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Dynamic Checking and Solution to Temporal
Violations in Concurrent Workflow Processes
YanHua Du, PengCheng Xiong, YuShun Fan, and Xitong Li

Abstract—Current methods that deal with concurrent workflow
temporal violations only focus on checking whether there are any
temporal violations. They are not able to point out the path where
the temporal violation happens and thus cannot provide specific
solutions. This paper presents an approach based on a sprouting
graph to find out the temporal violation paths in concurrent
workflow processes as well as possible solutions to resolve the
temporal violations. First, we model concurrent workflow processes with time workflow net and a sprouting graph. Second,
we update the sprouting graph at the checking point. Finally, we
find out the temporal violation paths and provide solutions. We
apply the approach in a real business scenario to illustrate its
advantages: 1) It can dynamically check temporal constraints of
multiple concurrent workflow processes with resource constraints;
2) it can give the path information in the workflow processes where
the temporal violation happens; and 3) it can provide solution to
the temporal violation based on the analysis.
Index Terms—Dynamic checking and solution, Petri nets
(PNs), sprouting graph, temporal constraint, time workflow net
(TWF-net).

I. I NTRODUCTION

W

ORKFLOW management is a key technology for the
collaboration of various business processes, e.g., loan
approval and customer order processing [1]–[4]. By constructing process models and enacting them in the workflow server,
the workflow management system (WfMS) can help to streamline business processes, to deliver tasks and documents among
users, and to monitor the overall performance of the processes.
WfMS designers often set temporal constraints when they
define workflow processes [5]–[9]. Therefore, it is important
to check if all temporal constraints are consistent. Consider a
real scenario for manufacturing a new “Lenovo” cell phone (see
detail in Section VI). It consists of two concurrent processes:
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manufacturing an electronic main board and manufacturing peripheral parts. A temporal constraint is given as “manufacturing
an electronic main board ends no later than 16 time units after
writing a technical document of peripheral parts begins.”
Checking temporal constraints can be divided into static
checking and dynamic checking. Some previous works [5]–
[9] focus on static analysis technique. The main drawback of
this technique is that it is hard to comprehensively consider
all the potential temporal violations during the run time [3],
[4]. By reconsidering the previous scenario, it is hard to use
static analysis technique to check if the temporal constraint
“manufacturing an electronic main board ends no later than
16 time units after writing a technical document of peripheral
parts begins” is satisfied at some time point (e.g., the fifth time
unit) at run time because the execution time of some activities
is nondeterministic.
Dynamic checking differs from static checking by taking into
consideration the real execution time of the activities during
run time. According to the number of workflow processes,
dynamic checking can be divided into single-process checking
and multiple-process checking. There are several methods for
dynamic checking of temporal constraints in a single process
[10]–[14]. These methods are usually based on the assumption
that there is only one single workflow process and there is
no shared resource. In practice, however, multiple workflow
processes may execute concurrently under shared resource
constraints in a WfMS. For example, Li and Yang [15] propose
a method based on analyzing the temporal relationship and
resource constraints among activities in multiple workflow processes. Although their method can give answer to whether there
is any temporal violation, they can neither provide the exact
information about the path violation nor a feasible solution.
However, the information about path violation is very important. Reconsidering the previous scenario, suppose that the
temporal constraint “manufacturing an electronic main board
ends no later than 16 time units after writing a technical
document of peripheral parts begins” is violated at the fifth time
unit. If the information about path violation is provided, there
will be at least three aspects of benefit.
1) This information is helpful for workflow exception handling. With the information, the designer can focus on
the activities in the path with violation. The information
also gives valuable hint for the designer to correctly place
exception handling.
2) This information can facilitate workflow model improvement. With the exact path information, the manager can
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II. P RELIMINARIES
A. Temporal constraint

Fig. 1.

Our approach skeleton.

try to correct the execution of the activities in the path,
e.g., to shorten the execution time of some activities to
solve the violation.
3) This information can assist workflow execution analysis
and diagnostic. With this information, we can make a
statistic analysis of the violation paths. The more frequently the activity is contained in the violation paths,
the more possibility the error is within that activity.
As shown in Fig. 1, this paper proposes a novel approach
to identify the violation path and possible solutions. First,
we construct sprouting graph models for multiple workflow
processes. The reason to adopt a sprouting graph lies in that it
cannot only depict the real-time process execution but also offer
rich analysis capability to support the temporal verification.
Second, we update the sprouting graph at different checking
points and check the temporal constraints. Finally, we give the
violation paths and solutions.
Compared with the existing works, the contributions of this
paper are as follows.
1) Our approach can dynamically check the temporal violations of multiple concurrent workflow processes with
resource constraints and find out the violation paths.
2) If some temporal constraint is violated, we provide solutions to modify the duration of some activities so that the
violations are addressed.
The rest of this paper is organized as follows. The next
section introduces the preliminaries, including temporal constraints and formal problem statement. Section III presents the
concept of sprouting graph and its constructing procedure. In
Section IV, we show how we check temporal constraints based
on a sprouting graph. Section V gives solutions to temporal
violations by modifying durations of activities. Section VI
illustrates an application of our approach by presenting a real
example in a manufacturing enterprise, and our approach is validated by using a popular model checking software. Section VII
gives an overview of the related work, including static and
dynamic checking techniques of temporal constraints. Finally,
Section VIII concludes this paper.

A temporal constraint is a statement which denotes when an
activity should start or finish in terms of absolute time or relative time. Here, time is expressed in basic time unit types, e.g.,
minutes, hours, or days. The time unit type is selected according
to the specific workflow applications. Temporal constraints are
classified into two types [15], i.e., absolute temporal constraints
and relative temporal constraints. An absolute temporal constraint defines the absolute time when an activity should start
or complete during workflow execution, e.g., the deadline for
the submission of an application is December 15th. A relative
temporal constraint defines when an activity should start or end
relative to the starting or ending time of another activity, e.g.,
activity aj should end no later than s time units after activity ai
starts.
A temporal violation occurs if a temporal constraint cannot
be satisfied. For example, in the real scenario for manufacturing
a new “Lenovo” cell phone, a temporal violation occurs at the
fifth time unit if the temporal constraint “manufacturing an
electronic main board ends no later than 16 time units after
writing a technical document of peripheral parts begins” cannot
be satisfied at the fifth time unit due to delayed execution of
some activities.
Here, we use S(ai ) ≤t timei to denote that activity ai
should start at or before absolute time timei , and E(aj ) ≤t
timej to represent that activity aj should end at or before
absolute time timej . DR (ai , aj ) = E(aj ) − S(ai ) is called
run-time duration from the starting time of ai to the ending time
of aj . For the relative temporal constraints, we use DR (ai , aj ) ≤
s to denote that aj should end its execution no later than s time
units after ai starts. Here, ai is called a reference activity.
In this paper, we use relative temporal constraints and take
DR (ai , aj ) ≤ s (ai is a reference point) as the canonical representation for temporal constraints [15].

B. TWF-Net
Definition 1 (PNs) [17]–[20]: A Petri net [P N = (P, T, F ),
where P is a set of places, T is a set of transitions, and F ⊆
(P × T ) ∪ (T × P )] is a set of directed arcs linking places and
transitions.
We usually use a bar to represent a transition, a circle to
represent a place, and a dot to represent a token. Postset of
transition t is the set of output places of t, denoted by t• . Preset
of transition t is the set of input places of t, denoted by • t.
Postset (preset) of p is the set of output (input) transitions of
p, denoted by p• and • p, respectively.
M : P → Z is a marking where M (p) represents the number
of tokens in place p and Z = {0, 1, 2, . . .}. An initial marking is
denoted by M0 . p is marked by M iff M (p) > 0. A transition
t ∈ T is enabled under M , if and only if ∀p ∈• t: M (p) > 0,
denoted as M [t >. If M [t > holds, t may fire, resulting in a
new marking M  , denoted as M [t > M  , such that M  (p) =
M (p) − 1 if ∀p ∈• t \ t• , M  (p) = M (p) + 1 if ∀p ∈ t• \• t,
and otherwise M  (p) = M (p).
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Assume that there are m places and n transitions in a
PN. Backward incidence matrix F1 is an m × n matrix,
F1 (pi , tj ) = 1, if pi ∈• tj ; F1 (pi , tj ) = 0, otherwise. Forward
incidence matrix F2 is an m × n matrix, F2 (pi , tj ) = 1, if
pi ∈ t•j ; F2 (pi , tj ) = 0, otherwise.
Definition 2 (WF-Net): A PN is called a workflow net
(WF-net) if and only if the following conditions are true.

