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This paper defines clearly and presents the fundamental properties of automated guided
vehicle systems (AGVS) and their relationship to Petri nets. The objective is to develop an
intelligent modelling too! to allow the design of robust AGVS models using some invariant
Petri-net properties. The Petri-net properties of the system are presented in terms of
safeness, boundedness, strict conservation, reachability and liveness. The robustness of the
system at floor-level is embedded into the model by introducing system traffic collision-
free, constant numbers of vehicles and traffic control signals, path reachability, and system
traffic deadlock-free. Two different merge structures are presented to illustrate the
effectiveness of the present approach. The result shows the strength of Petri-net theory in
the modelling of complex AGVS. The AGVS models thus built are robust.
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1. Introduction

A desirable system modelling tool is to provide not only
the intelligence but also the robustness of the system.
The greater intelligence the tool provides, the less
modification the model needs. The system development
cycle time is significantly reduced if a versatile modelling
tool is used. The utilization of intelligent and robust
modelling tools is the key to the success of system design.
AutoMod (1989) and MAP/1 (Miner and Rolston, 1987)
are powerful tools for the modelling of manufacturing
systems. Unlike other general-purpose modelling tools, a
machine tool in AutoMod is not just a symbol. It is a
device which can machine parts. Whenever the user
generates a machine tool, the related attributes regarding
machine tools are also created. The necessary system
conditions and properties are provided when the model is
built. However, most of these existing modelling tools
are simulation-oriented and only good for special sys-
tems. In an attempt to develop a versatile and rather
general modelling tool for complex automated guided
vehicle systems (AGVS), this study investigates the
necessary system conditions and properties needed for
the development of a robust modelling environment.

If the AGVS is adopted as the major material handling
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system in an automated manufacturing plant, all manu-
facturing workstations and storage/retrieval systems will
have to be integrated together physically. Any activity in
the system will affect directly or indirectly the perform-
ance of the AGVS. These activities need to be taken into
consideration in the system design process. A powerful
yet flexible design tool becomes very essential. Unfortu-
nately, many existing modelling tools, such as AutoMod,
are not design-oriented. The design is usually refined by
repeating the same modelling sequences. The momentum
to develop a design tool is somehow slowed down in the
USA due to the lack of success in many existing AGVS.
Although many companies are reluctant to invest in the
design and development of AGVS at present a report in
Modern Material Handling, (1990) indicated that the
AGVS remains as one of the most flexible material
handling systems for industrial automation. Japanese
corporations are reported to have purchased about 5000
vehicles. European companies bought an estimated 3000
vehicles in 1989 (a report in Modern Material Handling,
1990). Therefore, the development of a powerful AGVS
design-oriented modelling tool is expected to remain in
high demand in the near future.

The Petri-net theory is known as a versatile tool for
modelling systems with interacting concurrent com-
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ponents (Kamath and Viswanadham, 1986; Martinez et
al., 1986; Crockett et al., 1987). Many advantages in
using Petri nets for modelling complex systems have been
reported. These advantages include:

(1) The system models built upon Petri-net theory
provide better physical insight into the system since they
are presented graphically;

(2) A systematically qualitative analysis of the system
model is feasible with the existence of many well-
developed Petri-net techniques (Peterson, 1981);

(3) Off-line system simulation can be done to evaluate
the system and validate the design;

(4) The simulation model can be used directly as the
on-line system control model;

(5) The performance evaluation of the system is poss-
ible by utilizing timed Petri nets;

(6) Any Petri-net model can be treated as a submodel
of another Petri-net model; in other words, Petri nets can
be used to model a system hierarchically.

Because of these advantages, the Petri net is adopted as
the basic tool for the development of AGVS models in
this paper.

Hsieh and Lin (1991; 1992) presented in their earlier
work some basic Petri subnets such as line, divide, merge
and intersection nets for AGVS using Petri nets as the
modelling language. Their subsequent work utilized the
union of these basic subnets to construct an AGVS
model. Although the background work for establishing
the model step by step has been established, the detailed
implementation procedures have not yet been addressed
so far. In order to develop such a modelling tool, we
define clearly the characteristics of the AGVS systems
and Petri-net properties in this paper. The attempt is to
develop some elementary subnets needed for the con-
struction of robust AGVS models.

