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E-Net Modeling and Analysis of Emergency
Response Processes Constrained by
Resources and Uncertain Durations

Cong Liu, Qingtian Zeng, Hua Duan, MengChu Zhou, Fellow, IEEE, Faming Lu, and Jiujun Cheng

Abstract—Time and resource management and optimization
are two important challenges for an emergency response pro-
cess, by which all individuals and groups manage hazards
in an effort to avoid or ameliorate the impact of disasters.
Compared with a traditional business process, an emergency
response process has its own features. To our best knowledge,
there is no formal method to model and analyze emergency
response processes by taking uncertain activity execution dura-
tion, resource quantity, and resource preparation duration into
account. This paper presents such a method based on an
E-Net that is a Petri net-based formal model for an emer-
gency response process constrained by resources and uncertain
durations. According to the number of available resources, exe-
cution of an E-Net is classified into the worst, delayed, and best
cases. Based on a priority-activity-first strategy and correspond-
ing algorithms, this paper finds the duration to execute each
activity for the delayed case. By experiments, we prove that
the proposed strategy can ensure shorter execution duration
of the whole process than a conventional one. A running case
of a chlorine tank explosion is given to validate the proposed
method.

Index Terms—Discrete event systems, emergency response pro-
cess, Petri nets, resource allocation, timed Petri nets, uncertain
duration, workflow management.
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I. INTRODUCTION

EMERGENCY response systems (ERSs) resulted from
the need for a new method to manage rapidly mov-

ing wildfires in the early 1970s. At that time, emergency
managers faced a number of problems, such as too many
people reporting to one supervisor, lack of reliable and accu-
rate incident information, and inadequate and incompatible
communications. They needed effective emergency response
management systems (ERMSs) badly. Since the 9/11 ter-
rorist attack event, there have been considerable efforts to
improve the ability to respond to emergencies. Thus, research
on ERMSs has been drastically intensified [1]–[12]. Similar
to the workflow management systems (WFMSs) [13]–[22],
ERMSs consist of two main functional components: emer-
gency modeling and emergency enactment. Most of the
existing work pays more attention to the former by focus-
ing on time performance analysis [1]–[6] and resource
scheduling [7]–[12].

An emergency is a situation that poses an immediate risk
to human health, life, and property, which requires urgent
interventions to prevent its worsening. These interventions are
organized as a process that is usually described in an emer-
gency plan, named an emergency response process. In this
process, all individuals, groups, and communities manage haz-
ards in an effort to avoid or reduce the impact of disasters. It is
based on the idea that an emergency response process is quite
similar to a business process and, therefore, can be modeled
as a workflow. A workflow is a representation of a given pro-
cess that is made up of well-defined activities, also referred
to as tasks. Modeling and analysis of workflows have been
studied for several decades. A large number of researchers
have done much work in the area of resource conflict reso-
lution [13]–[15], structural correctness verification [16]–[18],
and time performance evaluation [19]–[21]. As a tool to
model and analyze discrete event systems, Petri nets [24]–[28]
have shown their great power in dealing with concurrence
and conflicts. Because of this advantage, they have been
widely used to model, analyze, control, and verify flexible
manufacturing systems [23], WFMSs [13]–[22], and other dis-
crete event systems [29]–[33]. Main reasons to use them to
model and analyze workflows include [34]: 1) their graphi-
cal nature and formal semantics; 2) their explicit model of a
case state; and 3) the availability of many analysis techniques
for them.
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The existing workflow modeling and analysis techniques
cannot be applied directly to emergency response processes
because they have some requirements different from those of
the traditional workflows.

1) They exhibit considerable flexibility and uncertainty. An
emergency response process must be able to grow or
shrink to cope with frequent changes caused by incom-
ing events. Therefore, during the modeling stage, it is
impossible to estimate the real duration of each activity
before its execution.

2) They exhibit close relations between activities and
resources. In an ERMS, large quantities of resources,
including emergency responders, ambulances, fire
trucks, medicines, food, and clothing, are required. The
lack of resources can cause the contention, need for
some activities to wait for others to complete, and
delayed accomplishment of a whole process. To cope
with this problem, resources should be modeled with
more accuracy. Thus, we divide resources into reusable
and consumable ones. Both need time to be prepared
for deployment. This duration is also of uncertain
nature.

3) An emergency can cause a fire if flammable substance
is involved, an explosion if propelling substance is
involved, and a toxic cloud if toxic and gaseous sub-
stance is involved. Risk of human health, property loss,
and environmental damage can be high, which are rare
in a traditional workflow. Thus, effective ERMSs are
highly demanded for the successful completion of an
emergency mission.

4) An emergency response process is a real-time service,
where timeliness is critical to mission success. Thus,
optimization is needed to ensure its quality completion.

In this paper, by taking these four requirements of emer-
gency response processes into account, we first introduce a
Petri net-based formal model for an emergency response pro-
cess constrained by resources and uncertain durations, called
E-Net for short. Then, we discuss the modeling and analysis
approaches for emergency response processes. Without consid-
ering resource constraints, we obtain ideal execution duration
for an E-Net. According to the number of available resources,
execution cases of an E-Net are classified. Conflict detec-
tion and resolution strategies are proposed to optimize its real
execution.

The remainder of this paper is organized as follows.
Section II discusses the related work. In Section III, a formal
specification for an emergency response process constrained
by resources and uncertain durations is first introduced. Then,
the scenario of a chlorine tank explosion is presented. Finally,
the formal definition of E-Nets is given. Section IV dis-
cusses modeling approaches for emergency response processes
based on E-Nets. Section V discusses resource management
and three execution cases of E-Nets. In Section VI, the real
execution duration for the delayed case is analyzed. A priority-
activity-first strategy is proposed to resolve resource conflicts,
and experimental evaluation is conducted. Section VII gives
a running example to show the proposed approaches. Finally,
Section VIII draws the conclusion.

II. RELATED WORK

We summarize the existing work related to time and
resource management of emergency response processes.

