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Abstract—Cloud computing has emerged as a powerful 
computing paradigm that enables users to access computing 
services anywhere on demand. It provides a flexible way to 
implement computation-intensive workflow applications on a 
pay-per-use basis. Since users are more concerned on the 
satisfaction of Quality of Service (QoS) in cloud systems, the 
cloud workflow scheduling problem that addresses different QoS 
requirements of users has become an important and challenging 
problem for workflow management in cloud computing. In this 
paper, we tackle a cloud workflow scheduling problem which 
enables users to define various QoS constraints like the deadline 
constraint, the budget constraint, and the reliability constraint. It 
also enables users to specify one preferred QoS parameter as the 
optimization objective. A set-based PSO (S-PSO) approach is 
proposed for this scheduling problem. As the allocation of service 
instances can be regarded as the selection problem from a set of 
service instances, it is found the set-based representation scheme 
in S-PSO is natural for the considered problem. In addition, the 
S-PSO provides an effective way to take advantage of problem-
based heuristics to further accelerate search. We define penalty-
based fitness functions to address the multiple QoS constraints 
and integrate the S-PSO with seven heuristics. A discrete version 
of the comprehensive learning PSO (CLPSO) algorithm based on 
the S-PSO method is implemented. Experimental results show 
that the proposed approach is very competitive especially on the 
instances with tight QoS constraints. 

Keywords-particle swarm optimization; set-based; workflow 
scheduling; cloud computing 

I. INTRODUCTION

In the last few years, cloud computing has emerged as a 
powerful and promising next-generation computing paradigm 
that supports reliable computing services to potentially 
numerous remote users with diverse requirements [1].
According to Buyya et al. [2], a Cloud is defined as a parallel 
and distributed system which is composed of a collection of 
interconnected and virtualized computing resources. These 
computing resources unify as one or more resource clusters 
based on service-level agreements. In this way, cloud 
computing provides a simple and flexible way for users to 
achieve computing services on-demand. 

One unique characteristic of the cloud computing paradigm 
is that Clouds are usually constructed under a market-oriented 
architecture [2]. For example, in the Amazon Elastic Compute 
Cloud (EC2) running in the offering mode of Infrastructure as a 

Service (IaaS), users can rent virtual computers to run their 
own computing applications on a “pay-per-use” basis. One 
momentum of cloud computing is the economies of scale [3].
Compared with the traditional case that each user needs to have 
his own computing resources to implement his applications, in 
a cloud system the massive computing resources are 
maintained by computing resource providers in specially 
designed data centers. In this way, the costs of managing and 
operating computing resources can be significantly reduced. In 
addition, just like the electrical power Grid, users can obtain 
computing services on-demand and only pay for what they 
consume. As such, users can flexibly scale up and down the 
computing infrastructure according to the application’s quality 
of service (QoS) demands and the users’ budgets [4].

The development of cloud computing enables scientists to 
build complex models, manage large data sets and implement 
computation-intensive numerical and in-silico experiments [5].
Usually, complex scientific computing applications are 
managed in a workflow model. A workflow is defined as a 
collection of atomic tasks that are processed in a specific order 
to accomplish a complicated goal [6]. To manage a scientific 
workflow, the workflow management system (WfMS) needs to 
schedule and execute the workflow in an efficient way to 
satisfy the requirements of scientists. Workflow scheduling is 
an important and challenging problem for the management of 
scientific workflows in cloud computing [7].

The research into workflow scheduling has attracted 
increasing attention in recent years. In general, a workflow is 
described by a directed acyclic graph (DAG). Many DAG-
based heuristics like Opportunistic Load Balancing, Minimum 
Execution Time, Minimum Completion Time, Min-min, Max-
min, Duplex, Sufferage, Random, and Heterogeneous Earliest 
Finish Time [8] have been proposed. There are also tools like 
the Condor DAGMan for managing workflow applications 
based on the DAG [9]. However, most of these approaches 
only consider a single QoS parameter, namely the execution 
time of the workflow. As the cloud computing paradigm 
enables the WfMS to consider the different QoS requirements 
of users, the above traditional workflow scheduling methods 
become unsuitable for the new paradigm. 

