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Abstract 

In component-based system design, one 
need to obtain from a given set of com-
ponents an integrated system which is 
correct in the sense that the system is live, 
bounded and reversible. In this paper, 
based on the composition of augmented 
marked graphs, we propose a method for 
verifying correctness of the integrated 
system. The method begins with specify-
ing the components as augmented marked 
graphs. These augmented marked graphs 
are then composed via common resource 
places into an integrated system. By the 
preservation of properties of this compo-
sition, the liveness, boundedness, reversi-
bility and conservativeness of the inte-
grated system can be readily derived. 

Keywords: Petri net, augmented marked 
graph, component-based system design, 
system synthesis. 

1. Introduction 

In the past decade, component-based sys-
tem design has emerged as a promising 
paradigm to meet the ever increasing 
needs for managing system complexity 
and maximising re-use as well as for de-
riving software engineering into stan-
dards. In component-based system design, 
a system is synthesised from a given set 
of components. Even that the components 
are correct in the sense that they are live 

(implying freeness of deadlock), bounded 
(implying absence of capacity overflow) 
and reversible (implying the capability of 
being reinitialised from any reachable 
states), the integrated system may not be 
correct, especially when there involves 
shared resources. 

This paper investigates the composi-
tional correctness of system components. 
Based on the property-preserving compo-
sition of augmented marked graphs, we 
propose a method for synthesising the 
components into an integrated system 
whose correctness can be readily verified. 

A subclass of Petri nets, augmented 
marked graphs possess a structure which 
is especially desirable for modelling sys-
tems with common resources. They pos-
sess a number of desirable properties per-
taining to deadlock-freeness, liveness, 
boundedness, reversibility and conserva-
tiveness. Chu and Xie first investigated 
their deadlock-freeness, liveness and re-
versibility using siphons and mathemati-
cal programming [1]. We earlier pro-
posed siphon-based and cycle-based 
characterisations for live and reversible 
augmented marked graphs, and trans-
form-based characterisations for bounded 
and conservative augmented marked 
graphs [2, 3, 4]. Besides, Huang et al. in-
vestigated the composition of augmented 
marked graphs via common resource 
places [5]. Recently, we also conducted 
preliminary investigation on the composi-
tion of augmented marked graphs [6]. 
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This paper investigates the composi-
tion of augmented marked graphs via 
common resource places, with a focus on 
the preservation of properties. These 
properties include liveness, boundedness, 
reversibility and conservativeness. They 
collectively characterise a well-behaved 
system. We show how this property-
preserving composition of augmented 
marked graphs can be applied to compo-
nent-based system design, so that the sys-
tem correctness can be readily verified. 

The rest of this paper is organised as 
follows. Section 2 is a brief description of 
augmented marked graphs. In Section 3, 
we present the composition of augmented 
marked graphs and study the preservation 
of properties in the composition process. 
Section 4 then shows its application to 
verifying compositional correctness of 
system components. Section 5 concludes 
this paper. Readers are expected to have 
basic knowledge of Petri nets [7, 8, 9]. 

2. Augmented Marked Graphs 

This section briefly describes augmented 
marked graphs. 

Definition 2.1 [1]. An augmented 
marked graph (N, M0; R) is a PT-net (N, 
M0) with a subset of places R called re-
source places, such that : (a) Every place 
in R is marked by M0. (b) The net (N', 
M0') obtained from (N, M0; R) by remov-
ing the places in R and their associated 
arcs is a marked graph. (c) For each r ∈ R, 
there exist kr ≥ 1 pairs of transitions Dr = 
{ �ts1, th1�, �ts2, th2�, ..., �tskr, thkr� } such that 
r• = { ts1, ts2, ..., tskr } ⊆ T, •r = { th1, th2, ..., 
thkr } ⊆ T, and for each �tsi, thi� ∈ Dr, there 
exists in N' an elementary path ρri con-
necting tsi to thi. (d) In (N', M0'), every cy-
cle is marked and no ρri is marked. 