A. Time Management

Kang [1] presents an assessment of emergency evacuation
in an underground rail station subject to a mid-platform train
fire. The results demonstrate that the appropriate incorporation
of fire and smoke effects is important in station evacuation
analysis. Wang [2] proposes a workflow intuitive and for-
mal approach formalism that takes task execution time into
account to support emergency response timeliness analysis.
An example of emergency healthcare is used to validate the
proposed method. A study on the uncertainty of occupant evac-
uation time under emergency conditions is presented in [3]. Its
stochastic analysis is performed by coupling the uncertainty
of fire detection, alarming, and premovement with movement
time. The results show that it is a variable influenced by a
large number of uncertainties, including emergency evolution
dynamics, human behaviors under emergency conditions, and
environments. Chen and Tang [4], by considering the proba-
bility of a road being destroyed as an important element when
roads are not stable, solved the emergency logistics path selec-
tion problem with multiple demand points and multiple service
points based on the combined time expectation. In [5], the
time consumed by a vehicle to arrive at an emergency center
is assumed to be subject to a Gaussian distribution and supply
loading time consumption is subject to an exponential distri-
bution. The average vehicle waiting-time and waiting queue
length expressions are then given. According to this hypothe-
sis, a vehicle arriving and supply loading model is described,
and the average vehicle waiting-time and waiting queue length
expressions are finally derived. A model for earthquake emer-
gency shelter choices based on constrained optimization is
provided in [6]. Its objective is to ensure that the total evacu-
ation time is the shortest by comprehensively considering the
choices of evacuation routes.

B. Resource Management

In order to find the best assignment of available resources
to operational areas, Fiedrich et al. [7] present a dynamic
optimization model that uses detailed descriptions of the oper-
ational areas and available resources to calculate the resource
performance and efficiency. Tsenga et al. [8] shows the bene-
fits of developing an adequate emergency response plan with
safety and industrial hygiene resources to deal with the effects
resulting from a chlorine gas leak, in order to lessen or
avoid injury to plant personnel and citizens in the neigh-
boring community. Wang et al. [9] pioneer a formal, yet
intuitive, approach for the modeling and analysis of emergency
response processes, which has taken resources into consid-
eration. Sell and Braun [10] present a model for a WFMS
for supporting the modeling, execution, and management of
emergency plans before and during a disaster, which sup-
ports unstructured activities and the management of resources.
The equipment control structure presented in [11] enables
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decentralized and collective decision-making for equipment
prioritization and distribution in response to disasters. In [12],
emergency medicine crisis resource management is performed
via anesthesia crisis resource management as an example,
which can help one determine participant perceptions.

C. Summary

Recently, researches into ERMSs have drawn much public
attention and enjoyed an accelerated flush, especially in the
area of time and resource management. However, more efforts
are required to address their formal modeling, analysis, and
optimization issues when facing uncertain activity execution
duration, uncertain resource preparation duration, and limited
resource quantity.

This paper pays attention to the modeling and analysis
methods for an emergency response process constrained by
resources and uncertain durations. The number of available
resources and minimum resource demand for an emergency
response process are analyzed. Resource conflict detection
and resolution strategies are also investigated to optimize the
system performance.

III. FORMAL SPECIFICATION AND E-NET

A. Formal Specification of Emergency Response Process

In this section, we first introduce the formal specification of
an emergency response process constrained by resources and
uncertain durations. It satisfies the following assumptions.

1) Execution duration of each activity is uncertain. Process
modelers can only estimate its minimum and maximum
execution durations.

2) Each kind of resources needs preparation time before
their use. All resources can be started to prepare as soon
as the process starts. Meanwhile, resources are divided
into reusable and consumable ones.

3) Some activities need resources for their execution.
During their execution, if the resources are reusable, they
are exclusively used and become available only after
they are released. If the resources are consumable, they
are consumed during execution and cannot be reused.

The scope of this work is to model and analyze emergency
response processes by taking uncertain activity execution dura-
tion, resource quantity, and resource preparation duration into
account. According to Sun et al. [37], a choice structure can
be analyzed by its corresponding instances. In other words,
we focus our approach on each emergency response process
instance only. For an emergency response process with choice
structures, the final analysis results can be derived by inte-
grating the results of all its running instances. Moreover, a
choice structure usually involves process semantic informa-
tion [44]. Therefore, an extended E-Net with semantics to
describe case attributes and task execution conditions should
be further studied.

Let Z = {0, 1, 2, . . .}, Zn = {1, 2, . . . n} where n is a positive
integer, and R be the set of nonnegative real numbers.

Definition 1: An emergency response process constrained
by resources and uncertain durations is a nine-tuple

ERP = < Activity, Resource, Time, Rproperty, Relation, fAR,
fRP, fl, fu >, where

1) Activity = {Ai|i ∈ Zn} is an activity set.
2) Resource = {ri|i ∈ Zm} is a resource set.
3) Time = {timei|i ∈ Zl} is a time duration set, where time

i ≥ 0.
4) Rproperty = {0, 1} is a resource property set, where 0

represents a reusable and 1 a consumable resource.
5) Relation ⊆ Activity × Activity is a relation set, repre-

senting various relations among activities.
6) fAR: Activity→ Zm is the resource function of activities.
∀x ∈ Activity, fAR(x) = (q1, q2, . . . qm), where qi is the
quantity of ri required by activity x.

7) fRP: Resource → Rproperty is a resource property
function.

8) Given x ∈ Activity ∪ Resource, fl(x) ∈ R is the minimum
time required to execute activity x or prepare resource
x while fu(x) ∈ R is the maximum one, sastisfying fl(x)
≤ fu(x).

Definition 1 presents the formal specification of an emer-
gency response process constrained by resources and uncertain
durations.

1) Activity defines all n activities involved in an emergency
response process.

2) Resource defines all m required resources, including
reusable and consumable ones.

3) Assume Resource = {r1, r2, r3} and resource function
fAR(Ai) = < 0, 5, 3>, it means that the execution of Ai

requires 5 units of r2 and 3 units of r3.
4) Resource property is determined by fRP. By fRP(r2) = 0

and fRP(r3) = 1, we mean that r2 is reusable while r3 is
consumable.