To address the various QoS requirements specified by users, 
Cheng developed a heuristic generic algorithm [10], and Zhi et 
al. developed a particle swarm optimization (PSO) approach 
[11]. Both of these approaches aim at minimizing the weight 
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sum of the workflow cost and makespan. However, users of a 
cloud system may consider other QoS parameters like the 
reliability of services. In addition, QoS requirements are 
usually specified by users as constraints, for example, the 
deadline and the budget of a workflow. In this case, it is 
difficult to determine the suitable weights in these approaches. 
In the economic Grid computing platform which can be viewed 
as a predecessor model of cloud computing, Yu et al., [12] has 
developed a workflow scheduling model that can deal with 
multiple QoS constraints defined by application users. A 
Markov Decision Procedure (Deadline-MDP) approach has 
also been developed. In [13], Chen and Zhang further proposed 
an ant colony optimization (ACO) based approach to the Grid 
workflow scheduling problem. But these approaches still need 
to adapt to use in the cloud computing paradigm. 

To provide an effective approach to the cloud workflow 
scheduling problem with various user-defined QoS constraints, 
this paper intends to develop a set-based particle swarm 
optimization approach. PSO was initially introduced in 1995 by 
Kennedy and Eberhart [14]. The basic idea of PSO is to 
simulate the social intelligent behavior of birds flocking and 
fish schooling. PSO is simple in concept, easy in 
implementation, and has a fast converging speed. Thus PSO 
has become one of the most attractive computational 
intelligence methods in recent years. However, the traditional 
PSO cannot be applied to discrete space optimization problems 
directly. In [15], a set-based PSO (S-PSO) has been developed 
to extend PSO in the discrete space. The method has been 
shown to be very promising in solving combinatorial 
optimization problems. The S-PSO is suitable for the cloud 
workflow scheduling problem due to the following reasons. 
First, the service instances available in cloud can be somewhat 
imaged as a resource set. Hence the problem of allocating 
services to workflows can be naturally represented using sets 
and thus the S-PSO can be directly applied. Second, the S-PSO 
enables the use of heuristics to accelerate search. Thus the 
existing effective heuristics for workflow scheduling can be 
integrated with the S-PSO to further improve performance. We 
apply the discrete version of the comprehensive learning PSO 
(CLPSO) [16] based on the S-PSO method to the cloud 
workflow scheduling problem. Experimental results show that 
the proposed method is promising. 

The rest of this paper is organized as follows. In Section, II, 
the cloud workflow scheduling model is described. In Section 
III, a review on the PSO and S-PSO is made. In Section IV, the 
S-CLPSO approach is proposed. Experimental results are 
shown in Section V. Conclusion is drawn in Section VI. 

II. PROBLEM DEFINITION

We model a workflow as a DAG G=(V,A). The set of nodes 
V={T1,T2,…,Tn} corresponds to the tasks, where n is the total 
number of tasks. The set of arcs A represents precedence 
relations between the tasks. Each task of the workflow can be 
implemented by some service instances in the cloud system. 
We denote the set of available service instances for the task Ti

as an implementation domain , where 
 is a service instance available for T
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historical reliability .

j
is

cs j
i . ts j

i .
rs j

i .

To provide a flexible way for users to manage the QoS 
performance of workflows in the cloud system, the considered 
cloud workflow scheduling model enables users to define 
various QoS constraints. With the above three QoS parameters, 
users can define three types of QoS constraints. 

Deadline constraint: the execution time of the workflow 
must be not larger than a user-defined variable Deadline.

Budget constraint: the total cost of the service instances 
consumed by the workflow must be not larger than a 
user-defined variable Budget.

Reliability constraint: the historical reliability of the 
service instances reserved for the workflow must be not 
smaller than a user-define variable MinReliability.

In addition, the cloud workflow scheduling model enables 
users to specify one QoS parameter as the optimization 
objective. In other words, there are three possible types of 
optimization objectives: 

Makespan minimization: the objective is to minimize the 
total execution time subject to the budget and reliability 
constraints specified by users. 

