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Abstract Graphical workflow modeling tools, such as UML and DAG, can facilitate
users to express workflow process logic, but lack of abilities to carry out simula-
tion and correctness checking. In this paper, based on Petri net, we propose a service
composition oriented Grid workflow model and its related six elementary workflow
patterns: sequence, condition, iteration, concurrency, synchronization, and trigger-
ing. In addition, we present our Grid workflow analysis approaches on three aspects:
workflow reachability verification, workflow deadlock verification, and workflow op-
timization. The experimental results show that our workflow verification and opti-
mization mechanisms are feasible and efficient.

Keywords Grid workflow · Workflow modeling · Reachability verification ·
Deadlock verification · Workflow optimization

1 Introduction

Grid systems and applications aim to integrate and manage resources and services
across dynamic distributed heterogeneous virtual organizations (VOs) [1]. Currently,
Grid technologies are evolving toward service-oriented architecture, e.g., Open Grid
Service Architecture (OGSA). By encapsulating distributed and heterogeneous hard-
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ware and software resources in standard interfaces, loosely coupled Grid services
such as web services or WSRF (Web Service Resource Framework) services be-
come dynamically discoverable and composable, and are widely viewed as the back-
bone for the new generation of cross-platform, cross-language distributed computing.
Therefore, there is great potential of orchestrating elementary Grid services (atomic
service) to gain new value-added composite service with workflow process logic.
Grid workflow [2] can be seen as a collection of tasks that are processed on dis-
tributed resources in a well-defined order to accomplish a specific goal, which brings
a bright future for scientific, commercial and industrial applications.

Currently, there are a number of visual modeling tools supporting the description
of workflow applications, such as UML (Unified Modeling Language) activity dia-
gram [3], DAG (Directed Acyclic Graph) [4] and other workflow language-specific
GUI software. Because these tools can help users concentrate on workflow process
logic, reduce complexity and confusion, and raise productivity, they are more pre-
ferred by users rather than the language script based modeling. However, shortcom-
ings of these tools are obvious. For instance, DAG can merely support two work-
flow patterns: sequence and concurrency. Therefore, it cannot completely describe
a Grid workflow containing other fundamental patterns, such as condition, iteration,
synchronization, and triggering. Furthermore, these tools lack abilities of perform-
ing workflow analysis, such as simulation, validation, verification, and optimization.
Since it is difficult to make any modifications at the time when an established work-
flow instance is running, workflow model analysis is widely acknowledged essential,
especially for constructing large-scale and complex workflows.

Based on Petri net, this paper presents a service composition oriented Grid work-
flow model and its related six elementary workflow patterns: sequence, condition,
iteration, concurrency, synchronization, and triggering. In addition, we propose our
Grid workflow analysis approaches on three aspects: workflow reachability verifica-
tion, workflow deadlock verification, and workflow optimization. To facilitate com-
mon users to establish Grid workflow model, we design a GUI oriented Grid work-
flow modeling toolkit which supports the above six elementary workflow patterns and
implements our verification and optimization analysis approaches. Now the toolkit
has been adopted as a component of our Grid workflow management system in CGSP
(ChinaGrid Support Platform) [5].

The rest of this paper is organized as follows. Section 2 presents the service com-
position oriented Grid workflow model and its related workflow patterns. Section 3
details three Grid workflow analysis approaches: reachability verification, deadlock
verification, and optimization. In Sect. 4, the architecture and the prototype of a Petri
net based Grid workflow modeling toolkit is introduced. Experiments and perfor-
mance evaluation are made in Sect. 5. Section 6 gives an overview about related
works. Finally, we make a conclusion for our works.

2 Grid workflow model

Petri nets [8], as graphical and mathematical tools, provide a uniform environment
for modeling, analysis, and design of discrete event systems. Petri nets have been
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extensively used in workflow analysis [9–11], such as unreachable activities and con-
flicting actions checking, correctness analysis and validation, deadlock prevention,
process optimization. In this section, based on Petri net, service composition oriented
Grid workflow model and its related workflow patterns are presented.

2.1 Grid workflow net

A Petri net is a particular kind of directed bipartite graph with two node types called
places and transitions. The nodes are connected via directed arcs. Connections be-
tween two nodes of the same type are not allowed. Places are represented by circles
and transitions by rectangles. A formal definition of Petri net is as follows [12]:

Definition 1 (Petri net) A Petri net (PN) is a 5-tuple, PN = (P,T ,F,W,M0), where:
P = {p1,p2, . . . , pm} is a finite set of places;
T = {t1, t2, . . . , tn} is a finite set of transitions;
F ⊆ (P × T ) ∪ (T × P) is a set of arcs (flow relation);
W : F → {1,2,3, . . .} is a weight function;
M0 : P → {0,1,2,3, . . .} is the initial marking;
P ∩ T = Φ and P ∪ T �= Φ .

