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This paper presents the applications of several property-preserving Petri net process 

algebras (PPPA) to the specification and verification of manufacturing system design. It 
illustrates the applications by designing a Manufacturing System (MS) with component- 
based approach. PPPA handles the following three problems: 1) Integrating the primitive 
modules by using composite operators to create the final model; 2) Handling resource 
sharing by using place merging operators; and 3) Specifying the machining and/or as-
sembly operations by using place refinement operators. Among other features, PPPA 
does not need to verify composite components because all the operators preserve many 
properties. Hence, if the primitive modules satisfy the desirable properties, each of the 
composite components, including the system itself, also satisfies these properties. 
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1. INTRODUCTION 
 

Recently, researchers pay more attentions on the following features for manufactur-
ing system (MS) design: 
 
• Resource sharing: In a manufacturing system, resources such as robots, machines, as-

sembly lines, buffers etc. sometimes are shared by several processes. Handling re-
source-sharing becomes a very important aspect during MS design. Note that ‘sharing’ 
does not imply simultaneous usage. While simultaneous usage can be handled by 
re-enterable codes in software systems and is not allowed in manufacturing systems, 
‘sharing’ requires a resource to be occupied by some part(s) exclusively during utiliza-
tion and is released afterwards. For multiple-resource systems, a wrong order in occu-
pying and releasing these resources may cause deadlocks or overflow. In the literature, 
research for handling resource-sharing problems include mutual exclusion [29] and 
resource allocation [5, 23]. They assume that the resources will not be modified when 
they are switched from one process to another. In this paper, we handle the resource 
sharing problem by applying a property-preserving place-merging operator. Property- 
preserving means, if the original system satisfies some property, after the operators in 
the algebra were applied to it, the resultant system still has the same properties. Be-
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sides the unchangeable case in the literature [13, 16, 29], we consider the case that the 
resources are modified when they leave one process for another.  

 
• Component-based architecture: Component-based architecture allows implemented 

components to be constructed from some existing components. The architecture en- 
larges the reusability of the system modules and increases the system running speed. 
However, it faces many difficulties during integration, including operation system, in-
terfaces, communication etc. In the literature, net-based approaches concerning inte-
gration include place merging [13, 22, 25], transition merging [26], path merging [2] 
and modular synthesis [8, 9, 28]. This paper handles the integration problem by apply-
ing property-preserving composition operators [20] such as enable, choice, interleaving 
and iteration, etc.  

 
• Property-preserving algebra: In the manufacturing system design, when processes are 

modified or constituted for creating new processes, the designed properties usually be 
destroyed. In order to preserve the desirable properties, researchers pay many efforts 
on searching for the property-preserving operators for MS design. For example, [24] 
considered many property-preserving reduction rules, [10, 11, 12, 24] considered re-
finement methodologies and [13, 20, 22, 25] considered composition rules. [1, 3, 7, 20] 
include reduction, refinement and composition. Many more references can be found 
from the survey papers [4, 15]. Although there are many synthesis and reduction re-
sults for Petri nets, they need to be improved from the following perspectives: (a) The 
approaches are applied not only to special Petri nets, but also general Petri nets; (b) 
Many more system properties such as reversibility, proper termination, siphon, trap 
and so on should be preserved when the modules are merged and/or linked or stepwise 
refinements are done; and (c) Property-preserving should be verified in the approaches. 

 
The Property-Preserving Petri Net Process Algebra (PPPA) [12, 16, 20, 24] applied 

in this paper overcomes the difficulties mentioned above. 
The elements of PPPA are Petri net processes (PNP), a Petri net with a unique entry 

place, a unique exit place and a set of places for handling resource sharing. PNP is an 
extension of Workflow net [1] and agent net [19] by considering the static markings. 
PPPA has four types of operators: extensions, compositions, refinements and reductions. 
All operators can preserve about twenty properties (some under additional conditions), 
such as liveness, boundedness, reversibility, RC-property, traps, siphons, proper termina-
tion, etc. All the results concerning PPPA have been published or will be published in the 
literature [12-14, 16, 20, 24]. 