2. Petri-net theory

Petri-net theory is a useful tool for the study of complex
systems with interacting concurrent components (Peter-
son, 1981). Petri-net theory allows a system to be
modelled by a Petri net, or a so-called mathematical
representation of the system. Important information
about the basic structure and the dynamic behaviour of
the system are characterized by a net model. The model
can then be used for system evaluation and/or for design
modifications.

2.1. Mathematical structure

Definition 1: A Petri-net structure, C, is a four-tuple,
C = (P, T, I, O) where:

(1) P = {p1, p2, - - -, P} is a finite set of places, n=0;
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Q) T={y,t, ..., t,}is a finite set of transitions,
m=0. The set of places and the set of transitions are
disjoint, PN T = ;

(3) I: T — P~ is the input function, a mapping from
transitions to bags of places;

(4) O:T— P* is the output function, a mapping from
transitions to bags of places.

A bag is a generalization of sets which allows multiple
occurrences of an element in a bag.

A Petri net is usually represented by an oriented
bipartite graph with places represented by circles, ©, and
transitions represented by bars, |. There is an arc joining
a place p; to a transition ¢ iff #(p;, I(1})) # 0. Analogous-
ly, there is an arc from a transition ¢ to a place py iff
#(px, O()) # 0. Natural numbers, #(p;, I(t)) and
#(pi, O(1))), are called the weights of the arcs.

Definition 2: A marking p of a Petri net is a function
w:P — N. It gives the number of tokens contained in
each place p € P. The marking p can also be defined as
an n-vector, pu = (W1, Mo, . - ., M), Where n = |P| and
each W, €N, i =1, ..., n. The vector u gives for each
place p; in a Petri net the number of tokens in that place.
A token is usually represented by a dot. The meaning of
the marking represents the state of a Petri net. The
exccution of a Petri net is done by firing transitions. A
transition is fired by removing tokens from its input
places and creating new tokens which are distributed to
its output places.

Definition 3: A transition 4E€ T in a marked Petri net
C = (P, T, I, O) with marking p is enabled if for all
piEP’

w(p:) = #(pi, 1(t))

Definition 4: A transition f in a marked Petri net with
marking p may fire whenever it is enabled. Firing an
enabled transition ¢ results in a new marking u' defined
by

p () = pwlp) — #(pi 1)) + #(pi, O(1))
and p' is immediately reachable from p.

Definition 5: The change in state from u to w' caused by
firing a transition ¢ may be defined by a change function
& called the next-state function such that 8(u, ) = u'.
For a sequence of transitions o = (¢, t,, . . ., ), the
marking u' = 8(u, ¢, 4, , t;) is the result of firing
the sequence of transitions o.

Definition 6: A directed arc from a place p; to a transition
t; has a small circle rather than an arrowhead at the
transition. This directed arc is named inhibitor arc. The
small circle means ‘not’. The firing rule is changed as
follows: a transition is enabled when tokens are in all of
its normal inputs and zero tokens are in all of its inhibitor
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inputs; the transition fires by removing tokens from all of
its normal inputs.

2.2. Net properties

Petri nets are capable of characterizing a large variety of
systems. The model built based on Petri nets can be used
to analyse the behaviour of the system. The analysis of
the Petri-net model can lead to a better understanding of
system insights. Mathematically speaking, there exist
some fundamental properties of a net that embed the
robustness into the system. These properties include
safeness, boundedness, conservation, and liveness.

(1) Safeness: a place in a Petri net is safe if the number
of tokens in the place never exceeds one. A Petri net is
safe if all places in the net are safe;

(2) Boundedness: a place in a Petri net is bounded if
the number of tokens in the place never exceeds k. It is
said that the place is k-safe or k-bounded. A Petri net is
k-safe if every place of the net is k-safe;

(3) Conservation: a Petri net with initial marking is
conservative with respect to a weighting vector W,
W = (w1, wy, . W), n=|P|, w;>0, if for all
r' €ER(C, p),

2w (p) = Zow;- p(pi)

Note: R(C, p) is the reachability set of the net. If
every element in the weighting vector is 1, or W = (1, 1,

., 1), the Petri net is referred to as a strictly
conservative net. To determine a positive weighting
vector with respect to a conservative net, the net must be
bounded (Agerwala, 1979; Peterson, 1981; Jensen,
1987). Hence, if the net is conservative, the net must be
bounded;

(4) Liveness: a transition is live in a marking w if it is
potentially fireable in every marking in R(C, u). There
are four different levels of liveness. The liveness used in
this paper is the level 4 liveness, which is defined as: a
transition 4 is live at level 4 if for each u' € R(C, p) there
exists a firing sequence o such that £ is enabled in
o', o).

