sometimes called the engineering approach. While systemat-
ics may vary, a pattern similar to the following does exist
in most approaches:

1. Identify the problem and the objectives.

2. Determine and collect the appropriate data.

3. Develop alternative solutions.

4. Evaluate alternatives and make a decision.

5. Implement the solution and follow-up for improve-

ments.

Many approaches have appeared in various texts and papers;
but probably, the best and most widely applied approach is
systematic handling analysis (SHA), developed by Muther and
Haganas [59]. Bascially SHA consists of:
1. A framework of phases which organize the project
work.
2. A pattern of procedures to develop material han-
dling plans.

3. A set of conventions.

If these methodologies are applied properly, an effective
solution to a material handling problem can be found.
Unless properly applied more problems and erroneous results

may be obtained.
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Some of the more common graphical techniques used for
the analysis of material handling problems, and to determine
the relationships between operations, criticality of an
operation, flow of product etc. are given below:

1. Operation Process Chart

2. Flow Process Chart

3. From-to Chart

4. Flow Diagram

5. Critical Path Method

Details on these and others may be found in texts on plant
layout, facilities.planning and motion study [7, 50, 53,
83].

Another family of techniques 1is used for evaluating
alternatives and is usually referred to as Quantitative
Techniques. These are more mathematical and operations
research-oriented procedures. Most of these techniques
guarantee a near optimal solution and are divided into these
categories:

1. Deterministic

A. Linear systems
B. Non-linear systems

2. Probabilistic

Some of these techniques will be discussed briefly. It is
very important that a proper technique is chosen and used

correctly.
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1. LINEAR PROGRAMMING

Linear programming is very frequently used to determine
the best allocation of resources available to accomplish an
objective. The functions expressing the relationships bet-
ween variables must be linear. Linear programming can be
applied to almost all material handling systems. Thompson
[85] modeled a scheduling problem as a linear programming
problem.

Integer progamming, transportation programming, and
assignment models are important classes of general linear

programs.

A. INTEGER PROGRAMMING. A special case of linear pro-
gram where variables must be integers. Special cases when
only certain specific variables must be integers (called
mixed-integer program) can also be handled. The model quar-
antees an optimum solution. Phillips and Lytton [66] solved
a decision problem using integer programming.

B. TRANSPORTATION PROGRAMMING. A class of integer pro-
grams 1is transportation models. Transportation algorithms
are used to minimize the cost of distributing a commodity
from one point to another point. The supply and demand, at
each source and destination are Kknown. This model was

developed to support warehouses and find the best schedule.
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Restriction of shipment only from a source to destination
and not the other way around may not be realistic.
C. ASSIGNMENT MODEL. Problem of assigning n jobs to n

machines, wusually &known as the assignment problem, is

another class of integer programs. This is a very useful
technique 1in 1layout problems. Problems with dependent
machines are unsolveable. Problems with unequal jobs or

machines can also be handled easily. Aly and Litwhiler [3]
developed an allocation model using this technique and
applied to the public sector.

D. TRAVELING SALESMAN PROBLEM. A special case of
integer program involves finding an optimal route is known
the traveling salesman problem. Each location or facility
is to be visited only once and route must terminate at the
point of origin. No backtracking is allowed. Gensch [27]
applied this technique to solve a static time time-con-

strained scheduling problem.

2. DYNAMIC PROGRAMMING.

Dynamic programming 1is new among these mathematical
techniques and is designed primarily to improve the computa-
tional efficiency. The basic idea of the technique is to
decompose the problem into smaller subproblems. The dynamic
programming approach changes one problem in n variables into

n problems, each in one variable. The problem is solved in
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stages and a decision is made at each stage. It is applied
to network routing problems, production scheduling, etc. It
has advantages over conventional procedures in solving mul-
tistage decision problems. Rosenman and Gero [78] used a

dynamic programming approach to solve design problems.

