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Abstract—Based on the similar structure of P-graphs and
Petri nets, it is beneficial to merge their capabilities in solving
specific problems. In the current work, the algorithmic synthesis
of Petri nets by the P-graph framework is introduced and
illustrated by an example of route planning of automated guided
vehicle (AGV) systems.
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I. INTRODUCTION

The purpose of the automated guided vehicle (AGV)
systems is to transfer objects between given points
automatically, efficiently and safely.

To achieve this, the synthesis of feasible pathways is an
important task in the AGV system design, where the
synthesized models are used for simulation and analysis of the
system.

II. SYNTHESIS OF FEASIBLE PATHWAYS OF AGV SYSTEM

Essentially, the synthesis is the determination of the
process structure, that behave as required. For highly effective
algorithmic  solution of the synthesis problem, a
mathematically rigorous framework, so called P-graph was
introduced [1]. This method based on the combinatorial
mathematics of graph theory, and a set of axioms expressing
the properties of the feasible structures [2]. The P-graph
framework generates the best and all of the alternative
structures of the system, where the structures are represented
by bipartite directed graph.
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Fig. 1. The layout of the examined AGV system.

Fig. 1 illustrates the layout of the investigated AGV
system, that consists of three rooms (A, B and C) and three
gates connecting the rooms. There are three special stations:
the charging station (S) for the AGVs in room A, the pick-up
station (T1) in room B and the delivery station (T2) in room
C. The AGV-s can travel among the various points of the
layout for picking up and delivering packages on predefined
paths. For safety movements of the AGVs, safety zones must
be determined considering the dimension of the vehicle. These
zones can be seen on the right-hand side of Fig. 1 with green
colors, together with their special points. Based on the
delivery request and its transportation order, there can be
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several feasible pathways involving movements of the AGV
among the predefined locations.

Fig. 2. Feasible pathways of the AGV system.

In Fig. 2 two of the eight feasible pathways of the delivery
request is depicted, where the synthesis can be done by the
publicly available software P-graph Studio [3]. The nodes of
P-graph are the special places of the investigated system and
the possible actions or vehicle movements between two
neighboring places [4]. The starting and target points of AGV
are at T1.2 and T2.2, respectively. The entity type nodes
represented by solid circles in the P-graph represents potential
vehicle locations, while activity type nodes represented by
horizontal bars the possible vehicle movements between two
neighboring locations.

Besides all the feasible pathways, the P-graph algorithms
generate the maximal structure, that is the union of the feasible
solution structures. The maximal structure of the AGV
example is shown in Fig. 3.

Fig. 3.

The maximal structure of the AGV system.

P-graphs and Petri nets [5] have similar structures based
on rigorous formal mathematical definitions and graphical
notations. The similarity is observed in Fig 4., where the Petri
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net model of the layout of the AGV system constructed by
CPN Tools [6] is shown.
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Fig. 4. The layout of the AGV system represented by Petri net.

The two frameworks aim at different objectives of systems
design. While Petri nets are introduced primarily for modeling
and analysis, P-graph framework has been developed for
process synthesis. Even though the objectives are quite
different, it is possible to merge their capabilities in solving
specific problems, e.g., synthesizing Petri nets by the P-graph
framework [7].
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III. SIMULATION AND ANALYSIS OF AGV SYSTEM WITH
COLORED PETRI NETS

Based on the similar structure of P-graph and Petri nets,
the synthesized feasible structures serve as structures of Petri
net models, where the special places and the possible actions
of AGV-s in P-graph correspond to the places and transitions
in Petri net, respectively.

The Petri net model of the AGV system with given
delivery requests and their designated transportation
pathways, defined by the initial state is shown in Fig. 5. In the
examined case study, two AGVs are in the test environment at
the same time. In the initial state one of the two AGVs is in
position T12, and it delivers a package from pick up station
(Wh) to delivery station (Delivery) through the pathway T11,
B1, G31, G32, T21, T22. The other AGV starts from place
T22 and travels on the route T21, G22, G21, S2, S1. The
pathways assigned to the AGVs are shown in Fig. 6, where
route of the first AGV is marked in red and route of the second
AGYV is marked in blue. The highlighted points in the
environment affected by both AGVs are shown in purple in
the figure.