(5) Reachability problem: given a Petri net C with
initial marking u and a marking u', if there exists a
©w' € R(C, p) such that u”"=u', it becomes a reachable
problem. Peterson (1981) proved that the reachability
problem is equivalent to the liveness problem.

2.3. Modelling techniques

Two major Petri-net modelling techniques, the reachabil-
ity tree and the incident matrix equations, are presented.
These techniques provide problem-solving mechanisms
for some problems discussed above. The boundedness,
safeness and conservation properties of a net can be
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obtained either by analysing the reachability tree or the
incident matrix equation. The incident matrix equation
provides merely necessary conditions to solve the live-
ness or reachability problems. The reachability tree can
be used to solve the liveness problem for those nets
having a sequence of transition firings repeatedly.

2.3.1. The reachability tree

The. reachability tree represents the reachability set of a
Petri net. Every reachable marking will be produced
eventually. It may be infinite. However, each node i in
the tree is associated with an extended marking w().
Each node is also classified as either a frontier node, a
terminal node, a duplicate node, or an internal node.

By observing the reachability tree, one can determine
the safeness, boundedness and conservation properties of
the Petri net. A Petri net is bounded if and only if the
number of reachable markings in every place is finite. If
the bound for all places is 1, then the net is safe.
Conservation can be tested effectively using the reacha-
bility tree. If the weighted sums for each reachable
marking are the same, the net is conservative with
respect to the given weight. Although the reachability
tree does not necessarily contain enough information to
always solve the problems of liveness and reachability,
the tree may have sufficient information to solve many
such problems. For example, a net whose reachability
tree has a terminal node is not live. Similarly, a marking
p' of a reachability problem may appear in the reachabil-
ity tree, and if so it is reachable. By observing a net, one
can determine a live net if nodes in every separate
subtree are associated with markings which are the same
as<that of the frontier node, and every transition has
been fired at least once. This observation is demons-
trated later (see Fig. 6).

2.3.2. Incident matrix equation

An alternative to the (P, T, I, O) definition of Petri nets
is to define two matrices N~ and N* to represent the
input and output functions. Each matrix is m rows (one
for each transition) by n columns (one for each place).
We define N [j, i]= #(p; I(t)) and NT[j, i]=
#(p;, O(t;))). The difference between N™ and N~ is
defined as the incident matrix.

When considering a sequence of transition firings o, let
w1’ be the new marking after the sequence of firings, and
i be the marking before firings.

p =38(n, 0) = p+f(o) N

where f(o) is a 1 by m firing vector. When a conservation
problem is considered, the problem definition can be
stated as: given a marked Petri net, the Petri net is
defined as a conservative net if and only if there exists a
positive weighting vector W such that N-W = 0. If the
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net is conservative and every element of the weighting
vector is 1, the Petri net is strictly conservative.

3. AGYVS properties

An AGYVS consists of three parts — vehicles, flow paths
and system management. The main function of vehicles
is to move parts from one station to another. As long as
part transportations can be carried out, the vehicle does
not require much wisdom. Generally speaking, vehicles
are passive and under the control of the system con-
troller. The system management makes most of the
decisions such as what is the next task and which vehicle
will be assigned. Commands determined by the system
controller are issued through wires if it is a wiring system
to vehicles, and the vehicle status may also be reported
through wires to the controller. As for how the system
management performs tasks, it depends on the types of
applications. The details of this issue were addressed
earlier by Hsieh and Lin (1991).

The flow-path design is important for an AGVS. As
pointed out by Hsieh and Lin (1991), a well-designed
AGVS mechanism simplifies management problems. For
instance, if the vehicle work area is divided into several
different portions, the job dispatch and vehicle routeing
problems become less difficult. If the floor-level control
is capable of preventing vehicles from collision, the
system management can concentrate on other system
problems. Due to the poor layout of the flow paths, the
traffic load of a particular area of the system is heavier
than others, a traffic jam may easily occur in that area,
and the workload of the system management will be
increased.

