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Owing to the lack of  robust design and control algorithms, most current 
applications of  automated guided vehicle systems (A G VSs) employ simple con trol 
methods despite the fact that the system is/at" from e/ficient. Recently, Petri nets 
have evoh, ed into a powerful tool for modelling complex manuJacturing systems. 
One of  the advantages of  the use of  Petri nets is that analysis, simulation and 
on-line control can all be done on the same model once the model is built. The 
putpose of this paper is to establish the research fundamentals in the .field of  
the Petri-net modelling of an AGVS.  "['he main contribution of  the paper is to 
define basic traffic-control nets which can be used directly to model an A G V S  
without too much thinking. Some basic A G V  Petri-net control elements are 
described and illustrated in detail. Also, difficulties m the use of  bidirectional 
flows are discussed, and it has been determined how Petri nets can be used to 
solve these problems. 
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1. Introduction 

Flexible manufacturing systems (FMSs) evolving from traditional manufacturing 
systems have been of great interest to industry. The area consists of 
several subfields, such as flexible manufacturing cells (FMCs), automated 
storage/retrieval systems (AS/RSs) and automated material-handling systems. 
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Building AGV Traffic-Control Models with PTNs 

The automated guided vehicle system (AGVS) has been proven to be the most 
popular material-handling system employed in FMSs [l]. This is because of its 
flexibility and capability when compared with other systems. However,  the 
AGVS does raise more serious and challenging operational control problems. 
The degree of sophistication of the system is dependent on the number of 
vehicles, the level of system automation, the use of uni- or bidirectional paths, 
etc. Most current applications in manufacturing-shop environments employ 
unidirectional guide paths for vehicle routeing despite the fact that bidirectional 
vehicles exist [2]. One of the justifications for the use of unidirectional flows 
is their simplicity. 

AGVSs present different aspects from design to implementation. The study 
of the dispatching vehicles employs queuing networking theory as an analysis 
tool [3]. The study of their layout employs the method of discrete-event system 
simulation [4]. Methods of operations research, such as transportation theory, 
are applied to the study of the system design [5]. Optimisation methods are 
used to determine the number of vehicles needed in the system [6]. The 
Markov decision process is adopted for the AGVS's control rules [7]. From 
past research, it seems that a model developed for the study of the system 
design will not be suitable for the system simulation, and the approach of 
building a simulation model is different from that of building an on-line control 
model: the effort made towards one aspect is useless for another aspect. 
Another  phenomenon is that few attempts have been made towards the study 
of the basic traffic-control elements or substructure. When the basic traffic- 
control elements are established, and each of them represents a special 
qualitative property, they may break down a huge and complicated AGVS 
problem into many simple and straightforward subproblcms. Therefore,  the 
AGVS model can be developed step by step with case. 

Petri-nets tools are suitable for modelling the dynamic behaviour of discrete 
concurrent systems. There are many advantages in modelling a system using 
Petri nets, for example: 

1. At the very beginning of the design stage, the use of Petri nets to model 
a system can easily be understood, since they are presented graphically. 

2. Later in the design stage, a systematic and complete qualitative and 
quantitative analysis of the model is made possible by the well-developed 
Petri-net analysis technique [8]. 

3. At the design-validation stage, with the existence of the Petri-net model, 
off-line system simulation can be done to validate system design and 
synthesis [9]. 

4. At the implementation stage, the simulation model can be used directly as 
the on-line system-control model. 

5. Performance evaluation of systems is possible if timed Petri nets are used. 
6. Any Petri-net model can be treated as a submodel of another Petri-net 

model, i.e. Petri nets can model a system hierarchically. 

Generally speaking, the use of Petri nets to model a system can be divided 
into two parts: the building of the net structure and the marking of the net. 
In AGVS applications, the net structure means the traffic-control structure, 
and the marking of the net means the routeing of the automated guided 
vehicles (AGVs). 

The purpose of this paper is to establish the research fundamentals in the 
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field of the Petri-net modelling of an AGVS.  The main contribution of the 
paper is to define basic traffic-control nets which can be used directly to model 
an AGVS without too much thinking. The routeing problem will be investigated 
in another  paper.  Some basic A G V  Petri-net control structures are described 
and illustrated in detail in this paper. Also, difficulties in the use of bidirectional 
flows are discussed, and it will be determined how Petri nets can be used to 
solve these problems. 