3. QUEUEING THEORY

Queueing models account for the random flow in a sys-
tem. Waiting line or queueing theory assumes parts enter
the system at some rate, move through different service
channels where they are serviced in the fashion in which
they are ordered, gnd then terminate. The arrival and ser-
vice can be probabilistic. Most of the models make an
assumption of Poison arrival rate and service rate which is
not very realistic. Greshwin and Berman [28] analyzed
transfer 1lines using Queueing Theory techniques. Solberg
[81] developed "CAN-Q" to analyze flows through material

handling systems.

I

CONVEYOR THEORY

Morris [53] classifies conveyors into four categories:
Constant speed, irreversible conveyors (open-loop)
Operator controlled, reversible conveyors (open-loop)

Power and free systems (open loop)

o aQ w »

Closed-loop, irreversible, continuous operating system.
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Open-loop systems can be modelled mathematically by using
previously described techniques. Closed-loop system are not
feasible to be described mathematically. Conveyor theory
will be discussed later in the literature review (Chapter

3).

5. SIMULATION

It is always helpful to know how a system is going to
work before its implementation. It is normally too expen-
sive and time consuming to experiment with full scale sys-
tems. Simulation is the tool most often used in making
decisions about thg performance of a potential solution.
Simulation cannot guarantee optimality, but the best practi-
cal solution can be found. Many simulation models have been
developed to analyze particular systems [10, 24, 79, 84].

Maxwell [44] criticizes these techniques by, "Simula-
tion has been and will continue to be a prime approach to
the problems an industrial engineer, involved in material
handling, faces. Optimization techniques based upon linear
programming (especially flow networks since they capture
inventory relationships) increasingly offer the potential
for avoiding a simulation effort. Queueing approaches
require further development, and most importantly empirical

verification."



Chapter 2

PROBLEM STATEMENT AND OBJECTIVES

Perhaps the most critical step in planning a material
handling system 1is the evaluation of a proposed system
design. Evaluation of a facility layout, the routing and
scheduling of an AGV system, or the design of a conveyor
system are not easy tasks; but it is advantageous to know
how a particular design or configuration will operate and
perform before it is implemented. Among material handling
equipment, conveyor systems are employed universally (per-
haps more than any.other type of material handling equip-
ment). In evaluating the performance of conveyor systems,
design and operational problems are two major areas of
interest for an analyst. These two problems are inseparable
and should be studied together.

There are a number of evaluation techniques (Chapter
1), and it is very important that a proper methodology is
applied to avoid incorrect results and further problems. A
conveyor system, if it meets the objectives under the const-
raints imposed, is said to be operating satisfactorily. An
objective can be in terms of cost, profit, space, through-
put, etc. Additionally, there may be some constraints,
i.e., space, monetary, etc. A mathematical model may seem

to be the easiest way to analyze the problem but is gener-

18 -
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ally difficult to do in the case of a complex conveyor sys-
tem. The difficulty encountered is that the conveyor is
part of a large system. The system includes equipment par-
ameters as well as such considerations as spacing, waiting
space allowances, and sequencing of loading and unloading
stations etc. It is also extremely difficult to handle the
random variables in mathematical models. The layout shown
in Figure 2 is very complex. It includes stréight line con-
veyors as well as recirculating or closed loop conveyor sec-
tions. To model this layout as a mathematical program and
include all details may not be possible. Solving this system
to obtain a performance measure may even be a larger prob-
lem.

Perhaps the best way to judge the merit of a particular
design or configuration is by simulating its performance
[9]. Simulation provides feedback on the present concept
and can be used to make revisions toward a better design.

Unlike other mathematical programs, it is much easier
fo include randomness of wvariables and other detail in a
simulation model. Discrete, continuous, or both types of
material flows can be handled easily. Recirculation and
storage of parts can also be included in the simulation
model.

