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Abstract—Workflow model analysis is performed at logic,
temporal, and performance levels. This paper mainly deals with
the performance level issues. Workflow net (WF-net) is extended
with time information to the timing workflow net (TWF-net).
To provide a formal framework for modeling and analyzing
workflow, this paper proposes a multidimension workflow net
(MWF-net) that include multiple TWF-nets and the organiza-
tion and resource information. The algorithm to decompose a
free-choice and acyclic Petri nets (PN) into a set of -components
is extended to a TWF-net containing iteration structures. Then,
resource availability and workload analysis is performed. A
method for computing the lower bound of average turnaround
time of transaction instances processed in a MWF-net is proposed.
Finally a case study is used to show that the proposed method can
be effectively utilized in practice.

Index Terms—Performance, Petri nets, turnaround time, work-
flow model, workload analysis.

I. INTRODUCTION

ABUSINESS process is a set of one or more linked pro-
cedures or activities that collectively realize a business

objective or policy goal, normally within the context of an orga-
nizational structure defining functional roles and relationships
[1]. According to Workflow Management Coalition (WfMC)
[2], a workflow model is the formal representation of a busi-
ness process in a form that supports automated manipulation.
It includes five relevant perspectives [1]–[3], i.e., process, re-
source, organization, information, and function perspectives,
which are necessary for a workflow that can be automated
by workflow management system (WfMS).

Workflow management aims to help business goals to be
achieved with high efficiency by means of sequencing work
activities and invoking appropriate human and/or information
resources associated with these activities. Correctness verifi-
cation and performance analysis of a workflow model play the
key role in implementing successful workflow management.

Workflow model analysis is conducted mainly at three levels,
i.e., logical, temporal, and performance levels. Different levels
deal with different aspects of a workflow model. Logical level
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focuses on the correctness verification of event dependency
relations in the process control (deadlocks or structural conflicts)
[4]–[7], resource allocation [8], and information utilization [9].
Temporal level cares about the interval dependency relations
of a workflow model with imposed timing constraints. It
mainly includes activity deadline computing [10], [11], temporal
inference [12], [13], schedulability analysis and boundedness
verification [14], and time violation handling [15], [16]. The
logical and temporal levels verification and synthesis can ensure
only the functionally working workflow (correctness) but not its
operational efficiency. The performance level [17]–[23], [38], on
the other hand, focuses on evaluating the ability of the workflow
to meet requirements with respect to some key performance
indicators such as, maximal parallelism, throughput, service
levels, and sensitivity. The analysis of resource availability
and utilization, and average turnaround time is performed at
this level. Although performance analysis of workflow is an
important research topic, it has not captured the attention of
many researchers until now [26]. Note that the performance
analysis of a workflow model (business process) is different
from that of WfMS architecture [24], [25].

The amount of information considered in above three levels
increases from logical, temporal, to performance levels. Then,
the analysis should be conducted along the same sequence, i.e.,
from logical, temporal, to performance. At the performance
analysis stage, it is assumed that the considered workflow
models contain no temporal and logical errors.

According to [26], PN are the only formal techniques able to
be used for structural modeling and a wide range of qualitative
and quantitative analysis. Formal semantics, local state-based
system description, and abundant analysis techniques are three
good reasons to use a PN-based workflow management system
[27]. Thus, PNs are a naturally selected mathematical founda-
tion for the formal performance analysis of workflow models.
Since Zisman [28] used PN to model workflow processes, the
PN techniques to study workflow have been widely studied [4],
[6]–[10], [14], [20]–[23]. This paper adopts WF-nets [7] as a
base mechanism to represent a performance analysis oriented
workflow model. According to the semantic properties of work-
flow models built by most of the workflow modeling tools [7],
[29], most enjoy the free-choice characteristic. Thus, this paper
deals with only workflow models or WF-nets with free-choice
semantics.

Section II introduces some relevant PN subclasses and the
concepts of TWF-net by extending the WF-net with time infor-
mation. Then, the concept of MWF-net is presented. Section III
provides an effective algorithm decomposing a free-choice
TWF-net into a set of free choice subnets (FC-subnets) by ex-
tending a decomposition algorithm [14]. Section IV discusses
a method to compute the workload that arrival transaction
instances generate for the various resource pools. Section V
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presents a method to calculate the lower bound of average turn-
around time of transaction instances in a TWF-net. Section VI
presents a case study. Finally, Section VII makes conclusions.

II. BASIC CONCEPTS

PN is a well-known formalism for describing concurrent dis-
crete event dynamic systems with synchronization [7], [31]. We
brief only its basic concepts, to be used in the sequel.

Marked graphs (MG) are PNs such that,
, which allow the modeling of concurrency and syn-

chronization, but not conflict. Free Choice nets (FCN) are PN’s
such that , which allow the
modeling of both synchronization and conflict in a restricted
and disciplined way, but not of mutual exclusion semaphores
[37]. These two subclasses are characterized by their local struc-
tural properties. Let and ,

is a subnet of iff , and
. is generated by iff

(where the presets and postsets are taken w.r.t.
). It is called a -component of iff is the subnet gen-

erated by and, :
is called a WF-net iff: 1) has two special places: and
where is a source place: and is a sink place: ;
and 2) If we add a new transition to which connects
with , namely, , , then the resulting ex-
tended net , where , , and

, is strongly connected. In a WF-net,
building blocks such as AND-split, AND-join, OR-split, and
OR-join are used to model sequential control structure (SCS),
concurrent control structure (CCS), alternative control struc-
ture (ACS), and iterative control structure (ICS). Here, ACS
has XOR semantics rather than OR semantics [4]. A WF-net
has proper termination property if starting from the initial state
(with only one token in place ), it is always possible to reach
the state with only one token in place . A WF-net with proper
termination property is sound if it has no dead transitions, i.e.,
for each transition , it is possible to reach (starting from initial
state) a state where is enabled. As mentioned above, the per-
formance analysis is conducted only after process control logic
verification of the model is done, i.e., its soundness is estab-
lished. Thus, we need to consider only sound WF-nets.