5) Relation defines the connection relations among activi-
ties. ∀Ai, Aj ∈ Activity, if (Ai, Aj) ∈ Relation, Aj cannot
start before Ai. We call Ai a preactivity of Aj, and Aj as
a post-activity of Ai.

6) Time defines time constraints for activities and resources.
If its actual execution duration of Ai is Atime, we have
fl(Ai) ≤ Atime ≤ fu(Ai). If its actual preparation duration
of rj is Rtime, we have fl(rj) ≤ Rtime ≤ fu(rj).

B. Simple Example

Consider a chemical tank explosion scenario. Some of the
critical missions in it are to rescue victims and dispose of
the leaked chlorine. All activities and resources involved are
described as follows.

A1: Investigators investigate the injuries.
A2: Investigators and emergency personnel cooperate to

investigate the chlorine leakage situation.
A3: Medical personnel come to the scene with medicine,

e.g., sodium bicarbonate solution and oxygen.
A4: Emergency personnel deal with leaked chlorine.
A5: Slightly injured people are treated.
A6: Severely injured people are treated.
A7: Evaluate chlorine disposal.
A8: Perform post-treatment.
r1: Investigators.
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TABLE I
ACTIVITY INFORMATION OF CHLORINE TANK

EXPLOSION RESPONSE PROCESS

TABLE II
RESOURCE INFORMATION OF CHLORINE TANK

EXPLOSION RESPONSE PROCESS

r2: Investigation equipment.
r3: Sodium bicarbonate.
r4: Medical oxygen.
r5: Emergency personnel.

The activity information of this emergency response process
is given in Table I, which contains duration constraints, rela-
tions among activities, and resource requirements. Resource
information, i.e., the minimum and maximum preparation
time, quantity and property, is shown in Table II. We have
the following explanations for two Tables.

1) The process is composed of eight activities, denoted by
Activity = {Ai|i ∈ Z8} where Z8 = {1, 2, . . . , 8}. They
form certain relations. For example, from Table I, A1
is a preactivity of A3 (or A3 is the post-activity of A1),
implying that A3 cannot start before A1.

2) The resources required are denoted by Resource = {rj|
j ∈ Z5}. From Table I, both A1 and A2 require reusable
resources r1, i.e., r1 are shared by A1 and A2. The total
quantity of r1 is less than the required one by A1 and
A2, perhaps leading to a conflict if we plan to execute
A1 and A2 simultaneously. As for consumable resource
r3 required by A3, if its total quantity is less than that
required by A3, the whole process will pause.

3) For each activity, fl represents the minimum execution
duration, and fu the maximum one. fl(A1) = 10 and fu(A1)
= 12 mean that the minimum and maximum execution
durations of A1 are 10 and 12 time units, respectively.
The timing function for each resource represents its
minimum and maximum preparation durations.

C. E-Net for Emergency Response Process

In this section, we propose the formal definition of an E-Net.
We assume that readers are familiar with the basic concepts of
Petri nets [24]–[28], [35]. Some of the essential terminologies
and notations are given as follows.

A tuple N = (P, T; F) is named a net if the following
conditions are satisfied: 1) P ∩ T = ∅ and P ∪ T �= ∅;
2) F⊆(P × T) ∪ (T × P); and 3) Dom(F) ∪ Cod(F) = P ∪
T; where Dom(F) = {x ∈ P ∪ T |∃y ∈ P ∪ T: (y, x) ∈ F} and
Cod(F) = {x ∈ P ∪ T |∃ y ∈ P ∪ T: (x, y) ∈ F}.

For all x ∈ P ∪ T, the set ·x = {y|y ∈ P ∪ T∧(y, x) ∈ F}
is the preset of x, and x· = {y|y ∈ P ∪ T ∧(x, y) ∈ F} is the
post-set of x.

Definition 2 [32]: A Petri net is a 4-tuple � = (P, T; F,
M0), where N = (P, T; F) is a net, and M0: P → Z is the
initial marking of �.

Definition 3: E = (P, T; F, M0, χ , γ , α, β) is an E-Net if
the following conditions are satisfied.

1) (P, T; F, M0) is a Petri net.
2) P = PA ∪ {ps, pe} where PA is an activity place set,

and ps and pe are start and end places respectively.
3) χ : PA → Z m is the resource function of activities.
∀p ∈ PA, χ (p) = (q1, q2, . . . qm), where qi is the quantity
of ri required by activity p and ri ∈ Resource. Resource
is the available resource set of an E-Net.

4) γ : Resource → {0, 1}, γ (ri) = 0 means that ri is
reusable, and γ (ri) = 1 means that ri is consumable.

5) α: PA ∪ Resource → R. ∀p ∈ PA ∪ Resource, α(p)
≥ 0 is the minimum duration to execute/prepare activ-
ity/resource p.

6) β: PA ∪ Resource → R. ∀p ∈ PA ∪ Resource, β(p)
≥ 0 is the maximum duration to execute/prepare activ-
ity/resource p, sastifying α(p) ≤ β(p).

7) ∀p ∈ P, M0(p) = 1 if ·p = ∅, and otherwise M0(p) = 0.

The firing rule of an E-Net is same as that of traditional
Petri nets. Given a marking M, ∀t ∈ T, t is enabled under M
if ∀p ∈ ·t, M(p) ≥ 1. Firing an enabed t removes a token
from each of places in ·t and deposit one to each of places
in t·. All properties, such as reachability and boundedness,
can be defined similarly to those in a traditional Petri net.
The main differences between E-Net and those for process
modeling [15], [17]–[19] include the following.

1) To keep the atomic property of transitions, we use places
to represent activities and their time is labeled on places
to represent their execution duration.

2) Resource quantity is represented as a property function
of an activity. According to their properties, resources
are classified into reusable and consumable ones.

3) Each activity/resource has the minimum and maximum
execution/preparation time. Timed Petri nets are pro-
posed by introducing a firing time to each transition of
a Petri net [23], [26], [47]. However, this transition fir-
ing duration totally violates the original atomic property
of transitions in classical Petri nets [27]. Therefore, to
keep the atomic property of transitions, we use places
to represent activities and the time delays are associated
with places to represent the activity execution duration.
More studies that use places to stand for activities are
conducted in [13], [14], [37], and [48]–[50]. To repre-
sent the uncertain activity execution duration, a timing
interval including the minimum and maximum execution
time, is introduced in our paper. Instead of using E-nets,
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Fig. 1. E-Net for a single activity.

