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Abstract Workflow scheduling has long been an important research topic in the
field of parallel computing. Clustering-based methods are one of the major types
of workflow scheduling approaches which have been shown superior to other kinds
of methods in many cases due to their advantage of minimizing inter-task commu-
nication costs. Most previous research dealt with single workflow scheduling and
focused on how to cluster the tasks within a workflow into a set of task groups.
Recent research showed that utilizing idle time gaps between scheduled tasks is
a promising direction for efficient multiple workflow scheduling. Since executing
multiple workflows simultaneously is an inevitable need in modern shared paral-
lel computing platforms, efficient task group allocation becomes a critical issue.
In this paper, we studied such issue and proposed an innovative dual-criteria task
group allocation method which considers both task group’s finish time and poten-
tial resource utilization to effectively improve overall multi-workflow execution
performance. In addition, an adaptive task group rearrangement mechanism was
adopted to further improve performance. The proposed method has been evalu-
ated with a series of simulation experiments and compared to previous approaches.
The experimental results show that our method outperforms previous approaches
across different workload conditions and workflow properties in terms of average
makespan. The performance improvement ranges from 5 to 29 % for different con-
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ditions, achieving the largest performance improvement for workflows of smaller
CCR.

Keywords Task allocation · Workflow scheduling · Parallel computing ·
Clustering-based scheduling

1 Introduction

Parallel task graph scheduling has long been an important research topic in the field
of parallel processing and is well known to be a challenging NP-complete problem
[1]. With the advancement of technology and emergence of grid and cloud computing,
now many large-scale scientific and engineering applications are usually constructed
as workflows, whose structure can be represented by traditional parallel task graphs,
due to large amounts of interrelated computation and communication [2]. Many open
sourceworkflowmanagement systems, such asASKALON [3], DAGman [4], Gridbus
[5], Pegasus [6], have been developed to support workflow applications in parallel and
distributed systems.

In general, common workflows usually can be represented by directed acyclic
graphs (DAG) [7] for describing the inter-task precedence constraints. Figure 1 is
an example of such kind of workflows. Each node represents a task which executes a
specific program. The number next to each node means the required execution time
of the task. The edges represent the dependence between tasks and the number next
to an edge means the inter-task data transmission time. A workflow scheduler has to
schedule and allocate each task according to the dependence specified in the workflow
definition.

In practice, as discussed [2], DAGs of fork–join control structures are the most
common type of underlying structures for many workflow applications. Figure 2 is an
example of such kind ofworkflow structure. There are languages andmiddleware, such

Fig. 1 General DAG-based workflow
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Fig. 2 A workflow example of fork–join structure

as BPEL [8] and Xavantes [9], developed for programming such kinds of workflow
applications.

Many approaches have been proposed to deal with the challenging workflow
scheduling problem in the literature [10–18]. Clustering-based methods are one
of the major types of workflow scheduling approaches and have the advantage
of minimizing inter-task communication costs, which makes them superior to
other kinds of methods in many cases. Due to the complexity, most previous
workflow scheduling research focused on scheduling a single workflow on paral-
lel systems [10–15]. However, as modern high-performance computing platforms,
such as grid and cloud, become prevalent, many users would run their work-
flow applications simultaneously on the same platform. It becomes an inevitable
issue to schedule multiple concurrent workflows efficiently. Although most previous
researches on clustering-based workflow scheduling focused on the task cluster-
ing issue, recent research [19] showed that task allocation utilizing idle time gaps
between scheduled tasks is a promising direction for efficient multiple workflow
scheduling.

Most previous task allocation approaches adopted simple heuristics which
focused on a single principle, e.g., best resource fitness or earliest finish time
(EFT). In this paper, we study the issue of task group allocation for clustering-
based multi-workflow scheduling and make contributions including proposing an
efficient dual-criteria task group allocation method and analyzing the relative
advantage of the best-fit and EFT principles across different workload condi-
tions and workflow properties. Our method uses a mechanism which considers
both resource fitness and tasks’ EFT when allocating task groups and can adjust
the weights of different principles for adapting to different situations. In addi-
tion, an adaptive task group rearrangement mechanism is adopted in our method.
These two mechanisms together enable our method to improve the overall multi-
workflow execution performance effectively. The proposed method was evaluated
with a series of simulation experiments and compared to previous approaches.
The experimental results show that our method outperforms previous approaches
across different workload conditions and workflow properties in terms of average
makespan.