An AGVS has three levels of robustness. Level 1 is the
vehicle-level robustness, level 2 is the floor-level robust-
ness, and level 3 is the management-level robustness.
The vehicle-level robustness depends upon the vehicle
manufacturer. The management-level robustness has a
lot to do with types of applications, company policies and
future expansions, and is case-dependent. The floor-level
robustness has two phases. One is from the plant layout
to the design of a robust flow-path layout, and the other
is from a flow-path layout to the construction of a robust
flow-path system. A good design of flow-path layout is
case-dependent. One has to take workstations, produc-
tion processes, workpart routeings, etc. into considera-
tion. However, once the flow-path layout is determined,
whatever is left is common to all applications. Since the
floor-level design is important, the design of the common
part for the AGVS user should promote the use of
AGVS. Hence, the determination of necessary prop-
erties for a robust AGVS at the floor level is worthy of
study.
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3.1. Floor-level robustness properties

The floor-level robustness is one of three levels of AGVS
robustness. The floor-level robustness is addressed in
terms of a system traffic collision-free concept, this
assumes that there are constant numbers of vehicles and
traffic control signals, path reachability, and that the
system traffic is deadlock-free. In order to build a robust
flow-path system, these properties need to be built into
the system with a robust flow-path layout. To implement
the zone control functions systematically by Petri nets,
zones are divided into physical zones, pseudo zones and
composite pseudo zones. The details of each properties
and zone functions are discussed below.

The invariant properties of a robust AGVS at the floor
level are the key to the design of an AGVS. In many
applications, zone control is used to prevent vehicles
from collision. Obviously, being collision-free is one of
the important AGVS properties at the floor level.
Vehicles served in the system are expected to move
under predictable commands within the specified area.
This indicates that the flow path and the traffic control of
the AGVS should be a closed loop. Since vehicles served
in the system will not disappear, and the traffic control
signals are always there waiting for the next incoming
vehicles, the total number of vehicles in the system is a
constant, and the total numbers of traffic control signals
in each control area and in the whole system are
constants. From a cost viewpoint, since every path
requires costs for both construction and maintenance, it
is economic and convenient to have every path being
reached and used repeatedly. In other words, paths in
the system are always reachable. Therefore, path reacha-
bility is another important system property.

In normal system operation, if three or more than
three vehicles are locked by themselves, and any vehicle
can move only if any one of the other vehicles can move,
the traffic system is dead. The situation is generally
referred to as system deadlock. A system which is
deadlock-free is essential, and therefore, it is an impor-
tant system property. In conclusion, the design of a
robust AGVS should include the following properties:

(1) System traffic collision-free;

(2) A constant number of vehicles in the system;

(3) Constant numbers of traffic control signals in every
control area and in the whole system;

(4) Path reachability;

(5) System traffic deadlock-free.

It is difficult to solve system traffic blocking problems
without a time factor at this level (Hsieh and Lin, 1992).
We will address only the five aspects mentioned above of
floor-level robustness.
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3.2. Floor-level traffic zones

Since zone control is widely used to prevent vehicles
from collision, we adopt zone control as a technique for
traffic modelling. To be able to implement zone control
funtions by Petri nets, zones are distinguished in this
paper by physical zones, pseudo zones and composite
pseudo zones.

(1) Physical zone. The zone is usually referred to as a
segment of the flow path that allows vehicles to stop one
at a time. The zone does not have a specified length as
long as a vehicle can be held in it. The solid-line-frame
square is used to represent the physical zone in the
flow-path layout. This is shown later in Fig. 1.

(2) Pseudo zone. The zone covers the portions of the
intersection of two paths and is near the intersection.
Unlike the physical zone, the pseudo zone does not need
to have enough length to hold a vehicle. The pseudo
zone is used as a control area where more than one
vehicle passing through the zone at a time is not allowed.
The vehicle that arrives at any pseudo zone is not
allowed to stop or do any jobs; it has to leave immediate-
ty. Therefore, any vehicle that is intended to enter a
pseudo zone is requested to make sure that

(i) No other vehicle is or is going to be at the
pseudo zone;

(ii) The physical zone immediately after the pseudo
zone is free, so that the vehicle can leave the pseudo
zone right away.

A dash-line-frame square is used to represent the
pseudo zone in the flow-path layout. This is also shown
later in Fig. 1.