A WF-net models only the process control aspect of work-
flow. To do the performance analysis, its operational behavior
in the enactment environment should be specified. Thus, the
extensions of WF-nets with time, resource, and organization
information are needed.

Definition 1: A TWF-net is a triple , where
WF-net;

set of places representing the state of a
transaction instance or the condition of its
output transitions;
set of transitions representing activities of
workflow;
set of directed arcs linking places and tran-
sitions, and used to describe precedence
relations among activities;

-dimensional vector where each element
denotes ’s firing delay, i.e., the

execution durations of the corresponding
activities;
marking represented in a -dimensional
vector where denotes the number
of tokens, i.e., the number of transaction
instances in .

Since we only consider free choice TWF-nets, the conflict
among transitions can be resolved in a local way, i.e., by spec-
ifying the routing rates of tokens at places with several output
transitions. Thus, we do not care which firing mechanism (timed
firing of transitions in three phases or timed enabling in single
phase firing [32]) is used in the firing process.

Since multiple workflow processes are deployed in an enact-
ment environment and they may share the same set of resource
and organization structure, this paper proposes the concept of a
multidimension workflow net (MWF-net), which include mul-
tiple TWF-nets, organization and resource information, and the
necessary perspective mapping relations.

Definition 2: MWF-net is a five tuple ,
where

set of TWF-nets;
set of roles, where is a role de-
fined in the organization perspec-
tive;
set of resource pools, where each

denotes a resource pool defined
in the resource perspective;
mapping relation between
process perspective and organi-
zation perspective, where is
a transition set of TWF-net ;
binary relation between organi-
zation perspective and resource
perspective;

We assume in this paper that the firing of a transition (execu-
tion of the corresponding activity) needs the support of a spe-
cific role. The situation that one transition is projected to several
roles can be transformed to this mapping relation by redefining
roles and organization structure.

In the framework of MWF-nets, a resource pool is a class
of individual resource agents (e.g., software systems or human)
that have the same skills and capability and performs the same
set of roles. If there are individual resource agents in each
resource pool , we have which is called
resource state of the MWF-net in the following discussion. Each
role can be allocated to support several transitions’ firing and
is performed by an individual resource agent of one of the ap-
pointed resource pools. Each resource pool may be appointed
to undertake many roles. In the enactment environment, the ser-
vice request (processing of a transaction instance) generated by
the firing of a transition is projected (using role as the medium)
to one of the individual resource agents that have the probability
to be appointed as the performer. Its service time is specified by
the firing delay of the corresponding transition.

Fig. 1 shows the graphic representation of an example
MWF-net. In the first level, two free choice TWF-nets are used
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Fig. 1. Graphic representation of an example MWF-net.

to specify the process control and timing perspectives of two
workflow models. Firing delay describes the execution
duration of the corresponding activity modeled by . The
second level is the organization perspective, in which each
transition is appointed a specific role for its firing (executing
the corresponding task). Since the relations among roles are not
needed for the performance analysis, they are not specified in
MWF-nets. In the resource perspective of the third level, all the
resource pools capable of performing the roles of the second
level are described. The dotted lines describe the mapping
relations among these three perspectives. For example, role

supports ’s firing (i.e., it generates a request to ), the
resource agents in resource pools and can perform role
(the service requests of are allocated to and ), and
can perform , , and in the run-time environment.

Each TWF-net in the first level is in fact the control network
which describes the routing path of a kind of transaction in-
stances. In the running time environment, the source place
with token (transaction instance) arrival rate can be viewed
as a structure of a transition (with no input arcs) with firing rate

connecting to . After the arrival transaction instances are pro-
cessed or serviced, they depart through sink place .

We assume that a transition has exponentially distributed
firing delay and transaction instance arrival is a Poisson process.
Heuristically, given the transaction instance arrival rates, the
routing of transaction instances in the first level can be mapped
into the flow of transaction instances among resource pools in
the resource perspective of the MWF-net. Then, the flow in
the third level of the MWF-net can be modeled as a queuing
network, through which the performance related evaluation
of the multi-processes workflow may be conducted. We next
show how to do performance analysis by using net structure
and mapping relations.

III. MODEL DECOMPOSITION OF A TWF-NET

Each TWF-net describes the process control and time aspects
of a kind of transaction instances. This kind of transaction in-
stances also comprises several types of transaction instances
whose routing path in the TWF-net is specified by a subnet
of the TWF-net, called FC-subnet for short. This section will
demonstrate how to obtain all the FC-subnets by a model de-
composition algorithm in which ACSs and ICSs in a TWF-net
are investigated.

Since there are no iterations in a workflow model built by the
basic process modeling language [5], the ICSs cannot appear
in the corresponding TCWF-net [14]. The decomposition algo-
rithm in [14] takes no ICSs into account, and thus cannot apply
to a TWF-net with ICSs. In this section, the algorithm in [14] is
extended to decompose a free choice TWF-net containing ICSs
into a set of FC-subnets, in which there are only ICSs, CCSs and
SCSs.