For designing the MS, our component-based approach starts by specifying the first 
level primitive modules of the MS as PNPs. Then, according to the control flow re-
quirements of the system, the first level MS are created by integrating the primitive 
modules with applications of PPPA. Finally, the implementation level MS is obtained by 
applying refinements in PPPA. Among other features, this approach has two desirable 
features for the design of MS: (1) It eliminates the need of verifying the composite com-
ponents by requiring all the operators to preserve the desirable properties. Hence, if the 
primitive PNPs satisfy these properties, each of the composite components, including the 
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MS itself, also satisfies these properties. (2) By using a property-preserving place-merg- 
ing technique, it avoids such errors as deadlock and overflow that often arise when han-
dling resource-sharing. The consideration about changeable resources makes the resource 
sharing problem more flexible.  

It should be mentioned that, in the literature, Petri net based manufacturing systems 
design can be summarized into two basic approaches: bottom-up and top-down. Bottom- 
up approach begins with the primitive modules and the final system was constructed by 
merging and/or linking of all these modules. Top-down approach begins with the first 
level Petri net model, the implementation level was reached by the stepwise refinement 
for the first level model. The component-based approach applied in this paper is in fact a 
combination of bottom-up and top-down approaches. Hence, the results concerning both 
bottom-up [2, 8, 9, 13, 25, 26] and top-down approaches [10-12, 24] are also available in 
our approach.  

For the rest of the paper, section 2 outlines how to apply PPPA to a component- 
based approach for MS design. Based on PPPA, the approach for specifying and verify-
ing the design of MSs is illustrated in detail with an example. Section 3 is devoted to the 
specification of the primitive modules and the creation of the composite components of 
MS and the verification of these components. Some concluding remarks are given in 
section 4. 

2. SUMMARY OF APPLYING PPPA TO COMPONENT-BASED  
APPROACH 

Briefly speaking, our component-based approach is a combination of bottom-up and 
top-down approaches. It starts with the creation of the first level primitive modules of the 
system. Then, similar to bottom-up approach, the first level system model is constructed 
by combining the modules. Finally, the implementation model is obtained by stepwise 
refinement. PPPA is applied mainly to the last two steps for specification and verification. 
In the following, we describe how PPPA is applied to each step of the component-based 
approach. 
 
Step 1: Creating the primitive modules. 

The subsystems and resources are described as autonomous primitive modules. 
Each module is specified as a Petri net process (PNP) [20].  

Note that for different systems, the modeling methods for the primitive modules 
may be different. For example, in a multi-agent system, the primitive modules such as 
message checker, resource-request handler, protocol selector etc. and the resources such 
as knowledge bases, environment, plan etc. are modeled according to their functions. In 
the workflow system, the primitive modules are modeled according to the workflow of 
the system. In this paper, the primitive modules for a manufacturing system are modeled 
according to the relations between the basic operations and the resources used in the op-
erations in the system. In order to simplify the verification procedure and provide a cor-
rect system model, each operation of the system is modeled as a single place. Hence, the 
structure for each primitive module is very simple and the verification for each module is 
trivial.  
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Step 2: Creating the first level system model. 
According to the relations between the primitive modules, the PNPs created in step 

1 are integrated via some composition operators such as choice, enable, etc. or modified 
by applying some refinement and reduction operators. Resource sharing, if being part of 
the requirements, will be resolved by place merging. The resultant system is also a PNP. 

In this step, PPPA are mainly applied to solve the following problems: 
 
(1)  Integrating the modules by using composition operators and reduction operators.   

Previous research integrates the components by merging places [13, 22, 25], merg-
ing transitions [26], merging paths [2] or modular synthesis [8, 9, 28]. By the integration 
methods, except P-invariant, liveness and boundedness, no other properties can be veri-
fied. In this paper, composition operators such as choice, enable, etc in PPPA are applied 
to the integration of components. To simplify the structure of the system models and do 
not change the functions of the system, reduction operators are used. Composition op-
erators and reduction operators can preserve not only liveness, boundedness and reversi-
bility. They can preserve or conditionally preserve many other properties such as proper 
termination, P-invariant, siphon, trap and so on.  