Fig. 2.

Workflow process A based on TWF-net.

Fig. 3.

Two processes based on a TWF-net with resource constraints.

1) PN has two special places: ε and θ. Place ε is a source,
and • ε = ∅. θ is a sink, and θ• = ∅.
2) If we add a new transition to PN which connects place θ
with ε, i.e., • t = {θ} and t• = {ε}, then the resulting PN
is strongly connected.
A WF-net gives only process control specification of a
workflow model. To realize its time dimension verification and
analysis, its temporal behavior should be specified, and some
extensions are needed. Different works [21]–[26] introduce
time into PN-based workflow models. Based on the semantics
of time PN, time WF-net (TWF-net) [21]–[23] is proposed
by treating a timing constraint as a delay pair consisting of
its lower and upper bounds. The following definitions and
notations come from [21]–[23].
Definition 3 (TWF-Net): A TWF-net is a three tuple
(WF-net, F I, M ), where
WF-net = (P, T, F )
workflow net;
P = {p1 , p2 , . . . , pm } set of places representing the state
of a transaction instance or the condition of its output transitions;
set of transitions representing
T = {t1 , t2 , . . . , tn }
activities of the workflow;
F
set of directed arcs linking places
and transitions, and used to describe
precedence relations among activities;
FI
set of nonnegative real number
pairs [l, u] related to each transition,
which is used to represent the minimum firing time and the maximum
firing time, respectively;
M
vector of m-dimensional markings,
where M (p) denotes the number of
tokens representing the number of
transaction instances in p.
There are usually two types of transitions in TWF-net, i.e.,
activity and routing transitions. The former ones model the
activity nodes in a workflow. The latter ones determine the
control flow among former ones, e.g., and-split, and-join, orsplit, and or-join. Since routing transitions fire as soon as they
are enabled, they are associated with a time interval [0, 0]. For
simplicity, we omit the time interval tag of routing transitions.
In this paper, TWF-net is based on the weak semantics [21] of
time PN, in which the firing of transitions can be freely chosen
by decisions local to them, and independently from the conflicts
with other ones. Assume transition t ∈ T is enabled in a state
M and is associated with a time interval [l, u], (0 ≤ l ≤ u).
Then, let s and τ (t) denote the enabled time and the actual
firing time of t, respectively. We have s + l ≤ τ (t) ≤ s + u.
An example of a workflow process A modeled using a TWF-

net is shown in Fig. 2, in which we have 2 ≤ τ (t11 ) ≤ 3 since
its enabled time s = 0.
When activities are executed, they use two kinds of resources, i.e., shared and private ones. Shared resources can
be accessed by different activities, while private resources are
reserved for only one activity. Shared resources will cause
conflicts, while private ones will not. In this paper, we assume
that shared resources have exclusive property, i.e., the resources
can be used by only one activity without preemption. We assume that the first-come first-served (FCFS) policy is applied to
allocate resources to activities [15], i.e., an activity is allocated
with the resource first if the transition representing that activity
is enabled first. An activity will be postponed for execution until
all required resources are available. When the activity finishes,
it will release all the resources.
However, several transitions in multiple processes may be
enabled at the same time, and this case cannot be handled
by the FCFS policy. Hence, the other scheduling policies for
resource allocation are needed as the complementary policies,
e.g., random (RANDOM), short processing time (SPT), and
longest processing time (LPT) [27]. In order to simplify our
approach, the SPT policy is used when several transitions in
multiple processes are enabled at the same time.
If two transitions ti and tj share a resource, then there is a
resource constraint between ti and tj . Here, we denote the set
of transitions having resource constraints with ti as RC(ti ). We
use a resource place pr to denote the shared resource and add
corresponding directed arcs to/from the transitions to denote
the request and release of the resource. M0 (pr ) = 1 means that
there is one resource instance at the initial marking.
An example of two workflow processes A and B based on a
TWF-net is shown in Fig. 3, in which we assume that t13 and
t22 share a resource pr1 which is denoted by an oval.
C. Problem Statement
Given a TWF-net W which contains multiple processes
{W1 , W2 , . . . , Ww } and a temporal constraint DR (ti , tj ) ≤ s,
where transition ti and tj may belong to different processes in
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Fig. 4.

Three TWF-nets.

