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(ABSTRACT)

This project provides a tool for evaluating variocus guided
vehicle systems. The tool is a discrete event simulation
package which runs on entered parameters and simulates a
variety of guided vehicle systems with different
configurations. This provides a means of evaluating
alternative system configurations and observing system
performance for a particular set of restrictions. GVSim
aids in testing and developing the feasibility of various
concepts in the design of guided vehicle systems. Also, th
user has the ability to drop down to the subroutine level
and mocdify code in order to model the system using a
different control logic. Hence the package provides some of
the benefits of a simulator along with the ability to change

the inherent assumptions within the package.
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Chapter I

1. INTRODUCTION

1.1 Statement of the Objective

The purpose of this research is to provide a development and
analysis tool for modeling various guided vehicle systems.

A generic, modular, flexible, 'C' based, discrete event
simulation package was developed as a means for modeling
various guided vehicle systems. The package serves as an
aid for research by giving the users the ability to create
their own particular model for system performance and
evaluation. Alternative system configurations and system
control methodologies are easily modeled by changes to the

basic building blocks of the package.

1.2 Guided Vehicles

Over the last few decades a variety of advanced technologies
have emerged to expand the capabilities of computer controls
in the creation of automated factories. A guided vehicles
system is one of the products brought about by the
integration of computer control with material handling.
Combining material transportation, storage, and production

processes with central computer control operations can



provide a factory with smooth and efficient material flow.
This provides a means to tightly govern material control
policies and can be a cost effective alternative to labor
intensive or floor space consuming methods of material
handling [28]. The control system of a guided vehicle is
responsible for both direct vehicle control as well as
system control tasks, such as automated routing, task

allocation, and conflict prevention.

Guided vehicles are driverless, guided by a variety of path
regulation methods, and can effectively be interfaced with
material handling subsystems or workcells. The automated
guided vehicle product section of the Material Handling
Institute defines an automatic guided vehicle (AGV) as "A
vehicle equipped with automated guidance equipment, either
electromagnetic or optical. Such a vehicle is capable of
following prescribed guidepaths and may be equipped for
vehicle programming and stop selection, blocking, and any

other special functions required by the system [23]."

A self guided vehicle (SGV) is more advanced than an AGV.
It provides the additional capability of having a guidance
system, which does not need to follow a wire embedded path
or paint stripes, but can provide its own path control.

Benefits of guided vehicle systems usage include inventory



control, increased equipment and space utilization,
manufacturing flexibility, higher productivity, and easier

management control of operations [23].

1.3 Research Interests in AGVs and SGVs

Over the past few decades, guided vehicles have undergone
substantial development and implementation. Various
universities (Purdue University, Lehigh University, The
University of Virginia, Cranfield Institute of Technology,
and Imperial College of Science and Technology [23, 37]) are
involved in research projects related to AGVs and SGVs. A
number of vendors are also involved in creating/providing
computer controlled guided vehicle systems. This includes
such companies as Caterpillar, Cybermotiocn, SattControl AB
(Sweden), Wagner Indumat Systems Ltd (U.K.), Seri Renault
Automation (France) and Shinko Electric Co Ltd (Japan) [3,
23]. Major industrial users of AGV and SGV systems include
the aircraft industry, the automotive industry and the

electronics industry [23].

A major effort is underway at Virginia Tech to develop a
laboratory facility for research and instruction in various
areas of computer integrated manufacturing. A primary focus

of the laboratory will be directed at the design, analysis,



and control of integrated manufacturing systems. The
laboratory will utilize the feature of computer control over
all aspects of manufacturing. It aims to demonstrate an
integration of the different aspects of manufacturing and
production. Starting with inventory maintenance, AS/RS,
material flow, material processing and assembly, it will
coordinate the different functions into one operation, under
a central control. The task of the guided vehicles is
simply one of moving material from storage to machining and
back, but a simulator is needed to be able to model systems

much more complex and vast.

Guided vehicle research issues are more often considered
together than individually, since researchers and vendors
tend to attack them as one problem. The main issues being
addressed in guided vehicle research are guidance and path
control, computer control and system integration,
coordinating material handling with other manufacturing
functions, simulation platforms to test AGV/SGV systems,
safety, mechanical design of the vehicle, and docking

station design.