 
(2)  Handling resource sharing by place merging.   

Handling resource sharing is a hard problem in the system design. [29] solves this 
problem by using parallel and sequential exclusion techniques. Although it is an efficient 
tool for verifying liveness, boundedness and reversibility, the technique itself is too com-
plex and cannot be used to check many other properties of the system.  

Place merging is found to be very efficient for handling resource sharing problems 
in systems design. In the literature, conclusions for place merging are limited to preserv-
ing P-invariant [13], T-invariant [22] and liveness [25]. Recently, preserving many other 
properties is proved possible for place merging operators [16].  

In this paper, the resources used in different modules are considered to be different. 
As will be seen in section 3, these resource places representing the same resources are 
merged into single ones. 
 
Step 3: Creating the implementation level system model. 

In step 1, each module is modeled as the first level model. Hence, the model for the 
system after integrating the components is still at the first level. In order to obtain the 
implementation model, some places or transitions are needed to be refined with their 
detailed functional models. In this paper, since each operation is modeled as a single 
place, place refinement is applied to specify the operations. In the previous research, re-
sources are considered to be unchangeable during proceeding in the system. In this paper, 
resources are permitted to be modified when they leave one process for another. This 
assumption makes our models more flexible. Hence, after place merging for handling 
resources sharing, place refinement should be applied to the resource places in order to 
specify the modification for the resources.  

In fact, this step is similar to the top-down approach. Hence, besides place refine-
ment operators in this paper, other synthesis and reduction techniques [10-12, 24] in the 
top-down approaches are applicable in this step when necessary.  
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Step 4: Verifying the system model.  
No much effort is needed for verification in our approach because of the property- 

preserving characteristics of all the operators. In fact, if the constituent PNPs satisfy such 
properties as liveness, boundedness, reversibility and proper termination, the intermedi-
ate PNPs obtained by applying these operators satisfy these properties as well. However, 
the burden is shifted to making sure that the initial PNPs satisfy these properties. 

3. APPLICATION OF PPPA TO MANUFACTURING SYSTEM DESIGN 

This section illustrates the application of PPPA with an example of designing a 
manufacturing system. The organization of this section is according to the steps de-
scribed in section 2. 
 
3.1 Creating the Primitive Modules 
 

This subsection specifies the various primitive modules of the manufacturing sys-
tem as a set of PNPs, which corresponds to step 1 outlined in section 2. 

The manufacturing system constructs the final product from three primitive parts by 
using four machining centers MCi (each MCi contains a machine Mi), i = 1, 2, 3, 4, two 
assembly stations A1 and A2, two robots R1 and R2 and a buffer B. 

The production is produced as follows: 
 

1. Part 1 is machined by M1. Part 2 is machined by M2. Each part is automatically fix-
tured to a pallet and loaded into the machine. 

2. After processing, Parts 1 and 2 enter assembly station A1 for producing Part S. When 
either A1 or A2 is ready to execute the assembly task, it requests both robots R1 and R2 
and acquires them if they are available. When A1 (A2) completes, it releases both ro-
bots. 

3. Part 3 is machined first by M3 and then by M4. In M3, the part is automatically fixtured 
to a pallet and loaded into the machine. After processing, robot R1 unloads the inter-
mediate part from M1 into buffer B and M1 is released.  

4. At machining center MC4, intermediate part is automatically loaded into M4 and proc-
essed. When M4 finishes processing a part, robot R1 unloads the final product Part T 
and releases M4. 

5. Assembly station A2 assembles Parts S and T to produce the final products. 
6. It is assumed that input parts are always available to be fixtured and that the finished 

products are removed. 
7. Robot R1 needs to be modified when it is switched from one user to another. When R1 

is switched from A1 to A2, it needs to be oiled; before entering M3 or M4 from A2, robot 
R1 needs the addition of some parts; before R1 is switched from M3 or M4 to A1, the oil 
left from M3 or M4 should be cleaned. 