In modeling continuous systems where one is concerned
with time-dependent variables, general purpose languages

such as BASIC and FORTRAN tend to be used most of the time.
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An example of a continuous system is a stacker crane, used
in an ASRS, where one may éccount for the speed and velocity
of the crane. One often must account for hundreds of enti-
ties simultaneously, and monitor changes in their attributes
as they progress through the system. A discrete simulation
language is best used in such cases. Examples of discrete
languages are: GPSS from IBM, SIMSCRIPT from Rand, GASP and
SLAM from Pritsker, and ECSL from the University of Birming-

ham, England [9].

OBJECTIVES

The objective pf this research is to develop a simula-
tion package to study and analyze conveyor systems. There
is a need for a large-scale, general purpose simulation
model that can cope with the complexity of actual conveyor
systems. This model should also allow for tradeoff studies
in the design stages as well as the analysis of operational
problems of existing conveyors [58]. A simulation model
will be developed to test the performance of conveyor sys-
tems. The objective is two-fold. The first objective is to
develop programming modules which model various conveyor
types and conveyor segments. The second objective 1is to
compile these modules into a system model to simulate the
proposed layout, shown in Figure 2, as well as some variant

designs. Different conveyor types, for example: belt and
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gravity roller conveyors, have different operational charac-
teristics and cannot be modeled as one type of conveyor.
Similarly the model must account for different configura-

tions, like straight line and recirculating conveyors.

ORGANIZATION OF RESEARCH

The layout in Figure 2 is very complex and includes
different configurations of conveyor lines. For example:
straight 1line conveyor, recirculating or loop conveyor,
intersecting and dividing (splitting) conveyors, etc.
Therefore, this layout will be very helpful in testing the
simulation model. A part of this layout is used as an exam-
ple of the application of the simulation model. The simula-
tion study goal is to maximize the flow rates of the product
on the assembly line given the conveyor system layout and
assembly times that are planned for each work station.
Using the example, an analysis to determine any bottlenecks
in the conveyor system is performed. Solutions for elimi-
nating the bottlenecks are also discussed. The analysis
also includes estimation of average contents and utilization
of the conveyor sections, optimization of parts input rate,
minimizing delays, estimating the average flow time, etc.

The assembly line process consists of a group of work
stations through which a product moves in a predefined

sequence. The product is transported via conveyor sections.
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If the work station storage area is available, it enters the
station. Otherwise, it 1is recycled on the conveyor sec-
tions. When an assembly (subassembly) is complete, the
assembled part enters the conveyor system and leaves an
opening for another unassembled part to enter that worksta-
tion. All parts are on carriers. Empty carriers are
returned to the point of origin (entry).

The remainder of this thesis is organized into four
major parts. Chapter 3 presents an overview of literature.
Some techniques used in analysis of conveyor systems are
dicussed. This chapter is divided into two areas: 1) Deter-
ministic models, and 2) Probabilistic models.

In Chapter 4, a discussion of how the problem under
consideration may be solved is presented. How the problem
is formulated and modeled is discussed in Chapter 5. Varia-
bles and simulation model are also discussed. Input and out-
put for specific examples is given. A small portion of the
layout shown in Figure 2 is simulated to show how the model
can be used for planning and design purposes.

Chapter 6 contains a brief summary of the research and
a discussion on how the model can be applied to other mater-
ial handling systems in addition to conveyor systems. Future

developements and model expansions are also discussed.



Chapter 3

LITERATURE REVIEW

The design and implementation of a conveyor system is a
very complex process. Evaluating proposed designs is very
critical. Many papers have been published and texts have
been written on the analysis of conveyor systems. In Chap-
ter 1, some techniques for analysis were mentioned. This
chapter gives an overview of the literature and discusses
some research contributions using different analysis techni-
ques. The chapter is divided into two major areas.

1. Determinis@ic models

2. Probabilistic models
Under these two topics, models with single and multiple
lbading and unloading stations (service channels), discrete
and continuous flow of material, and storage areas (banks)
are discussed.