Guidance and path control are explored from the points of
view of both coarse and fine navigation. A number of

systems use odometry for coarse navigation and pick one of



the many methods available for fine navigation. The
computer control and system integration serves to provide
for an accurate control of the system parameters and
integrate it with other material handling functions.
Coordinating material handling with other manufacturing
functions overlaps with system integration. A number of
vendors and researchers have and are developing simulation
packages to test and demonstrate the applicability of their
systems. Safety also plays an important part and various
features are being included to prevent accidents among
AGV/SGV users. The mechanical design of the vehicle plays
an important part based on the application. Requirements of
space, weight, and payload place different demands on
vehicles. Alsoc the role guided vehicles play in docking

leads to different designs of docking stations.

1.4 Simulation in Guided Vehicle Systems Design

In the design and development of an AGV/SGV system, it 1is
necessary to estimate system performance and behavior so as
to evaluate different configurations or designs. Simulation
is a technique which can be used in the modeling and

evaluation of a proposed system.



Simulation is one of the most versatile and widely used
analytical techniques in the design of material handling
systems. It enables the user to build a model of a system
on the computer that can be used to evaluate the effects of
various changes in design and control configuration of the
proposed system. With the execution of the simulation
program, discrepancies and flaws can be observed and

removed. The model can be conveniently manipulated until

the desired results are achieved.

The main advantage of simulation is that the system being
modeled can be specified with a great degree of accuracy.
The simulation program produces an extremely accurate
imitation of all hardware and software functions of the
proposed system [29]. Also the particular or planned system

may be tested or designed without existing at all.

Simulation of AGVs/SGVs provides an excellent tool for
designing AGV/SGV systems, determining the path desired,
fixing the number of vehicles, etc. Recently, with the
increase in the number of AGV/SGV systems being installed,
the simulation of guided vehicles has become a more visible
issue. Current applications involve simulation packages for

determining the optimum number of AGVs/SGVs, analyzing their



performance, and using graphics packages to demonstrate

vehicle functionality [23].

One problem associated with the application of simulation to
AGV/SGV system design is the validity of the performance of
the model. Typically the actual AGV/SGV systems have not
been built and verification of model results are difficult
to make. One cause of this problem is associated with the
simplifications of the dispatch and scheduling algorithms
that are used in the actual systems [24]. System modelers
must often rely on the fact that the logic of the model

closely approximates the expected behavior of the system.

Computer simulation is becoming an effective aid for
justification processes in the design of AGV/SGV systems.
The computer model of AGVs/SGVs helps in the solution of a
number of problems. Simulation provides the user with a
tool to evaluate the consequences of a particular set of
decisions. It helps to try alternatives and observe the
results of picking a particular alternative. Also, it helps
in picking another alternative and comparing the contrast
and change between the two alternatives. It establishes the
relationship between the different factors involved in the

model. It provides the user with the ability to put in



fluctuation in load arrivals and estimate throughput

quantities.

Finally, it enables the user to experiment with and question
the various design decisions. "It is important to
understand that simulation does not design the system. But
when a design exists, simulation can test it and see how
efficient the design is against the requirements. By using
the simulation in an interactive and iterative way, the
designer soon homes in on the most efficient solution to

achieve the required materials flow [25]."

1.5 Simulation and GV Systems Research

In testing the design and formulation of an AGV/SGV system,
the use of simulation is limited by the need to use/create a
package capable of simulating the system. Invariably, the
users needs to first obtain a base on which to build their
model. Generic packages like SLAM II, even with its
material handling extension, restrict the user to certain
assumptions inherent in the package. The need is felt for a
base on which to formulate a wide variety of models. Hence

the need is felt for a vehicle for research.



Law and Haider [20] define the two major types of
manufacturing analyses for which simulation is used as high-
level analysis and detailed analysis. A high-level analysis
is performed in the initial phases of design with the
details of the operating or control logic not being
included. "Typical objectives are determining the required
numbers of machines and material handling equipment,
evaluating the effect of a change in product volume or mix,
and determining storage requirements for work-in-progress
[20]". Manufacturing simulators are often used for high-
level analyses, but a language could be used as well. A
detailed analysis is performed to fine-tune or "optimize"
the performance of a system, and the corresponding
simulation models typically represent operating or control
logic in considerable detail. Simulation languages are
typically used for detailed analysis because of their
ability to model complex decision logic. Simulators might
be used in some cases, particularly if they have the ability

to drop down to a lower-level language [20].