Definition 2.2. For a PT-net (N, M0), a 
set of places S is called a siphon if and 
only if •S ⊆ S•. S is said to be minimal if 
and only if there does not exist a siphon 
S' in N such that S' ⊂ S. S is said to be 

empty at a marking M ∈ [M0� if and only 
if S contains no places marked by M. 

Definition 2.3. For a PT-net (N, M0), a 
set of places Q is called a trap if and only 
if Q• ⊆ •Q. Q is said to be maximal if and 
only if there does not exist a trap Q' in N 
such that Q ⊂ Q'. Q is said to be marked 
at a marking M ∈ [M0� if and only if Q 
contains a place marked by M. 

Property 2.1 [1]. An augmented 
marked graph is live and reversible if and 
only if it does not contain any potential 
deadlock. (A potential deadlock is a si-
phon which would eventually become 
empty.) 

Definition 2.4. For an augmented 
marked graph (N, M0; R), a minimal si-
phon is called a R-siphon if and only if it 
contains at least one place in R. 

Property 2.2 [1, 2, 3]. An augmented 
marked graph (N, M0; R) is live and re-
versible if every R-siphon contains a 
marked trap. 

Property 2.3 [2, 3]. An augmented 
marked graph (N, M0; R) is live and re-
versible if and only if no R-siphons even-
tually become empty. 

Definition 2.5 [4]. Suppose an aug-
mented marked graph (N, M0; R) is trans-
formed into a PT-net (N', M0') as follows. 
For each r ∈ R, where Dr = { �ts1, th1�, �ts2, 
th2�, ..., �tskr, thkr� }, replace r with a set of 
places { q1, q2, ..., qkr } such that M0'[qi] = 
M0[r] and qi

• = { tsi } and •qi = { thi } for i 
= 1, 2, ..., kr. (N', M0') is called the R-
transform of (N, M0; R). 

Property 2.4 [4]. Augmented marked 
graph (N, M0; R) is bounded and conser-
vative if and only if every place in its R-
transform (N', M0') belongs to a cycle. 

3. Composition of Augmented Marked 
Graphs 

This section first describes the composi-
tion of augmented marked graphs via a 
set of common resource places. Preserva-
tion of properties are then studied. 
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Property 3.1. Let (N1, M10; R1) and 
(N2, M20; R2) be two augmented marked 
graphs, where R1' = { r11, r12, ..., r1k } ∈ 
R1 and R2' = { r21, r22, ..., r2k } ∈ R2 are 
the common places that r11 and r21 are to 
be fused into one single place r1, r12 and 
r22 into r2, ..., r1k and r2k into rk. Then, the 
resulting net obtained after the fusion is 
also an augmented marked graph (N, M0; 
R), where R = (R1 \ R1') ∪ (R2 \ R2') ∪ 
{ r1, r2, ..., rk }. (obvious) 

Definition 3.1. With reference to Prop-
erty 3.1, (N, M0; R) is called the compos-
ite of (N1, M10; R1) and (N2, M20; R2) via 
a set of common resource places { (r11, 
r21), (r12, r22), ..., (r1k, r2k) }, where r11, 
r12, ..., r1k ∈ R1 and r21, r22, ..., r2k ∈ R2. RF 
= { r1, r2, ..., rk } is called the set of fused 
resource places that are obtained after 
fusing (r11, r21), (r12, r22), ..., (r1k, r2k). 

Property 3.2 [5, 6]. Let (N, M0; R) be 
the composite of two augmented marked 
graphs (N1, M10; R1) and (N2, M20; R2) 
via a set of common resource places. (N, 
M0; R) is bounded if and only if (N1, M10; 
R1) and (N2, M20; R2) are bounded. 