W , check if the difference between the firing time of tj (the
time when tj ends) and the enabled time of ti (the time when
ti starts) is less than s. If a temporal constraint is violated, find
the paths with violations in the workflow processes. After the
violation path is found, a solution needs to be provided, which
may, for example, modify the execution durations of some of
the activities on the paths.
III. TWF-N ET AND S PROUTING G RAPH
In this section, we first give the definitions and operations of
paths and time intervals of TWF-nets and a sprouting graph [16].
Then, we present the procedure to construct a sprouting graph.
A. Operations of Paths and Time Intervals in a TWF-Net
Definition 4 (Path): In a TWF-net, a path is defined as a
sequence of transitions {t1 , t2 , . . . , tk } such that ∀i, 1 ≤ i ≤
k − 1, ∃p ∈ P , arc (ti , p) and (p, ti+1 ) exist.
For example, {t1 , t2 , t4 } and {t1 , t3 , t4 } in Fig. 4(a) are paths.
The path defined here is similar to the transition path in [25].
Following [16], some operations on paths and path sets
are defined as follows. They will be used to simplify the
representation of computing and recording path information
for transitions in a TWF-net when constructing and updating
a sprouting graph.
Definition 5 (Union Operation of Two Paths):
Supposing that path1 and path2 are two paths, where
path1 = {tg , tg+1 , . . . , th } and path2 = {ti , ti+1 , . . . , tj },
the union of two paths is expressed as path1 ∆path2 =
means the
{(tg , tg+1 , . . . , th ) (ti , ti+1 , . . . , tj )}, where
union operator of sets.
This operation is used to describe the union of two paths
before and-join. For example, there are two paths in Fig. 4(a),
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i.e., pathx = {t1 , t2 } and pathy = {t1 , t3 }; then, we have
pathx ∆pathy = {(t1 , t2 ) (t1 , t3 )}.
Definition 6 (Intercross Operation of Two Paths): Supposing that path1 and path2 are two paths, where path1 =
{tg , tg+1 , . . . , th } and path2 = {ti , ti+1 , . . . , tj }, the intercross of two paths is expressed as path1 /path2 = {tg ,
tg+1 , . . . , th (ti , ti+1 , . . . , tj )}.
This operation is used to describe a resource constraint after
th and tj fire. For example, there are two paths in Fig. 3, i.e.,
pathx = {t11 } and pathy = {t21 }. After t11 and t21 fire, we
will have a resource conflict. Then, we use pathx /pathy =
t11 (t21 ) to denote that there is a resource constraint after
t11 and t21 fire.
Definition 7 (Adding a Transition Into a Path): Letting t be a
transition, adding t into the path {tg , tg+1 , . . . , th } is expressed
as path ⊕ t = {tg , tg+1 , . . . , th , t}.
For example, in Fig. 4(a), there exists pathx = {t1 , t2 }; then,
we have pathx ⊕ t4 = {t1 , t2 , t4 }.
Let P S1 and P S2 be two sets of paths, where P S1 =
{pathg , pathg+1 , . . . , pathh } and P S2 = {pathi , pathi+1 ,
. . . , pathj }. The merge, Cartesian union, and Cartesian intercross operations of paths are defined as follows.
Definition 8 (Merge Operation): The merge operation
between P S1 and P S2 is defined by P S1 P S2 =
{pathg , pathg+1 , . . . , pathh , pathi , pathi+1 , . . . , pathj }
. Adding a transition t into P S1 is defined as
P S1 ∆t = {pathg ⊕ t, pathg+1 ⊕ t, . . . , pathh ⊕ t}.
For example, in Fig. 4(b), there are two paths from p1
to p7 , i.e., {t1 , t3 , t4 } and {t1 , t5 , t6 }. We have P Sa =
{{t1 , t3 , t4 }} and P Sb = {{t1 , t5 , t6 }}. Then, P Sa P Sb =
{{t1 , t3 , t4 }, {t1 , t5 , t6 }}, and P Sa ∆t2 = {{t1 , t3 , t4 , t2 }}.
Definition
9
(Cartesian
Union
Operation): The
Cartesian union operation between P S1 and P S2 is defined as
P S1 ΘP S2 , where
P S1 θP S2 = {pathg ∆pathi , pathg ∆pathi+1 , . . . ,
pathg ∆pathj , pathg+1 ∆pathi ,
pathg+1 ∆pathi+1 , . . . , pathg+1 ∆pathj ,
......
pathh ∆pathi , pathh ∆pathi+1 , . . . ,
pathh ∆pathj }
where ∆ is the union operator between paths.
For example, in Fig. 4(b), there are two paths from p1
to p7 , i.e., {t1 , t3 , t4 } and {t1 , t5 , t6 }. We have P Sa = {{t1 ,
t3 , t4 }, {t1 , t5 , t6 }}. There is one path {t1 , t7 , t8 } from p1 to p8 .
We have P Sb = {{t1 , t7 , t8 }}. Then, we have P Sa ΘP Sb =
{{(t1 , t3 , t4 ) (t1 , t7 , t8 )}, {(t1 , t5 , t6 ) (t1 , t7 , t8 )}}.
Definition 10 (Cartesian Intercross Operation): The Cartesian intercross operation between P S1 and P S2 is defined as
P S1 OP S2
P S1 OP S2 = {pathg /pathi , pathg /pathi+1 , . . . ,
pathg /pathj , pathg+1 /pathi ,
pathg+1 /pathi+1 , . . . , pathg+1 /pathj ,
......
pathh /pathi , pathh /pathi+1 , . . . ,
pathh /pathj }
where / is the intercross operator between paths.
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There are two processes shown in Fig. 4(c). Two or-split
and or-join paths from p11 to p13 are denoted as a set P Sa =
{{t11 , t12 }, {t11 , t13 }}, and one path from p21 to p23 is denoted
as P Sb = {{t21 , t22 }}. After t12 and t22 fire or after t13
and t22 fire, we will have a resource conflict. Then, we get
P Sa OP Sb = {{t11 , t12 (t21 , t22 )}, {t11 , t13 (t21 , t22 )}}.
We present several operations on time intervals and time
interval sets as follows. They will be used to simplify the
representation of computing and recording time information
for transitions in a TWF-net when constructing and updating
a sprouting graph.
Definition 11 (Max Operation of Time Intervals): Assume
that a time interval D1 = [a, b], where 0 ≤ a ≤ b ≤ ∞, and another time interval D2 = [c, d], where 0 ≤ c ≤ d ≤ ∞. Then,
M ax(D1 , D2 ) = [max(a, c), max(b, d)], where the function
max(x, y) = x, if y ≤ x; max(x, y) = y, otherwise.
For example, for Da = [2, 3] and Db = [3, 4], we have
M ax(Da , Db ) = [3, 4].
Definition 12 (Addition Operation of Time Intervals): Assume that a time interval D1 = [a, b], where 0 ≤ a ≤ b ≤ ∞,
and a time interval D2 = [c, d], where 0 ≤ c ≤ d ≤ ∞. Then,
time interval addition is defined as D1 + D2 = [a + c, b + d].
For example, for Da = [2, 3] and Db = [3, 4], we have Da +
Db = [5, 7].
Definition 13 (Operations of Time Interval Sets): Let DS1
and DS2 be two sets of time intervals, where DS1 =
{Dg , Dg+1 , . . . , Dh } and DS2 = {Di , Di+1 , . . . , Dj }. The
union of DS1 and DS2 is defined as DS1 ∪ DS2 =
{Dg , Dg+1 , . . . , Dh , Di , Di+1 , . . . , Dj }.
Letting D be a time interval, the addition of DS1 and D
is defined as DS1 D = {Dg + D, Dg+1 + D, . . . , Dh + D},
where “+” is addition operation of time interval.
The multiplication of DS1 and DS2 is defined by DS1 ♦DS2
DS1 ♦DS2 = {M ax(Dg , Di ), M ax(Dg , Di+1 ), . . . ,
M ax(Dg , Dj )M ax(Dg+1 , Di ),
M ax(Dg+1 , Di+1 ), . . . , M ax(Dg+1 , Dj )
......
M ax(Dh , Di ), M ax(Dh , Di+1 ), . . . ,
M ax(Dh , Dj )} .
For example, supposing that DSx = {[1, 2], [2, 3]}, DSy =
{[1, 3], [3, 4]}, and D = [1, 3], we have DSx ∪ DSy = {[1, 2],
[2, 3], [1, 3], [3, 4]}, DSx D ={[2, 5], [3, 6]}, and DSx ♦DSy=
{[1, 3], [3, 4], [2, 3], [3, 4]}.
B. Sprouting Graph
Definition 14 (Sprouting Graph): A sprouting graph of a
TWF-net model W is defined as a tuple (V, E), where V is
a set of nodes and E is a set of directed arcs between nodes.
1) A node v ∈ V is labeled (p, b) which corresponds to a
place p in W . b is an ordered pair (Path_set, Time_set).
Path_set is a set of paths. Time_set is a set of time
intervals, and each time interval in Time_set represents

Fig. 5.

Mapping between a TWF-net and a sprouting graph.

the time that the corresponding path in Path_set costs. If
the ith path in the set of paths is ∅, then the ith time
interval of the set of time intervals is ∅ as well.
2) A directed arc e ∈ E is labeled (t, d) which corresponds
to a transition t in W . d is the time interval of t.
Note that, in a sprouting graph, an arc and its input/output
nodes correspond to a transition and its input/output places.
The set of time intervals of its input node is the possible enable
time of the transition. The set of time intervals of its output
node is the possible firing time of its corresponding transition.
The sets of paths in its input and output nodes include the
paths of instances executing before and after its corresponding
transition.
There is a workflow process in the upper part of Fig. 5, which
begins at the zeroth time unit. Each transition in a TWF-net
corresponds to an arc in the sprouting graph. Node 1 corresponds to the initial place p1 ; the path and time information are
∅ because p1 is the initial marking place (i.e., M0 (p1 ) = 1).
Node 2 corresponds to p2 . Then, the path information is {t1 }
and the time information is [3, 5], because the path from the
initial place to p2 is {t1 } and it takes at least three time units
and at most five time units. Similarly, node n corresponds
to the ending place pn ; the path information contains all
the paths from p1 to pn , i.e., {path1 , . . . , pathx , . . . , pathy },
while the time information includes the corresponding times
{time1 , . . . , timex , . . . , timey }.
For another example, as shown in Fig. 3, there are two
workflow processes A and B. We assume that the two processes
begin at the same time. The corresponding sprouting graph is
shown in Fig. 6. Each transition in a TWF-net corresponds to
an arc in the sprout graph, and its name and time interval are
also labeled. Because there is only one path {t11 } from p11
to p12 and a workflow instance needs to spend at least two
and at most three time units on this path, node 3 corresponds
to place p12 , and its corresponding path set is {{t11 }} and
time set is {[2, 3]}. Node 5 corresponds to place p13 , and its
corresponding path set is {{t11 , t12 }, {t11 (t21 ), t13 }} and time
set is {[7, 9], [8, 13]}. This shows that there are two paths
{t11 , t12 } and {t11 (t21 ), t13 } from p11 to p13 , and a workflow
instance needs to spend, respectively, at least seven and at most
nine time units on path {t11 , t12 }, or at least 8 and at most
13 time units on path {t11 (t21 ), t13 } in which t11 (t21 ) is used
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Sprouting graph of the example in Fig. 3.