Chapter II

2. LITERATURE REVIEW

2.1 Introduction

The present literature shows a substantial level of research
in the various aspects of AGV/SGV development and systems
design. The first section focuses on guided vehicle
development from a historic perspective and then moves to a
discussion of the variety of tasks and features they
incorporate. It concludes with an identification of ongoing
research in these areas. The second section addresses the
application of simulation with the AGV/SGV systems
environment. It identifies the various aspects and features
present in simulation of guided vehicle systems. The final
section gives a description of some of the packages and

simulators available for AGV/SGV system simulation.

2.2 Guided vehicles

Automated material handling has been called the backbone of
the automated factory [16]. Material handling is considered
by many automation specialists as an important element in
the entire scenario of automated manufacturing [16]. As a

result, attention is being turned to automated material
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handling systems and their efficient use. In recent years,
this field has seen considerable activity in terms of
research and development and a consequence of this has been
an explosion of new technology. ©One of these new
technologies is the self guided vehicle system or SGV

system.

The first automated guided vehicles (AGVs as they were
initially called) were developed in the U.S. by Barrett
Electronics in the early 1950s. The first system was
installed in 1954 at Mercury Motor Freight in Columbia,
South Carolina. It was a tugger system, which followed a
wire guidance path and had a controller based on vacuum tube
technology [12]. The initial AGVs were used mostly to

handle materials in the auto industry.

Even though the AGV was developed in the U.S., it did not
gain widespread usage in the industry in the 50s and 60s.
Its usage was hampered because vendors and users did not
work together to improve the technology. Only on seeing the
success of AGV systems in Europe and especially in the Volvo
plant, did U.S. manufacturers start developing better AGVs.
Foreign competition has also been a major factor for
implementing AGVs in industry in the U.S., to improve the

material handling task. Foreign competition focuses the

11



need on using advanced technology to improve operations and
remain competitive in a developing market. The largest
employers of guided vehicles are once again the automakers,
but the vehicles can be found in electronics manufacturing,
the aerospace industry, the postal service, hospitals,

transportation systems, and newspaper publishers.

Initially, automated guided vehicles were considered to be
simple replacements for other types of material transport
systems, such as conveyors or forklift trucks. Guided
vehicles combined well established electromagnetic
technology and existing industrial truck equipment to create
a more flexible self-steering vehicle. Then, with the
inclusion of microprocessor technology, guided vehicles were
transformed into a class of highly sophisticated and
flexible material handling vehicles. They are now complex
transportation systems requiring a substantial amount of
time and effort in their design process. Their design is
represented by aspects reaching from the installation of
vehicles employed, the floor equipments and corresponding
control included up to the central systems controller. In a
number of countries in Europe, AGV/SGV systems are being
planned and implemented to take care of material handling

problems.

12



Guided vehicle technology is changing at a fast pace. This
is evident from the words of Gene F. Schwind, executive
editor, Material Handling Engineering. "If you plan to
write a treatise on control systems for automatic guided
vehicle systems (AGV systems), don't print more than a few
copies. Technology is changing continuously, and new
combinations are being tried all the time." Recently the
trend in research and development has been more towards

SGVs.

The difference between AGVs and SGVs is, basically, that
AGVs use traditional methods of guidance, namely wire or
optical guidance. Hence, the routes of AGVs are fixed and
inflexible. SGVs do not have fixed routes but use radio
frequency, sonar, and vision for guidance and have on board
computers allowing for a high degree of flexibility in plant
layout. This is provided by the inherent ability of SGVs to
follow any path specified by the user. Hence, the plant
layout could be changed and the SGV would travel along the
new paths specified by the control program. There would be
no need to install a wire or a reflective paint stripe for
the SGV to follow. The flexibility of SGV systems, over AGV
systems, was one of the main reasons for its installation in

the Ford Motor Company in Indianapolis, Indiana.