(3) Composite pseudo zone. The zone covers the
portions of the intersection of several (more than two)
paths and near the intersection. The function of the
composite pseudo zone is the same as that of the pseudo
zone. The traffic control method and the graphical
representation of that is the same as those in the pseudo
zone.

4. AGVS and petri nets

The robustness properties of AGVS are discussed above.
Four fundamental issues need to be addressed before the
AGYVS Petri-net model of Hsieh and Lin (1992) can be
built. These fundamental issues to be addressed include:

(1) What is the Petri-net-based AGVS structure?

(2) What are the important properties of Petri-net-
based AGVS models?

(3) How to embed those important properties into
models?

(4) How to identify the net properties?
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4.1. AGVS Petri-net structure

A Petri-net structure is composed of places, transitions
and directed arcs. The execution of a net is achieved by
firing transitions. Since Petri-net theory is chosen as the
modelling tool, the meanings of Petri-net representations
such as tokens, places, and transitions need to be
addressed. By adding some control nodes to a plain net,
Hsieh and Lin (1992) constructed several AGVS traffic
control nets. The plain net reflects the layout of the flow
paths. The control nodes prevent vehicles from having
accidents, which can be implemented physically by the
use of electric relay switches and writing the necessary
Boolean functions into the AGVS controller. A similar
method is used here to establish the AGVS net. The net
is composed of two major portions, the flow-path net and
the control-loop net. The flow-path net reflects the layout
of the flow paths, and the control-loop net performs the
traffic control function. These two nets and the com-
ponents of the two nets are described below.

4.1.1. Flow-path net

Each place in the net may represent one of the three
zones. The direction of traffic flow is represented by a
directed arc. Tokens in places represent vehicles. Transi-
tions represent permissions for vehicles to move from
one place to another place. When a transition is fired,
the vehicle is permitted to proceed to the place directed
by the arc. The permission is issued by the controller
whenever the request is made and the firing rules are
satisfied. To fulfil the zone control function, the transi-
tion firing rules are modified and stated as follows:

Definition 7: A transition ;€ T in a marked AGVS Petri
net C = (P, T, I, O) with marking p is enabled if for all
PiEP, ulp)=#(@p;, I(t)) and p(O(t)) =0, and an
enabled transition may fire upon request.

4.1.2. Control-loop net

Each place in this net represents a control node which
contains some electric components such as wires, sen-
sors, relay switches etc. Wires or sensors generate input
signals to report the current status to the controller.
Relay switches produce output signals or commands from
the controller to supervise vehicles. Tokens in each place
represent signals or commands. Directed arcs are used to
direct the flow of signals or commands. There is no other
set of transitions which belong to the control-loop net
itself. Both the control-loop net and the flow-path net
share the same transitions. Because of that, the union of
the two nets becomes trivial. One net is then put on to
another as long as the transitions are matched. Examples
are given below to illustrate the effectiveness of the
present method.
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4.2. AGVS Petri-net properties

A robust AGVS Petri-net structure is composed of a
flow-path net and a control-loop net. The AGVS model
with built-in Petri-net properties possesses safeness,
boundedness, strict conservation, reachability and live-
ness. These properties are addressed below.

4.2.1. System traffic collision-free

It is essential that a system is designed to be collision-
free. This can be achieved by two different methods.
On-board vehicle sensing is one way to prevent collision.
However, if the vehicle speed is too fast for it to stop, an
undesirable traffic accident may occur. The zone control
is another method. As mentioned above, the AGVS
basic net can be divided into two parts, the flow-path net
and the control-loop net. Tokens in the flow-path net
represent vehicles, and tokens in the control-loop net
represent traffic control signals or commands. According
to the zone control rule, one vehicle is allowed in a zone
at a time; the flow-path net must be Petri-net safe. Since
signals or commands are generated by the electric
components, and the total number of components is
limited in each zone, the number of signals in a place is
limited. The control-loop net must be Petri-net bounded.
Therefore, a collision-free system can be obtained auto-
matically by incorporating into the AGVS model the
Petri-net safeness property in the flow-path net, and the
boundness property in the control-loop net.