Places may contain a natural number of tokens. A distribution of tokens over the
places of a net is called a marking. A transition of a Petri net may fire whenever there
is a token at the start of all input arcs; when it fires, it consumes these tokens, and
places tokens at the end of all output arcs.

Based on Petri net, we proposed service composition oriented Grid workflow net.

Definition 2 (Grid workflow net) A Grid workflow net (GWFN) is a 4-tuple,
GWFN = (P,T ,F,R), where:
P = {p1,p2, . . . , pm} is a finite set of places (state) which can be either a finished
state or a ready state for an atomic service.
T = {t1, t2, . . . , tn} is a finite set of transitions representing execution of atomic ser-
vices.
F ⊆ (P × T ) ∪ (T × P) is a set of directed arcs (flow relation). Each arc is directed
either from a place to a transition or from a transition to a place.
R = {R1,R2, . . . ,Rm} is the set of Grid resources required by each transition execu-
tion. Accordingly R1 = {r1, r2, . . . , ri , . . .} is denoted as the required Grid resources
when the transition t1 is executed, in which ri is a specific Grid resource, such as file,
database, and computing node.

In GWFN, a token representing data can migrate to an atomic service as its input.
An atomic service can be invoked only if all tokens it required have reached. During
the execution of the service, it consumes these tokens and will produce the outputs as
some other new tokens.

Suppose place p1 is the source (the input of Grid workflow) place and pm is the
sink (the output of Grid workflow) place. If a transition t is added to connect place
p1 with pm, then the resulting GWFN is strongly connected. Therefore, from the
prospective of graph theory, a Grid workflow model with GWFN is not a strongly
connected graph.
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Fig. 1 Grid workflow patterns

2.2 Grid workflow patterns

Workflow patterns describe the process logic of composite service in which a series
of atomic services taking place. Aalst et al. presented 20 basic workflow patterns [13],
such as fork, AND-join, XOR-split, XOR-join. In our Grid platform, from a different
view, we propose six elementary structured patterns, which are sequence, condition,
iteration, concurrency, synchronization, and triggering, as shown in Fig. 1. A transi-
tion in Fig. 1 indicates the execution of an atomic service. All these elementary Grid
workflow patterns can be nested and combined recursively.

The six workflow patterns are described as follows:

• A sequence pattern consists of atomic services executed sequentially, denoted as
a1 → a2.

• A condition pattern supports alternative routing between atomic services, denoted
as a1 ∨ a2.

• An iteration pattern supports repeated performance of a specified iterative atomic
service, denoted as ∞a1.

• A concurrency pattern provides parallel execution of atomic services, denoted as
a1‖a2.
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• A synchronization pattern provides coordination execution among atomic services,
especially for atomic services sharing critical sections, denoted as a1//a2.

• A triggering pattern provides execution based on external events. A trigger is an
external condition leading to the execution of an enabled atomic service. The most
common triggers are time and message. An atomic service triggered by time is
invoked at a predefined time, denoted as 
a1. An atomic service triggered by mes-
sage is invoked at the coming of the specific message, denoted as ♦a2.

3 Grid workflow verification and optimization

As mentioned above, for large-scale workflows, it is essential to make workflow anal-
ysis, namely verification and optimization, after workflow modeling is finished. Ver-
ification can help users analyze whether Grid workflow definitions are correct, and
then make modifications if necessary. In contrast, optimization can help users analyze
whether Grid workflow logics are optimum and clarifying or not. In this section, we
present our approaches to Grid workflow verification and optimization.

3.1 Workflow reachability verification

Reachability means a Grid workflow model can reach any specific state as the result
of required execution of atomic services. This problem can be described as that for
an arbitrary place Pi in GWFN, whether there exists a series of executable transitions
T = {t1, t2, . . . , tk} from the source place P1 to Pi .

For a given Grid workflow model with GWFN, starting with the source place P1,
some new places can be reached through different transitions. Then starting with
these new places, some other places can be reached accordingly. Therefore, if the
source place P1 is regarded as the root of a tree, those reached places through once
transition can be the direct decedents of the root node. Accordingly, a Grid workflow
model with reachability can be transformed into a tree.