The remainder of this paper is organized as follows. Section 2 discusses related
works on workflow scheduling. Section 3 presents our adaptive dual-criteria task
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group allocation method. Section 4 evaluates the proposed method and compares it
with previous approaches. Section 5 concludes this paper.

2 Related work

List-based and clustering-based approaches are the two major categories of work-
flow scheduling algorithms. A list-based heuristic approach maintains a list of all
tasks of a workflow application according to their priorities and then schedules the
tasks based on the list. There are several list-based heuristics proposed in the litera-
ture [10–15]. One of the most famous list-based approach is HEFT (Heterogeneous
Earliest Finish Time) developed by Topcuoglu et al. [10]. HEFT first computes the
rank value of each task based on its computation and communication costs as well
as the dependency with other tasks. After that, the tasks are put into a queue in the
descending order of the rank value. Then, the scheduler allocates each task in the
queue onto the processor which can lead to the earliest finish time for the task. Many
existing workflow management systems, e.g., ASKALON [3] and Pegasus [6], apply
a HEFT-like heuristic to schedule workflows. In [11], the authors proposed a new
task-ranking mechanism and a new task allocation method for the two major steps in
list-based workflow scheduling. The proposed task-ranking mechanism is based on
the ideas of remaining workload and hybrid ranking, in contrast to the single path-
oriented concept widely used in conventional methods. The work [12] is focused
on the problem of scheduling more than one workflow at the same time onto a set
of heterogeneous resources. The aim is not only to minimize the overall makespan,
but also to achieve fairness. A list-based approach called Online Workflow Man-
agement (OWM) was proposed [13] for scheduling multiple online mixed parallel
workflows. There are four processes in OWM: Critical Path Workflow Scheduling
(CPWS), Task Scheduling, Multi-Processor Task Rearrangement and Adaptive Allo-
cation (AA). CPWS process submits tasks into the waiting queue. Task scheduling and
AAprocesses prioritize the tasks in the queue and assign the taskwith the highest prior-
ity to processors for execution. The multi-processor task rearrangement process deals
with scheduling holes to improve utilization. Hirales-Carbajal et al. [14] presented
an experimental study of deterministic non-preemptive multiple workflow scheduling
strategies in a grid. They analyzed scheduling strategies that consist of two and four
stages: labeling, adaptive allocation, prioritization, and parallel machine scheduling.
Mu et al. [15] presented new list scheduling heuristics with communication con-
tention for workflow applications modeled as DAG. The target platform is a parallel
embedded system composed of multiple processors interconnected by buses and/or
switches.

The main idea of clustering-based heuristic methods [20] is to reduce communi-
cation delay by grouping the tasks of heavy communication into a cluster first and
then allocating the cluster of tasks onto the same processor. The Path Clustering
Heuristic (PCH) is a typical example of clustering-based heuristics recently proposed
[2]. It first uses the clustering technique to generate groups of tasks based on the
inter-task dependency. After that, each group of tasks is allocated onto a resource
contiguously to minimize the inter-task communication costs. The key advantage
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of PCH [2,21] is the reduced communication costs between tasks. Most proposed
clustering-based heuristics [2,20,22] focus on different task clustering approaches
and pay little attention to the allocation phase, simply based on the EFT principle.
However, task allocation becomes a crucial issue when dealing with multiple work-
flow scheduling. A distributed task group allocation approach was proposed [23]
for clustering-based workflow scheduling, which allows the tasks within a group
to be allocated among different resources. The proposed approach was shown to
outperform traditional task group allocation methods for clustering-based workflow
scheduling. However, like previous methods, the approach considers only tasks’
EFT.

During task group allocation, there will be some idle time gaps formed on resources
because of the inter-task dependency and the data communication costs between dif-
ferent resources. Recent research [19] showed that these idle gaps can be efficiently
utilized to improve the performance of multiple workflow scheduling. A best-fit allo-
cation technique was proposed [24] to deal with the task allocation issue for multiple
workflow scheduling based on a list-based approach in distributed real-time systems
where each job is associated with a deadline for finishing execution. In the approach,
the list scheduling heuristic is applied to determine the task allocation sequence. Dur-
ing task allocation, several bin packing techniques, first fit (FF), best fit (BF), and
worst fit (WF), are used to search for appropriate idle time gaps. Experimental results
show that the best-fit heuristic achieves the best performance in terms of job guar-
antee ratio [24]. In this paper, our focus is on minimization of average makespan of
all workflows. In [25], a gap evaluation method was proposed for task group allo-
cation in clustering-based multiple workflow scheduling, which tried to integrate the
BF principle with the consideration of workflow execution time. The gap evalua-
tion method ranks all available idle time gaps in the increasing order of the sum of
each gap’s start time and its fitness value, where the fitness value is defined to be
the difference between the gap size and the size of the task group to be allocated.
The idle time gap with the smallest sum will be chosen for task group allocation.
The clustering-based workflow scheduling approach based on the proposed gap eval-
uation method was shown to outperform the BF heuristic [24] in the experiments
[25].