4.2.2. Constant numbers of vehicles and traffic control
signals

When the AGVS starts to operate, the total number of
vehicles in the system should be a constant, since it is a
closed-loop system. This means that the total number of
tokens (vehicles) in the flow-path net has to be a
constant. From the traffic control point of view, if the
traffic control system is in normal operation condition,
the control signals in one area cannot be switched to
another. Therefore, the total number of tokens (signals)
in every control-loop net (area) should be a constant
(i.e. the control-loop net is a closed-loop system). Since
the total number of tokens in a control-loop net is
constant, the total number of control signals in the whole
system must be constant too. Hence, both the flow-path
net and control-loop net must be Petri-net strictly con-
servative in order to satisfy this AGVS property. This
property guarantees the strict conservation of system
resources, no matter how they are allocated.

4.2.3. Path reachability

The reachability problem is one of the basic require-
ments in the AGVS. If a segment of a path cannot be
reached from other segments of paths, the segment of
the path is redundant. The flow-path layout will have to
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be modified. For a robust AGVS, paths are expected to
be reached from any place. For each path, there exist
several possible routes by which the path can be reached.
If the current state is known, one of these possible routes
can be used to reach the path. This means that the path
is reachable. For a Petri-net C = (P, T, I, O) with
marking u, if there exists a sequence of transitions c€ T
such that 8(p, o) = u', it is said that a marking u' is
reachable.

The path reachability problem is not exactly equivalent
to the Petri-net marking reachability problem. However,
if a marking which represents a state is reachable, and
the state shows that the desired path is reached, then the
path is reachable. The marking reachability problem can
be used to identify that the path is reachable. Therefore,
the reachability property is the corresponding AGVS
Petri-net property. Note that, if every path is reachable,
there is no deadlock and the system is live. Therefore, as
long as one can identify that the system is live, every
path is reachable.

4.2.4. System deadlock-free

In a Petri-net, a new marking can be reached if the
transition is fired. The new marking represents a new
AGYVS state, and the transition firing represents a vehicle
moving from one place to another. Therefore, if one
would like vehicles to execute jobs smoothly in the
system, every transition must be live at level 4 (Peterson,
1981). This guarantees that the system is live (or dead-
lock-free) all the time. If a transition cannot be fired (live
at level 0), or can be fired only once (live at level 1) or
several times (live at level 2), the output place of the
transition is not or will not be reachable through this
transition now or later on. Hence, the flow-path layout is
not robust. This confirms that the liveness at level 4
property is the corresponding AGVS Petri-net property.

5. Case study

Two different merge structures are used to demonstrate
the procedures to embed necessary properties into nets,
and the process to identify properties that a net owns.

5.1. Uni-directional merge case study

A uni-directional merge flow-path layout is given in Fig.
1. There are three physical zones Z;, Z, and Z, and one
pseudo zone Zs;. The function of a pseudo zone, as
mentioned above, is as a control area. The zone in Petri
nets can be represented by a flow-path-net place, and will
be used as a pivot when the flow-path net is joined with
the control-loop net.
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5.1.1. Construction of nets

The flow-path is constructed using the layout in Fig. 1.
The resulting net is given in Fig. 2. In addition to the
four places representing the four zones Z;, Z,, Z; and
Z4, there are three transitions ¢, £, and ¢; in the net. For
the analysis purpose, tokens that represent vehicles are
placed in Z, and Z, initially. When both vehicles in Z;
and Z, want to move through Z; to Z,, it is possible that
they will collide with each other. Obviously, a traffic
control system is needed to supervise vehicles entering
zone Zz. Hence, t, and ¢, cannot be fired at the same
time. By using the logic design concept (Mano, 1979), two
control nodes, places C; and C,, are used to control the
firings of #; and #,. A control-loop net for this merge case
is then built and is presented in Fig. 3. In Fig. 3, place C;
is used to indicate the availability of zone Zs, and place
(5 is used to conserve the tokens in the net (since every
control-loop net is a closed-looped system). In this case,
the desired logic is simple: one can simply use intuition
to construct the control-loop net. For those cases which
cannot be determined intuitively, the Karnaugh map
method (Mano, 1979) is suggested. After the construc-
tion of the two nets, the complete net can be obtained by

Z, 2,  Z

et |
— L [] o

L)
cnwd

Z,

Fig. 1. The uni-directional merge flow-path layout.