In this paper, we propose the Grid workflow reachability verification algorithm by
constructing the coverability (reachability) tree [14, 15], as described in Algorithm 1.

As shown in Algorithm 1, firstly, the status of each place in the Grid workflow
model is labeled as “unknown” (line 1).

Secondly, an empty queue Q is created, and the source place P1 is put into Q, that
is, Q = {P1} (lines 2–3). Then P1 is set as the root of the coverability tree, and P1’s
status is revised as “added” (line 4).

Thirdly, the head element of Q is taken out as Pi , while Pi is removed from Q

(line 6). Then the places directed from Pi through only once transition are grouped
into an empty list L (lines 7–8). For each place Pj in L, if its status is “unknown”,
then Pj is added into the queue Q, Pj is added as the direct successor node of Pi in
the coverability tree, and its status is revised as “added” (lines 10–13). This process
is repeated until the queue Q is empty.

Generally, constructing the coverability tree adopts the breadth first traversal of
the Grid workflow model. Thus, all reachable places are added into the coverability
tree, and for each of them, its status is revised as “added.” Therefore, those remaining
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Algorithm 1 Reachability verification algorithm

1. label the status as “unknown” for each place Pm ∈ P ;
2. create an empty queue Q = {};
3. add the source place P1 to the queue Q;
4. set P1 as the root, and label P1’s status as “added”;
5. while (Q �= ∅)

6. take the head element Pi from Q, and remove Pi from Q;
7. create an empty list L = {};
8. add the places directed from Pi through only once transition to L;
9. for (each Pj ∈ L)

10. if (Pj ’s status == “unknown”) then
11. add Pj to the queue Q;
12. add Pj as Pi ’s direct successor in the tree, and label Pj’s status as “added”;
13. end if
14. end for
15. end while
16. if (exist places labeled as “unknown”)
17. return (the workflow model is unreachable);
18. else
19. return (the workflow model is reachable);

places still labeled as “unknown” are unreachable places. If there were unreachable
places in a given Grid workflow model, we can come to the conclusion that the work-
flow model is unreachable. Otherwise, it is reachable.

For a given Grid workflow model, if there were unreachable places, either the
unreachable place can be removed or some proper revisions must be done for the
workflow process.

3.2 Workflow deadlock verification

Grid workflow deadlock refers to a situation in which a workflow instance gets into
a stalemate so that no activity can be executed. A deadlock may occur in such a
situation: a set of atomic services are executed concurrently and they share a set
of resources. However, during the execution, an incorrect control may result in re-
source access confliction, that is, none of these atomic services can progress due to
the fact that the critical resources they need have been allocated and unavailable.
Consequently, the Grid workflow instance can never reach the reachable state.

Generally, if there were critical resources required by atomic services, the dead-
lock may potentially exist in the Grid workflow. For instance, in a given Grid work-
flow model, suppose t1 and t2 are two atomic services which can be executed in
parallel, that is, t1‖t2. R1 = {ri , rm, rn} and R2 = {rm, rn, rq} are the Grid resources
sets required by t1 and t2, respectively. Accordingly, R1 ∩ R2 = {rm, rn}. Obviously,
there are critical resources rm and rn required between t1 and t2. This may probably
result in deadlock during workflow execution.

Therefore, Grid workflow deadlock verification is mainly to check whether there
exist critical resources required between parallel atomic services. In this paper, based
on Algorithm 1, we propose the potential deadlock verification algorithm, as detailed
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in Algorithm 2. Note that for a given Grid workflow model, before making potential
deadlock verification using Algorithm 2, we suppose that it has been transformed into
a coverability tree. Each node in the tree stands for an atomic service.

Algorithm 2 Potential deadlock verification algorithm

1. label the status as “unchecked” for each node in the coverability tree;
2. for (each node ti labeled as “unchecked”)
3. create an empty list N = {};
4. add ti to N , and label ti as “checked”;
5. for (each node tj labeled as “unchecked”)
6. if (tj is neither ti ’s precedent nor ti ’s successor) then
7. add tj to N , and label tj as “checked”;
8. end if
9. end for

10. if (the number of elements in N is larger than 1)
11. suppose N = {ti , tj , tp, tq , . . .};
12. R = Ri ∩ Rj ∩ Rp ∩ Rq ∩ . . . ; // R is the collection of critical resources
13. if (R �= ∅) then
14. potential deadlocks exist among atomic services in N = {ti , tj , tp, tq , . . .};
15. end if
16. end if
17. end for

As shown in Algorithm 2, firstly, the status of each node in the coverability tree is
labeled as “unchecked” (line 1).