To keep the integrity of this paper, some basic con-
cepts in [14] are explained here. An elementary path in

, called a path for short, is
such that arc exists , and
implies , where . It is called an
(elementary) circuit if , , implies and

. is a subset of ,
in is a transition path

of iff: (1) It is a path; (2) , ; (3) ,
, and , . Symmetrically,

in is a place path of
iff: (1) It is a path; (2) , ; (3) , ,
and , . A place in is a
choice place iff . Suppose is a
path or subnet of and is the first or source
place. Given a choice place , its choice degree relative
to is defined as the number of choice places in the path
from place to in . Suppose that is a path (subnet)
set. A choice place is proper iff path (subnet) in , is not
on it or ’s choice degree is the least.

Next, we extend the algorithm in [14] to decompose a sound
free-choice TWF-net into a set of FC-subnets as follows. We
need to use only its structure in the algorithm.

Algorithm 1 (Decomposition)
Step 1: Construct the extended net

by adding a new transition be-
tween the source and sink places, i.e.,

, .
Step 2: If ,
and go to Step 5 directly. Otherwise,
corresponding to an arbitrary choice
place , a circuit
passing and is constructed. In addi-
tion, and , where is a
choice place set and is a subnet set.
Step 3: Repeat the following steps until

,
is empty. Denote the resulting

subnet set as
3.1: , ;
3.2: For every , if

is
nonempty, choose the choice place
whose choice degree relative to is
the least one in and ;
3.3: For every place , if gen-
erated from of belongs to
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of and the choice de-
gree of relative to is not the
least one in , then ;
3.4: , and for every place

do
For every , if ,
there must be a nonempty transition set

. Then, place paths
, where only

and belong to and , are
constructed. If there are place paths
(among the place paths) where is
located in a path from (not including
) to , using each of the place paths

to replace the corresponding path from
to of the original respectively,
new subnets are obtained

and added to . For the rest place
paths where is located in a path from
to (including ), merging all of

them to and in re-
spectively.
Step 4: Repeat the following exhaustively:
For every , if there is

with a nonempty set ,
then for every , an arbitrary
transition path
is constructed and merged into ,
where . However, if there
are choice places in the merged path
for some new , all these are
deleted from and collected into ,
and the following steps are repeated
until , the set

is empty.
Then the result is merged into .
4.1: ,
4.2: For every , if

is
nonempty, each must belong to a path
from to . Choose the choice place

whose choice degree relative to
the path from to is the least one
in , and let ;
4.3: For every place , if gen-
erated from of belongs to

of and the choice de-
gree of is not the least one relative
to the path from to (in ), then

;
4.4: , and for every place

do
For every , if ,
a nonempty post transition set

exists. Then,
place paths ,
where only and belong to the tran-
sition path from to in and

, are constructed. If there are
paths (among the place paths) where

isn’t located in , using
each of the place paths to replace
the corresponding part from to of
path in , respectively, new subnets

are obtained and added to
. For the rest place paths where
is located in , merging

all of them to and in
respectively.

Step 5: Deleting transition and its cor-
responding arcs and from each
subnet in .

Algorithm 1, which can deal with a workflow model con-
taining ICSs, extends the one in [14]. The extended net is used as
the intermediate one for model decomposition. To make Algo-
rithm 1 more readable, Steps 1 and 5 are added to construct and
break the extended net by adding additional transition to
and deleting from each extended subnet in resulting obtained
in Step 4. Because is sound, the resulting obtained in
Step 1 must be live and bounded. Step 2, corresponding to Step
1 of the old algorithm in [14], is used to construct a circuit
passing transition and an arbitrary choice place in . Be-
cause there are ICSs in , we restrict the circuit passing one
arbitrary output transition of an arbitrary choice place of
in Step 1 of the original algorithm in [14] as a circuit that must
pass the additional transition . It guarantees the circuit contains
source and sink places, and then it can be processed by the next
steps.

Similar to Step 2 of the original algorithm [14], each iteration
of Step 3 investigates some choice places of . Steps
3.1–3.3 are equivalent to Steps 2.1–2.3 in the algorithm [14].
Since there are ICSs in , however, each of the place
paths constructed in Step 3.4 may be a part of ICS or ACS, which
decides whether a new subnet is generated (if is a part
of ACS) or the corresponding subnets are extended (if
is a part of ICS). Then, different from Step 2.4 of the one [14],
judgment must be made in Step 3.4. Obviously, if belongs to a
path from to (including ), is a part of ICS, otherwise
it is a part of an ACS. Since the subnets that need to be extended
by the place path of an ICS include and other new subnets
generated from the place paths belonging to ACS, Step 3.4
first generates all the new subnets according
belonging to ACS and adds them to , and then merges the rest

that is a part of ICS to all the corresponding subnets
(including the original and ) in . On the one hand,
each choice place can only be selected to be a proper choice
once, which guarantees that each constructed subnet in Step 3.4
is new for . On the other hand, when a choice place is put
into , the choice places with less choice degree in must
have been in and subnets are created
for each subnet containing . Therefore, after Step
3, all the choice places in and the place paths constructed
in Step 3.4 have been selected into , and all the subnets that
can be derived from these choice places are created and added
to . Since there are ICSs in , the element in resulting of
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Step 3 may not be a circuit, which is different from Step 2 (all the
elements in resulting R are circuits) of the old one [14].