Fig. 8. Computing procedure of backward/forward incidence matrices.

TWF-net [16]. This is shown as the following Algorithm 1.

Fig. 7.

Transformation of iteration structure in TWF-nets.

to denote that there is a resource constraint after t11 and t21 fire.
The explanation of other nodes is omitted here.
C. Construct Sprouting Graph
Four kinds of basic control structures, namely, sequential,
parallel, selective, and iterative structures, have been defined in
the workflow reference model [22], [23]. The iterative structure
occurs when some activities are scheduled iteratively. In the
example of the upper part of Fig. 7, activities t2 and t4 may
be scheduled many times before t3 is scheduled.
If a TWF-net does not contain iterative structures, we can
directly build a sprouting graph. Otherwise, we approximate the
number of loops in a finite iterative structure and transform it to
a sequence of transition by expanding cycles [28], as shown in
Fig. 7. The resources used by a transition in an iterative control
structure should also be repeatedly used by its new “copied”
transitions in the transformed model. A detailed example about
this is in Section VI.
When we construct the sprouting graph for a TWF-net, all
the possible firing path and time information of each transition
need to be computed and added in the nodes of the sprouting
graph.
In order to reduce the complexity of the computing, the
construction of sprouting graph can be divided into two phases
[16]: 1) to obtain the transition sequence Q of the TWF-nets
without considering the time interval of each transition and 2)
to construct the sprouting graph based on Q.
The backward incidence and forward incidence matrices are
adopted to obtain the transition sequence Q for the whole

Algorithm 1. Compute transition sequence
Input: TWF-nets {W1 , W2 , . . . , Wm }.
Output: Transition sequence Q.
Step 1: Get the backward incidence matrix F1 and forward
incidence matrix F2 for TWF-nets.
Step 2: Find a place pi that satisfies F2 (pi , t) = 0 for every
transition t, and set F1 (pi , t) = 0 for every transition t of the
TWF-net.
Step 3: Find a transition tj that satisfies that F1 (p, tj ) = 0 for
every place p, and put the transition tj into Q. Set F2 (p, tj ) = 0
for every place. If all transitions in models have been put into
Q, then end; otherwise, go to step 2.
For example, the backward incidence matrix F1 and forward
incidence matrix F2 for Fig. 3 are shown hereinafter. We can
see that F2 (p11 , t) = 0 and F2 (p21 , t) = 0 for every transition
t in Fig. 8. We choose p11 first and set F1 (p11 , t) = 0 for every
transition t as shown in F11 . Then, we find that transition t11
satisfies F11 (p, t11 ) = 0 for any place p. We put t11 into Q and
set F2 (p, t11 ) = 0 for every place as shown in F22 . We do the
same to p21 , pr1 , etc. Finally, we get the transition sequence Q
of the TWF-net as {t11 , t21 , t12 , t13 , t22 }.
Assuming that there are n transitions and m places in the
model, the time complexity of Algorithm 1 is O(nm).
After obtaining the transition sequence Q of the TWF-nets
according to Algorithm 1, we construct the sprouting graph
based on Q. The main idea of the constructing procedure is
to compute and record firing time and path of each transition
in Q[16]. Hence, the procedure for each transition is divided
into three computing steps: 1) to get its possible enabled time
intervals; 2) to compute the firing time and path; and 3) to
construct the node and arc to record information.
Assume that ti is the first transition from transition sequence
as shown in Fig. 9, and its time interval is [d(ti ), D(ti )].
Computing step 1: Get its possible enabled time intervals
Supposing that pj ∈• ti (j = s, s + 1, . . . , r), the
path sets and time sets of the node corresponding
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Fig. 9. Any one transition in the Q.

to pj are Path_setj and Time_setj , respectively. The
possible enabled time intervals of ti are P B(ti ) =
(Time_sets ♦ . . . ♦Time_setr ).
Computing step 2: Compute the firing time and path
We discuss it in two cases according to the resource
constraints between ti and other process.
Case 1: It does not have resource constraints with others: The path and time information when ti is triggered:
Path_set = (Path_sets Θ . . . ΘPath_setr )∆ti , and Time_set =
P B(ti )[d(ti ), D(ti )].
Case 2: It has resource constraints with others: Assume that
tj has resource constraints with ti and its time interval is
[d(tj ), D(tj )], the possible enabled time intervals P B(tj ) =
(Time_setm ♦ . . . ♦Time_setn ), in which pk ∈• tj (k = m,
m + 1, . . . , n) and the time sets of node corresponding to pk
are Time_setk . We adjust its enabled time intervals in order to
avoid resource conflict in execution based on the FCFS policy:
For ∀ [c, d] ∈ P B(ti ) and ∀ [a, b] ∈ P B(tj ), if a ≤ c, [c, d] is
modified as [max{a + d(tj ), c}, max{b + D(tj ), d}].
The time and the path information of this transition
after adjustment are Time_set = P B(ti )[d(ti ), D(ti )] and
Path_set = (Path_sets OPath_sets+1 O . . . OPath_setr ) ∆ti .
Computing step 3: Construct the node and arc to record
information
For ∀ po ∈ t•i (o = x, x + 1, . . . , y), assume that the
path sets and time sets for po are (Path_seto , Time_seto ),
and we will create or modify nodes according to the
following two cases.
Case 1: If there exists a node corresponding to po : Draw
directed arcs labeled with (ti , [d(ti ), D(ti )]) from each node
of pj (s ≤ j ≤ r) to po , and change (Path_seto , Time_seto ) to
(Path_set Path_seto , Time_set ∪ Time_seto ).
Case 2: If there does not exist a node corresponding
to po : Create a new node for po which is labeled with
(Path_set, Time_set), and draw directed arcs labeled with
(ti , [d(ti ), D(ti )]) from each node of pj (s ≤ j ≤ r) to po .
After the aforementioned three computing steps, we delete ti
from Q. If Q = ∅, then the procedure ends. Otherwise, we get
the next transition and go to this procedure again.
Based on the earlier discussion, we present an algorithm to
construct a sprouting graph in Algorithm 2.
Algorithm 2. Construct sprouting graph
Input: TWF-nets {W1 , W2 , . . . , Ww } and transition sequence Q.
Output: Sprouting graph G, whose nodes and arcs are corresponding to places and transitions in TWF-nets.

Fig. 10.

Build a sprouting graph for the example in Fig. 3.

/∗ Initialization of root nodes ∗ /
Step 1: Create a root node for each initial marking place p for
each W ∈ {W1 , W2 , . . . , Ww }. Label the node corresponding
to p with (p, (∅, ∅)).
/∗ Obtain the first transition from Q ∗ /
Step 2: Select the first transition ti from Q, and assume its
time interval as [d(ti ), D(ti )].
/∗ Compute and record firing time and path for each transition
∗
/
Steps 3–5: Follow the aforementioned computing steps 1–3.
Step 6: Delete ti from Q. If Q = ∅, then the algorithm ends.
Otherwise, go to step 2.
Assuming that there are n transitions and m places in the
models, the time complexity of Algorithm 2 is O(nm) when
there is no resource constraint and O(nm2 ) when there is
resource constraint.
For example, in Fig. 3, we have TWF-nets {W1 , W2 } and
transition sequence Q = {t11 , t21 , t12 , t13 , t22 }. We first construct two root nodes 1 and 2, corresponding to p11 and
p21 as shown in Fig. 10(a). The path sets and time sets
of the two nodes are (∅, ∅). Since p11 ∈• t11 , Path_set =
∅∆t11 = {{t11 }} and Time_set = ∅[2, 3] = {[2, 3]}. A new
node 3 corresponding to p12 is created, which is labeled with
({{t11 }}, {[2, 3]}), and a directed arc labeled with (t11 , [2, 3])
is drawn from node p11 to it, as shown in Fig. 10(b). Then, we
delete t11 from Q and go to the next loop.
In the same way, we construct nodes 4 and 5. Now, Q =
{t13 , t22 }, and the sprouting graph is shown in Fig. 10(c).
We select the next transition t13 from Q. Note that there is a
resource constraint between t13 and t22 . According to case 2
step 4 in Algorithm 2, t22 ∈ RC(t13 ), we have [2, 3] ∈
P B(t13 ), [1, 2] ∈ P B(t22 ). Thus, the enabled time of t13 is
later than the enabled time of t22 . t22 will get the resource
first. [2, 3] is modified as [max{1 + 4, 2}, max{2 + 6, 3}] =
[5, 8]. Then, Time_set = [5,8][d(t13 ), D(t13 )] = [5,8]+[3,5] =
[8, 13], and Path_set = ({{t11 }}O{{t21 }})∆t13 = {{t11 (t21 ),
t13 }}.
Then, according to case 1 step 5 in Algorithm 2, a directed
arc labeled with (t13 , [3, 5]) is drawn from node 3 to node 5,
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and the path sets and time sets of node 5 are changed to
({{t11 , t12 }, {t11 (t21 ), t13 }}, {[7, 9], [8, 13]}). We then process
the final transition t22 from Q, and the final sprouting graph is
shown in Fig. 6.