2. Review of Petri Nets 

Petri nets, also known as place-transition nets (PTNs), were first described in 
Petri's dissertation "'Communication with automata"  (1962). Several researchers 
[9-11] have pointed out that Petri nets are suitable tools for the description 
and analysis of manufacturing systems that exhibit both asynchronous and 
concurrent properties. 

The structure of a PTN is a bipartite directed graph consisting of a set of 
places, a set of transitions, and a set of directed arcs which connect places to 
transitions or vice versa. Pictorially, places are represented by circles and 
transitions by bars. Places may contain tokens (drawn as dots): a PTN with 
tokens is a marked PTN. A marking of a marked PTN is a vector, the elements 
of which give the distribution of tokens in the places of the net. A marking 
represents a state of the system being modelled. Generally, places represent 
conditions, and transitions represent events. If a place represents a condition, 
then the presence (or absence) of tokens means the truth (or falsity) of the 
condition. A place is an input (or output) place of a transition if an arc exists 
from the place (or transition) to the transition (or place). 

D y n a m i c  B e h a v i o u r  

The dynamic behaviour of a system is modelled as follows. The occurrence of 
an event is represented by the firing of the corresponding transition. The 
movement  of tokens in the net resulting from the firing of one or more 
transitions represents a change in the system state. The following are the firing 
rules for marked PTNs: 

1. A transition is firable when each of its input places contains at least one 
token. 

2. A transition can fire only if it is firable. 
3. When a transition fires, 

a token is removed from each of its input places, and 
a token is deposited into each of its output places. 

Note that it is not necessary to fire all firable transitions, although only firable 
transitions may be fired. 
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Qual i ta t ive Proper t ies [8, 12] 

A PTN is said to be pure, or self-loop free, if and only if no place is an input 
place and an output  place for the same transition. A pure PTN can be 
complete ly  defined by its incidence matrix. Several qualitative propert ies can 
be obta ined  by checking the incidence matrix of a PTN model.  These are 
defined as follows: 

l. Boundedness.  A place in a marked PTN is said to be k -bounded  if and only 
if there are no more than k tokens in the place at the same time for all 
markings contained in the reachability set of the PTN, where k is a positive 
integer. 

2. Liveness. A transition in a marked PTN is said to be live if and only if for 
all reachable markings there exists a sequence of firings that results in a 
marking in which the transition is firable. 

3. Conservation. A PTN is said to be conservative if and only if the total 
number  of  tokens in each reachable marking is the same. 

These three qualitative propert ies  can be checked out by analysis of  the net 's  
incidence matrix and S-invariants [8]. 

3. Single-Loop Traffic-Control Structure 

In this section, a single-loop unidirectional guide-path A G V S  with zone control 
is used to demonst ra te  the problem. Petri nets are used to model the system. 
Before  the Petri-net structure is built, several assumptions have to be made:  

1. Vehicles move loads without human operators.  

2. Paths are divided into segments,  
3. Each segment represents a zone. 

4. The  length of  a zone is sufficient to hold one vehicle, plus an allowance 
for safety and other  necessary considerations.  

The opera t ion rules of  the zone control are as follows: 

1. Every  zone must have at least one stop station. 

2. Only  one vehicle is permitted in a zone (this implies that the PTN is l- 
bounded) .  

2. When  a vehicle occupies a given zone,  any other  vehicle which needs to 
occupy or  pass through the zone can gel into the next unoccupied zone 
behind the lead vehicle, where it waits. 

A four-zone two-vehicle system is illustrated in Fig. 1. At the beginning, 
one vehicle, V,,, is at zone 1, and the other .  V/,, is at zone 2. (Assuming that 
the characters  of vehicle 1 are different from those of vehicle 2. the identification 
of  vehicles is necessary.) Each vehicle has four possible states, represented by 
the symbols Z,,  and Z~,, = 1 . . . . .  4; the Z represents the zone,  the i represents 
the zone number ,  and the a or b represents the vehicle. If V, (or V~,) is at 
zone i, then a token will be in state Z,, (or Z,~,) to indicate the current status 
of  the system. 
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Fig. I. 