Z4 t Zs ts Zs

Z,

Fig. 2. The flow-path net of the uni-directional merge structure.
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placing the control-loop net over the flow-path net and
superimposing C, and the pivot Z;. The result is shown
in Fig. 4.

5.1.2. Flow-path net analysis

It is essential to understand the system by analysing the
net. Since the merge net constructed above is not a
closed system, a modified closed-loop flow-path net is
needed. The modified net is presented in Fig. 5, where
vehicles can be directed to move from place Z, to Z; or
Z, by firing t5 or f,. The incident matrix of the modified
flow-path net N; can be given as:

Zl Zz Z3 Z4

no/-1 0 1 0
b 0 -1 1 0
N= 1 0 0 -1 1
ty 0 1 0 -1
ts 1 0 0 -1

There exists a weighting vector W; = (1, 1, 1, 1) such
that Ny- Wy = 0. Therefore, the flow-path net is strictly

ty

~———mem e

Fig. 3. The control-loop net of the uni-directional merge
Structure.

Fig. 4. The uni-directional merge net.
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Fig. 5. The modified closed-loop flow-path net of the uni-direc-
tional merge structure.

conservative. Because it is conservative, the net is
bounded too.

The reachability tree of the flow-path net is presented
in Fig. 6. From the figure, one can tell that the net is safe
since every reachable marking is safe. As for liveness and
reachability, these can also be determined by observing
the reachability tree. In Fig. 6, every transition has been
fired at least once, and the marking of every subtree
returns to the initial marking. The net satisfies liveness
and reachability properties. Therefore, the flow-path net
is robust.

5.1.3. Control-loop net analysis

Because the traffic control signals in every control area
will not disappear, the control-loop net is a closed-loop
system. The modification of the control-loop net is not
necessary in net analysis. The incident matrix of the
control-loop, N_, can be given as:

¢ G

fH -1
N.= t -1 1
ts 1 -1

There exists a weighting vector W, = (1, 1)7 such that
N_.-W,. = 0. Therefore, the control-loop net is strictly
conservative. Since it is conservative, it is bounded too.

The reachability tree of the control-loop net is pre-
sented in Fig. 7. The boundedness property can be
observed easily. The liveness and reachability properties
can be determined by observing the occurrence of the
marking of the frontier node at the end of each subtree,
and the firing frequency of every transition. It is shown
that the control-loop net satisfies the necessary prop-
erties.

Hsieh and Shih
(Zy 2, Z3Z,)
Il
(11 00)
v\
(01 10) (10 10)
/N
(0101) (1001)
y \
1100) (1100)

Fig. 6. The reachability tree of the modified flow-path net of
the uni-directional merge structure.

(Cy,C2)
(1 ',‘O)
t1 \:2
(0,1) (0,1)
ts ts
(1,0) (1,0)

Fig 7. The reachability tree of the control-loop net of the
uni-directional merge structure.

5.1.4. Complete net analysis

The flow-path net and the control-loop net are proven
to be robust. The remaining issue which needs to be
addressed is the condition of robustness for a complete
net. Figure 4 shows the complete Petri net of a merge
structure. Since it is not a closed loop, a modified net is
needed. The modified complete net is not presented here
since it can be obtained easily by combining the modified
flow-path net in Fig. 5, and the control-loop net in Fig. 3.
Because the complete net is composed of the two nets,
the incident matrix can be estimated by combining the
incident matrices of the two nets. The incident matrix
can be obtained as

NC

0
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Let W=[W/{WJ'=(, 1, 1, 1, 1, D).
Nfo = 0 and NC'WC = O,

Since

=0

N.-W,

0

There exists a weighting vector W = (1, 1, 1, 1, 1, 1)T
such that N- W = (. Therefore, the merge net is strictly
conservative.

The weighting vector W can be estimated directly from
the incident matrix. To verify the above result, W is
re-estimated. The incident matrix, N, of the merge net is
given as follows:

Zl Zz Z3 Z4 Cl C2

t -1 0 1 0 -1
f) 0 -1 1 -1 1
N= o0 0 -1 1 1 -1
ta 0 1 0 -1 0
15 1 0 0 -1 0 0

There exists a weighting vector W = (1, 1, 1, 1, 1, DT
such that N-W = 0. The strictly conservative property of
the net is again proven.