Cost minimization: the objective is to minimize the total 
cost subject to the deadline and reliability constraints 
specified by users. 

Reliability maximization: the objective is to maximize 
the expected reliability subject to the deadline and 
budget constraints specified by users. 

III. A BRIEF REVIEW ON THE SET-BASED PSO
Particle swarm optimization (PSO) is a population-based 

stochastic optimization technique proposed by Kennedy and 
Eberhart in 1995. In PSO, each particle in the population 
maintains two vectors – a velocity vector and a position vector. 
During each generation, each particle updates its velocity and 
position by learning from the particle’s own historically best 
position and the best position found by the entire swarm so far . 
More specifically, let us suppose that the swarm size is N. Each 
particle in the swarm maintains two vectors, i.e., the position 

 and the velocity . Here i=1,
2, …, N represents the ID of particles. The original PSO works 
by iteratively running the following two rules, i.e., the velocity 
updating rule 
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and the position updating rule 

njxvx j
i

j
i

j
i ,...,2,1    ,                         (2) 

In (1),  is a parameter of PSO named the inertia weight, c1
and c2 are acceleration coefficients, and r1 and r2 are random 
numbers uniformly distributed in (0, 1). ipbest
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),,,( 21 n
iii pbestpbestpbest  is the historically best position of 

the i-th particle, and gbest(gbest1, gbest2,…, gbestn ) is the best-
so-far position of the whole swarm. 

   Since the updating rules (1) and (2) are all defined on an n-
dimensional real vector space, they cannot be applied to 
discrete space optimization problems directly. In order to 
extend PSO to the discrete space, in our previous work [15], we 
have developed a set-based PSO (S-PSO) method. According 
to Lin and Kernighan [17], many combinatorial optimization 
problems (COPs) can be represented by “find from a set E a 
subset X that satisfies some constraints  and optimizes the 
objective function f”. Based on this idea, the S-PSO uses a set-
based representation and redefines the operators in the updating 
rules (1) and (2) of PSO on the set space. In the representation 
scheme of S-PSO, a COP is described by the following 
characteristics:

A universal set E of elements is given. The universal set E
can be divided into an n-tuple , where 

. We can regard  as 
the n dimension of the problem. 

),...,,( 21 nEEE
nEEEE 21 nEEE ,...,, 21

A candidate solution to the problem  is an n-tuple 
, where  is a set and 

. PS is the set of all feasible solutions. 

PSX
),...,,( 21 nXXX ),...,2,1( njX j

jj EX

X is feasible only if X satisfies the constraints .

The objective of the problem is to find a feasible solution 
 that optimizes the objective function f.*X

   Based on this representation, the S-PSO redefines the 
operators in (1) and (2) in the set space as follows: 

A position X of particle is an n-tuple
which is just a solution to the problem, i.e., 
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A velocity V of particle is an n-tuple 
where V
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th position as 
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The “position-position” operator in (1) is defined as  
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The “Coefficient×(Position–Position)” operator in (1) is 
defined as  
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The “Velocity+Velocity” operator in (1) is defined as  
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The position updating rule in (2) is processed by the 
following steps.  

Step 1) Each dimension of the velocity  is converted into a 
crisp set .

j
iV

})( and )(/|{)( epVepeeVcut j
i

j
i

Step 2) The i-th particle begins to build a new position. 
Beginning with an empty set, the particle first selects feasible 
elements from  to add to the new position. )( j

iVcut

Step 3) If there is no feasible element in  and the 
construction is not complete, the particle reuses the elements 
in its previous position  to build the new position. 