Secondly, for each node ti labeled as “unchecked” in the tree, Algorithm 2 tries to
find other nodes that might be executed with ti in parallel. The procedure to find other
nodes might be executed with ti concurrently is as follows: (1) An empty list N is
created, then ti is added to N and labeled ti ’s status as “checked” (lines 3–4). (2) The
coverability tree is traversed to examine whether there exist other nodes (e.g., tj ) la-
beled as “unchecked” is neither ti ’s precedent (including indirect precedent) nor ti ’s
successor (including indirect successor). If there was tj , then tj is added to N and it
is labeled as “checked” (line 5–9). (3) If the number of elements in N is larger than 1,
supposing N = {ti , tj , tp, tq , . . .}, R = Ri ∩ Rj ∩ Rp ∩ Rq ∩ · · · is the intersection
of resource set required by these nodes (lines 11–12). If R �= ∅, that means there
exists the critical resource required by those nodes executed in parallel. That is, po-
tential deadlocks exist among atomic services in N = {ti , tj , tp, tq , . . .}. This process
is repeated until all nodes in the coverability tree have been checked.

As mentioned above, the critical resource required by atomic services might cause
the deadlock during Grid workflow execution. Therefore, if a given Grid workflow
model needs the critical resources, the Banker’s algorithm can be adopted to make
deadlock avoidance. The algorithm prevents deadlock by denying or postponing the
resource request from an atomic service if it determines that accepting the request
could put the system in an unsafe state (one where deadlock could occur). Firstly,
before a given atomic service enters, it must declare the “total” resource require-
ments, that is, the maximum need for each resource type. For each type of resource,
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Fig. 2 Optimization of
sequence to concurrency

if the “total” resource requirements exceed the total number of resources in the Grid
workflow system, the request is impossible and must be denied. Otherwise, the Grid
workflow system checks whether the available resources can satisfy the “current”
resource requirement of the atomic service. If it is true, these resources are allo-
cated and the atomic service is granted to start executing. Secondly, during the Grid
workflow execution, suppose more resources are required by one of those running
atomic services, the system makes the determination by “pretending” to grant the
request and then looking at the resulting post-granted request system state. If the al-
location leaves system in safe state, the resource request will be granted. Otherwise,
the atomic service will be suspended until other atomic services release enough re-
sources.

3.3 Workflow optimization

When implementing Grid workflow modeling, people are likely to concentrate the
correctness of workflow logic but easily ignore its performance. However, the per-
formance of Grid workflow is also of vital importance, especially for large-scale and
complex workflow processes. Based on GWFN, we propose two theorems of opti-
mization mechanism.

Theorem 1 In a GWFN, a1, a2 ∈ T ,p∗ ∈ P,R1 and R2 are the Grid resources sets
required by a1 and a2, respectively. If

(1) a1 → a2, p∗ is the output state of a1, and p∗ is the input state of a2;
(2) a2 does not rely on p∗;
(3) R1 ∩ R2 = ∅.

Then a1 → a2 can be optimized to a1‖a2.

As shown in Fig. 2(a), if a1 → a2, the invocation of a2 does not depend on the
outcome state of a1, and there is no critical resource required by a1 and a2, then a1

and a2 can be executed concurrently, as shown in Fig. 2(b).
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Fig. 3 Optimization of
sequence to iteration

Theorem 2 In a GWFN, a1 ∈ T , if a1 → a1, then a1 → a1 can be optimized to ∞a1.
As shown in Fig. 3(a), if a1 → a1, then a1 can be executed repeatedly, as shown in

Fig. 3(b).

As mentioned above, elementary Grid workflow patterns can be nested and com-
bined recursively. Accordingly, a1 and a2 in these two theorems can be either ele-
mentary patterns or nested patterns.

4 System architecture and implementation

To facilitate common users to establish the Grid workflow model, we designed and
implemented a graphical workflow modeling toolkit integrating the above presented
Grid workflow modeling, verification, and optimization mechanism. Because BPEL
(Business Process Execution Language) is the most widely used service composition
oriented workflow language [6], we adopted it as our Grid workflow description lan-
guage in this toolkit. The studies in [16, 17] have analyzed the semantics between the
Petri net and BPEL. It points out that each element of BPEL can be represented by
a modular Petri net. Hence, every workflow process specified in BPEL can be trans-
formed into Petri nets. Based on this, our primary design principle of the toolkit is:
(1) to facilitate users to describe their Grid workflow instances in BPEL with graph-
ical interface; (2) to transform the workflow instance in BPEL to in Petri net; and
(3) to perform simulation, verification and optimization through our approaches de-
tailed in Sect. 3. The architecture of our Grid workflow toolkit is depicted in Fig. 4.