Fig. 2. E-Net for two sequential activities.

we may use stochastic Petri nets (SPN) [26], [46]. An
SPN is a kind of timed Petri net models with delays
obeying exponential distributions. However, it has the
following disadvantages: 1) its analysis is via its con-
version to and analysis of Markov chains, thereby easily
leading to a state explosion problem and 2) the atomic
property of transitions is violated. To avoid these prob-
lems, we use the time interval to stand for the duration of
activities as often done by others studies [32], [49]–[61].
On the one hand, time interval allows for the uncertain
execution duration of activities instead of exponentially
or arbitrarily distributed random time delays. Other
types of Petri nets [36], [38]–[40], [61], [62], such as
predicate-transition nets, colored Petri nets, and labeled
Petri nets, may be applied to characterize some more
sophisticated modeling and analysis problems for emer-
gency response processes. We defer their application to
our future studies.

IV. MODELING APPROACHES

In a modeling procedure, we assume that sufficient
resources are available to support the concurrent execution of
activities requiring the same resources.

A. E-Net for Single Activity

A single activity is represented by one place and two tran-
sitions in an E-Net, as shown in Fig. 1. It is worth noting that
activity places (with grids) are distinguished from logic ones
(blank) in an E-net model according to their padding. Place pi

represents activity Ai, and transitions ti1 and ti2 represent the
start and end of activity Ai. If pi contains a token, its corre-
sponding activity is on-going. Functions, such as χ (pi), α(pi),
and β(pi) are labeled on pi. In the following, pi, also called
the ith activity, means activity Ai.

B. E-Net for Emergency Response Process

An E-Net of a whole emergency response process can be
obtained by the following constructs.

1) Assume that pi is one of the preactivities of pj, i.e., (pi,
pj) ⊆ Relation. Then tij is added between pi and pj to
connect two sequential activities, as shown in Fig. 2.
Transition tij represents both the end of activity pi and
the start of activity pj.

2) Assume that pi and pj can execute concurrently. Then ti
and tj are added to represent the start and end of pi and
pj, as shown in Fig. 3.

Fig. 3. E-Net for two parallel activities.

Fig. 4. E-Net for three activities without preactivities.

Fig. 5. E-Net for three activities without post-activities.

3) For activities without preactivities, we combine their
start transitions to one, denoted as ts and then add a
start place ps. They satisfy ·ts = {ps}, ts· = {pi| pi has
no preactivities} and ·ps = {∅} and ps

· = {ts}.
An E-Net for three activities without preactivities is

shown in Fig. 4 where ps is a start place and ts is a start
transition of activities pi, pj, and pk.

4) For activities without post-activities, we combine their
end transitions to one, denoted as te and then add an end
place pe. They satisfy ·te = {pi|pi has no post-activities},
te· = {pe} and ·pe = {te} and pe

· = {∅}.
An E-Net for three activities without post-activities is

shown in Fig. 5 where pe is an end place and te is the
end transition of activities pi, pj, and pk.

5) The initial marking M0 of an E-Net satisfies: M0(p) = 1
if p = ps, and otherwise M0(p) = 0.

Algorithm 1 is given in the Appendix to transform
an emergency response process specification into an E-
Net automatically. Its complexity is mainly determined
by its fourth step that takes O(|PA| × (|PA|−1)) ≤
O(|PA|2). Thus, its complexity is O(|PA|2) where |PA|
is the number of activities.

Take the chlorine tank explosion response process described
in Tables I and II as an example. By executing Algorithm 1,
the E-Net is shown in Fig. 6.

V. RESOURCE CONFIGURATION

AND CONFLICT DETECTION

In this section, resource configuration analysis and conflict
detection for an emergency response process are performed.
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Fig. 6. E-Net of a chlorine tank explosion response process.

A. Ideal Execution Duration

Without considering resource conflicts or assuming no
resource constraints, we can analyze the ideal execution
duration of an emergency response process based on its E-Net.

If each activity is finished in its minimum duration, the
earliest time to start activity p, denoted by Te1(p), is as follows:

Te1(p) =
{

0 p = ps

max{{Te1(p′)+ α(p′)|p′ ∈� (�p)}, D1(p)} otherwise

where D1(p) = max{q(ri) × α(ri)|ri ∈ χ (p)}. D1 represents
the minimum preparation duration for resources required by
p. Here, we assume that each kind of resources can be prepared
simultaneously when the process starts.

If each activity is finished in its maximum duration, the
earliest time to start activity p, denoted by Te2(p), is as follows:

Te2(p) =
{

0 p = ps

max{{Te2(p′)+ α(p′)|p′ ∈� (�p)}, D2(p)} otherwise

where D2(p) = max{q(ri) × β(ri)|ri ∈ χ (p)}. D2 represents the
maximum preparation duration for resources required by p.

Let TE1 = Te1(pe) and TE2 = Te2(pe), where pe is the end
place. TE1 and TE2 are the shortest execution durations when
all activities are finished in their minimum and maximum
durations, respectively. Moreover, TE1 is defined as the ideal
execution time of the whole process if sufficient resources are
provided, no resources conflict occurs, and all activities end
in their minimum execution durations. In order to ensure the
process to be finished in TE1, the latest time to start activity
p, denoted by Tl1(p), is as follows:

Tl1(p) =
{

TE1(p) p = pe

min{Tl1(p′)− α(p)|p′ ∈ (p�)�} otherwise.

In order to ensure the process to be finished in TE2, the
latest time to start activity p, denoted by Tl2(p), is as follows:

Tl2(p) =
{

TE2(p) p = pe

min{Tl2(p′)− β(p)|p′ ∈ (p�)�} otherwise.

Te1(p), Te2(p), Tl1(p), and Tl2(p) for each activity in Fig. 6
are shown in Table III.

From Table III, we can obtain that the ideal execution dura-
tion of the chlorine tank explosion response process is 42 time
units.