The avai labi l i ty  of  the zone has to be mode l led .  In this case,  there  are four  
zones  and two poss ible  s ta tes  - avai lable  or  not ava i lab le  - for each of them.  
W h e n  a token is p laced  in the zone,  it means  that  the zone is avai lable :  
o therwise ,  the zone is occupied  by a vehicle.  The  PTN traff ic-control  s t ructure  
is thus deve loped  in Fig. 2 [13]. P~ . . . . .  Pa and P,~ . . . . .  P~, are used to represent  
the s tates  of Z, ,  and Z , , ,  where  i = 1 . . . . .  4, respect ively .  P5 . . . . .  Px r ep resen t  
the avai labi l i ty  of  zones  1, 2, 3 and 4. The  t rans i t ions  t~ . . . . .  t~ represen t  the 
execut ion  of the vehic le -move  command .  For  example ,  if a c o m m a n d  is given 
for V ,  to move f rom zone 1 (i .e.  PE conta ins  a token)  to zone 2, t~ needs to 
be fired. Since zone 2 is not  avai lable  (P~, does  not contain  a token) ,  t~ cannot  
be fired, and hence the c o m m a n d  is ove r r idden .  

As ano the r  example  V~, is asked to move to zone 4, so t~, and tv need to be 
fired one after  the o ther .  In this example  t(~ has two inputs  - P m  and P7 - and 
both of the input  p laces  contain  a token.  Hence ,  h, can be fired immedia te ly .  
Af te r  t(, is fired, tokens  will be d is t r ibu ted  to P,~ and P~,, which are the ou tput  
places of  t,,. In this m o m e n t ,  the token dis t r ibut ions  have been changed:  P~, 

Fig. 2. 
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P~,, Pt~ and P,~ have tokens, and others do not. The t 7 transition is able to be 
fired. After t7 is fired, V~, is moving towards zone 4, and zone 3 will become 
available. 

model in Fig. 2 is pure. The corresponding incidence matrix 

P2 
1 

-1  
0 
0 
0 

The Petri-net 
N is 

PI 
t~ - 1  
t~ 0 
t.~ 0 
t4 1 
t s 0 
tr 0 0 
t7 0 0 
t~ 0 0 

The initial marking 

M o = ( 1 , 0 , 0 ,  

P3 P4 P5 P .  P7 P~ P,~ P . ,  Pl l  PI2 
0 0 1 - 1 0 0 0 0 0 0 
1 0 0 l - 1 0 0 0 0 0 

- 1 1 0 0 1 - 1 0 0 0 0 
0 - 1 - 1  0 0 1 0 0 0 0 
0 0 1 - 1 0 0 - 1 1 0 0 
0 0 0 1 - 1 0 0 - 1 1 0 
0 0 0 0 1 - 1 0 0 - 1 1 
0 0 - 1 0 0 1 1 0 0 - 1 

M .  is 

O, 0, 0, 1, 1, 0, 1, 0, 0) 

According to the firing rules, only t, is firable. This indicates that only V~, in 
zone 2 can move. 

In the second example, after the firing of b,, V~, moves into zone 3, and the 
resulting rnarking M~ is 

M~ = (1, 0, 0, 0, 0, 1, 0, 1, 0, 0, 1, 0) 

After the firing of/'7, V/, mo v es  into zone 4, and tile resulting marking M, is 

M= = (1, 0, (I, 0, 0, 1, 1, 0, (I, 0, (I, 1) 

This can be restated as follows: 

MI r =  M,]+  N . . f ~  
M f = M i' + N - j ~ r  

= M,T + N �9 f r  

where f~, f2 and f are the firing vectors 

fz = (0, 0, 0, 0, 0, 1, 0, O) 
f2 = (0, 0, 0, 0, 0, 0, 1 ,0) 

a n d f = f l  + f 2  

The above deduction confirms that the PTN model can emulate the dynamic 
behaviour of the system by token plays. Also, a comparison of the operation 
rules of the zone control with the firing rules of the PTN indicates that the 
Petri-net model does synthesise the zone-control functions. 