In CPN model, the preconditions and consequences of
AGYV actions described with arc inscriptions and guards, the
capacity limits of the places represented by anti-places.
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Fig. 5. The CPN model of AGV system with initial state.
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Fig. 6. The designated pathways of two AGVs in Fig. 5.

Besides simulation of AGV system, important properties,
like reachability and deadlock are investigated by reachability
graph analysis [8] with State Space Tool integrated into CPN
Tools.
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Fig. 7. The reachability graph of CPN model in Fig. 5.

The reachability graph of the system under study is shown
in Fig. 7, where the states represented by rectangles. State 1
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corresponds to the initial state, and states 18 and 44 are
deadlocks. In state 44, one of the AGVs is located at S1 (filling
station) and the other is at T22 (delivery station). The
additional route to be traversed by both AGVs are empty, i.e.
they have traversed the route assigned to them and transported
the designated packages. The resulting deadlock is the
expected final state of the system.

In state 18, one of the AGVs is at T22 (delivery station)
and the other is at T21 (place right next to delivery station).
The state is a deadlock, which is the unexpected final state of
the system.

According to the expected and unexpected final states of
the system, the partitions of the nodes of the reachability graph
are as follows:

* nodes from which directed path leads only to expected
final states (green nodes)

* nodes from which directed path leads only to unexpected
final states (red nodes)

* nodes from which a directed path leads to both expected
and unexpected final states (blue nodes)

Partitions are characterized by the fact that if we are in one
of the states of the partition marked in green, we will definitely
remain in the green partition even after performing any further
transition. The same applies to the partition marked in red.
Accordingly, the states of the red partition are to be avoided
by the system, and the states of the green partition are the
states to be reached by the system.

In the case study on Fig. 8, two AGVs move on two
different, intersecting routes in the study environment. In the
initial state, one AGV is at location S1 (filling station) and the
other is at location T22 (delivery station), where their
designated pathways are as follows: S1, S2, G11, G12, T11,
T12, T11, B1, G31, G32, T21, T22, T21, G22, G21, S2, S1
and T22, T21, G32, G31, B1, T11, T12, T11, B1, G31, G32,
T21,T22,T21, G22, G21, S2, S1. The designated route of the
first AGV is from the filling station, it touches the pick-up
station and the delivery station back to the filling station, while
a package has to be transported from pick-up station (Wh) to
delivery station (Delivery). The route assigned to the other
AGYV leads from the delivery station to the pick-up point and
then through the delivery point to the filling station, while it
has to transport a packet from Wh to Delivery.
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Fig. 8. The CPN model of AGV system with another initial state.

The designated pathways of the AGVs are shown in Fig. 9,
where the places affected only by the first and the second
AGYV is marked in blue and red, respectively. The places in
the environment affected by both AGVs are shown in purple.
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Fig. 9. The designated pathways of two AGVs on Fig. 8.

The reachabilty graph for the initial state of the examined
system is shown in Fig. 10. It can be seen that the system has
nine deadlocks, of which one is a expected final state (state
number 205) and eight are unexpected final states. It can be
seen from the partitions of the reachability graph that
unexpected final states 68 and 172 can be easily avoided.
However, before reaching the other six unexpected end states
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(states 69-74), we can enter a red partition 4-8 steps earlier,
from where we arrive at an unexpected final state regardless
of the execution order of the subsequent transitions. The
“top” state of the red partition at the top right of the figure,
i.e. state number 15, is shown in Fig. 10, from which the
expected final state is certainly not reached, but the system
reaches a deadlock only after seven steps.

Fig. 10. The reachability graph of CPN model in Fig. 8.
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CONCLUSIONS

The algorithmic synthesis of Petri nets by the P-graph
framework is used for route planning of automated guided
vehicle (AGV) systems. The resulted colored Petri net model
appropriate to the simulation and formal analysis of the
system. Analysis of the reachability graph have shown that in
case of planning AGVs routes, it can be critical to identify
and avoid deadlocks. Therefore, important to identify
unexpected system states at an early stage and determine if
there is a sequence of steps (and if so, which ones) that the
AGVs can reach the expected final states.
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