IV. DYNAMIC C HECKING BASED ON S PROUTING G RAPH
After constructing the sprouting graph of a TWF-net with
resource constraints, we discuss how to dynamically check
temporal constraints based on the sprouting graph.

A. Dynamically Update the Sprouting Graph
A checkpoint selection strategy is responsible for selecting checkpoints for conducting temporal verification at runtime execution stage. Currently, there are several checkpoint
selection strategies. Eder et al. [10] take every activity as a
checkpoint at run time. Chen et al. [12] present a new runtime checkpoint selection strategy which illustrates how to
dynamically select appropriate checkpoints based on the active
interval of activities along the workflow execution. What policy
is adopted to select checkpoints is beyond the scope of this
paper, and we assume that checkpoints have been selected in
the execution of workflow processes based on a corresponding
selection strategy.
At checkpoint H, dynamic checking of temporal constraint
DR (ti , tj ) ≤ s can be divided into two phases, i.e., updating
sprouting graph and checking of temporal constraints.
In order to update the sprouting graph at the checkpoints, the
time information of nodes in the graph needs to be recomputed
with the time information from the transitions triggered. Since
the structure of TWF-net does not change, the path information
in the sprouting graph is unchanged—only the time information
needs to be computed.
First, we delete already fired transitions from Q before
computing, since the time of fired transitions is definite, which
means that it has removed the randomness.
Second, we make the transitions have the same new starting
time point and update the path information of input nodes
of the arcs corresponding to the enabled transitions. For each
enabled transition t, assume that its enabled time is Ht . Modify
the time interval [d(t), D(t)] of the arc corresponding to t as
[d(t) − (H − Ht ), D(t) − (H − Ht )] and the time set of the
input nodes of the arc as [0, 0]. The path set of the input nodes
of the arc is also set as the real executing path of instance.
Finally, for each transition from Q, we follow the steps in
Algorithm 2.
In this way, we present an algorithm to update the sprouting
graph in Algorithm 3.
Algorithm 3. Update sprouting graph
Input: Sprouting graph G, transition sequence Q, and checkpoint H.
Output: Updated sprouting graph G .
/∗ Make the transitions have the same new starting time point
and update the path information of input nodes of the arcs
corresponding to the enabled transitions ∗ /

Fig. 11. Updated sprouting graph at the third time unit.

Step 1: Delete already fired transitions from Q. For each
enabled transition t, assume that its enabled time is Ht . Modify
the time interval [d(t), D(t)] of the arc corresponding to t as
[d(t) − (H − Ht ), D(t) − (H − Ht )] and the time set of the
input nodes of the arc as [0, 0]. The path set of the input nodes
of the arc is also set as the practical executing path of instance.
/∗ Obtain the first transition from Q ∗ /
Step 2: Select the first transition that has not been fired as ti
from Q, and assume its time interval as [d(ti ), D(ti )].
Steps 3–6: Follow steps 3–6 in Algorithm 2.
Assume that there are n transitions in Q, which are not
fired or enabled, and there are m places in the models. The
time complexity of the Algorithm 3 is O(nm) when there is
no resource constraint and O(nm2 ) when there is resource
constraint.
For example, assume that we want to update the sprouting
graph in Fig. 6 at the third time unit. Assume that the firing
of t11 takes three time units and that of t21 takes two time
units. Then, t22 is enabled at the second time unit, and t12 and
t13 are enabled at the third time unit. According to step 1, we
modify the time interval of the arc corresponding to t22 as [4 −
(3 − 2), 6 − (3 − 2)] = [3, 5] and set the time set of nodes 3
and 4 as {[0, 0]}. According to step 1, transitions t11 and
t21 that have already fired are deleted from Q; then, we have
Q = {t12 , t13 , t22 }. The path information of nodes 1–4 remains
unchanged.
Now, the first transition in Q is t12 . According to step 3, since
the input place of t12 is p12 , its possible enabled time interval is
[0, 0]. Because RC(t12 ) = ∅, the Time_set is {[0, 0]}[5, 6] =
{[5, 6]} and Path_set = {{t11 , t12 }}, and we update the path
and time sets of node 5 to ({{t11 , t12 }}, {[5, 6]}) and delete t12
from Q.
Then, the new first transition in Q is t13 . t22 ∈ RC(t13 ),
and we have [0, 0] ∈ P B(t13 ) and [0, 0] ∈ P B(t22 ). Since
t22 is enabled at the second time unit and t13 is enabled at the third time unit, t22 is enabled before t13 . We
have Time_set = {[3, 5]}[3, 5] = {[6, 10]} and Path-set =
{{t11 (t21 ), t13 }}. Therefore, we update the path and time sets
of node 5 to ({{t11 , t12 }, {t11 (t21 ), t13 }}, {[5, 6], [6, 10]}) and
delete t13 from Q.
Then, the new first transition in Q is t22 . We go to the next
loop. Finally, the updated sprouting graph is shown in Fig. 11.

1174

IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS—PART A: SYSTEMS AND HUMANS, VOL. 41, NO. 6, NOVEMBER 2011

Fig. 12. Temporal relations between time point X and interval Y .

B. Check Temporal Constraints Based on Updated
Sprouting Graph
Now, we can check whether DR (ti , tj ) ≤ s based on the
updated sprouting graph at checkpoint H, i.e., check if tj ends
no later than s time units after ti starts.
There are two kinds of status of ti .
Condition A: ti has been fired or enabled before checkpoint
H. We assume that its enabled time is S and the time set of
output nodes of the arc corresponding to tj is Time_setj . For
∀ [a, b] ∈ Time_setj , where a is the earliest ending time of tj
and b is the latest ending time.
We check if Y is before X, where X = s and Y = [a + H −
S, b + H − S]. There are three cases as shown in Fig. 12.
Case 1: s < a + H − S. This corresponds to the case “X
before Y .” The temporal constraint is violated.
Case 2: b + H − S ≤ s. This corresponds to the cases “X
finishes Y ” and “Y before X.” The temporal constraint is
satisfied.
Case 3: a + H − S ≤ s < b + H − S. This corresponds to the
cases “X starts Y ” and “X during Y .” The temporal
constraint cannot be decided at H.
Condition B: ti has not been fired or enabled before checkpoint H. We assume that the time set of the input nodes of arc
corresponding to ti is Time_seti and the time set of the output
nodes of arc corresponding to tj is Time_setj . For ∀ [c, d] ∈
Time_seti and ∀ [a, b] ∈ Time_setj , we check if Y is before X,
where X = s and Y = [a − d, b − c]. There are three cases.
Case 1: s < a − d. This corresponds to the case “X before Y .”
The temporal constraint is violated.
Case 2: b − c ≤ s. This corresponds to the cases “X finishes
Y ” and “Y before X.” The temporal constraint is satisfied.
Case 3: a − d ≤ s < b − c. This corresponds to the cases “X
starts Y ” and “X during Y .” The temporal constraint
cannot be decided at H.
Based on the aforementioned statements, we propose the
checking procedure of temporal constraints in the following
Algorithm 4.
Algorithm 4. Check temporal constraints
Input: Updated sprouting graph G at checkpoint H and
temporal constraint DR (ti , tj ) ≤ s for checking.
Output: Results for temporal violation and the path where
the violation happens.