B. Resource Conflict Detection

The ideal execution duration of an emergency response pro-
cess can be found. However, resource conflicts may exist dur-
ing the process execution. Therefore, their detection methods
are needed.

TABLE III
Te1(p), Te2(p), Tl1(p), AND Tl2(p) OF FIG. 6

In the following discussion, let E = (P, T; F, M0, χ ,
γ , α, β) be an E-Net, and Tstart(p) and Tend(p) represent
the real start and end time of activity p. We have two
types of resources, reusable and consumable. The former one
becomes available and can be reused after being released
while the latter is consumed during execution and cannot be
reused. For this reason, resource conflict mentioned in our
paper is essentially caused by reusable resources. If a con-
flict is caused by consumable resources, the only way to
solve it is to add more such resources. For convenience, we
first give the definition of reusable and consumable resource
functions.

Definition 4: Given p ∈ PA, define reusable resource vector
�(p) whose ith component is qi if γ (ri) = 0 and 0 otherwise
and consumable resource vector ϕ(p) whose ith component is
qi if γ (ri) = 1 and 0 otherwise.

Clearly, resource function χ (p) = �(p) + ϕ(p).
Definition 5: ∀pi, pj ∈ PA (pi �= pj), pi and pj have resource

dependency, denoted as pi�pj, if �(pi)T ·�(pj) �= 0.
Definition 6: ∀pi, pj ∈ PA(pi �= pj), pi and pj are in a

potential resource conflict, denoted as pi⊗pj, if 1) pi�pj; and
2) [Tstart(pi), Tend(pi)] and [Tstart(pj), Tend(pj)] are overlapping.

Definition 6 defines a potential resource conflict, and this
kind of conflicts can be avoided by providing sufficient
resources. According to Definitions 5 and 6, we present
Algorithm 2 to detect them in an E-Net.

In Algorithm 2, the complexity of Step 2 is O(|PA|2). Because
O(|ConflictSet|) ≤ O(|PA|) where |ConflictSet| represents the
number of conficting activities, that of Step 3 is O(|PA|). Hence,
its complexity is O(|PA|2). It can be used to compute the potential
conflict activity set, denoted as ConflictSet. However, even if
there is (pi, pj) ∈ ConflictSet, we cannot say pi and pj are in a
real conflict. It also depends on the total quantity of available
resources committed to an emergency response process. Take the
prior chlorine tank explosion response process as an example.
We can see that A1 and A2 are in potential conflicts based on
Algorithm 2. A1 requires eight investigators and A2 requires
12 investigators, and the total number of available investigators
in this process is 14. Thus, conflict occurs because of the
competition for investigators. If the total number of available
investigators is more than 20, A1 and A2 will no longer be in
conflict. If the total number of available investigators is less
than eight, the emergency response process cannot be executed
due to the shortage of investigators.

According to the aforementioned analysis, we can see that
whether an emergency response process can be accomplished
in its ideal execution duration depends on the total quantity of
available resources. Next, we analyze the relationship between



90 IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS: SYSTEMS, VOL. 45, NO. 1, JANUARY 2015

TABLE IV
EXECUTION CASES OF AN EMERGENCY RESPONSE PROCESS

the available resource quantity and execution of an emergency
response process.

C. Resource Configuration Analysis

The available consumable and reusable resource vectors are
denoted as XAC and XAR. We redefine several vector operators
as follows. Let X = (x1, x2, . . . xn) and Y = (y1, y2, . . . xn) be
two n-dimension vectors. If ∀xi ≥ yi, for i ∈ Zn, we denote
X ≥ Y or Y ≤ X. If X ≤ Y and ∃i ∈ Zn, such that xi < yi, we
denote X < Y.

The minimum consumable resource vector for an E-Net,
named XMC = (q1, q2, . . . qk), can be obtained via Algorithm 3.
Its complexity is O(k × |PA|), where k is the number of
consumable resource types.

XMC has its real meaning, if XAC < XMC, the whole
process will not be terminated because of shortage of con-
sumable resources. The minimum reusable resource vector for
an E-Net, denoted as XMR = (q1, q2, . . . qi), is obtained by
Algorithm 4. Its complexity is O(i × |PA|), where i is the
number of reusable resource types.

If XAR < XMR, the whole process will not be terminated
because of shortage of reusable resources. As mentioned
in the last sub-section, even though XAR ≥ XMR, resource
conflicts may exist. This kind of conflicts may delay the
execution duration of the whole process. Therefore, the reli-
able reusable resource vector XRR is introduced. If XAR ≥
XRR, there is no resource conflict during the process exe-
cution, i.e., potential resource conflicts disappear because
sufficient resources are provided to support all the parallel
activities.

The reliable reusable resource vector XRR = (q1, q2, . . . qj) is
obtained via Algorithm 5. Its complexity is O(j × |PA|) where
j is the number of reusable resource types.

Based on the above analysis, we have three cases, i.e., the
worst, delayed, and best one as shown in Table IV.

Take the chlorine tank explosion response process as an
example. We can obtain XMC = < 30, 20>, XMR = < 12,
8, 5>, and XRR = < 20, 12, 5> by executing Algorithms
3–5. From Table II, we have XAC = < 30, 20> and XAR

= < 14, 10, 5>. It is easy to conclude that it belongs to
Case 2, i.e., it can be finished but the execution duration
may be delayed due to resource conflicts. In this case, we
must perform additional planning and analysis of the process
execution.

TABLE V
E1(p), E2(p), L1(p), AND L2(p) OF FIG. 6

VI. REAL EXECUTION DURATION ANALYSIS,
OPTIMIZATION, AND PERFORMANCE EVALUATION

A. Earliest and Latest Time to Start Activity

In an emergency response process, an activity starts only
after the termination of all its preactivities and under the
condition that its required resources are available.