)( j
iVcut

j
iX

Step 4) If the construction is still not complete but there is no 
feasible element in the previous position , the particle uses 
other feasible elements to finally build a complete solution. 

j
iX

In this way, the operators in (1) and (2) can all be 
redefined in the set space. Thus the S-PSO method can be 
applied to COPs. For more details of the S-PSO method, 
please refer to [15]. Based on the S-PSO, different improved 
PSO variants can also be extended into their discrete versions. 
Since the CLPSO [16] has been found to be a very promising 
algorithm for complex multimodal optimization problems, this 
paper takes advantage of the CLPSO and uses its discrete 
version based on the S-PSO method to solve the cloud 
workflow scheduling problem. We denote this discrete version 
of CLPSO as S-CLPSO. Its velocity updating rule is 

njxpbestcrvv j
i

j
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j
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where c is a parameter, rj is a random number in [0,1], and 
 means the jj

jfi
pbest )(

th dimension of the pbest position of the 
particle fi(j). fi(j) is given as follows. First a random number 

]1,0[ran  is generated. If ran is larger than a parameter Pc,
then fi(j)=i. Otherwise, the algorithm applies the tournament 
selection to two randomly selected particles. The particle with 
better fitness value is selected as fi(j).

IV. THE S-CLPSO APPROACH

In this section, the S-CLPSO is applied to the cloud 
workflow scheduling problem with various QoS constraints. 

A. Representation Scheme 
To find a solution to the cloud workflow scheduling 

problem, we have to find a schedule ,
where K

},...,,{ 21 nKKKK
i means the task Ti is mapped to the service instance 

 to implement. According to the representation scheme of 
the S-PSO method described in the Section III, the search 
space of the cloud workflow scheduling problem can be 
described as follows: 

iK
is

The universal set E is the union of the implementation 
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domains of all tasks, i.e., . E can be divided 

into an n-tuple (E

n

i
iSE

1
1, E2,…,En) where .i

i SE

The solution to the Cloud workflow scheduling problem 
is an n-tuple X=(X1, X2, …, Xn), where . In fact, 
since each task can only be assigned to one service 
instance,  only contains a single element K

i
i SX

iX i, which 
means Ti is assigned to .iK

is

X is a feasible solution if and only if X satisfies the 
constraints , that is, X=(X1, X2, …, Xn) satisfies the 
precedence constraints and the reliability, deadline and 
budget constraints specified by the users. 

The objective of the problem is to find an optimal solution 
 that optimizes the user-preferred QoS criterion. *X

Based on the above presentation scheme, we define the 
position of a particle as an n-tuple (X1, X2, …, Xn) where 

. The velocity of a particle is defined as an n-tuple 
V=(V

i
i SX

1, V2, …, Vn). where Vi is a set with possibilities defined 
on the set . In this way, we can apply the S-PSO to the 
Cloud workflow scheduling problem. 

iS

B. Procedure of the Algorithm 
Based on the above presentation scheme, we also applied 

the discrete version of CLPSO, i.e., the S-CLPSO algorithm to 
solve the cloud workflow scheduling problem. The flowchart 
of the S-CLPSO is given in Fig. 1. 

1) Initialization 

At the beginning the initial positions of the M particles are 
randomly initialized with M feasible solutions. The velocities 
are initialized as follows. For each dimension Vj of the velocity, 
the algorithm randomly selects an element from Sj and assigns 
a random possibility distributed in (0, 1] to the element. The 
possibilities of all other unselected elements are 0. 

2) Velocity Updating 
During each iteration of the S-CLPSO algorithm, each 

particle follows the velocity updating rule of CLPSO (7) to 
update its velocity. All the operators in the formula redefined 
based on the methods descried in Section III. 

3) Position Updating 
After updating velocities, each particle follows the position 

updating process given in Section III to update the positions. In 
other words, First, each dimension  of the velocity is 
converted into a crisp set . Then the particle first 
learns from the set , then the previous position 
and finally other feasible elements to build a new position.  

j
iV

)( j
iVcut

)( j
iVcut j

iX

4) Fitness Evaluation 
As the cloud workflow scheduling model takes various 

QoS constraints into account, in order to evaluate the 
performance the schedules generated by the particles, we 
design a fitness function with penalties. 