The difference between Step 4 and Step 3 of the old algorithm
[14] also lies in the treatment of ICSs in Step 4.4 (corresponding
to Step 3.4 in the old one). For each proper choice place selected
in each iteration cycle of the Steps 4.1–4.3, there are place
paths belonging to ACS and place paths belonging to
ICS. Correspondingly, new subnets are derived first, and then

place paths are all merged into and these sub-
nets. After Step 4, and all the new subnets that can
be derived from the choice places in the new merged transition
paths in Step 4 are constructed and added into .

According to the characteristics of a sound TWF-net, it can
be proved that the path in Step 4.4 (Step 3.4 is similar to Step
4.4) starting from must return to another place in path.
The reason is that if a join place is not in path, then the return
node of to is a place or a transition distinct from .
These two situations will destroy the soundness of TWF-net.
If the return node is in path but not a place, it also conflicts
with the soundness of the TWF-net. Hence, the conclusion of
the existence of the place path is derived.

The process control of each kind of transaction instances,
which can also be partitioned into a fixed number of types, is
specified by a TWF-net. Each element of a TWF-net’s decom-
position result corresponds to the routing path of a specific
type of transaction instance in the TWF-net. Obviously, the re-
sulting set of FC-subnets must be determinate. From the anal-
ysis mentioned above we know that after a circuit passing
transition and an arbitrary choice place is constructed in Step
2, Steps 3–4 can find all the FC-subnets that can be derived from

. Thus, the arbitrary selection of and then in Step 2
must contribute to the same resulting .

The complexity of this algorithm is similar to the original
one [14] and its discussion is omitted. If the probability of each
branch in the ACS is taken into account during the investigation
of a choice place, the percentage of the corresponding type of
transaction instances accounted for in the total transaction in-
stances processed by the TWF-net can be obtained. In addition,
since all the ACSs contained in the TWF-net are disassembled,
there are only ICSs, CCSs, and SCSs in each FC-subnet .

IV. WORKLOAD ANALYSIS

This section presents a method to evaluate resource utilization
based on a MWF-net. We start with the resource availability
analysis of a running time workflow model. Then, we compute
resource pools’ workload based on FC-subnets and transaction
instance arrival rates.

A. Resource Availability Analysis

The failure and repair may happen for a resource agent after it
is deployed in the run-time environment. Here failure includes
breakdown or downtime for maintenance, and repair includes
all recovery steps to get them right and restart the corresponding
resource agent. Failures and repairs change the number of avail-
able resource agents of a given pool over time.

The technique of continuous time markov chains (CTMC)
[33] is employed here to analyze the influence caused by re-

Fig. 2. State transition diagram of resource pool r .

source agent’s transient failure and repair on the resource state
of each resource pool, and then on its workload calculation.
This basic model implicitly assumes that the time spent in a
state is exponentially distributed. Non-exponential failure or re-
pair rates can be accommodated as well, by refining the corre-
sponding state into a set of exponential states [34].

Let , where denotes
the number of resource agents in resource pool , and each
resource agent has a failure rate and a repair rate , which
correspond to the reciprocals of the mean time to failure and
the mean time to repair, respectively. The CTMC state diagram
of resource pool can be obtained as shown in Fig. 2 where
state represents available resource agents. Obviously, the ex-
pected available number of resource agents of in the running
time is equivalent to the average queue length of queuing system

[35]. Then, each element of the expected available re-
source state of the MWF-net can be ob-
tained as

B. Workload Computing

Applying the decomposition algorithm of Section III to all
TWF-nets in the MWF-net, FC-subnet sets ,
each one of which corresponds to TWF-net , can be obtained.
Next, we will show how to compute the transaction instance
(service request) arrival rate, the service rate, and then the work-
load of each resource pool.

We first calculate the transaction instance arrival rate of all
the transitions in TWF-nets. The idea is first computing the
transaction instance arrival rate of each FC-subnet in every ,
then using structural analysis to acquire the transaction instance
arrival rate of each transition in the FC-subnet.

As mentioned above, each TWF-net in the MWF-net
describes the process control and time aspects of a kind of
transaction instance which can also be partitioned into several
types, and each FC-subnet in of corresponds to a routing
path of a specific type transition instance in . Suppose that
each includes transitions (then the total number of
transitions in the MWF-net is ) and is built for the pro-
cessing of types of transaction instances .
Each type transaction instance accounts for a certain propor-
tion of all the transaction instances processed by this workflow
process. This kind of information is modeled in the local ACSs
of a TWF-net, i.e., by specifying the routing rates of tokens
at places with several output transitions. Then we have vector

satisfying ,
where is the percentage of in the total number of
arrival transaction instances of . Obviously, there should be

FC-subnets in , i.e., .
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Fig. 3. Example of an ICS that contains PN � 1 and PN � 2 .

In fact, can be obtained by multiplying the appointed prob-
ability of all the choice places’ output branches belonging to
ACS in . Assuming that the average transaction instance
arrival rate for is , the arrival rate of transaction instance
of type is the th item of .

An FC-subnet can only have SCSs, CCSs, and ICSs. Obvi-
ously, all these control structures can be nested with each other,
i.e., a control structure may contain another. But two ICSs or
one CCS and one ICS in a sound TWF-net cannot be interlaced
with each other. Otherwise the soundness would be destroyed.

corresponds to the routing path of transaction instance
in the TWF-net. Since there are ICSs in , a transi-

tion belonging to one or more ICSs may fire many times to com-
plete the processing of an arrival transaction instance of type

. To capture this kind of information, we introduce the rela-
tive iterative coefficient that is associated with each transition in

. A transition may have a relative iterative coef-
ficient to and a relative iterative coefficient to
an ICS - . is used to represent ’s average
firing times to complete the processing of an arrival transaction
instance of . , which is the intermediate to compute

, is the ’s constituent multiplicator generated by ICS
- in .