 
We assume that once the system is executed, it cannot be interrupted. To avoid mix-

ing two independent execution cycles of a PNP, one has to either use colored Petri nets 
or control the procedure of entering into the process. We adopt the second approach in 
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order to simplify the illustration. In other words, the system cannot begin a new iteration 
before termination. 
 
• Modeling the Primitive Modules in the Manufacturing System (Fig. 1). 

In our approach, each module is specified as a marked process. When the entry 
place is marked, the process is executable. When the exit place has a token, the process 
terminates immediately. A place represents a resource status or an operation. A transition 
represents either start or completion of an operation process.  
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r11, r12: resource places for robot R1;  
r2i, i = 1, 2, 3, 4: resource places for robot R2; 
mi: resource places for machine Mi, i = 1, 2, 3, 4; 

b: resource place for buffer B; 
pi, i = 1, 2, …, 9: operation places for the operation processes; 
ti, i = 1, 2, …, 16: start or completion of an operation. 

Fig. 1. Petri net processes for the primitive modules of MS. 

 
Machining Center MC1 (Fig. 1 (a)): This module has one operation for machining Part 
1. When the machine M1 is available (i.e., resource place m1 has a token), Part 1 begins to 
be machined by firing transition t1. p1 is the operation place, when it has a token, the 
machining operation is performed. Transition t2 represents the completion of the ma-
chining operation. After firing t2, the machine M1 is available again. 
Machining Center MC2 (Fig. 1 (b)): The Petri net process for this module is similar to 
process MC1 except that it is for machining Part 2. 
Assembly Station A1 (Fig. 1 (c)): This module assembles Parts 1 and 2 to produce Part S. 
When both robots are available (i.e., resource places r11 and r21 have tokens), the assem-
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bly can begin by firing transition t5. When the assembly is completed, i.e., firing transi-
tion t6, both robots are released. 
Machining Center MC3 (Fig. 1 (f)): This module has two operations, i.e., machining 
Part 3 and unloading the intermediate part. When the machine M3 is available, i.e., place 
m3 has tokens, Part 3 can be machined by firing transition t11. Place p6 is the operation 
place, representing performing of the machining operation when it has tokens. After ma-
chining, the intermediate part is unloaded if robot R1 is available. Transition t12 repre-
sents the completion of machining operation and the beginning of the unloading opera-
tion. Place p7 is the operation place, representing the process of unloading operation. 
After unloading, both robot R1 and machine M3 are released. 
Buffer B (Fig. 1 (e)): This module stores the intermediate part produced from module 
MC3. When the buffer is available (i.e., resource place b has a token), the intermediate 
part can be stored by firing transition t9. When the intermediate part is removed by firing 
transition t10, the buffer is released. 
Machining Center MC4 (Fig. 1 (g)): The intermediate part produced by MC3 and stored 
in buffer B is processed in this module to produce Part T. The process is similar to that in 
module MC3 and thus the Petri net process for this module is similar to MC3. 
Assembly Station A2 (Fig. 1 (d)): Parts S and T are assembled in this module. The proc-
ess is similar to that in module A1 and thus the Petri net process for this module is similar 
to A1. 
Machining Operation MO (Fig. 1 (h)): This is a Petri net process specifying the opera-
tions in Machining Center MC1. When the conveyor C is available, raw materials for Part 
1 are moved from the storage to the Machining Center MC1. Transitions t23 and t24 repre-
sent the start and completion of the movement operation, respectively. Place p13 is the 
operation place. After the materials enter the machine, Part 1 begins to be machined. 
Place p14 represents the machining process and its associated transitions represent the 
start and completion of the machining process, respectively. 
 
3.2 Creating the System Model 
 

This subsection describes in detail how to apply the operators of PPPA for creating 
MS from the PNPs obtained in section 3.1., which corresponds to steps 2-3 outlined in 
section 2. 

 
Step 2.1: Integrating the modules by using composition and reduction. 