For the reliability optimization problem, the fitness function is 

DeadlineK.makespanBudgetK.cost
ilitymax_Reliab
yreliabilitK
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In (8), min_Reliability (max_Reliability) is the minimal 
(maximal) reliability of all service instances. The fitness of K is 
composed of two parts: penalties of QoS constraints and 
quality of the preferred QoS parameter. The score for each part 
is a value between (0,1], so the value of f(K) is limited to the 
interval of (0,2]. If K satisfies all the QoS constraints, its fitness 
for the QoS constraints is 1, and the fitness for the user-
preferred QoS parameter is set according to the reliability of K.
On the other hand, if K fails to satisfy all the QoS constraints, 
its fitness for the QoS constraints is set according to the degree 
of satisfaction, and the score for the preferred QoS parameter is 
set to a minimum value.

In the makespan optimization problem, the fitness function is 

BudgetK.cost
anmax_Makesp
anmin_Makesp

K.cost
Budget

BudgetK.cost
makespanK

anmin_Makesp

Kf
 if  ,

 if            ,
.

1
)( (9)

begin

Initialize positions and 
velocities

Fitness evaluation and update 
the pbest positions

Velocity updating following the 
updating rule (7) based on the 

redefined operators of the S-PSO

Each particle selects a heuristic 
and update its position

Fitness evaluation, update the pbest 
positions and update the probabilities 

of heuristics

Finished?

end
Y

N

Figure 1. Fl  of the S-CLPSO algorithm for the cloud workflow 
scheduling problem

owchart
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Here min_Makespan (max_Makespan) is the minimal 
(maximal) makespan of the workflow which can be estimated 
by assigning each task to the service instance with the shortest 
(longest) execution time. 

In the cost optimization problem, the fitness function is 

DeadlineK.makespan
max_Cost
min_Cost

makespanK
Deadline

DeadlineK.makespan
K.cost

min_Cost

Kf
 if  ,

.

 if                    ,1
)(

   (10) 

Here min_Cost (max_Cost) is the minimal (maximal) cost of 
the workflow which can be estimated by assigning each task to 
the service instance with the highest (lowest) cost. 

Using the above fitness functions, the S-CLPSO can be used to 
deal with the cloud workflow scheduling problems with 
different QoS constraints. 

C. Heuristic Information 
To address different QoS factors like reliability, time and 

cost, seven heuristics are applied to integrate with the S-
CLPSO approach. The integration is based on heuristic-based 
selection operators. In the steps 2), 3) and 4) in the position 
updating rule, the particle first selects from the set ,
then the previous position , and finally the other feasible 
elements to build a new position. By using heuristic-based 
selection operators in this three steps, the S-CLPSO algorithm 
can further use problem-based information to accelerate the 
search. The seven heuristics used in the proposed approach is 
the reliability greedy (RG) heuristic, the time greedy (TG) 
heuristic, the cost greedy (CG) heuristic, the suggested deadline 
(SD) heuristic, the suggested budget (SB) heuristic, the 
time/cost (TC) heuristic, and the overall performance (OP) 
heuristic. For the details of these heuristics, please refer to the 
reference

)( j
iVcut

j
iX

[13].

In order to further improve the utility of the heuristics, we 
design an adaptive strategy for selecting suitable heuristics. In 
the adaptive strategy, each heuristic is associated with a 
probability. We denote these probabilities as P(RG), P(TG), …, 
P(OP). At the beginning, the probabilities of the heuristics are 
the same, i.e., P(RG)=P(TG)=…=P(OP)=1/7. During each 
iteration of the algorithm, if a particle using a certain heuristic 
(e.g., the RG heuristic) successfully improves the best-so-far 
solution, we set P(RG) P(RG)+0.02. Otherwise, we set P(RG)

P(RG) 0.02. After the probabilities of all the heuristics are 
updated, we normalized the probabilities to guarantee that the 
sum of the probabilities equals to one. In this way, particles in 
the algorithm can choose suitable heuristics adaptively so that 
the efficiency of the heuristic-based selection operator can be 
improved. 