During the execution, even if each activity can be finished
in its minimum duration, Te1(p) may not be the earliest time
to start activity p because some activities prior to p may be
delayed due to the wait for the required resources. The actual
earliest time to start activity p is

E1(p) =
{

0 p = ps

Te1(p)+W1(p, p1)|p⊗ p1 otherwise

where W1(p, p1) is the waiting time of p for resources occupied
by p1 when p and p1 are executed in their minimum duration

W1(p, p1) =
{

0 Te1(p1)+ α(p1) ≤ Te1(p)

Te1(p1)+ α(p1)− Te1(p) otherwise

where α(p) is the minimum execution duration of p. It is
obvious that E1(pe) is the shortest time to finish the process.

Similarly, if each activity is finished in its maximum
duration, the earliest time to start activity p is

E2(p) =
{

0 p = ps

Te2(p)+W2(p, p1)|p⊗ p1 otherwise

where W2(p, p1) is the waiting time of p for resources occupied
by p1 when p and p1 are executed in their maximum duration

W2(p, p1) =
{

0 Te2(p1)+ β(p1) ≤ Te2(p)

Te2(p1)+ β(p1)− Te2(p) otherwise

where β(p) is the maximum execution duration of p.
∀p ∈ PA, E1(p) and E2(p) are the real earliest time to start

p if all activities pi before p can be finished in α(pi) and
β(pi). According to the aforementioned definitions of E1(p)
and E2(p), it is obvious to conclude that E1(p) ≤ E2(p).

In the abovementioned timing analysis, we have only
considered conflicts between two activities. Similarly, this con-
clusion can be easily extended to conflicts among three or
more activities.

Denote TE1 = E1(pe) and TE2 = E2(pe) where pe is the
end place. Then TE1 and TE2 are the earliest time to finish
the process if each activity is finished in its minimum and
maximum durations, respectively. Also, there must be a latest
time to start each activity to ensure the execution of the whole
process to be finished in TE1 or TE2.
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TABLE VI
COMPARISON OF REAL START TIME BETWEEN TWO RESOLUTION METHODS

Fig. 7. Performance comparison of resolution methods.

To ensure an emergency response process to be finished in
TE1, we have the latest time to start activity p

L1(p) =
{

E1(p) p = pe

min{L1(p1)− α(p)|p′ ∈ (p�)�} otherwise.

To ensure an emergency response process to be finished in
TE2, we have the latest time to start activity p

L2(p) =
{

E2(p) p = pe

min{L2(p′)− β(p)|p′ ∈ (p�)�} otherwise.

B. Priority-Activity-First Strategy

A resolution strategy is needed to remove resource conflicts
and achieve the highest performance. Traditional resource
conflict resolution strategies, such as key-activity priority,
waiting-short priority, and start-early priority ones, are used
to remove resource conflicts [14]. However, a different reso-
lution strategy is related to a different execution duration. To
finish an emergency response process as early as possible, we
propose a priority-activity-first strategy.

Definition 7: Given pi � pj, if pi ∈ PriorityActivitySet, but
pj /∈ PriorityActivitySet, priority pi is higher than pj, i.e., W(pi,
pj) = 0 and W(pj, pi) > 0, where W(pi, pj) is the waiting time
of pi for pj. This is called a priority-activity-first strategy.

Same as a key-activity priority strategy (KAPS), the pro-
posed one also defines two priority levels for all activities.
The former one has key level and non-key level while the
proposed one has priority and non-priority levels. Different
levels are determined according to different algorithms. The
algorithm to obtain key activities is discussed in [14]. For the
proposed one, an activity with high priority is supposed to
execute first when it is in conflict with others. Activities with
high priority can be obtained through Algorithm 6.

We have the following remarks about Algorithm 6.
BufferRange(pi) represents the maximum buffer time of pi.

TABLE VII
ACTIVITY INFORMATION

TABLE VIII
RESOURCE INFORMATION

Fig. 8. E-Net of chlorine explosion case.

BufferRange(pi) > BufferRange(pj) means that pi can hold
longer periods than pj to keep the whole process duration
invariant. If pj runs first, then W(pi, pj) − BufferRange(pi)
means that the real delay of the whole process is caused by pi

waiting for pj. If W(pi, pj) − BufferRange(pi) ≥ W(pj, pi) −
BufferRange(pj), then the delay of pi will cause longer delay
of the whole process than that of pj. Thus, we set pi with
higher priority than pj, i.e., pi is executed first to lead to the
better overall performance. The complexity of Algorithm 6 is
O(|PA|2).

Based on Algorithm 6, we can obtain the priority activities
from activities in conflicts. Take the chlorine tank explosion
process as an example. PriorityActivitySet = {A1} is obtained
by Algorithm 6. Based on the priority-activity-first strategy,
the optimized E1(p), E2(p), L1(p), and L2(p) for the E-Net
in Fig. 6 is calculated and shown in Table V.
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TABLE IX
Te1(p), Te2(p), Tl1(p), AND Tl2(p) OF FIG. 8

TABLE X
COMPARISON OF START TIME BETWEEN METHODS 1 AND 2

Compared with Table III, we can conclude that the real
execution duration of the emergency response process is same
as that of the ideal one for this particular case, i.e., the priority-
activity-first strategy can effectively resolve resource conflicts
and optimize the process performance.

C. Evaluation of Priority-Activity-First Strategy

Next, we compare the priority-activity-first strategy called
Method 1 with an existing one. According to Zeng et al. [14],
the method by combining waiting-short priority strategy
(WSPS) and KAPS called Method 2 can ensure the process
to finish in a shorter time than WSPS and start-early prior-
ity strategy used alone. Thus, we compare the proposed one
with Method 2 only. For convenience, we use the minimum
execution duration for each activity in the following analysis.

We first define the WSPS and KAPS following [14].
Definition 8: WSPS: ∀pi�pj, if W(pi, pj) ≤ W(pj, pi), let

W(pi, pj) = 0. Otherwise, let W(pj, pi) = 0.
Definition 9: KAPS: ∀pi�pj, if pi is a key activity but pj

is not, the priority of pi is higher than pj, i.e., W(pi, pj) = 0
and W(pj, pi) > 0.

According to Zeng et al. [14], we can obtain the key activity
set of the process in Fig. 6 from Table III, KeyActivity = {ps,
A3, A6, A8, pe}.

Then, a comparison between Methods 1 and 2 in terms of
performance is obtained. The real start time of each activity
is illustrated in Table VI and Fig. 7.