13



Guided vehicles have different basic features with respect
to guidance, vehicle steering, control, routing, vehicle
dispatch, system monitoring, safety, vehicle design and load
transfers. They are used for a variety of tasks, in many
different industries, involving material handling and
transport, as described in the following pages. Miller [23]
identifies five basic AGV/SGV system features in automated
manufacturing:

1) Guidance

2) Routing

3) Traffic Management

4) Load Transfer

5) System Management

Present research and application areas in guided vehicle

systems include guidance, computer control and systems

integration, mechanical design, safety, type of docking

stations and simulation. A number of techniques are being

employed in the guidance and control systems. These

include:

1) Inductive guidepath (using a floor-embedded wire
carrying alternating current for guidance),

2) Optical/chemical/magnetic guidepath (using a passive
stripe on the floor that is detectable by sensors,

3) Odometry (using incremental sensors fixed at the

14



steering and wheels to measure rotation and travel of
wheels),

4) Ultrasound distance measurement {(accuracy in mm., can be
disturbed by high frequency acoustic sources),

5) Laser triangulation (position of the vehicle is
ascertained by measuring the angle from two points - the
distance between which is known),

6) Inertial navigation system (measuring translational and
rotational acceleration of the vehicle and calculating
its position and heading relative to a fixed reference
point by double integration of the respective
accelerations),

7) Direct imaging systems (here optical or ultrasound
images of the surrounding working area are used on-board
the vehicle to deduce its position within that working
area), and

8) Gyro-compass (the position deviation of a gyro-compass
can be used for measuring the rotary position alteration

of the vehicle).

Computer control and systems integration provide for the
software control which runs the system and links it with the
other material handling functions. It includes higher level
coordination of many vehicles executing a continuous

sequence of transportation demands and determination of

15



controlling principles. The shortest path algorithms,
conflict prevention and timetable generation also form a

part of the control software.

The design of the vehicle itself is another issue which
plays an important role depending on the type of
application. Factors like vehicle wheel configuration,
vehicle hardware (weight capacity) and steering mechanism

play an impdrtant role in the eventual guided vehicle.

Some of the features considered for safety precautions in
guided vehicles are visual warnings (flashing lights),
audible warnings (beeping), safety in operating environment
{(limited access) protection on the vehicle (bumper,
ultrasonic or photo-electric sensors), and training. Tracey

[35] provides a review of AGV safety features.

The design of the docking station comes into play varying
with the role of the vehicle (active or passive) in docking.
Considerations such as the accuracy of the vehicle in
aligning with the docking station, method of load pick-
up/delivery, and design of the pallet transfer mechanisms

play important parts in docking.

16



In the computer applications and simulation of AGV/SGV
systems, the following features play major roles [17]:
1) Planning of layouts and AGV/SGV routes,
2) Planning of the technical configuration of the
vehicles,
3) Simulation of the material handling system, and
4) Evaluation and result presentation of material flow

ascertainments (requirements).

2.3 Simulation and Guided Vehicle Systems

Presently, there is visible use of simulation for modeling
systems before implementation. Current research involves
simulation packages for determining the optimum number of
AGV/SGVs, analyzing their performance, using graphics
packages to demonstrate vehicle functionality, etc. They
focus on features such as ease of entering and changing
layout, ease of entering and changing various system
parameters, animation, comprehensive statistics to show
results, conflict prevention techniques, shortest route
algorithms, and computer integration. A primary factor of
concern is the difference created between the performance of
the model and the real system. The differences are mainly
caused by trying to simplify the model and by the accuracy

of the dispatch and scheduling algorithms.
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Akari, Takahasi, Suekane and Kawai [1l] describe a simulator
which allows flexible AGV path layout by arranging tiles
representing 68 kinds of path patterns including station,
entrance, exit, direct line, curve, T-cross, and cross on
the personal computer display unit. The simulation of the
system i1s performed according to conflict prevention rules
and user defined conditions of number of machine
tools/machines, the machining process, the required time,
workpiece supply sequence, the number and speed of the AGV,
and the limitation of buffer capacity at the station. The
simulator consists of models called the path editor,
numerical data input editor, shortest path calculator,

simulation executor, animation and result output section.