Since the late 1950's, the birth of conveyor theory, a
lot of work has been done in developing mathematical, net-
work, and simulation models for the analysis of conveyor
systems. Kwo's work [41] on conveyor theory is probably the
earliest work published. He realized the need for analyti-
cal approaches in the study of conveyors. After his appeal
for analytical approaches, a number of papers were published

in the early 1960's [35, 41, 42, 46, 75, 77]. Most of these

24
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early publications were by authors who were also employed as
engineers in industry. Thus, conveyor theory developed from
a concern within industry to develop analytical models of
real world problems [58]. The majority of the work done has

concentrated on constant flow-through conveyor systems.

1l. Deterministic Models

One of the very first published works on the analysis
of conveyor systems concentrated on compatibility of the
design of the conveyor with the input and output rates of
parts on the conveyor. Kwo's [41,42] model analyzes a con-
veyor system with one loading station and one unloading sta-

tion, and time-varying patterns of material flow through the

conveyor system. The solution is feasible under some very
restrictive input-output patterns. However, it is not a
general solution procedure. Kwo's work is considered a

milestone and is further studied by others.

Kwo's model led to a mathematical analysis of the prob-
lem by Muth [54]. He divided the problem into two separate
problems as: 1) continuous loading, and 2) discretely spaced
loading. He also extended his results for single loading
and unloading stations to the case of multiple loading and
unloading stations [55, 656]. A difference equation, to
describe material flow along the conveyor, whose solution
yields the conditions under which the conveyor is operable

for general periodic input and output patterns, is used.
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Moodie, Sadowski, and Hill, Jr. [49] developed an
integer programming model which can be used to determine
optimal (or near optimal) design configurations for unload-
ing of a high speed, mixed product production line. The
procedure is a practical application of integer programming.
The methodology is applied to a conveyor system with one
loading station and multiple unloading stations. Simulation
experiments proved that the results were, in fact, good
designs.

Morgan [51] analyzed the steady-state behavior of two -
link conveyor systems. He considered the systems with
intermediate storage, the mean flow, and the number of car-
riers in queues. For the single carrier in the first 1link
systems, a set of linear equations are used to determine the
desired values. An approximation method is used for systems
with large number of carriers.

Mitsumori [48] considered a conveyor line with n work
stations. He modeled the system as a mathematical program-
ming problem. Optimization of the conveyor-in sequence is
shown as maximizing the minimum operation time for all work
stations and semi-finished parts.

Ratliff [73] considered a class of production schedul-
ing problems. He discussed how these can be modeled as net-
work flow problems. He assumed that the parts are produced
in batches. He also restricted the cost functions to be

separable and convex.
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Maxwell and Wilson [45] introduced a new methodology
for the analysis of material handling systems. They devel-
oped a network flow model to analyze the flow dynamics of
fixed path material handling systems. The problem is formu-
lated as a cost minimization problem and can also be formu-
lated as a flow maximization problem. Continuous, accummu-
lation, discrete carrier chain, and power and free conveyor
systems can be analyzed by this technique. Even though this
problem has some special characteristics which do not permit
the use of network flow algorithms, it has opened a new area
of research in terms of network flow analysis of material

handling systems.

2. Probabilistic Models

Perhaps the first probabilistic model was developed by
Mayer [46]. His model includes n service channels, closed
loop conveyor, and discrete flow of multiple items. All
carriers are discretely spaced and are empty when they
arrive at the first station. The conveyor is used to trans-
port the units produced from the workstations to the next
stage. Units are placed in carriers as they are finished.
A nearest available carrier is selected, otherwise, the unit
is placed on the floor. He conducted the analysis with car-
rier capacity of one, and two units. White [86] considered

the general case of a carrier with capacity of x units. He
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defines the design parameters and indicates how the optimum
values of these parameters can be determined. In addition
to Mayer's model, Morris [53] includes multiple loading and
unloading stations. A conservation of flow approach was
employed to develop the performance measures for the system.
His model was validated by White and Woodbury [87] using
simulation.