Based on the comparison, we can conclude that our priority-
activity-first strategy can guarantee the whole process to finish
in a shorter time than Method 2 for this process.

VII. CASE STUDY

To illustrate the modeling and analysis approach for an
emergency response process based on E-Nets, we have pre-
sented a simplified chlorine tank explosion response process
in Section III. Its detailed one is described as follows: the
related departments report the chlorine leakage. The investi-
gators investigate the injuries and chlorine leakage. Medical
personnel come to the scene with medical equipment and
medicine. Emergency personnel deal with leaked chlorine.

Some of the involved activities and resources in this example
are described as follows.

A1: Publish the chlorine leakage news.
A2: Rescue team rush to the site.
A3: Investigators investigate the injuries.
A4: Investigators investigate the chlorine leakage situa-

tion.
A5: Summary the investigation results.
A6: Make effective disposal plan.
A7: Emergency personnel deal with leaked chlorine.
A8: Treatment to slightly injured people.
A9: Treatment to severely injured people.
A10: Conducting hazard mitigation operations.
A11: Emergency evaluation.
A12: Process post-treatment.
r1: Investigators.
r2: Investigation equipment.
r3: Slaked lime.
r4: Doctors and nurses.

Detailed information about activities and resources is given
in Tables VII and VIII.

Through Algorithm 1, we convert an emergency response
process to an E-Net automatically, as shown in Fig. 8. Then,
we give the ideal earliest and latest start time for each activ-
ity as shown in Table IX. From Table IX, we can obtain the
ideal execution duration for the process is 48 time units. Via
Algorithm 2, we identify that A3 and A4 are in conflicts and
so are A8 and A9. By executing Algorithms 3–5, we obtain
XMC = < 50>, XMR = < 10, 16, 10>, and XRR = < 18, 28,
16>. From Table IX, we have XAC = < 50> and XAR = <

12, 18, 14>. According to Table V, it is easy to conclude that
this process is a delayed case.

Next, we conduct the real time analysis of this process.
By Algorithm 6, we can obtain the priority activities from
conflicting activities, as PriorityActivitySet = {A4, A8}. Then,
Methods 1 and 2 are compared. The real start time of each
activity is illustrated in Table X and Fig. 9.

Based on the comparison between Methods 1 and 2,
it is easy to see that our strategy can ensure an emer-
gency response process to finish in a shorter time than
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Fig. 9. Performance comparison between Methods 1 and 2.

Method 2. Hence, the priority-activity-first strategy should be
adopted.

VIII. CONCLUSION

An emergency response process is a special process that
differs from a traditional business one [13]–[22]. There are
limited formal methods to model and analyze it. This paper
presents an E-Net to do so. Its resource and duration manage-
ment with the help of its E-Net model can be performed. The
main contributions of this paper include:

1) The formal specification for an emergency response pro-
cess constrained by resources and uncertain durations is
introduced.

2) An E-Net based on Petri nets is proposed to model this
kind of emergency response processes.

3) Ideal execution duration of an emergency response
process is derived based on its E-Net model.

4) Conflict detection algorithms are proposed to detect
potential resource conflicts.

5) According to resource availability, the execution of an
emergency response process is classified into the worst,
delayed, and best cases.

6) For a delayed case, the earliest and latest time to start
each activity is found. A priority-activity-first strategy is
proposed and can achieve a better execution result than
the state-of-the-art methods.

This work only gives a kind of static analysis, i.e., our anal-
ysis is conducted before the start of an emergency response
process, which is based on the specification at build-time and
uses fixed data. Our future work should focus on dynamic
analysis, i.e., the actual execution time (in a time inter-
val) can be obtained and used instead of those pregiven
ones. Then, we can analyze how executed activities influ-
ence the execution of the remaining activities dynamically.
This paper also opens the door to the following future
research.

1) An activity executer has not been fully considered. A
formal model based on predicate-transition nets [36],
colored Petri nets [38], and labeled Petri nets [39], [40]
may be needed to handle some sophisticated processes.

2) A complex emergency response management system is
often executed by geographically dispersed partners or
different organizations. As a solution for dealing with

its decentralized nature, a complicated process can be
fragmented into small pieces and scheduled to differ-
ent servers for its execution [41]. Such fragmentation
algorithms should be developed for it.

3) Deadlock exists during the execution of the com-
plex emergency response processes with shared
resources. Advanced deadlock control meth-
ods [33], [42], [43], [63]–[67] should be introduced for
an E-Net.

4) An emergency response process may contain choice
and other complicated structures. Modeling and analysis
methods for such processes are highly desired.

5) Arbitrary distributions are used for time delay [26], [46].
Their use in E-Nets to model stochastic emergency
response processes should be pursued.

APPENDIX

E-NET TRANSFORMATION ALGORITHM

Algorithm 1: Transform an Emergency Response Process to
an E-Net
INPUT: ERP = < Activity, Resource, Time, Rproperty,
Relation, fAR, fRP, fl, fu >.
OUTPUT: E = (P, T; F, M0, χ , γ , α, β).

/*Step 1: initialization*/
Step 1: P ← ∅, T ← ∅, F ← ∅, M0 ← 0, χ ← ∅,

α ← ∅ and β ← ∅;
/*Step 2: to assign activity set to PA*/
Step 2: PA ← Activity and P ← P ∪ PA;
/*Step 3: to add time and resource functions to place in PA*/
Step 3: For i to |PA|, DO
(3.1) χ (pi) ← fAR(pi);
(3.2) α(pi) ← fl(pi);
(3.3) β(pi) ← fu(pi);
END DO
/*Step 4: to add transition to connect sequential

activities*/
Step 4: For two places pi, pj ∈ PA with precedence relation,

DO
(4.1) T ← T ∪ {tij};
(4.2) F ← F ∪ {(pi, tij), (tij, pj)};
END DO
/*Step 5: to add transition to connect activity followed by

multiple activities*/
Step 5: For a place p followed by multiple parallel ones,

such as pi, pj . . . pk ∈ P, DO
(5.1) T ← T ∪ {t};
(5.2) F ← F ∪ {(p, t), (t, pi), (t, pj) . . . (t, pk)};
END DO
/*Step 6: to add transition to connect activity which follows

multiple parallel activities*/
Step 6: For a place p which follows multiple parallel ones,

such as pi, pj . . . pk ∈ P, DO
(6.1) T ← T ∪ {t};
(6.2) F ← F ∪ {(t, p), (pi, t), (pj, t) . . . (pk, t)};
END DO
/*Step 7: to add start place and start transition for activities

without preactivities*/
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Step 7: For places without preactivities, such as pi, pj . . . pk