Now we show how to obtain the relative iterative coefficient
of a transition to an ICS - , and then the iterative coefficient

relative to . If doesn’t belong to - , its relative
iterative coefficient to - is 1, i.e., . Otherwise,
’s iterative coefficient relative to - is determined by its

position in - .
In Fig. 3, - of an FC-subnet includes two com-

ponents - and - . To obtain the iterative coefficient
of each transaction according to - , we first compute the
transaction instance arrival rates and into the two com-
ponents. Note that in the steady state the departure rates from the
two components are also and . Arrivals to - are ei-
ther from the outside at the rate or from - at the rate

. Therefore, the total arrival rate to - is .
A transaction instance just processed in - goes out of

- with probability or request - service with prob-
ability . Therefore, the average arrival rate to -
is given by . Thus, .
and . Then, the relative iterative coefficients of
all the transitions in - to - are , and the relative
iterative coefficients of all in - to - are .

Assuming that belongs to ICSs of , and its relative
iterative coefficient to each - has been obtained,
its relative iterative coefficient to can be calculated as

Fig. 4. Example for computing the relative iterative coefficients.

. Obviously, if does not belong to
any ICSs of , its iterative coefficient relative to must
be 1 (to complete ’s processing, fires exactly once).

For example, Fig. 4 has two ICSs in the two rectangles of
dashed line. Transitions , , , and belong to the -
(from Fig. 3) of - , their relative iterative coefficients to

- are same, i.e., .
Transition belongs to - (from Fig. 3) of - ,

. Similarly, ,
. Since , , and do not be-

long to - , . Thus, the relative
iterative coefficients of all transitions to this FC-subnet are:

, , ,
.

To describe distinctly the relative iterative coefficient of a
transition to each FC-subnet of , we construct a transition
vs. FC-subnet matrix of

if includes transition
otherwise.

Each item of can be seen as the average firing times of
to complete the processing of transaction instance . Then,

the average transaction instance arrival rate of each transition,
which belongs to several FC-subnets of , can be obtained by
calculating , where each item of represents
the average arrival rate of the corresponding transition in .

Next, the information about mapping relations between these
two perspectives, i.e., and , will be used to obtain the
transaction instance (service request) arrival rate of each re-
source pool from of in the process level.

For each , the firings of transitions generate requests
to roles in the organization perspective. From mapping :

, which specifies distinctly that the firing of a transi-
tion in need the support of some roles, a transition vs. role
matrix is constructed as follows:

if the firing of need the support of role
otherwise.

Since the firing of each transition generates a request to a
specific role of the organization, there is only one item being
1 in each column of matrix .

All requests of roles are allocated to resource pools
in the resource perspective. This kind of infor-

mation is specified in . However, in the actual configuration
of a workflow system, the requests of one role may be allocated
to several resource pools. Using to represent the probability
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that the requests of role is allocated to a resource agent of
pool , we can construct a role versus resource matrix as

if performs part of job appointed to role
otherwise.

For each resource pool in , the arrival rate of service re-
quests (transaction instance processing) which are generated
from , can be obtained, i.e., the th item of

, where is the transpose of . The total service request
arrival rate is , where the th item represents

’s transaction instance arrival rate.
The firing delay of in TWF-nets of the MWF-net is as-

sumed to follow exponential distribution, meaning that each re-
source agent has exponential service time for the requests from
. As mentioned above, the firings of transitions generate re-

quests from the organization perspective, and they are allocated
to different resource pools to be served. However, the requests
to one role may be allocated to several resource pools. Then,
the service requests of each resource pool may be generated by
several transitions, and the transaction instance processing re-
quests coming from one transition may be dispatched to sev-
eral resource pools. Although the firing delays of all transitions
follow exponential distribution, the service time of a resource
pool whose requests are generated from many transitions do not
in general follow exponential distribution. Yet its average value
can be calculated as follows.

First, we construct , where is a tran-
sition vs. role matrix. Then, matrix is defined,
where is the total number of transitions in the MWF-net and

the probability that transaction instances
(service requests) of are dispatched (through
the perspective mapping) to resource pool . Obviously, may
belong to one of TWF-nets, and the sum of the items in each
row is 1. If represents the firing delay of , and rep-
resents the service time of resource pool , we have

, where is the indi-
cator function that takes the value of 1 if resource pool ’s ser-
vice request is from ; and 0 otherwise. Then the mean firing
time of is . Also, ,
where is the transaction instance arrival rate of , i.e., the
ith term of . Then, the average service time of the resource
agent in resource pool is

Now, the average request arrival rate and service rate
of each resource pool are both obtained.

Considering the result of the resource
availability analysis, ’s workload can be calculated as

and

Fig. 5. ICS performance equivalent analysis.

In fact, if is con-
structed for a MWF-net,
where , is obtained. Then,
and computing each resource pooal’s transaction instance
arrival rate can be avoided. Since only correct and effective
MWF-nets are considered, a MWF-net must be bounded, then,
each element in is smaller than 1. Hence, the resource pool
with the maximal value of is the bottleneck of workflow.

V. LOWER BOUND OF TURNAROUND TIME

The turnaround time, one of the most important performance
indicators in industry, of a specific transaction instance is the
total amount of time spent from the start to end of handling a
transaction instance. Clearly, the turnaround times of different
types transaction instances sharing the same TWF-net may
be different. We next derive the lower bound of the average
turnaround times of transaction instances, which reflects the
shortest response time of a workflow system from the viewpoint
of expectation and can provide valuable information for system
designers.