This sub-step applies the composition operators and reduction operators on the 
PNPs of Fig. 1. The intermediate PNPs are shown in Fig. 2. The technical details about 
the composition operators ENABLE, CHOICE, INTERLEAVING can be found in [20] 
and the reduction operator REDUCE-PATH can be found in [20]. 
 
(a)  Modules MC1 and MC2 are integrated with the operator INTERLEAVING, resulting 

in the PNP MC12 (Fig. 2 (a)). This integration is motivated by the fact that MC1 and 
MC2 handle Parts 1 and 2 asynchronously.  
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(d) Process for P12, the result of integrating P1 and 

P2 with the operator INTERLEAVING and re-
ducing paths (MC12_X, ε3, A1), (MC3_X, ε4, B) 
and (BX, ε5, MC4) to A1, B and M4, respectively, 
by the operator REDUCE- PATH. 

(e) Process for MS, the result of integrating 
P12 and A2 with the operator ENALBE 
and reducing the path (P12_X, ε8, A2) (not 
shown) to A2 by the operator REDUCE- 
PATH. 

Fig. 2. Step 2.1 for constructing the manufacturing system MS. 

 
(b)  Components MC12 and A1 are integrated with the operator ENABLE, resulting in the 

PNP P1 (Fig. 2 (b)). This integration is motivated by the fact that, after machining 
Parts 1 and 2 in MC1 and MC2, respectively, the next step is to assemble these parts 
in A1. 
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(c)  Modules MC3, B and MC4 are integrated with the operator ENABLE, resulting in the 
process P2 (Fig. 2 (c)). This integration is motivated by the fact that, Part 3 is first 
machined in M3, then stored in the buffer B and at last machined in M4. 

(d)  Components P1 and P2 obtained in (b) and (c), respectively, are first integrated with 
the operator INTERLEAVING. Then, the paths (MC12_X, ε3, A1), (MC3_X, ε4, B) and 
(BX, ε5, MC4) are reduced to single places A1, B and MC4, respectively, by using the 
operator REDUCE-PATH. The result is the PNP P12 shown in Fig. 2 (d). This inte-
gration is motivated by the fact that P1 and P2 handle Parts S and T asynchronously. 

(e)  Components P12 and A2 are first integrated with the operator ENALBE. Then, the 
path (P12_X, ε8, A2) (not shown) is reduced to place A2 by using the operator RE-
DUCE-PATH. The result is the PNP MS shown in Fig. 2 (e). The Petri net represen-
tation of process MS is shown in Fig. 3 (a). 
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Fig. 3. Petri net Processes for MS before and after merging the resource places. 
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Step 2.2: Handling resource sharing by using place merging. 
This step resolves the resource sharing problem arising in step 2.1. The shared ro-

bots R1 and R2 are represented in Fig. 3 by places having the same label but with different 
suffices. For example, robot R1, the resource shared by A1, A2, MC3 and MC4, has place 
labels r11, r12, r13 and r14, respectively. Robot R2, the resource shared by A1 and A2, has 
place labels r21 and r22, respectively. Obviously, in an integrated system, the places rep-
resenting the same resource should be merged into a single place. Such merging is done 
according to REDUCE-N-PLACE [16]. The resulting PNP is shown in Fig. 3 (b). 
 
Step 3: Creating the implementation level system model by stepwise refinement. 

In our modeling approach, each operation is represented by an operation place. In 
order to provide a more detailed specification of the operation processes, the operation 
places can be refined with their detailed Petri net processes. The PNP Machining Opera-
tion MO in Fig. 1 (h) is an example for the operation place p1 in the module MC1 (Fig. 1 
(a)) and the process MS (Fig. 3 (b)). The refinement process is done by using the opera-
tor PLACE-REFIENMENT [12, 24]. To simplify the appearance of the figure, refining 
place p1 in Fig. 3 (b) is not shown. 