Property 3.3 [6]. Let (N, M0; R) be the 
composite of two augmented marked 
graphs (N1, M10; R1) and (N2, M20; R2) 
via a set of common resource places. (N, 
M0; R) is conservative if and only if (N1, 
M10; R1) and (N2, M20; R2) are conserva-
tive. 

Definition 3.2. Let (N, M0; R) be the 
composite of two augmented marked 
graphs via a set of common resource 
places, and RF ⊆ R be the set of fused re-
source places. For (N, M0; R), a minimal 
siphon is called a RF-siphon if and only if 
it contains at least one place in RF. 

Property 3.5 [6]. Let (N, M0; R) be the 
composite of two augmented marked 
graphs (N1, M10; R1) and (N2, M20; R2) 
via a set of common resource places. (N, 
M0; R) is live and reversible if and only if 
(N1, M10; R1) and (N2, M20; R2) are live 
and no RF-siphons eventually become 
empty. 

4. Compositional Correctness of 
System Components 

Liveness, boundedness and reversibility 
are key attributes of a correct or well-
behaved system. In component-based sys-
tem design, a system is synthesised from 
a set of components [10, 11, 12]. The in-
tegrated system may not be live, bounded 
nor reversible even that the components 
are live, bounded and reversible, espe-
cially as there involves competition of 
shared resources. Hence, an important 
step in system design is to verify if the 
integrated system is correct in the sense 
that it is live, bounded and reversible. 

This section presents the application of 
the property-preserving composition of 
augmented marked graphs to verifying 
compositional correctness of system 
components. By modelling the compo-
nents as augmented marked graphs and 
composing them via their common re-
source places which represent the com-
mon resources, based on the results in the 
previous section, the properties of the in-
tegrated system can be readily derived. In 
brief, if the components are bounded and 
conservative, the integrated system will 
be bounded and conservative. If the com-
ponents are live and reversible, the inte-
grated system will be live and reversible 
under a pretty simple condition. 

Consider a flexible assembly system, 
comprising 4 conveyors (Y1, Y2, Y3 and 
Y4) and 4 robots (B1, B2, B3 and B4). 
There are 4 components (C1, C2, C3 and 
C4). They used to perform different func-
tionalities, exhibiting asynchronous and 
concurrent processes. In performing the 
functionalities, the components require 
resources - some are private resources 
while others are common resources. The 
conveyors are private resources exclu-
sively used by individual components. 
The robots are common resources shared 
among different components. Figure 1 
outlines the system configuration. 

Proceedings of the 11th Joint Conference on Information Sciences (2008) 
                                          Published by Atlantis Press 
                                                    © the authors 
                                                                3



 
 
 
 
 
 
 
 
 
 
 

Fig. 1: Outline of system components. 
 
The components are briefly described 

as follows. 
C1 : C1 performs an assembly process 

which involves Y1, B1 and B2. At the ini-
tial idle state, once Y1 is available, C1 re-
quests B1 and B2 simultaneously. After 
acquiring B1 and B2, C1 performs assem-
bly and then releases Y1, B1 and B2. 

C2 : C2 performs an assembly process 
which involves Y2, B2 and B3. At the ini-
tial idle state, once Y2 is available, C2 re-
quests B2 and B3 simultaneously. After 
acquiring B2 and B3, C2 performs assem-
bly and then releases Y2, B2 and B3. 

C3 : C3 performs an assembly process 
which involves Y3, B3 and B4. At the ini-
tial idle state, once Y3 is available, C3 re-
quests B3 and B4 simultaneously. After 
acquiring B3 and B4, C3 performs assem-
bly and then releases Y3, B3 and B4. 

C4 : C4 performs an assembly process 
which involves Y4, B4 and B1. At the ini-
tial idle state, once Y4 is available, C4 re-
quests B4 and B1 simultaneously. After 
acquiring B4 and B1, C4 performs assem-
bly and then releases Y4, B4 and B1. 