By studying the reachability trees (Figs 6 and 7), it is
found that the transition firing sequences of the two trees
are the same except for the last transition ¢, or ¢ in Fig. 6
which does not exist in Fig. 7. This is because two nets in
fact share one set of transitions, and ¢, and 5 can be
enabled without any control tokens. Hence, the reacha-
bility tree of the complete merge net can be obtained

(Z1 :22 323 :24 :C‘l )CZ)

|
(1,1,0,0,1,0)

t,/ \\t2

(0,1,1,1,0,1(1,0,1,00,1)

t/ \ts

(0,1,0,1,1,0) (1,0,0,1,1,0)
t;,./ \14»2
(1,1,0,0,1,0) (1,0,01,0)

Fig. 8. The extended reachability tree of the uni-directional
merge net.
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easily by putting the markings (C;, C,) of the con-
trol-loop net after the markings (Z,, Z,, Zs, Z,) of the
flow-path net to get the new markings (Z,, Z,, Z3, Z,4, C,,
C,). For the last one in the reachability tree, add two
zeros after the (Z,, Z,, Zs, Z,) marking. The safeness
and boundedness properties of the complete net are of
course there since the reachability tree is formed by
combining Figs 6 and 7. Similarly, the reachability and
liveness properties still exist after combination. For the
purpose of verifying the above conclusions, the reacha-
bility tree of the modified complete net is drawn and
presented in Fig. 8, where #, ,; represents the transition
from Z, to Z,, and ¢,_,, represents the transition from Z,
to Z,. The results support the conclusions made above.

Z4 Z'] z1
[ 1 |
| - HE Y 50 i | |
Z, ('/ Zo \!| 2z Zs
1 : L |
L] U —. 4 A g L1

Lld

mom

Fig. 9. The bi-directional merge flow-path layout.

Z, tio

Fig. 10. The flow-path net of the bi-directional merge structure.
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—_——_—— C1 control line

. C2 control line

—-..— C, control line

3

Fig. 11. The control-loop net of the bi-directional merge structure.

5.2. Bi-directional merge case study

A bi-directional merge case is used here as the second
application example. The net construction and analysis
procedures of the bi-directional merge case are similar to
those of the uni-directional merge, so we will present the
results only and leave out the details.

Figure 9 shows the flow-path layout of a bi-directional
merge. According to the flow-path layout, the flow-path
net is thus constructed and presented in Fig. 10. By
observing the layout, three possible traffic problems may
occur in this structure. They are:

Hsieh and Shih

—_— .__C4 control line

__C5 control line

—_— __C6 control line

U S |

(1) Z, vehicle wants to move to Zs while Z; vehicle
wants to move to Zs or Zg;

(2) Z, vehicle wants to move to Z, or Zs while Z;
vehicle wants to move to Zy;

(3) Z, vehicle wants to move to Zs while Z; vehicle
wants to move to Z, or Zs.

In order to avoid these three problems, by the use of
logic circuit design concept (Mano, 1979), 10 more logic
inputs need to be added. The control-loop net of the
bi-directional merge structure is built and presented in
Fig. 11. By placing the control-loop net over the flow-



AGYVS and their Petri-net properties

Fig. 12. The bi-directional merge net.

path net, the complete net is presented in Fig. 12. A
quick method is used to validate the complete net, which
is to synthesize the dynamic behaviour of the net by
token plays. The result shows that all the three traffic
problems mentioned are solved. This confirms the
robustness of the net.

The following conclusions can be drawn from the study
of the two examples presented above:

(1) The flow-path net is not a closed-loop system net,
while the control-loop net is;

(2) The necessary properties can be embedded into
the nets by adding extra places and tokens at proper
locations;

(3) If those properties exist in both the flow-path net
and the control-loop net, they also exist in the complete
net.
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6. Conclusions

This paper studied the fundamental system properties of
a Petri-net based AGVS modelling system. Several
necessary properties for building a robust AGVS at the
floor level are characterized and presented. These prop-
erties include traffic collision-free, constant numbers of
vehicles and traffic control signals, path reachability, and
system deadlock-free. The Petri-net properties, including
safeness, boundedness, strict conservation, reachability
and liveness, are addressed in the light of constructing a
better AGVS. Two different merge structures are pre-
sented to demonstrate how the properties in the net can
be built and identified into an AGVS model. The results
of this study provide the designer with a useful tool to
construct a workable environment for building robust
AGVS models.
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