V. EXPERIMENTAL RESULTS

A. Test Instances 
We test the S-CLPSO algorithm on 10 workflow applications. 
The basic information of these workflow applications is shown 
in Table I. The first three workflows, including the e-

Economic application, the neuro-science application (fMRI) 
[18], and the e-protein workflow [19], are derived from real-
life applications. The other 7 workflows are generated based 
on the networks in PSPLIB [20]. These networks include 
j301_1 with 30 tasks, j601_1 and j601_2 with 60 tasks, j901_1 
and j901_2 with 90 tasks, and j1201_1 and j1201_2 with 120 
tasks. In our experiment, we randomly assign 6 to 10 service 
instances to each task in the workflows. The QoS parameters 
(reliability, time, and costs) of all service instances are 
randomly generated, but they follow the rule that for the same 
task a service instance with higher reliability or shorter 
execution time may cost more money, and vice versa. 

TABLE I. TEST INSTANCES

Instance Name Number of Tasks Network 
e-Economic 9 Fig. 5-3(a) 

fMRI 15 Fig. 5-3(b) 
e-Protein 15 Fig. 5-3(c) 
j301_1 30 j301_1 (PSPLIB) 
j 601_1 60 j 601_1 (PSPLIB) 
j 601_2 60 j 601_2 (PSPLIB) 
j 901_1 90 j 901_1 (PSPLIB) 
j 901_2 90 j 901_2 (PSPLIB) 
j 1201_1 120 j 1201_1 (PSPLIB) 
j 1201_2 120 j 1201_2 (PSPLIB) 

B. Comparison Results 
We compare the S-CLPSO with the existing approaches 

including the deadline-based Markov Decision Process 
(Deadline-MDP) [12] and the ant colony system (ACS) 
algorithm [13]. The Deadline-MDP and the ACS approaches 
are by now the only algorithms that can deal with various QoS 
constraints. Thereinto, the Deadline-MDP can only deal with 
the problem with the deadline constraint and the objective of 
cost minimization. 

As the Deadline-MDP is a deterministic algorithm, it 
yields the same result in every run. The results obtained by the 
Deadline-MDP are shown in the column of “MDP” in Table II. 
The ACS and the proposed S-CLPSO are stochastic 
algorithms. Therefore, we execute the algorithms for 100 
independent runs on each instance. The three rows of data 
given in the columns “ACS” and “S-CLPSO” in each instance 
are the mean, best and worst results found by the ACS and the 
S-CLPSO respectively. In order to compare these algorithms 
systematically, we set five different levels of constraint 
environments on each workflow application. For example, on 
the e-Economic instance, we set five different deadline 
constraints {95, 115, 135, 155, 175} seconds. By setting the 
deadline constraint to 95, the deadline constraint becomes very 
tight. In a tight constraint environment, the problem of finding 
a feasible solution to meet the user-defined QoS constraints is 
already very difficult. In this case, the algorithm needs to 
address both the issues of makespan minimization and cost 
minimization. On the other hand, by setting the deadline 
constraint to 175, the constraint is loose and thus the algorithm 
can only focus on optimizing the preferred QoS parameter. 

According to the results reported in Table II, even the worst 
solutions found by the S-CLPSO are better than those found by 
the Deadline-MDP algorithm in most instances. Compared 
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with the ACS, S-CLPSO finds better mean results on 34 cases 
out of the 50 test cases. In addition, in the more difficult test 
cases with tight constraints (i.e., the left two columns of cases 
in Table II), S-CLPSO obtains better mean results on 19 out of 
the 20 cases. In contrast, in the test cases with soft constraints 
(i.e., the right two columns of cases in Table II), ACS finds 
better mean results on 12 out of the 20 cases. Overall, as the 
proposed S-CLPSO outperforms the ACS on the more difficult 
cases with tight constraints, these results demonstrate that the 
proposed S-CLPSO is promising. 

TABLE II. COMPARISON RESULTS

VI. CONCLUSION

In this chapter, A S-CLPSO approach has been designed 
for the cloud workflow scheduling problem. In order to satisfy 
the need of workflow management in cloud computing 
systems, the scheduling model considered in this paper 
provides a flexible way for users to define various QoS 
constraints and specify a QoS optimization preference. To 
address these QoS constraints, the proposed S-CLPSO defines 
penalty-based objective functions and uses an adaptive scheme 
to control the use of seven heuristics. Experimental results 
show that the proposed approach is very competitive 
especially on the instances with tight QoS constraints. 
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