A transition’s delay corresponds to the service time of a ser-
vice station (resource pool) in a queuing system. However, the
sojourn time of a transaction instance in a service station (re-
source pool) consists of both delay of the transition and waiting
time in the corresponding queue. It is larger than the service
time in general. The turnaround time of the transaction instance
in a workflow is the sum of all sojourn times in all the visited
resource pools along its routing path. Under the assumption of
infinite servers, if a transaction instance is given the highest pri-
ority (e.g., in an emergency treatment), it is served immediately
when it arrives at a service station, i.e., its waiting time is negli-
gible. Based on this idea, the performance equivalent structure
analysis is conducted to derive the lower bound of a transaction
instance’s average turnaround time.

Since the decomposition algorithm has applied to all
TWF-nets in a MWF-net, a union of FC-subnet sets

can be obtained. Each element of cor-
responds to a processing path of a transition instance type.
Next, corresponding to ICSs in a FC-subnet, a performance
equivalence theorem is presented.

Suppose that the ICS shown in Fig. 3 is an innermost ICS, i.e.,
it does not contain other ICS inside. The performance equivalent
SCS of this ICS is given in Fig. 5. - and - , which
have the same net structure as - and - respectively,
are two constituent components of the SCS.

Theorem 1: If the firing delay of in - -
of Fig. 3 has exponentially distributed random delay with a
mean rate , the corresponding in - -
of Fig. 5 has a mean firing rate .
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Fig. 6. SCS and CCS performance equivalent analysis.

Proof: There are only SCSs and CCSs in an innermost
ICS, and then the two constituent components - and

- in the ICS of Fig. 3 must be structurally acyclic MGs.
To complete the processing of each transaction instance, the
number of firing times of all the transitions in - -
is the same. A transaction instance processed in - next
requests - with probability . If a transition in -
fires times with probability , a transition in -
must fire times, and the total firing delay of this iterative
structure is equivalent to that of a sequential structure con-
sisting of - and - . Since the mean firing
delay of in - - is , the mean
firing delays of the equivalent transition in - and in

- can be calculated as

Therefore, Theorem 1 holds.
Note that the equivalence between the two control structures

does not hold with respect to the distribution function of the
firing delay [33]. The firing delay of the transition in the equiv-
alent SCS is in fact the product of original transition’s relative it-
erative coefficient to the ICS and its firing delay. Since the firing
delay of all the transitions in the original ICS follows exponen-
tial distribution, the firing delay of the transition in the equiv-
alent SCS follows either gamma if the relative iterative coeffi-
cient takes nonintegral value or Erlang distribution if the relative
iterative coefficient takes integral value.

Theorem 2 [20]: Assume that has exponen-
tially distributed delay with mean and others have zero
delay in Fig. 6(a) and (c). A SCS (CCS) performance equiva-
lent transition in Fig. 6(b) and (d) has mean value

The firing delays of and follow hypo and hyper- ex-
ponentially distributions respectively. According to [33], both
can be approximated as an exponentially distributed random
variable. Since both Erlang and gamma distributions are special
cases of hypo-exponential distribution, we can also approxi-
mate the firing delay of a SCS-equivalent transition in Theorem
1 as an exponentially distributed random delay. Then, using
these theorems repetitively under the principle of innermost
control structure first, we can reduce a FC-subnet in into a
subnet with only places and and one performance-equivalent
transition. Each type transaction instance corresponds to such
a reduced subnet whose transition’s mean delay represents the
lower bound of the corresponding type transaction instance’s
average turnaround time in its corresponding TWF-net.

VI. A CASE STUDY

Suppose that a MWF-net contains two TWF-nets and
as shown in Fig. 7, in which “[x]” attached to each transition of a
TWF-net denotes the mean value of its exponential firing delay.
The workflow has 5 roles and 6 re-
source pools . The mapping relations
are described in and . The resource state of the MWF-net
is . Given the failure rate of all the resource
agents , and repair rate , by using resource
availability analysis method, we obtain the available resource
state .

To realize the workload analysis, we should decompose each
TWF-net in the MWF-net into a set of FC-subnets. After Step
1 of Algorithm 1 is applied to the two TWF-nets, their corre-
sponding extended nets are obtained in Fig. 7(c) and (d).

Fig. 8 illustrates the sequential model decomposition process
of the extended in Fig. 7(c). After Step 2, in which ,
the circuit in Fig. 8(a) is obtained. For Step 3, initially,

, , and . After Step
3.3, . Obviously, is a proper choice place and
merged to . in Step 3.4. The only place path

where and belong to ,
is constructed. Since belongs to a path from to , meaning
the place path being a part of an ACS, a new subnet shown
in Fig. 8(b) is obtained by replacing the original path from
to in with and added to . Step 3 stops after
one iteration. Now, and .
Next, apply Step 4 to the resulting of Step 3. Since ’s
output place doesn’t belong to , for which transition path

is constructed and merged into ,
and then in is replaced with the subent in Fig. 8(c). Simi-
larly, transition path is constructed and
merged into , then, the subnet in Fig. 8(d), which replaces

in , is obtained. Because there is no new choice place
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Fig. 7. TWF-nets and their extended nets.