Some researchers have concentrated on individual work
stations [75, 76, 77]. They have developed probabilistic
models of a loading and/or unloading work station. No
delays are allowed. Temporary storage areas are assumed to
avoid delays in lodding/unloading operations. The research
focused on the effect of various storage and retrieval dis-
ciplines on production. Beightler and Crisp, and Reis, Bren-
nan, and Crisp [8, 74] modeled a single work station as a
Markov process to analyze the effect of various storage and
retrieval disciplines on the in-process storage require-
ments. [8] assumed stationary Bernoulli arrivals but Crisp,
Skieth, and Barnes [19] later proved using simulation that
this assumption could not be wvalidated.

Queueing theory has also been used by many in analyzing
conveyor systems. Disney [23] formulated the two unloading
stations conveyor system as a multichannel queueing problem.
Pritsker [69] generalized Disney's work to m unloading sta-

tions. Disney assumed M/M/m queue, but Pritsker considered
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M/G/m and D/M/m queues. Pritsker also used simulation to
allow recirculation with storage allowed only at the last
station. Gregory and Litton [31] formulated the case of m
dissimilar work stations and ordered entry with random arri-
vals as a queueing model and showed that in order to minim-
ize the 1lost units the work stations should be ordered by
descending service rate. Recirculation is not allowed. All
the work quoted in this paragraph addresses queueing systems
and makes an assumption of non-recirculation, which is very
unrealistic [58].

Proctor, Elsayed, and Ragab [71] investigated the
steady-state behaviour of a two-channel ordered entry conve-
yor system. They analyzed the conveyor system both mathe-
matically, using the principles of the ‘queueing theory, and
by simulating it. Storage is allowed only at the second
service center. Elsayed and Proctor [25] also investigated
the steady-state behaviour of two and three channel conveyor
systems with n types of Poisson distributed arrivals, and
two different queueing disciplines.

Agee and Cullinane [2] developed an economic model to
determine the optimum number of loading and unloading sta-
tions and conveyor length. The study is based on a single
loading and a single unloading point with multiple loading
(or unloading) stations allowed at the loading (or unload-

ing) point. A nonstationary Poisson process is assumed and



30

blocking could occur only when the conveyor is full. A
transient analysis is conducted using numerical methods.

Muth [57] analyzed a closed loop conveyor system having
a single loading station, a single unloading station, and
discrete, time-varying input and output flows. It is shown
that the output flow is varied less than the input flow with
a suitable decision rule for unloading. Recirculation is
also allowed.

Perhaps the only probabilistic analysis which consid-
ered not only Poisson but non-Poisson arrivals as well is
carried out by Matsui and Shingu [43]. They analyzed and
developed an unloading policy in a conveyor system with
Poisson and non-Poisson arrivals. The policy minimizes
delay time per unit produced. The résults also would be
useful in designing other queueing systems.

Buzacott [12] analyzed an automatic transfer line with
in-process storage consisting of two or three work stations.
He performed a Markov chain analysis and studied the effect
of buffer capacity on the production. He also studied the
line without inventory banks [13] and also with the problem
of breakdowns [14].

Phillips and Skeith [67] analyzed a conveyor system
using simulation techniques. They included m service chan-
nels, and recirculation and storage at each channel. This

model was also used to wvalidate the results of Pritsker.
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Gourley and Terrell [29, 30] developed a modular general
purpose simulation model to study constant-speed, discretely
loaded, and recirculating conveyors. The model is extended
by Chen and Terrell [17] to include multiple loop conveyor
systems which service multiple floors.

GERT and queueing theory is applied together in an ana-
lysis of a conveyor system by Ohta [{63]. Service time dis-
tributions are bounded in the discrete conveyor model. No
storage 1is allowed at the work stations and there is no
recirculation. The model is described by states with Marko-
vian property. The model provides important information in
the system design.

A gqueueing network analysis program by Solberg [81],
CAN-Q can be used to analyze the network flow in a conveyor
system. This evaluation program models the system as a net-
work. Nodes may represent work stations and arcs may repre-
sent flow of parts.