Step 1: We take Time_setj for the output node of the arc
corresponding to tj . If ti has already been fired or enabled, go
to step 2. Otherwise, go to step 3.
/∗ Condition A: ti has been fired or enabled before checkpoint H. ∗ /
Step 2: If ti has been fired or enabled, S is the enabled
time. For ∀ [a, b] ∈ Time_setj , we check if Y is before X,
where X = s and Y = [a + H − S, b + H − S] according to
the cases in condition A. Go to step 4.
/∗ Condition B: ti has not been fired or enabled before
checkpoint H. ∗ /
Step 3: We take Time_seti for the input node of arc
corresponding to ti . For ∀ [c, d] ∈ Time_seti and ∀ [a, b] ∈
Time_setj , we check if Y is before X, where X = s and
Y = [a − d, b − c] according to the cases in condition B. Go
to step 4.
/∗ If the temporal constraint is violated, return the erroneous
paths. ∗ /
Step 4: If the temporal constraint is violated, return the
erroneous paths according to the following cases. Otherwise,
the algorithm ends.
/∗ If ti and tj are in the same process, the path corresponding
to [a, b] includes ti and tj . Thus, it is considered to solve the
violations.∗ /
Case 1: Two transitions ti and tj are in the same process.
The path corresponding to [a, b] in Path_setj is returned.
/∗ If ti and tj are not in the same process and ti has not been
fired or enabled before checkpoint H, two paths corresponding
to [c, d] of ti and [a, b] of tj are considered to solve the
violations. But only the path corresponding to [a, b] of tj is
returned if ti has been fired or enabled before checkpoint H.∗ /
Case 2: Two transitions ti and tj are not in the same process.
If ti has not been fired or enabled before checkpoint H, the path
corresponding to [a, b] in Path_setj and the path corresponding
to [c, d] in Path_seti are returned together. But only the path
corresponding to [a, b] of tj is returned, if ti has been fired or
enabled before checkpoint H.
The time complexity of Algorithm 4 is constant.
For example, suppose that we want to check a temporal
constraint DR (t12 , t22 ) ≤ 6 for the workflow model in Fig. 3
at a checkpoint (third time unit). Assume that the firing of t11
takes three time units and that of t21 takes two time units. t22
is enabled at the second time unit, and t12 and t13 are enabled
at the third time unit. The updated sprouting graph is shown in
Fig. 11. Because t12 is enabled at the third time unit, S = 3.
The time set of output nodes of the arc corresponding to t22 is
{[3, 5]}. We take the Time_set for node 6, i.e., {[3, 5]}. We
have X = s = 6, [a, b] = [3, 5], and H = S = 3. Then, Y =
[a + H − S, b + H − S] = [3, 5]. Because 5 < 6, we know that
DR (t12 , t22 ) ≤ 6 is satisfied at the third time units based on
step 2 of Algorithm 4.
For another example, suppose that we want to check temporal
constraint DR (t21 , t22 ) ≤ 4. Because t21 is enabled at the initial time, S = 0. Then, we have X = s = 4, [a, b] = [3, 5], and
H = 3. Thus, Y = [a + H − S, b + H − S] = [6, 8]. Because
4 < 6, DR (t21 , t22 ) ≤ 4 is violated at the third time units. Since
t21 and t22 are in the same process and the path {t21 (t11 ), t22 }
is corresponding to time interval [a, b] = [3, 5], {t21 (t11 ), t22 }
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is returned based on step 4 of Algorithm 4. This means that the
path {t21 (t11 ), t22 } is the erroneous path for the violation of
DR (t21 , t22 ) ≤ 4 at the third time units.
Note that we can check more than one temporal constraint by
using the same updated sprouting graph. The detailed example
is illustrated in Section VI. Thus, our approach is scalable, i.e.,
we do not have to create a new sprouting graph for checking a
new temporal constraint. Our approach has higher efficiency,
particularly when it deals with a large number of temporal
constraints.
V. S OLUTION TO T EMPORAL V IOLATIONS
If a temporal constraint DR (ti , tj ) ≤ s is violated at checkpoint H on a specific path, the designer needs to modify the
workflow models in order to make the temporal constraints
satisfied again.
A. Solution to Temporal Violations
Generally speaking, there are several options for the
workflow designer, e.g., inserting/removing activities, adding/
removing resources, modifying the duration of activities, etc.
[34]. To modify the duration of activities may be the easiest
one since it can keep the original workflow topological structure. Assume that we can “reduce” the time interval [a, b] to
[max{(a − Dur), 0}, b − Dur] or “expand” the time interval
[a, b] to [a + Dur, b + Dur], where Dur is the time value that
needs to be decided.
If a temporal constraint DR (ti , tj ) ≤ s is violated at a checkpoint H, there are two conditions.
Condition A: Two transitions are in the same process.
According to step 4 of Algorithm 4, the only erroneous
path for the temporal violation is returned. This erroneous path
should include ti and tj . We assume that the path formalization
is {tx , . . . , ti , . . . , tj }.
The solution is to reduce the time intervals of transitions
between ti and tj in the path, which has not been fired or
enabled at checkpoint H. Here, the designer needs to know
how much time should be reduced between ti and tj to solve
the problem.
There are two cases.
Case 1: ti has been fired or enabled at checkpoint H.
Assume that [a, b] ∈ Time_setj corresponds to the path
where there is a temporal violation. We set Reduce = b +
H − S − s as the minimal time value to be reduced in order
to make (b − Reduce) + H − S ≤ s. Moreover, we need to
consider the time delay caused by waiting resources because
some transitions on the path {ti , . . . , tj }, which are not fired
or enabled at checkpoint H, may have resource constraints
with
x other transitions. In the worst case, the waiting time is
z=1 uz , where uz (1 ≤ z ≤ x) is the maximum firing time
of the zth transition which has resource constraint with the
transitions on the path {ti , . . . , tj }.Hence, the minimal time
to be reduced is Dur = Reduce + xz=1 uz .
Case 2: ti has not been fired or enabled at checkpoint H.
Assume that [c, d] ∈ Time_seti and [a, b] ∈ Time_setj are
responding to the erroneous path which has temporal violation.
We set Reduce = b − c − s as the minimal time value to be
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reduced in order to make (b − Reduce) − c ≤ s. Similarly, we
consider the time delay caused by waiting resources and
 set the
minimal time value to be reduced as Dur = Reduce+ xz=1 uz .
Condition B: Two transitions are in different processes.
According to step 4 of Algorithm 4, there are two cases.
Case 1: ti has been fired or enabled at checkpoint H.
The solution is to reduce the time intervals of transitions
before tj in the returned erroneous path {tb , . . . , tj } }, which
has not been fired or enabled at checkpoint H.
Similar to case 1 in condition A, assume that [a, b] ∈
Time_setj is corresponding to the path where there is a
temporal violation. We set Reduce = b + H − S − s as the
minimal time value to be reduced to make (b − Reduce) +
H − S ≤ s. Moreover, we need to consider the time delay
caused by waiting resources because some transitions on the
path {tb , . . . , tj }, which are not fired or enabled at checkpoint H, may have resource constraints with
 other transitions. In the worst case, the waiting time is xz=1 uz , where
uz (1 ≤ z ≤ x) is the maximum firing time of the zth transition which has resource constraint with the transitions on the
the minimal time to be reduced is
path {tb , . . . , tj }. Hence,