Fig. 8. Decomposition process of w.

in these two transition paths, Step 4 ends without entering its
sub-steps. Step 5 deletes and the corresponding arcs from the
two elements of , i.e., the subnets shown in Fig. 8(c) and (d).
Fig. 8(e) and (f) show the two resulting FC-subnets of the model
decomposition of .

The model decomposition process of is shown in Fig. 9.
The circuit in Fig. 9(a) is built in Step 2, in which .
After Step 3, a new subnet shown in Fig. 9(b) is added to . In
Step 4, transition path is
merged to the two elements in , respectively. Then, two sub-
nets in Fig. 9(c) and (d) are obtained. However, there is a choice
place in path. Then, it is necessary now to enter the sub-steps

of Step 4. Initially, includes two subnets shown in Fig. 9(c)
and (d) and . After Steps 4.1–4.3, . In Step
4.4, only one place path is con-
structed. Since belongs to a path from to , the place path
must be a part of an ICS. Then, it is merged to the original sub-
nets of Fig. 9(c) and (d) and two new subnets, which replace the
original ones of , are obtained as in Fig. 9(e) and (i). Since
there are new choice places and in both elements of , it
should re-enter sub-steps of Step 4. These two places are in the
same path, and two iterations are needed. In the first iteration,

is selected as a proper choice place, and two new propagated
subnets (using to replace ) shown
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Fig. 9. Decomposition process of w .

in Fig. 9(f) and (j) are added to . Now, there are four subnets
shown respectively in Fig. 9(e-f)–(i-j) in . In the second it-
eration, is selected as a proper choice place, and place path

belonging to a part of an ICS is merged to all the
four subnets in . Now, merge into and Step 4 stops.
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There are four subnets shown respectively in Fig. 9(g), (h),
(k), and (l) in . Finally, the resulting FC-subnet sets of ,
which includes four elements shown in Fig. 9(m)–(p), are ob-
tained after Step 5.

Now, we know is built for the processing of two types
of transaction instances and , and the FC-subnets shown
in Fig. 8(e) and (f) specify their routing paths in , respec-
tively. is built for the processing of 4 types of transaction
instances , , , and , and the FC-subnets shown in
Fig. 9(m)–(p) specify their routing paths in , respectively.
As mentioned above, the percentage of each type transaction
instance account for the total transaction instance processed by
corresponding TWF-net is the product of appointed probability
of all the choice place’s output branch belonging to ACS
in its corresponding FC-subnet. From Figs. 8(e) and (f) and
9(m)–(p), we know for and

for . As-
suming that the total transaction instance arrival rates of these
two TWF-nets are and , we can calculate

and , where the
th item of ( ,2 for , and ,2,3,4 for )

represents the corresponding type transaction instance’s arrival
rate of the th FC-subnet of .

Using the relative iterative coefficient computing method, we
can acquire of all the transitions relative to their corre-
sponding FC-subnets. Then, the transition vs. FC-subnet ma-
trices for can be constructed as the equation at the
bottom of the page, where each item ( ,
for , and , for ) in rep-
resents the average firing times of transition to com-
plete the processing of type transition instance. Now,
the average transaction instance arrival rate of each transition in

is obtained by calculating

where each item of represents the average arrival
rate of the corresponding transition in . Then,

.
.

The information about mapping relations between the three
perspectives of the MWF-net, i.e., and , are specified in
the transition vs role and role vs. resource matrices

If firing transition , where
, needs the support of role ,

in are set to 1; and otherwise 0. Each item
denotes the probability of the

service requests (transaction instance processing) of role
bing allocated to . Then, matrix can

be constructed, and , where each item
represents the probability of the

arrival transaction instances (service request) of transition
being dispatched (through the perspective mapping) to resource
pool . Now, we have

. The workload of all the
resource pools can be obtained and

. The resource
pool is the potential bottleneck of the MWF-net since

, .
To obtain the lower bound of transition instance ’s

turnaround time, we should use Theorems 1-2 it-
eratively to reduce the ’s corresponding FC-subnet. Next, we
use the FC-subnet in Fig. 9(m), which specifies the routing path
of transaction instance in , to illustrate how to acquire the
lower bound of average turnaround time of . Applying The-
orem 2 to the ICS which includes circuit
in the FC-subnet of Fig. 9(m), the subnet shown in Fig. 10(a)
is obtained, where and . Then, we
reduce SCS in Fig. 10(a)
to the in Fig. 10(b), where .
Similarly, we transform the subnet in Fig. 10(b) into Fig. 10(c),

and
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Fig. 10. Transaction instance I ’s average turnaround time lower bound computing.

and then Fig. 10(d). The equivalent transition ’s
average firing delay is . Then, we
transform two branches in CCS in Fig. 10(d) to
in Fig. 10(e), whose average firing delay is 21.72. Finally,
the subnet in Fig. 10(e) is simplified as to Fig. 10(f), where
the equivalent transition ’s average firing delay is 29.72.
Hence, the lower bound of ’s average turnaround time in the
MWF-net is 29.72. Similarly, the lower bounds of transaction
instances , , , , and are 39.26, 32.72, 29.24, 34.24,
and 34.72, respectively. During the structure transforming,
Erlang, gamma, hypo and hyper-exponential distributions are
all approximated as exponential distribution. However, since
they have similar properties [33], the error of this computing
method of the turnaround time’ lower bound is small. This can
be seen from the simulation.