When vehicles are identical or the vehicle identification is not a subject of 
the study, the above PTNs can be folded into simpler zone-control PTNs as 
shown in Fig. 3 [14]. It is important to ascertain that the features or properties 
of the model in Fig. 2 are the same as those of Fig. 3. Both Figs. 2 and 3 
show that the model is pure or self-loop free. Hence, they can both be 
represented by their corresponding incidence matrices. By caiculating the S- 
invariants of the two models, it is verified that both models share the same 
qualititative properties [151. The S-invariants of Fig. 2 are 
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Fig. 3. 

/~ = (1. 1, 1. 1, O, it, O, I), O, O. O. O) 
/~ = (0. O. O. (). 1. 1, 1. 1. O. O. O. O) 
1., = (0, O. O. O. O. 1). O. O, 1. 1. 1, 1) 

and the S-invariant of Fig..3 is 

1 = ( 1 .  1, 1, 1) 

The meaning of the S-inwlriant of a PTN is that it conserves the number of 
tokens in itself 1151. The physical meaning in this study is that the total number 
of vehicles always remains constant during the operation. In fact, Fig. 2 is a 
coloured Petri-net (CPN) model, and it is an extension of Fig. 3. When tile 
number of vehicles is one, both PTN models will be the same. As the number 
of vehicles increases, the PTN in Fig. 2 is extended proportionally with the 
addition of connecting nodes, and the incidence matrix grows quickly. The 
system becomes complex and difficult to analyse. More details about CPNs 
are given by Lamenbach [14]. 

It is worthwhile mentioning that the time factor needs to be incorporated 
into the PTN model when the system is no more a sim, le~ loop. In the next 
section, merge and intersection problems will be discussed. The PTN model 
built in this section will not be adequate to synthesise the functions of zone 
control for systems with merges or intersections, and modified petri-net (MPN) 
traffic-control slructures will need to be developed. 

4. Complex Traffic-Control Structures 

Ill this section, a more complex layout of the AGVS is discussed. Unidirectional. 
mixed and bidirectional guide paths are employed for structuring tile merge 
and intersection PTNs. 

Merge Structure for a Unid i rect ional  System 

Fig. 4 shows the layout of a unidirectional AGVS in which there are seven 
zones and two vehicles. Initially, the vehicles are at zones 2 and 7, respectively. 
According to the previous study, the corresponding CPN structure is as in Fig. 
5. Tile tokens in places Z: ,  and Zw, represent the current positions of vehicles 
V,, and V~,, and those in places Z~, Z~, Z4, Z~ and Z~, represent the availability 
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Fig:. 4. 

Fi~,. 5. 

of  those zones at this moment .  Since the CPN structure is too complex to be 
built zinc] analysed efficiently (the incidence matrix is huge), a condensed-zone  
CPN structure is again built, and is shown in Fig. (1. Compar ing  these two 
figures, it is found thai the plain net structure will not be able to detect the 
possible collision when both vehicles are moving towards zone 4 at the same 
time. A more  detailed picture will now be given. Suppose that vehicle V, is 
assigned to move to zone 6 and vehicle \/~, to zone 1. V,, is allowed to move 
into zone 3 when transition t~ is fired. At lhis moment .  V,, is in zone 3. Since 
zone 4 is still empty,  according to Fig. 6. both vehicles V,, and V~, will be 
allowed into the same zone and will viohite the zone-control  regulations. Then 
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Fig. 6. 

V, and V/, may collide with each other.  This situation comes from the fact 
thai "'time" is no! incorporated into the model.  Ano the r  control node, P,~ is 
now added to Fig. 6 to give the modified PTN model shown in Fig. 7. From 
Fig. 7, it can be seen that t3 and ts are in conflict, i.e. that only one of them 
is allowed Io be fired even though both of  them are firable. The incidence 
matrix, N, of Fig. 7 

P~ P,  
tt - 1  1 
t, 0 - 1  
t~ 0 0 
t4 0 0 
t~ 0 0 
6, 1 0 

/7 0 0 
& 0 0 

and the S-invariant, 

I = ( 1 , 1 , 1 ,  I 

iS 

P3 P4 P5 1). Pv Ps 
0 0 0 0 (I () 
1 (1 (1 0 () 0 

- 1 1 0 0 0 - 1 

0 - I I 0 0 I 

0 0 - 1 1 0 0 

0 0 0 - I 0 0 

0 0 0 - 1 1 0 
0 1 0 0 - 1 - 1 

I, is 

, l ,  1,  1,  O) 

Fig. 7. 
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The S-invariants, together with the initial marking of the net, facilitate the 
identification of the zone-control operation rule by elementary deduction. 