∈ P
(7.1) T ← T ∪ {ts};
(7.2) P ← P ∪ {ps};
(7.3) χ (ps) ← 0, α(ps) ← 0, β(ps) ← 0;
(7.4) F ← F ∪ {( ps, ts), (ts, pi), (ts, pj) . . . (ts, pk)};
/*Step 8: to add end place and end transition for activities

without post-activities*/
Step 8: For places without post-activities, such as pi, pj . . . pk

∈ P
(8.1) T ← T ∪ {te};
(8.2) P ← P ∪ {pe};
(8.3) χ (pe) ← 0, α(pe) ← 0, β(pe) ← 0;
(8.4) F ← F ∪ {(te, pe), (pi, te), (pj, te) . . . (pk, te)};
/*Step 9: to add initial marking to start place ps*/
Step 9: M0(ps) = 1;
Step 10: Output E ← (P, T; F, M0, χ , γ , α, β).

RESOURCE CONFLICT DETECTION ALGORITHM

Algorithm 2: Detect Potential Resource Conflicts in an E-Net
INPUT: E = (P, T; F, M0, χ , γ , α, β).
OUTPUT: ConflictSet = {(pi, pj)| pi⊗pj}

/*Step 1: initialization*/
Step 1: ConflictSet← ∅, Te1(ps)← 0, Te2(ps)← 0, Tl1(ps)
← 0, and Tl2(ps) ← 0;

/*Step 2: to detect resource dependency among activities*/
Step 2: FOR ∀pi, pj ∈ PA(pi �= pj) DO

IF �(pi)T ·�(pj) �= 0 THEN
ConflictSet ← ConflictSet ∪ {(pi, pj)};

END IF
END DO

/*Step 3: to detect if time interval of activities with resource
dependency are overlapping*/
Step 3: IF ConflictSet �= ∅ THEN

For ∀(pi, pj) ∈ ConflictSet DO
(3.1) Calculate Te1(pi), Te2(pi), Te1(pj), and Te2(pj);
(3.2) IF ([Te1(pi), Te2(pi) + β(pi)] ∩ [Te1(pj), Te2(pj) +

β(pj)] �= ∅) THEN
GOTO Step 3;
ELSE ConflictSet ← ConflictSet − {(pi, pj)};
END IF
END DO
END IF

Step 4: Output ConflictSet

RESOURCE CONFIGURATION ALGORITHM

Algorithm 3: Calculate the Minimum Consumable Resource
Vector XMC

INPUT: E = (P, T; F, M0, χ , γ , α, β).
OUTPUT: XMC.

/*Step 1: initialization*/
Step 1: sum ← 0, XMC ← 0;
/*Step 2: to obtain the minimum consumable resource vec-

tor*/
Step 2: FOR ∀XMC.qi ∈ XMC DO

(2.1) FOR ∀pi ∈ PADO
sum ← sum + ϕ(pi).qi;

END DO
(2.2) XMC.qi ← sum;
(2.3) sum ← 0;

END DO
Step 3: Output XMC.

Algorithm 4: Calculate the Minimum Reusable Resource
Vector XMR

INPUT: E = (P, T; F, M0, χ , γ , α, β).
OUTPUT: XMR.

/*Step 1: initialization*/
Step 1: XMR ← 0;
/*Step 2: to obtain the minimum reusable resource vector*/
Step 2: FOR ∀XMR.qi ∈ XMR DO

FOR ∀pi ∈ PADO
IF �(pi).qi > XMR.qi THEN

XMR.qi ← �(pi).qi

END IF
END DO

END DO
Step 3: Output XMR.

Algorithm 5: Calculate the Reliable Reusable Resource
Vector XRR

INPUT: E = (P, T; F, M0, χ , γ , α, β), ConflictSet and XMR.
OUTPUT: XRR.

/*Step 1: initialization*/
Step 1: sum ← 0, XRR ← XMR;
/*Step 2: to obtain the reliable reusable resource vector*/
Step 2: FOR ∀XRR.qi ∈ XRR DO

FOR ∀(pi, pj) ∈ ConflictSet DO
(2.1) sum ← �(pi).qi + �(pj).qi;
(2.2) IF sum > XMR.qi THEN

XRR.qi ← sum;
END IF

(2.3) sum ← 0;
END DO

END DO
Step 3: Output XRR.

PRIORITY ACTIVITY OBTAIN ALGORITHM

Algorithm 6: Obtain Priority Activities
INPUT: ConflictSet, E = (P, T; F, M0, fAR, l, α, β)
OUTPUT: PriorityActivitySet

/*Step 1: initialization*/
Step 1: PriorityActivitySet ← ∅, BufferRange(ps) ← 0,

W(pi, pj) ← 0, Te1(ps) ← 0, Tl1(ps) ← 0;
/*Step 2: to obtain the PriorityActivitySet*/
Step 2: FOR ∀(pi, pj) ∈ ConflictSet DO

(2.1) Calculate Te1(pi), Tl1(pi), Te1(pj), Tl1(pj), W(pi, pj),
and W(pj, pi);

(2.2) BufferRange(pi) ← Tl1(pi) − Te1(pi);
BufferRange(pj) ← Tl1(pj) − Te1(pj);

(2.3) IF W(pi, pj) − BufferRange(pi) ≥
W(pj, pi) − BufferRange(pj) THEN
PriorityActivitySet ← PriorityActivitySet ∪ {pi};
ELSE
PriorityActivitySet ← PriorityActivitySet ∪ {pj};
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END IF
END DO
Step 3: Output PriorityActivitySet.
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