Component C1 is specified as aug-
mented marked graph (N1, M10; R1) 
where R1 = { r11, r12 }. C2 is specified as 
(N2, M20; R2) where R2 = { r21, r22 }. C3 is 
specified as (N3, M30; R3) where R3 = 
{ r31, r32 }. C4 is specified as (N4, M40; R4) 
where R4 = { r41, r42 }. They are shown in 
Figure 2, while Table 1 lists the semantic 
meanings of the places and transitions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2: System components represented as 
augmented marked graphs. 

 
P / T Semantic Meaning 
p11 Y1 is ready 
p12 Y1 is occupying B1 and B2 and performing assembly 
p21 Y2 is ready 
p22 Y2 is occupying B2 and B3 and performing assembly 
p31 Y3 is ready 
p32 Y3 is occupying B3 and B4 and performing assembly 
p41 Y4 is ready 
p42 Y4 is occupying B4 and B1 and performing assembly 

r11, r41 B1 is available 
r12, r21 B2 is available 
r22, r31 B3 is available 
r32, r42 B4 is available 

t11 C1 acquires B1 and B2 and starts assembly 
t12 C1 finishes assembly and releases Y1, B1 and B2 
t21 C2 acquires B2 and B3 and starts assembly 
t22 C2 finishes assembly and releases Y2, B2 and B3 
t31 C3 acquires B3 and B4 and starts assembly 
t32 C3 finishes assembly and releases Y3, B3 and B4 
t41 C4 acquires B4 and B1 and starts assembly 
t42 C4 finishes assembly and releases Y4, B4 and B1 

 
Table 1: Semantic meaning of places and tran-
sitions in Figure 1. 

 
In Figure 2, r12 in (N1, M10; R1) and r21 

in (N2, M20; R2) refer to the same re-
source B2. r22 in (N2, M20; R2) and r31 in 
(N3, M30; R3) refer to the same resource 
B3. r32 in (N3, M30; R3) and r41 in (N4, M40; 
R4) refer to the same resource B4. r42 in 
(N4, M40; R4) and r11 in (N1, M10; R1) re-
fer to the same resource B1. We first ob-
tain the composite augmented marked 
graphs (N', M0'; R') of (N1, M10; R1) and 
(N2, M20; R2) via { (r12, r21) }, and com-
posite augmented marked graph (N", M0"; 
R") of (N3, M30; R3) and (N4, M40; R4) via 
{ (r32, r41) }. 

B1 

compo-
nent C1 

compo-
nent C4 

compo-
nent C2 

compo-
nent C3 

B2 

Y2 

B3 B4 

Y3 

(local 
resource) 

Y1 

Y4 

(local 
resource) 

(local 
resource) 

(local 
resource) 

t11 
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t12 

r12 r11 p11 

t21 

p22 

t22 

r22 r21 p21 

t31 

p32 

t32 

r32 r31 p31 

t41 

p42 

t42 

r42 r41 p41 

 

 

 

• • 

(N1, M10, R1) (N2, M20, R2) 

(N3, M30, R3) (N4, M40, R4) 

• 

 

 

 

• • • 

 

 

 

• • • 

 

 

 

• • • 

(common 
resources) 
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r2 

r3 
r4 

p21 

p22 

p31 p32 

p41 

p42 

t21 

t31 

t41 t22 

t32 

t42 

t11 

p12 

t12 
r1 

p11 

Figure 3 shows (N', M0'; R'), where r2 
is the place after fusing r12 and r21. Figure 
4 shows (N", M0"; R"), where r4 is the 
place after fusing r32 and r41. 

 
 
 
 
 
 
 

Fig. 3: Composite augmented marked graph 
(N', M0'; R'). 

 
 
 
 
 
 
 

Fig. 4: Composite augmented marked graph 
(N", M0"; R"). 