As shown in Fig. 4, the toolkit is designed in two layers: the graphical user inter-
face (GUI) layer and the workflow analyzer layer. In the GUI layer, a BPEL Designer
is provided. With a drag-and-drop mechanism, users can describe Grid workflow and
generate the definition file (in *.bpel format) without knowing the syntax of BPEL.
In the workflow analyzer layer, a BPELToPNML Converter is designed to transform
the BPEL scripts into PNML format. PNML (Petri Net Markup Language) is an
XML-based interchange format for Petri nets [7]. The Verification Analyzer and the
Optimization Analyzer implement the verification algorithms (Algorithm 1 and Al-
gorithm 2) and the optimization mechanism (Theorems 1 and 2), respectively. After
the workflow analysis is performed, the final result can be returned to users.
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Fig. 4 Architecture of Grid
workflow modeling toolkit

Fig. 5 User interface of Grid workflow modeling toolkit

We have implemented the toolkit in Java, a snapshot of which is shown in Fig. 5.
With graphical user interface and drag-and-drop mechanism, users can easily de-
scribe Grid workflows in BPEL. Then users can convert BPEL scripts into PNML
format, and perform verification and optimization analysis.
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5 Experimental result

We conduct experiments with two test cases: one is about financial information query;
the other is about image processing. Each of the experiments is conducted in two
steps: (1) describing the Grid workflow model and carrying out the verification and
optimization analysis with our Grid workflow toolkit; and (2) deploying the workflow
models in a real Grid workflow system and making performance evaluation.

The testbed is based on a 16 nodes cluster with Pentium IV processor at 1.73 GHz,
1 GB memory, and Red Hat Linux 9.0, which is linked to 100 Mbit/s switched Ether-
net over the CERNET. The Grid workflow system of CGSP includes a BPEL engine,
Mysql database 5.0, and other execution and management modules. All the atomic
services deployed in Axis1.2 or GT4 container are implemented as web services or
WSRF services.

5.1 Test case 1: financial information query

The first test case is a workflow service providing the financial information query
and the result notification across different virtual organizations. There are four au-
tonomous atomic services: BankService, StockService, FundService, and NotifySer-
vice, among which, BankService, StockService, and FundService are three financial
query services located in different autonomous data centers belonging to three finan-
cial institutes, while NotifyService is responsible for getting the total query results
and notifying it to the end-users.

With the BPEL Designer, the original workflow is described as model I, shown in
Fig. 6(a). In this case, all atomic services are executed sequentially: (BankService →
StockService → FundService) → (NotifyService → NotifyService → NotifyService).

By PGWFT, the verification analysis result of model I is: true for reachability and
no deadlocks.

Next, we carry out the optimization analysis for model I by PGWFT.
With Theorem 1, the analysis result shows that there are no dependencies among
three atomic services: BankService, StockService, and FundService, which can be
executed concurrently. Consequently, model I is optimized to model II: (BankService
‖ StockService ‖ FundService) → (NotifyService → NotifyService → Notify-
Service), shown in Fig. 6(b). With Theorem 2, the analysis result of model II
shows that invoke_NotifyService is executed repeatedly three times. Thus,
model II can be optimized to model III: (BankService ‖ StockService ‖ FundSer-
vice) → (∞NotifyService), shown in Fig. 6(c).

We execute the above Grid workflow models in our Grid workflow system, and
then make the performance comparison of each model by its cost of execution time.
For each one, we take 30 runs and report the average. As shown in Fig. 7, model II
costs less time than model I; this is because that based on Theorem 1, three sequential
atomic services with no dependencies are optimized to be executed concurrently.
Model II and model III cost a similar time. Although the optimization using iteration
pattern instead of sequence cannot reduce the time cost significantly, model III can
get a clearer and simpler process logic.
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Fig. 6 Workflow models of test case 1

Fig. 7 Time cost of model I, II,
and III

5.2 Test case 2: image processing

The second test case focuses on the image processing, which is a representative sci-
entific workflow application in Grid. The legacy program ImageMagick [22] is en-
capsulated as Grid services deployed in different nodes. In general, six autonomous
atomic services, i.e., SpreadService, SegmentSerive, CompareService, SolarizeSer-
vice, NegateService, and CharcoalService, are involved in the workflow service to
provide a specific image processing operation.