Considerable amount of work has been done in developing
simulation packages for the analysis of production lines.
Possibly the two most significant efforts are by Illinois
Institute of Technology Research Institute [1l], and by Phil-
lips, et al [68]. [68] developed Generalized Manufacturing
Simulator (GEMS). Even though it 1is not specifically
designed for production line analysis, one can represent the

system as a network and apply GEMS. GEMS also requires user
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to learn modeling in order to use it. On the other hand the
Generalized Assembly Line Simulator (GALS) by [1l] is specif-
ically developed for the production line analysis and it
does not require the user to understand any computer lan-
guage or network modeling technique. The user only inputs
necessary parameters in order to execute. GALS, however,
has a drawback that it does not handle material handling

component of production line.



Chapter 4

SOLUTION METHODOLOGY

There are about 240 types of conveyors available today.
Developing programming modules for each and every conveyor
system may not be an easy task and will certainly not be an
efficient way to model these systems. Also, organizing and
keeping track of these many modules in a model may create
problems. A solution to the problem is to categorize the
conveyor types to reduce the programming effort as well as
the compiling effort of the modules into a system model.

A general-purpqse model is applicable to many different
conveyor system designs. There are a large number of sys-
tems which differ in design, making it impossible to develop
simulation modules for each separately. A system is made-up
of many conveyor segments. If systems are decomposed into
smaller segments (modules), there will probably be very few
segments with significantly different <characteristics.
Developing modules for a few segments and then putting them
together to make-up a system is much easier than developing
separate modulés for individual systems.

To summarize the above, as many conveyor types as pos-
sible are classified into as few of classes as possible.
This simplifies the problem of developing a programming

module for each conveyor type. Conveyor systems are broken
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down into smaller conveyor segments, and simulation modules
for these segments are developed. This reduces the problem
to developing modules for a few conveyor segments rather

than the entire systems.

CLASSIFICATION OF CONVEYORS

Conveyors can be classified according to many different
criteria. 1In this study, conveyors are classified according
to their operating characteristics. Conveyor types fall
into the following categories:

1. Continuous Flow (e.g. Gravity chute)

2. Discretelyfspaced (e.g. Belt conveyor)

3. Discretely-spaced Fixed Cycle (e.g. Screw conveyor,

drag-line)

Some of the characteristics of these three classes are

described.

1. Continuous flow conveyors, like roller conveyors,
allow parts to move from one end (loading end) to the other
end (unloading end) of conveyor if there is space available.
Parts wait at the unloading end of the conveyor to be picked
up. As soon as a part is picked up, the next part in the
line is available to be unloaded. Parts can queue up until

there is no more space avialable on the conveyor.
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2. Discretely-spaced conveyors, like belt conveyors,
operate in the same manner as the continuous flow conveyors
except that there is some distance between parts. When a
part reaches the unloading end of the conveyor and is not
unloaded, it stops the conveyor and no other part can
advance until the first part is picked up from the unloaded
end.

3. Discretely-spaced fixed <cycle conveyors, 1like
bucket conveyors, operate like the previous class of conve-
yors. The only difference is that parts can only be loaded

at fixed points on the conveyor.

The types of conveyors described in Chapter 1 may be

included in these classes as follows:

Class Convevyor Type

1 Gravity Chute
Pneumatic
Roller
Vibrating
Wheel

2 Belt
Chain

3 Bucket
Cable

Screw
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BASIC CONVEYOR SEGMENTS

Although many conveyor systems differ in overall
design, they all have common basic segments. In other
words, most systems have the same basic segments. For exam-
ple, the layout shown in Figure 2 has three main areas.
Each is different from the other in overall design, but all
of them have the same basic segments such as straight-line
conveyor, intersecting conveyor, etc. In this section the
most basic segments are identified.

Perhaps the most common and the most basic segment is a
straight line conveyor. Two-way merge and split, three-way
merge and split, and closed-loop are other segments. These
are shown in Figures 3a through 3f. By arranging these seg-
ments properly, one can design an entire system.