 
(N1, M10; R1), (N2, M20; R2), (N3, M30; 

R3) and (N4, M40; R4) are live, bounded, 
reversible and conservative. According to 
Properties 3.2 and 3.3, the composite aug-
mented marked graphs (N', M0'; R') and 
(N", M0"; R") are bounded and conserva-
tive. For (N', M0', R') where RF' = { r2 }, 
no RF'-siphons would eventually become 
empty. According to Property 3.5, (N', 
M0', R') is live and reversible. For (N", 
M0", R") where RF" = { r4 }, no RF"-
siphons would eventually become empty. 
According to Property 3.5, (N", M0", R") 
is live and reversible. 

Next, we obtain the final composite 
augmented marked graph (N, M0; R) of 
(N', M0'; R') and (N", M0"; R") via { (r11, 
r42), (r22, r31) }. Figure 5 shows (N, M0; R), 
where r1 is the place after fusing r11 and 
r42, and r3 is the place after fusing r22 and 
r31. Table 2 lists the semantic meanings of 
its places and transitions. 

Since (N', M0'; R') and (N", M0"; R") 
are live, bounded, reversible and conser-
vative, according to Properties 3.2 and 
3.3, the composite augmented marked 

graph (N, M0; R) is bounded and conser-
vative. For (N, M0; R) where RF = { r1, 
r3 }, no RF-siphons would eventually be-
come empty. According to Property 3.5, 
(N, M0; R) is live and reversible. It can be 
concluded that the integrated system is 
correct or well-behaved. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5: The final composite augmented 
marked graphs (N, M0; R). 

 
P / T Semantic Meaning 
p11 Y1 is ready 
p12 Y1 is occupying B1 and B2 and performing assembly 
p21 Y2 is ready 
p22 Y2 is occupying B2 and B3 and performing assembly 
p31 Y3 is ready 
p32 Y3 is occupying B3 and B4 and performing assembly 
p41 Y4 is ready 
p42 Y4 is occupying B4 and B1 and performing assembly 
r1 B1 is available 
r2 B2 is available 
r3 B3 is available 
r4 B4 is available 
t11 C1 acquires B1 and B2 and starts assembly 
t12 C1 finishes assembly and releases Y1, B1 and B2 
t21 C2 acquires B2 and B3 and starts assembly 
t22 C2 finishes assembly and releases Y2, B2 and B3 
t31 C3 acquires B3 and B4 and starts assembly 
t32 C3 finishes assembly and releases Y3, B3 and B4 
t41 C4 acquires B4 and B1 and starts assembly 
t42 C4 finishes assembly and releases Y4, B4 and B1 

 
Table 2: Semantic meaning of places and tran-
sitions in Figure 5. 

5. Conclusion 

This paper investigates the compositional 
correctness of system components, based 
on the property-preserving composition 
of augmented marked graphs. 
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It has been shown that, in composing 
two augmented marked graphs via their 
common resource places, boundedness 
and conservativeness are preserved while 
liveness and reversibility can be pre-
served under a pretty simple condition. 
We apply this composition of augmented 
marked graphs to component-based sys-
tem design. By modelling the compo-
nents as augmented marked graphs with 
the common resources denoted by the re-
source places, an integrated system can 
be obtained by composing these aug-
mented marked graphs via their common 
resource places. Based on the property-
preservation of this composition, the li-
veness, boundedness, reversibility and 
conservativeness of the integrated system 
can be readily derived. 

Liveness, boundedness, reversibility 
and conservativeness are key attributes 
that collectively characterise the correct-
ness and well-behavedness of a system. 
In synthesising a system from its compo-
nents, it is important to assure that these 
essential properties can be preserved, es-
pecially as there involve shared resources 
wherein erroneous situations such as 
deadlocks and capacity overflows can be 
easily induced. The composition of aug-
mented marked graphs proposed in this 
paper contributes to component-based 
system design to provide an effective 
means of synthesising a system from its 
components, where the system correct-
ness can be readily verified. 
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