Our original goal is to construct a workflow service with such process logic: for
an arbitrary image as the input (e.g., input.jpg), SpreadService and SegmentSerive
are used to spread and segment it respectively, and produce the output images (e.g.,
spread.jpg and segment.jpg). Next, CompareService will make a comparison between
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Fig. 8 Workflow models of test case 2

these two images and produce the result (e.g., compare.jpg). Then SolarizeService,
NegateService, and CharcoalService are adopted to process the output of comparison
service respectively.

As the process logic of this workflow service is much easier, people can clearly
understand some steps might be executed in parallel. However, for some cases with a
large and a complex workflow process, it will be very hard to distinguish those paral-
lel services, especially for the common workflow user. Therefore, with the BPEL
Designer, a common user may describe the workflow as model A, as shown in
Fig. 8(a). In this case, all atomic services are executed sequentially: (SpreadService
→ SegmentSerive → CompareService → SolarizeService → NegateService →
CharcoalService).

By PGWFT, the verification analysis result of model A is: true for reachability and
no deadlocks.

Next, the optimization analysis is made for model A by PGWFT. With Theorem 1,
the analysis result shows that there are no dependencies among two groups of sequen-
tial services: one group includes SpreadService and SegmentSerive; the other group
involves SolarizeService, NegateService, and CharcoalService. Thus, in each group,
atomic services can be executed concurrently. Consequently, model A is optimized to
model B: (SpreadService ‖ SegmentSerive ) → CompareService → (SolarizeService
‖ NegateService ‖ CharcoalService), shown in Fig. 8(b).
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Fig. 9 Time cost of model A
and B with different input
images

To make the performance comparison, we describe these two workflow models
and deploy them in our Grid workflow platform. For a different size of input images
(e.g., 0.5 MB, 1 MB, and 2 MB), we take 30 runs and report the average of the
execution time. As shown in Fig. 9, for each input image, model B costs less time
than model A nearly 30%. The reason is obvious, because two groups of atomic
services with no dependencies are optimized to be executed concurrently.

6 Related work

A number of research works have been done on workflow modeling and verification,
which mainly focus on visual modeling tools supporting the description of workflow
logic, such as UML, DAG, and Petri net.

ETTK [18] is a toolkit developed by IBM, which can help the user describe work-
flow processes in UML and generate the corresponding BPEL and WSDL files.
Grønmo et al. proposed UML to define high-level web service composition mod-
els and presented a set of conversion rules to generate code from UML to a target
platform [3]. UML is widely known for its graphical object-oriented modeling nota-
tions; hence workflow models in UML are readily understood. However, due to lack
of abilities of static analysis, UML is unsuitable to carry out Grid workflow validation
and verification.

Condor DAGMan [19] allows for the description and execution of dependencies of
Grid jobs in DAG semantics. Sadiq et al. presented a DAG based visual verification
approach, and proposed an algorithm comprising a set of graph reduction rules to
identify deadlock and synchronization conflicts in process models [21]. However,
DAG merely supports two workflow patterns: sequence and concurrency, therefore,
it cannot completely describe a Grid workflow containing other fundamental patterns,
such as condition, iteration, synchronization, triggering.

Similar to ours, Ouyang et al. presented WofBPEL [20], combining Woflan and its
BPEL2PNML tool, which can translate the BPEL code into PNML, and then PNML
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file can be analyzed by certain Petri net tools. However, they did not put forward the
elementary workflow patterns and the way how to optimize a Grid workflow model.

7 Conclusions and future works

In this paper, we propose a service composition oriented Grid workflow model and its
related six elementary workflow patterns: sequence, condition, iteration, concurrency,
synchronization, and triggering. Based on this, we present our Grid workflow analysis
approaches on three aspects: workflow reachability verification, workflow deadlock
verification, and workflow optimization. Finally, a Petri net based Grid workflow
modeling toolkit is designed and implemented to help users describe their workflow
instances and perform verification and optimization analysis.

In the future, with TPN (Timed Petri nets) and CPN (Colored Petri nets), we will
make efforts to construct Grid workflow models with QoS metrics, such as the exe-
cution time, cost, security, dependability, and performance.
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