Merge Structure for a Mixed System 

Fig. 8 shows the same layout as that in Fig. 4, except that zone 7 has become 
a bidirectional guide path. The possible confusing situations arise in zones 1, 
4 and 7. After careful investigation, three more control nodes need to be 
added into the net structure. The MPN model is thus built and is shown in 
Fig. 9. The bold parts of the figure represent the added control nodes which 
restrict the number (only one) of vehicles in the zone. 

The reason for the use of a bidirectional path is to improve the system 
performance. However, from Fig. 9 it can be seen that extra control nodes 
have to be considered in the model, i.e. it may complicate the AGVS and 
increase the once-off installation cost and the everyday control cost. If the 
traffic load in zone 7 is heavy and the workshop space is large enough, a two- 
way traffic path may be suggested (see Fig. 10). The corresponding PTN model 
is shown in Fig. 11~ and is simpler than that in Fig. 9. 

Fig. 8. 

Fig. 9. 
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Fig. I0. 

Fig. I I. 

Merge Structure for a Bid i rect ional  System 

The same layout is again used, except that each segment has become 
bidirectional (see Fig. 12). The condensed plain PTN is shown in Fig. 13. 
Obviously, since the time factor has not been added into the net. this plain 
model will not be able to synthesise the zone-control function completely. A 
large number of additional control nodes must be included in the model to 
comply with the zone-control rules. Three kinds of traffic-control problems 
arise [16]' 

1. Mergittg. Two vehicles on difl'erent paths move into the same zone in the 
same direction. This also happens in the unidirectional and the mixed- 
direction systems. Assuming that both the zone-I vehicle and the zone-3 
vehicle merge to zone 2, just as before, one additional control node, Ps, 
which can bring the time factor into the model, has to be included. The 
corresponding net structure is shown in Fig. 14. This situation can 
satisfactorily be resolved by defining a right of way of the vehicles (such as 
that the righthand vehicle has the right of way, or that the vehicle on the 
main road has the right of way). 

2. Blockitzg. One vehicle is standing in front of another vehicle and blocks its 
way. The two vehicles rnay be moving in the same direction or in opposite 
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Fig. 12. 

Fig. 13. 

Fig. 14, 

direct ions .  The  example  shown in Fig. 15 is used to d e m o n s t r a t e  one of  the 
poss ib le  s i tuat ions .  The  zone-2 vehicle wants to move to zone-3,  and the 
zone-3 vehicle  wants  to move  to zone 2. A new place,  Ps, is a d d e d  to 
cont ro l  the avai labi l i ty  of  zone 2, and P~, to control  the avai labi l i ty  of  zone 
3. Since both zones  2 and 3 are occupied ,  there  are no tokens  in places  5 
and 6, i .e.  both  t~ and t~ can never  be fired. In a robust  A G V S ,  this 
s i tua t ion  should  never  occur  if a p r o p e r  veh ic le - rou te ing  a lgor i thm is used. 
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Fig. 15. 

3. Cot(fir Two vehicles travelling in opposite directions move into the 
same zone at the same moment .  A special case is demonst ra ted  in Fig. 16, 
which is described as follows: the zone-2 vehicle wants to move to zone 4 
and the zone-4 vehicle wants to move to zone 1 at the same time. If ts fires 
first, the final state will be reached; if t.~ fires first, then a deadlock will 
arise, and the system becomes non-live. Problems such as this cannol: be 
solved at the system-building stage, t towever ,  they can be prevented at the 
on-line control stage by adopt ing a robust vehicle-routeing algorithm. 

Referring to Figs. 13 to 16, the complexity of  the bidirectional traffic control 
is reflected. A complete  PTN model for the system described in Fig. 12 can 
be structured by the composit ion of  those figures. One  can imagine the 
complexity of the PTN for the bidirectional system. The once-off  installation 
cost could be many times larger than that of the unidirectional system, and 
the everyday on-line control cost could be unaffordable.  