To verify the analysis results of the MWF-net, we trans-
form the MWF-net into a directed-activity-network based
workflow model. Then the performance experiments are done
with the CIMFlow-Simulator [1], [36], which is a workflow
simulation tool supporting business process reengineering. In
CIMFlow-Simulator, there are two kinds of transaction instance
generators, i.e., the inter-arrival and completion generators,
which are fit for the experiments of workload and lower bounds
of different types transaction instance’s average turnaround
time, respectively. Inter-arrival generator issues transaction
instances at a pre-defined rate, which are used in the experiment
of workload. For the six resource pools, the simulation results
of their workloads are 0.8542, 0.7500, 0.5612, 0.3018, 0.2420,
and 0.4500, respectively. Obviously, the simulation results are
a little smaller than the analysis results. The reason is that the
information about resource failure and repair is not considered
in the workflow simulation model since the current simula-
tion tool does not have the capability to simulate resource
failure and repair functions. Completion generator introduces
a transaction instance into the process, and then introduces
another transaction only after the previous one has completed

its journey through the process. Since at anytime there is only
one transaction instance in a workflow process (corresponding
to a TWF-net), there is no resource contention. Then it is used
in the experiment of lower bounds of different type transaction
instance’ average turnaround time. The simulation results of
the lower bounds of 6 transaction instances’ average turnaround
time are 37.6845, 35.3824, 28.8628, 27.5600, 33.9152, and
32.0810, respectively. These results are close to the analysis
results.

VII. CONCLUSION

Studies on workflow performance-related issues are re-
ceiving more and more attentions. All the routing constructs
of a workflow are mapped into a high-level stochastic PN
(SPN), and then throughput time of the process is analyti-
cally computed [19]. Based on four performance equivalent
formulae, an approximate performance analysis method of
a workflow is presented in [20]. These two techniques both
assume the infinite availability of resources in the workflow
configuration, and cannot be applied to a workflow process
with complex control structures (e.g., the interlacing CCS
and ACS in the TWF-net of Fig. 7(a)). Generalized stochastic
PN (GSPN) is used to model workflow [21], [23], and then a
method based on a CTMC is used to obtain lower bounds of the
execution performance. A simple GSPN, which is a so-called
load equivalence aggregation model, has been developed in
[22], and then the model is simulated using a Colored GSPN to
obtain some performance related measures of human resources
in a workflow. Based on the definition of change time, the
performance evaluation for the dynamic workflow changes can
be conducted using the method proposed in [17]. However,
the technique can be used for only acyclic time WF-net whose
transaction instance arrival interval is constant. The workflow
model is modeled as a queuing network [18], [38]. The method
for identifying the critical path of a nested workflow model and
determining the minimum number of servers for the critical
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activity is derived [18]. Some approximation approaches are
employed in [38] for workforce configuration, and then bound
the analysis is conducted for the corresponding network. But
these techniques are not immediately applicable since they both
assume that dedicated servers exist for an activity’s execution.

Existing modeling and analysis techniques used to resolve
different aspects of workflow performance-related problems
have mainly two shortcomings, which restrict their appli-
cation in practice. One is that only one isolated workflow
process is considered. In general, however, there are several
workflow processes (logistics of business process) running
concurrently in the enactment environment. The other is that
almost no organization and resource information is considered.
Although some literatures incorporate resource information
into their workflow models, only some simple disciplines, such
as dedicated server for an activity’s execution [17], [18] or
infinite servers semantics [19], [20] are supposed. They are not
necessarily true in actual workflow systems.

This paper for the first time considers all the necessary in-
formation for the performance related theoretical analysis of a
workflow model. First, the TWF-net is obtained by extending
WF-net with time information. Then, to provide a formal frame-
work for workflow model performance analysis, the concept of
MWF-net that includes multiple TWF-nets, as well as the or-
ganization and resource information is given. Different from the
classical timed and/or stochastic PN, in which resource config-
uration and allocation information is modeled in the net struc-
ture by additional resource places and corresponding directed
arcs, thus increasing drastically the complexity of the net struc-
ture and destroying the free choice characteristic of a sound
TWF-net, the TWF-nets in the MWF-net only specify the con-
trol logic. The additional information about resource, organiza-
tion and perspectives mapping relations is used to specify the
static and dynamic resource allocation. Since at anytime there
is only one transaction instance in a workflow process (corre-
sponding to a TWF-net), there is no resource contention. Then
it is used in the experiment of lower bounds of different type
transaction instance’ average turnaround time. The simulation
results of the lower bounds of six transaction instances’ average
turnaround time are close to the analysis results.

To realize the performance analysis of the MWF-net, we
present a decomposition algorithm from a free-choice TWF-net
to a set of FC-subnets, each of which describes the routing path
of a type of transaction instances. Based on the resource avail-
ability analysis, relative iterative coefficient computing for each
transition in the corresponding FC-subnet, and the perspectives
mapping relation analysis, the routing of transaction instances
in the TWF-net is mapped into the service request arrival rate
of the resource pools. Then, the workload of each resource pool
can be obtained. In addition, since there are only ICSs, SCSs,
and CCSs in each element of the resulting FC-subnet set, two
theorems are introduced for the turnaround times’ lower bound
computing for all types of transaction instances processed in
the MWF-net. The case study shows that our method can be
effectively utilized in practice.

Although the performance related analysis method has
exponential complexity, the complexity grows exponentially
only with the number of choice places (not all the places) in

the TWF-net and linearly with the number of TWF-nets in the
MWF-net.

During the discussion of workflow performance related
analysis, we implicitly assume that any two TWF-nets in the
MWF-net do not share transitions. The techniques proposed in
this paper need to be extended to deal with the case of multiple
TWF-nets share one or more transitions. This will be left for
future exploration.
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