The ‘place merging’ process in step 2.2 shows that robot R1 is shared by several 
processes. However, R1 is assumed to be able to accommodate the shift differences be-
tween those modules. Hence, place r1 in Fig. 3 (b) represents a function call to a subnet 
called Robot Modification RM shown in the ellipse in Fig. 4. This subnet handles three 
operations, i.e., oiling, adding parts and cleaning oil. Places p10, p11 and p12 represent 
these three operations, respectively. Their associated transitions represent the start or 
completion of the corresponding operations, respectively. After refinement for Fig. 3 (b), 
the resulting PNP is shown in Fig. 4. 
 
3.3 Verifying the System Model 
 

In this subsection, it will be shown that all the primitive modules created in step 1 
and all the composite components created in steps 2 and 3 are correct, which corresponds 
to step 4 outlined in section 2. For this example, a component is considered to be correct 
if it is almost live, bounded and almost reversible and terminates properly. In general, it 
is up to the designer to select the set of properties for defining the meaning of correctness. 
 
• Correctness of the primitive modules created in section 3.1: 

A component-based approach starts with a set of correct primitive modules. For MS, 
they are PNPs MC1, MC2, MC3, MC4, A1, A2, B and MO as shown in Fig. 1. Since their 
structures are quite simple, it is not hard to see that every one of them is a PNP and is 
correct. For example, all of them cannot self-start. Since every associated process in Fig. 
1 is a strongly connected marked graph and each cycle has exactly one token, the PNPs 
in Fig. 1 are almost live and bounded [21]. Another example is the proper termination 
property of the module MC3 in Fig. 1 (f). This PNP has only one possible firing sequence 
σ = t11t12t13 such that, after firing the sequence, a token is deposited into the exit place 
MC3_X and, by the definition of a process, execution should terminate. At this moment, 
initial token distribution (except that the token in the entry place is now in the exit place) 
is resumed, meaning that termination is proper. 
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Fig. 4. Process MS after applying the place refinements. 

 
• Correctness of the PNPs after composition and reduction in step 2.1 of section 3.2: 

It will be shown that every PNP produced in step 2.1 of section 3.2 is correct. In 
step 2.1, MC1 and MC2 are first integrated by using the operator INTERLEAVING, re-
sulting in MC12 (Fig. 2 (a)). Next, MC12 and A1 are integrated by using the operator EN-
ABLE, resulting in P1 (Fig. 2 (b)). MC3, B and MC4 are integrated by using the operator 
EN- ALBE again, resulting in P2 (Fig. 1 (c)). Then, components P1 and P2 are integrated 
by using NTERLEAVING again, resulting in P12 (Fig. 2 (d)). Since MC1, MC2, A1, MC3, 
B and MC4 are all correct, it follows from Theorems 6.1, 6.2 and 6.3 in [20] that P12 is 
correct. Step 2.1 (d) also reduces the paths (MC12_X, ε3, A1), (MC3_X, ε4, B) and (B_X, ε5, 
MC4) to places A1, B and MC4, respectively. Since •MC12_X ≠ ∅, MC12_X

 • = {ε3} and 
M0(A1) = 0, •MC3_X ≠ ∅, MC3_X

 • = {ε4} and M0(B) = 0, •B_X ≠ ∅, B_X • = {ε5} and 
M0(MC4) = 0, by Theorems 3.4 and 4.2 in [12], the properties are preserved. Hence, P12 
is correct. In step 2.1 (e), P12 and A2 are integrated by using the operator ENABLE and 
the path (P12_X, ε8, A2) is reduced to place A2. Since both P12 and A2 are correct, by Theo-
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rem 6.1 in [20], the produced process MS0 (not shown) obtained by integrating P12 and A2 
is correct. In MS0, since A2

• ≠ ∅, •A2 = {ε8} and M0(A2) = 0, the condition of Theorem 2 
in [14] is satisfied. Hence, reducing the path preserves the correctness and the process 
MS is correct. That is, the Petri net process (N1, M1) for MS shown in Fig. 3 (a) is almost 
live, bounded, almost reversible and terminates properly. 