Schulze and Rosenbach [30] describe a simulation system,
MATSIM, with module libraries. The modules in MATSIM
consist of 1) interactive input, i.e. modification of model
parameters, 2) simulation execution, and 3) data
concentration and result presentation. Each module is
composed of four levels, namely: 1) the operative level
(movements, loading and positioning), 2} the control level
close to operations (control of blocks, priority selection
at crossings & junctions and decisions of driving
directions), 3) the dispositive level (task allocation and

collection, location of vehicle w.r.t. a job request being

18



generated) and, 4) the administrative level (introduction of
vehicles into the system, sequence of processing in the
producticon and strategies of production control). MATSIM
also employs an expert system with a shell and a knowledge

base for the planning and configuratibn of AGV systems.

Schmidt [31] develops an algorithm to enable the user to
execute a rational evaluation of the number of AGVs required
in a system. He describes the factors involved in
determining the number of vehicles and develops a simulation
program for its calculation. The simulation program 1is
based on input data of a matrix of distances, a
transportation matrix, data about vehicle movements and

pick-up/delivery times.

Norman, Norman and Farnsworth of AutoSimulations [24]
describe some of the causes of inaccuracies in simulation
models of AGV systems as faulty empty carrier management
algorithms (20% - 30% error), faulty partitioning of guide
paths (5% - 15% error), faulty blocking logic (5% - 10%

error) and faulty vehicle speed (5% - 10% error).
Platts [25] presents a simulation package with a graphics

facility for layout description. It shows the advantages of

a graphics display in understanding the model. The package

19



uses decision points and ease of change of parameters to
provide for flexible models. The package is quite similar

to the one described in [1] on the control logic.

Jansson [14] and Schmidt [31] describe the use of a
transport matrix for storing transport frequency, layout
destinations, variations during operation, distances, AGV

specifications, empty transportation and average speed.

Buda, Badida and Vrlik [8] describe the type of paths AGVs
use as fundamental (consisting of straight lines or arcs)
and derived (consisting of combinations of fundamental
paths). The authors present a simulator called ANPRO 3D,
which includes animation display of the model, for modeling
the system. The user selects suitable objects from the
database, which are then transferred to the animation
display. The object can be moved around using a graphics
cursor and it is possible to observe and to keep track of
individual AGVs. They present a list of some of the
problems solved, by the use of simulation, in the design of
AGV systems such as:

- function and performance verification

- system behavior analysis under various operation

requirements

- effects of failure in individual components

20



- transport device dimensions
- utilization of the transport system components
- transport path design

- 1llustration of interfaced and combined functions.

In Autosimulations Inc. [29], a CAD system is the platform
used to enter the layout of the model. A high level
simulation language called AutoMod is employed where the
system being modeled is described in simple English. The
layout is entered using CAD and the outputs of the
simulation are used to run a graphics display. An emulator
is used to interface the output, representing discrete
control interface events, with the physical controller
(requiring discrete signals). A simple formula is presented

to calculate the approximate number of vehicles:

N = T/{t*1*Vv)
where N = number of vehicles
T = all load transit times
t = traffic factor
1l = load factor

v = total vehicle time available

In [9] various simulation situations are presented and

discussed by Duffau and Bardin. The authors evaluate

21



various AGV system circuits using analytical, statistical
and simulation techniques. Also, a list of functions of a
specialized simulator are presented. The authors stress the
importance of cruising loops, in certain situations, to

prevent bottlenecks.

2.4 Simulation Aides/Languages

Over the last decade a number of vendors have developed
simulation aides/languages for various applications
including modeling guided vehicle systems. Most of these
packages follow similar lines of thought but differ in
control logic, input parameters, algorithms, result
analysis, and animation. A limited number of these packages

are described here.

"There are two major categories of software for simulating
manufacturing or warehousing systems [20]." A general-
purpose simulation language can be used to model most
manufacturing systems and generally consists of features for
specific manufacturing characteristics. They normally
require substantial programming time. "A manufacturing
simulator is a computer package that allows one to simulate
a system contained in a specific class of manufacturing

systems with little or no programming [20]."
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