Dur = Reduce + xz=1 uz .
Case 2: ti has not been fired or enabled at checkpoint H.
Similar to case 2 in condition A, assume that [c, d] ∈
Time_seti and [a, b] ∈ Time_setj are responding to the erroneous path which has temporal violation. We set Reduce −
Expand = b − c − s in order to make (b − Reduce) − (c −
Expand) ≤ s. Here, Reduce is the minimal time value to
be reduced on the returned erroneous path {tb , . . . , tj }, and
Expand is the minimal time value to be expanded on the
returned erroneous path {ta , . . . , ti }. For simplicity, we only
consider the “reduce” method. Then, we have Expand = 0
and Reduce = b − c − s. Similarly, we consider the time delay
caused by waiting resources and 
set the minimal time value to
be reduced as Dur = Reduce + xz=1 uz .
We assume that the transitions on the path, which have not
been fired or enabled at checkpoint H, are tr , . . . , ts . The
time interval of tr , . . . , ts is [d(tr ), D(tr )], [d(tr+1 ), D(tr+1 )],
. . . , [d(ts ), D(ts )]. xr , . . . , xs are the time values to be decided
to reduce the time interval of tr , . . . , ts . Then, we can formalize
the problem as
xr + xr+1 + . . . xs = Dur
s.t.
d(tr ) − xr  0
d(tr+1 ) − xr+1  0
...
d(ts ) − xs  0
xr  0, . . . , xs  0.
Obviously, we have multiple solutions for both conditions.
B. Correctness Analysis
By duration modification, we can handle a specific temporal
violation. We have to check if the solution will affect the other
satisfied temporal constraints. If none of the other satisfied
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TABLE I
ACTIVITIES OF T WO W ORKFLOW P ROCESSES

temporal constraints are affected, we can adopt the solution.
Otherwise, we have to make a new solution to the new temporal
violation following the same method until there is no more
temporal violation. If this method cannot converge, there should
be some conflicts in temporal constraints. This is beyond the
scope of this paper and will be our future work.
VI. C ASE S TUDY
In this section, we illustrate an application of our approach
by a real example.
A. Real Scenario
The production of a new “Lenovo” cell phone is mainly
composed of two processes, i.e., production of an electronic
main board and production of peripheral parts as shown in
Table I. The first process is composed of requirement analysis to
final production. The second one is composed of marketing to
final production. The two processes execute concurrently, and
there are two human resources (an analyst and a head engineer)
shared by these processes.
The market competition of electronic products, particularly
cell phone, is usually severe. In order to increase the speed
to release products into the market and obtain a bigger market
share, two following temporal constraints are specified.
1) DR (t23 , t25 ) ≤ 20. Manufacturing of peripheral parts
ends no later than 20 time units after writing a technical
document begins.
2) DR (t23 , t19 ) ≤ 16. Manufacturing of electronic main
board ends no later than 16 time units after writing a
technical document of peripheral parts begins.
In order to ensure that the temporal constraints are satisfied
at run time, we need to dynamically check the two temporal

Fig. 13.

TWF-net model for the example.

Fig. 14.

Transformation of iteration structure.

constraints at checkpoints. If temporal constraints are violated,
some solutions should be taken.
B. Build the TWF-Net
The transitions for these activities and corresponding time
information in the workflow processes are shown in Table I.
As shown in Fig. 13, two transitions t18 and t24 share a human resource (the head engineer) represented by PR1 . t12 and
t26 share a human resource (the analyst) represented by PR2 .
C. Build the Sprouting Graph
For simplification, we assume that the two processes begin at
the same time and the iterative structure in the second process
is executed one time. If one process begins later, we can always
insert a dummy transition with exactly the same interval before
the initial place of this process. After transformation of iteration
structure, the TWF-net of the example is shown in Fig. 14.
First, we get transition sequence Q = {t11 , t21 , t26 , t21 , t12 ,
t22 , t13 , t14 , t23 , t15 , t16 , t17 , t24 , t18 , t25 , t19 } by Algorithm 1.
Second, we construct the sprouting graph by Algorithm 2 as
shown in Fig. 15 and Table II.
D. Update the Sprouting Graph
Suppose that we choose the fifth time unit after the process
instances started as the checkpoint. In addition, we assume that
the firing of t21 , t26 , and t21 all takes one time unit, that of t22
takes two time units, and that of t11 takes four time units. Thus,
t23 and t12 are enabled at the fifth and fouth time units. Based
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Fig. 15. Sprouting graph for the example.
TABLE II
N ODES OF S PROUTING G RAPH

Fig. 16. Updated sprouting graph for the example.

E. Check the Temporal Constraints

on the time information of t11 , t21 , t26 , t21 , t22 , t23 , and t12 , we
update the sprouting graph according to Algorithm 3 as shown
in Fig. 16 and Table III.

1) DR (t23 , t25 ) ≤ 20. Because t23 is enabled at the fifth
time unit, S = 5. We take the Time_set of node 18, i.e.,
{[11, 17], [10, 13]}. This means that the time spent on two
paths {t21 (t11 ), t26 , t21 , t22 , t23 ((t11 (t21 ), t12 , t13 , t14 )
(t11 (t21 ), t12 , t13 , t15 ), t17 ), t24 , t25 } and {t21 (t11 ), t26 ,
t21 , t22 , t23 (t11 (t21 ), t12 , t16 ), t24 , t25 } are at most 17
and 13 time units, respectively.
For [11, 17], we have X = s = 20 and H = S =
5. Then, Y = [11 + H − S, 17 + H − S] = [11, 17]. Because 17 < 20, we know that the temporal constraint is
satisfied on path {t21 (t11 ), t26 , t21 , t22 , t23 ((t11 (t21 ), t12 ,
t13 , t14 ) (t11 (t21 ), t12 , t13 , t15 ), t17 ), t24 , t25 } according
to condition A case 2 in Algorithm 4.
For [10, 13], we have Y = [10+H −S, 13+H −S] =
[10, 13]. Because 13 < 20, we know that the temporal constraint is satisfied on path {t21 (t11 ), t26 , t21 , t22 ,
t23 (t11 (t21 ), t12 , t16 ), t24 , t25 } according to condition A
case 2 in Algorithm 4.
Hence, the temporal constraint DR (t23 , t25 ) ≤ 20 is
satisfied at this checkpoint.
2) DR (t23 , t19 ) ≤ 16. Because t23 is enabled at the fifth time
unit, S = 5. We take the Time_set of node 10, i.e.,
{[10, 15], [17, 20]}. This means that the time spent on
two paths {(t11 (t21 ), t12 , t13 , t14 ) (t11 (t21 ), t12 , t13 , t15 ),
t17 (t21 (t11 ), t26 , t21 , t22 , t23 ), t18 , t19 } and {t11 (t21 ),
t12 , t16 (t21 (t11 ), t26 , t21 , t22 , t23 ), t18 , t19 } are at most
15 and 20 time units, respectively.
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TABLE III
N ODES OF U PDATED S PROUTING G RAPH

t11 and t12 have been enabled, the designer can reduce the time
interval of t16 , t18 , and t19 .
We know that [17, 20] is responding to the erroneous path.
First, because H = 5, S = 5, and s = 16, we have Dr =
b + H − S − s = 20 + 5 − 5 − 16 = 4. Then, we consider the
resource constraint with transition t24 and set Dur = Dr +
ut24 = 4 + 4 = 8 as the minimal time value to be shortened
for the duration modification operation. Here, ut24 = 4 is the
maximum firing time of t24 at the worst case. Because the
original time intervals of t16 , t18 , and t19 are [5, 5], [4, 5], and
[4, 6], respectively, we can formalize the problem as
x16 + x18 + x19 = 8
s.t.
5 − x16  0
4 − x18  0
4 − x19  0
x16  0, x18  0 x19  0.