• Correctness of the PNPs after place merging in step 2.2 of section 3.2: 
In step 2.2, two sets of resource places Q1 = {r11, r12, r13, r14} and Q2 = {r21, r22} in 

(N1, M1) (Fig. 3 (a)) are merged by REDUCE-N-PLACE to r1 and r2, respectively, re-
sulting in Petri net process (N2, M2) (Fig. 3 (b)) and P0 = {MS, P1, P2, MC1, MC2, MC4, 
m1, m2, m3, m4, MC1_X, MC2_X, A1, P1_X, P2_X, A2, A2_X, B, b, p1, p2, p3, p4, p5, p6, p7, p8, p9}. 
In the following, it will be shown that (N2, M2) is almost live, bounded and almost re-
versible by applying results in [16]. Furthermore, it can be observed that (N2, M2) termi-
nates properly.  

We can verify the following conditions are satisfied in (N1, M1): (1) (N1, M1) satis-
fies the rsd-MST-property [16]; (2) For every p ∈ P0, there exists an rsd-siphon D such 
that p ∈ D and the D-induced subnet ND is a state machine; (3) For every Qi where i =1, 2, 
there exists an rsd-siphon D such that Qi ⊆ D and the D-induced subnet ND is a state ma-
chine. By the results in [16], (N2, M2) is almost live and bounded.  

In the following, we will show that the Petri net (N2, M2) is almost reversible. Firstly, 
it will be shown that the associate process of (N1, M1) is a live augmented marked graph 
by checking the conditions in the definition of augmented marked graph [6, 30] one by 
one. 1) (N1, M1) | (Q1 ∪ Q2) is almost live and bounded. After deleting some resource 
places, the correctness of each process in Fig. 1 is not changed. By step 2.1, (N1, M1) is 
still correct even if the resource places are deleted. 2) Each resource place is associated 
with a transition pair (ai, bi) and there exists an elementary path Oi from ai to bi. For ex-
ample, resource place r11 is associated with (t5, t6) and there exists an elementary path (t5, 
p3, t6) from t5 to t6. 3) Every resource place is marked by M1 and no elementary path Oi is 
marked by M1. Secondly, for every siphon D of N1, if Qi ⊆ D, there exists a trap S 
marked by M1 within D such that S ⊆ P0 ∩ D or Qi ⊆ S. By [16], (N2, M2) is almost re-
versible. 

Finally, it can be observed that (N2, M2) terminates properly. 

• Correctness of the PNPs after the refinements in step 3 of section 3.2: 
Since process MO is correct and place p1 in MC1 (therefore in the process (N, M0)) 

has input transition t1, it follows from Theorems 3.4 and 4.2 in [12] that refining place p1 
with the process MO shown in Fig. 1 (h) preserves the correctness. For simplicity, refin-
ing place p1 in (N, M0) is not shown. 

Since refinement subnet RM is a strongly connected state machine, by 3 in [14], re-
fining place r1 with subnet RM preserves the correctness of (N2, M2). Hence, the Petri 
net process (N, M0) in Fig. 4 is correct. 

4. CONCLUSION 

Due to its great variation in requirements and proneness to modification, it is not 
feasible to pinpoint a specific architecture and an initial set of primitive modules for the 
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design of general MS. It seems more appropriate just to adopt an open, correctness- 
guaranteed and component-based approach so that different MSs may start from different 
primitive modules and be composed in different ways. This paper has presented a formal 
approach for such a purpose. The approach has two main features: (1) It includes an al-
gebra that provides the means for representing the MS modules as Petri net processes, 
integrating simple modules into composite ones. Though only three composition opera-
tors, namely, ENABLE, CHOICE, and INTERLEAVING, one refinement operator and 
some reduction operators are described in this paper because of space limitation, this 
algebra in fact includes many other operators [1, 3, 7, 10, 11, 17, 18, 20, 27]. Hence, very 
complex modules and MS architectures can be created. (2) A property-preservation re-
quirement is embedded into the algebra for guaranteeing the correctness in every step of 
the integration process. In fact, every operator of this algebra can preserve about twenty 
properties, though only the four most basic ones, namely, liveness, boundedness, reversi-
bility and proper termination are considered in this paper. Hence, manufacturing system 
with a great variety of property requirements can be designed. 
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