Intersection Structure for a Unidirectional System 

Consider  another  possible structure of the A G V S  - intersection, shown in Fig. 
17. The plain PTN model is shown in Fig. 18. Since only one vehicle is allowed 
in each zone,  additional zone-control  nodes which indicate the availability of 
the zones have to be added to the model.  The resulting model is shown in 
Fig. 19. Al though this model does release the vehicle-merge problem, the 
vehicles may possibly collide with each other  when one vehicle is moving from 

Fig. 16. 
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Fig. 17. 

Fig. 18. 

Fig. 19. 

zone 3 to zone 2 and the other vehicle is moving from zone 1 to zone 4, since 
the firings of t, and t4 are legal m the PTN rules. Hence, tile PTN model in 
Fig. 19 cannot synthesise the complete dynamic behaviour of the zone-control 
function. Another  MPN structure is shown in Fig. 20. One can find that a 
virtual place representing the intersection point has been added to the model, 
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Fig. 20. 

and a token in the virtual place indicates the right of way. Three  possible cases 
will be used to validate the functionality of the model: 

1. A vehicle is assigned to move from zone 1 to zone 2 (i.e. t~ has to be 
fired), and another  vehicle in zone 3 is assigned to move to zone 2 (i.e. t,, 
and t5 have to be fired in order) .  By playing the tokens,  one can see that 
only one of  t~ and t., can be fired, since they share the same input place, 
PT, in this model.  

2. A vehicle is assigned to move from zone I to zone 4 (i.e. t_~ and t~ have to 
be fired in order) ,  and another  vehicle is assigned to move from zone 3 to 
zone 4 (i.e. t,s has to be fired). Since t2 and Is share the same input place, 
P<~, only one of  them can be fired. 

3. A vehicle is assigned to move from zone 1 to zone 4 (i.e. to fire t, and 
then t.Q, and another  vehicle is assigned to move from zone 3 to zone 2 
(i.e. to fire ta and then ts). Since tz and ta share the same input place, Ps, 
L, is not firable if t, is fired, unless t.~ is fired after t,. If ra is fired, t, is not 
firable unless t5 is fired after ta. 

These three cases show that the PTN model in Fig. 20 does guarantee that 
the vehicles do not collide and that they comply' with the zone-control  
regulations. 

Intersect ion Structure for a Bid i rect ional  System 

Bidirectional guide paths are employed in the intersection part of  tile A G V S  
(see Fig. 21). The corresponding zone-control  PTN structure is shown in Fig. 
22. One  can judge for oneself  how practical it is to use such a structure in the 
real world. 
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Fig. 2 I. 

Fig. 22. 
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5. Conclusions 

To model a manufacturing system, such as the AGVS, with regular tools is a 
difficult task. PTNs have been proven to be a powerful tool for modelling such 
a system. In this paper, emphasis has been placed on the development of basic 
traffic-control PTN structures. Based on these basic net structures, a huge and 
complex AGVS can thus be established with ease. In contrast to other 
researches, plain nets are suggested instead of CPNs for use in the early 
system-design stage. This is because: 

1. The CPN size increases in proportion to the number of vehicles, which 
makes the system design more complex. 

2. The incidence matrix and the S-invariants of the plain nets have the same 
qualitative properties as those of the CPNs. 

Structures for merge and intersection in uni-, mixed, or bidirectional systems 
have been established, and synthesise the zone-control functions one by one. 
The results show that: 

1. The unidirectional system is relatively simple, however, its performance 
may sometimes not be satisfactory to the users. 

2. The bidirectional system is much more complex than the unidirectional one, 
and the use of the bidirectional system may be costly: hence, it is not 
practical to use the bidirectional system. 

3. Owing to the above two conclusions, a mixed system could be a good 
solution for those who want to pay a reasonable price for a system with 
better performat~ce. 

Up to now, only the net structure of the AGV traffic control has been 
studied. The marking of the net should be incorporated into the net structure 
for the fulfilment of the zone-control function. An elegant and powerful 
graphical modelling tool for system design, analysis, simulation and on-line 
control would be the ultimate goal of this study, 
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