For [10, 15], we have X = s = 16 and H = S = 5.
Then, Y = [10+H −S, 15+H −S] = [10, 15]. Because
15 < 16, we know that the temporal constraint is satisfied on path {(t11 (t21 ), t12 , t13 , t14 ) (t11 (t21 ), t12 , t13 ,
t15 ), t17 (t21 (t11 ), t26 , t21 , t22 , t23 ), t18 , t19 } according to
condition A case 2 in Algorithm 4.
For [17, 20], we have Y = [17+H −S, 20+H −S] =
[17, 20]. Because 16 < 17, the temporal constraint is
violated on path {t11 (t21 ), t12 , t16 (t21 (t11 ), t26 , t21 , t22 ,
t23 ), t18 , t19 } by condition A case 1 in Algorithm 4.
Because two transitions t23 and t19 are not in the same
process and t23 has been enabled at this checkpoint, we
return the erroneous path {t11 (t21 ), t12 , t16 (t21 (t11 ),
t26 , t21 , t22 , t23 ), t18 , t19 } according to step 4 of
Algorithm 4.
F. Solution to Temporal Violation
The temporal constraint DR (t23 , t19 ) ≤ 16 is violated at
the fifth time unit, and the erroneous path is {t11 (t21 ), t12 ,
t16 (t21 (t11 ), t26 , t21 , t22 , t23 ), t18 , t19 }. Then, we follow our
approach to solve the problem.
Since t23 has been enabled at this checkpoint and t23 is
not in the same workflow process with t19 , according to
the solution mentioned in case 1 condition B in Section V,
we can reduce the time intervals of transitions before t19
in path {t11 (t21 ), t12 , t16 (t21 (t11 ), t26 , t21 , t22 , t23 ), t18 , t19 },
which has not been fired or enabled at this checkpoint. Because

x16 = 3, x18 = 2, and x19 = 3 are a solution. That is to say,
if we reduce the time interval of t16 , t18 , and t19 by three, two,
and two, respectively, then we can meet the temporal constraint.
Finally, we reset the time interval of t16 , t18 , and t19 as [5 − 3 =
2, 5 − 3 = 2], [4 − 2 = 2, 5 − 2 = 3], and [4 − 3 = 1, 6 − 3 =
3], respectively.
We can prove that our duration modification operation
does not affect another temporal constraint DR (t23 , t25 ) ≤ 20.
Hence, our solution “resetting time interval of t16 , t18 , and t19
as [2, 2], [2, 3], and [1, 3]” is a correct solution.
G. Validation
Model checking is a widely used technique for verifying
finite-state concurrent systems such as sequential circuit designs and communication protocols. It has a number of advantages over traditional approaches that are based on simulation,
testing, and deductive reasoning.
Uppaal [29] is an integrated tool for model checking of realtime systems, and its typical application areas include real-time
controllers and communication protocols, those where timing
aspects are critical. Recently, there are some papers that discuss
how to use Uppaal to check the time aspects or constraints in
processes [30]–[33]. Here, we use it to validate our approach.
First, we transform the TWF-net model to equivalent timed
automata (TA) model [33]. For a transition, we define a TA with
two locations disabled and enabled, one local clock x, and some
integer parameters. In addition, the edges between disabled and
enabled with guard conditions represent the firing of transition.
For example, transition t11 is transformed into the TA as shown
in Fig 17(a).
Second, we construct two TA observers in which the temporal constraints are denoted as the guard conditions labeled
with the corresponding edges, i.e., Observer1 and Observer2
for checking the temporal constraints DR (t23 , t25 ) ≤ 20 and
DR (t23 , t19 ) ≤ 16, respectively, as shown in Fig. 17(b) and (c).
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time constraints, the duration of activities, the duration of flow,
and the activity distribution with respect to the multiple time
axes into the conventional workflow processes. Adam et al. [8]
take timing constraints as external conditions of a workflow to
analyze structural correctness of a PN-based workflow model.
Han et al. [9] propose the idea of probabilistic time constraint
WF-net and attempt to analyze successful execution ratios of
activities, subprocesses, and the whole process at build time.
The main drawback of static checking is that it cannot make
a comprehensive consideration of all the situations during the
run time [3], [4].
B. Dynamic Checking of Temporal Constraints
Fig. 17. Translated TA models in Uppaal.

The two temporal constraints are specified as the following
queries of TA models:
A[] not Observer1.Error /∗ Temporal constraint 1∗ /
A[] not Observer2.Error /∗ Temporal constraint 2∗ /
Finally, both the transformed TA models and queries for
temporal constraints are input into the model checking engine
of Uppaal.
With the original time intervals, Uppaal returns “Property
is satisfied” for the first query, which indicates that temporal
constraint DR (t23 , t25 ) ≤ 20 is not violated. Uppaal returns
“Property is not satisfied” for the second query, and it indicates
that the temporal constraint DR (t23 , t19 ) ≤ 16 is violated. The
returned results from Uppaal are consistent with the results
from our approach which prove the correctness of our checking
results.
After we reset the time interval of t16 , t18 , and t19 as
[2, 2], [2, 3], and [1, 3], for both of the two queries of
temporal constraints, Uppaal returns “Property is satisfied.”
This means that, by using our solution, the temporal constraint
DR (t23 , t19 ) ≤ 16 is satisfied again. The results from Uppaal
prove the correctness of our solution.
Note that, compared with the existing methods of Uppaal,
the advantages of our approach are as follows: 1) It can give
erroneous path information in the workflow processes where
the temporal violation happens, and 2) it can give solution to
the temporal violation based on the erroneous paths.
VII. R ELATED W ORK
This section gives an overview of current work in this research area and makes comparisons.

Eder et al. [10] use the modified critical path method to
calculate temporal constraints at run time. Marjanovic describes
two concepts of time visualizations [11], i.e., the duration space
and the instantiation space for the representation of relative and
absolute time, respectively. Then, he presents the procedure of
dynamic verification of temporal constraint consistency. Chen
et al. [12] present a new run-time checkpoint selection strategy
based on the time intervals of activities along the workflow
execution path. Dynamic verification method is also developed,
which makes the temporal verification more efficient by using
previous verification results and avoiding unnecessary temporal verification. Chen and Yang [13] analyze the dependence
between multiple fixed-date temporal constraints and its impact
on the temporal verification. Furthermore, some dynamic temporal verification methods and algorithms are developed. Based
on a PN-extended stochastic model, Han et al. [14] propose a
dynamic approach for analyzing time constraints during process execution, whenever an activity instance is completed.
The aforementioned works assume that there is only one
single workflow process and there is no resource constraint.
However, multiple workflow processes may execute concurrently under resource constraints in a WfMS in practice. Moreover, their work can only answer whether there is temporal
violation. They do not provide the erroneous violation paths or
a concrete solution. Although Li and Yang [15] take resource
constraints into consideration, their method neither provides
the violation path information nor specific solutions. Compared
with previous works, our approach can perform the following:
1) It can give the answer whether or not there is temporal
violation; 2) it can provide the erroneous violation paths; and
3) it can propose a concrete solution.
VIII. C ONCLUSION

A. Static Checking of Temporal Constraints
Based on a graph-based workflow model, Eder et al. [5]
develop a timed graph which shows the working duration with
the earliest time and the latest finish time. Then, the algorithms
to build the timed graph and to detect violation of timing constraints are constructed. Marjanovic and Orlowska [6] present
a general classification and formal modeling of temporal constraints in workflows, and a polynomial algorithm to compute
longest/shortest workflow instances. Zhuge et al. [7] propose
a timed workflow process model through incorporating the

Dynamic checking of temporal constraints of workflow processes is very important for workflow management. Although
existing methods can give answers to whether there are any
temporal violations, they neither provide the violation path
information nor specific solutions.
In this paper, based on a sprouting graph of TWF-nets,
we have presented a dynamic checking approach of temporal
constraints for concurrent workflow processes with resource
constraints. First, we construct sprouting graph models for
multiple workflow processes. Second, we update the sprouting
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graph at different checking points and check the temporal
constraints. Finally, and most importantly, the violation paths
and solutions are given. Moreover, we use Uppaal to verify
the correctness of our approach, and we also use a concrete
example to prove the usability and scalability of our approach.
In the future, we would like to extend our approach in the
following aspects.
1) The complexity of constructing the sprouting graphs
might be bad when it is used in large-scale workflows
with lots of resource constraints. In the future, we plan to
use net reducing technology [22], [23] and componentbased technology [7] to reduce the complexity.
2) Our solution may cause a series of changes and make
some satisfied temporal constraints at checkpoint H be
violated [34]. If there is a conflict among temporal constraints, there is no solution. In the future, we will try
to find other method to deal with these cases, which
is based on modifying the structure of TWF-nets, e.g.,
inserting/removing activities, adding/ removing resources, etc. [34].
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