Given the three classes and these segments, programming
modules are developed for the feasible combinations. For
example: class 1 conveyors can be used in designing any
segment, but class 3 conveyors cannot be used to design
merging, intersecting, or closed loop conveyors. The feasi-

ble combinations are as follows:
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Figure 3a.

Service
Station

Straight-line convevor segment.
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1

Figure 3b.

Service
Station

Two-way Merge Conveyor Segment.
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Service
Station

Y

Y

Figure 3c.

Service
Station

Two-way split conveyor segment.
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Figure 3d.

Service
Station

Three-way merge conveyor segment
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Service
Station

Service
Station

Service
Station

Figure 3e.

Three-way split conveyor segment.
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Service
Station

Figure 3f. Closed-loop conveyor segment.
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Conveyor Segments Conveyor Classes
Straight line 1, 2, 3

Two-way merge 1, 2

Two-way split 1, 2

Three-way merge 1, 2

Three-way split 1, 2

Closed loop 1, 2

Also class 1 and class 2 type conveyors allow recircu-
lation while class 3 type conveyors do not permit parts to

be recirculated.

SIMULATION LANGUAGE

As mentioned earlier, there are a number of languages
available which can be used to simulate different systems.
SLAM II is perhaps the most advanced simulation language and
also the most recent. SLAM II is the only available simula-
tion language that supports three different world views of
modeling in a single, integrated framework. It permits the
use of discrete event, continuous, and network modeling per-
spectives. It also permits any combination of the three
viewpoints to be used in developing simulation models. SLAM
IT is probably the fastest growing simulation language and
is already used by many industries and institutions due to

the unique combination of ease and flexibility it provides.
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SUMMARY OF PROPOSED METHODS

The objective of this study is to develop a simulation
model to study and analyze conveyor systems. Conveyors are
categorized into three classes. Six segments which differ
in design are the foundations of most of the system designs.
Feasible combinations of conveyor classes and segments are
modeled within a SLAM II framework. These programming
modules are compiled into a system model. This model will

be tested by applying it to variant designs.



Chapter 5

SIMULATION MODEL

This problem can be formulated by using the discrete-e-
vent or network portions of SLAM. The network portion of
SLAM 1is conceptually easier to use but is not efficient
(computationally) when dealing with larger systems. The
discrete-event portion of SLAM is not as easy to use but
adds flexibility in modeling larger systems. Convéyor sys-
tems can also be formulated by using both portions together.
A decision on which modeling technique to use was made after
testing the ease and flexibility of modeling. It was

decided to formulate the problem using discrete-event SLAM.

MODELING PROCEDURE:

The simulation model is structurally divided into three
sections, each section corresponding to a different class of
conveyors. This simplified the programming efforts and also
made it easier to debug the model. Each section is basi-
cally the same except for a few minor details to distinguish
among the three classes of conveyors.

Conveyor systems are treated as networks. Nodes repre-
sent a merging or splitting point (intersection) and also
the service areas (stations, machines). Conveyor sections
are represented as arcs. When a part, or entity, enters the

system, it is assigned some attributes which are modified as
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it moves through the system. An entity 1is assigned its
proper route 1in terms of the service areas it needs to
visit. The model transforms this in terms of nodes and arcs
in the network.

Dijkstra's shortest path algorithm is used to determine
the path between two stations. This path is in terms of
nodes and arcs in the network, and is assigned to attributes
of an entity.

Basically the model moves parts from conveyor to conve-
yor, and from station to station. There is no major differ-
ence in the concepts of modeling the three classes of conve-
yors. In all three cases, 'look ahead' methodology is
employed. If there is no space on the conveyor, or the sta-
tion, where a part is supposed to go néxt, it is stopped in
the system. The only difference among the three sub-systems
is the detail required before moving a part. Consider the
following cases when a part needs to move from a conveyor,
or a station to another conveyor or station. The modeling
differences in modeling the three classes of conveyors fol-
lows.

1. A part has just arrived in the system and needs to
go to conveyor 1. If there is no space on conveyor 1