Compared to previous task allocation approaches, our adaptive dual-criteria task
group allocation method proposed in this paper adopts two innovative mechanisms for
clustering-based multiple workflow scheduling. The first is an adjustable idle time gap
selection mechanism and the second is an adaptive task group rearrangement mecha-
nism. Based on these two mechanisms, the proposed task group allocation method is
expected to further improve the overall multi-workflow execution performance com-
pared to previous approaches.

3 An adaptive dual-criteria task group allocation approach

This section presents our task group allocation approach for clustering-based multi-
workflowscheduling, featuring twomechanisms, adjustable idle timegap selection and
adaptive task group rearrangement, for improving overall multi-workflow execution
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Fig. 3 A task clustering example

performance. These two mechanisms will be described in detail in the following two
subsections.

The clustering-based workflow scheduling discussed in this paper, in general, can
be divided into three major steps:

1. The first step clusters the tasks in a workflow into several task groups to minimize
inter-task communication costs.

2. The second step puts the task groups into the ready queue for allocation according
to the priority of each task group. Typical prioritizing mechanisms include the
earliest start time (EST) and bottom rank [26] of each task group calculated based
on the static information on the task graph.

3. The third step allocates each task group in the ready queue onto an appropriate
resource using a specific task group allocation mechanism.

The clustering technique in the first step focuses on reducing the communication
costs between tasks. Figure 3 is an example of the typical task clustering technique
used in PCH [2,19]. In this example, the clustering process generates four task groups:
{1, 2, 3, 4}, {5, 6, 7, 8, 9, 10}, {11 12}, and {13, 14, 15}, as shownwith different colors
in Fig. 3. In this section, we explore the issues of task group allocation in multiple
workflow scheduling based on clustering-based methods and present a new adaptive
dual-criteria allocation approach.

3.1 Adjustable idle time gap selection

Most previous clustering-based workflow scheduling approaches focused on how to
cluster the tasks in a workflow into different task groups [2]. Although these task
groups have to be allocated onto computing resources for execution after the clus-
tering phase, few studies discuss the task group allocation issue. When scheduling
workflows onto computing resources, because of inter-task dependency and data com-
munication costs, there are idle time gaps formed between scheduled tasks on each
resource. In [24], Stavrinides and Karatza proposed an approach to efficient utiliza-
tion of the idle time gaps through bin packing techniques. Although, in their approach,
the list scheduling heuristic is applied to determine the allocation sequence, the idea
can be applied to other kinds of workflow scheduling approaches, too [25]. In the
experiments [24], the best-fit (BF) principle was shown to achieve the best overall
performance.
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Although best-fit allocation has the potential to improve resource utilization, it
might delay tasks’ start time and in turn degrade the performance of entire workflow
because it skips some earlier available time gaps to find the fittest one. Therefore, in
our task group allocation method, we adopt an adjustable dual-criteria idle time gap
selection mechanism to further improve multiple workflow scheduling performance
through making a balance between the task group’s finish time and the fitness of an
idle time gap. The dual-criteriamechanism defines a score function for evaluating each
idle time gap which is large enough to accommodate the task group to be allocated.
The score of each time gap is calculated by summing up the EFT of the task group,
if allocated on the time gap, and the difference between the lengths of the time gap
and the task group. The time gap with the smallest score will be chosen to allocate the
task group.

Since the effectiveness of a task group allocation method might be influenced by
several different factors, e.g., workflow characteristics and workload conditions, to
make the proposed dual-criteria mechanism more flexible for different conditions, we
give an adjustable parameter in the score function for adjusting the relative weights
of the two different attributes. The score function is defined as follows, where σ is an
adjustable parameter ranging between 0 and 1, f is the evaluation of time gap fitness
calculated by subtracting the required computation time of the entire task group tx
from the period of the candidate time gap, and the function EFT( ) calculates the EFT
of tx if allocated on the candidate time gap.

Adjustable Allocation (α) = f × α + (1− α)EFT (tx ) (1)

Figure 4 is an example comparing the pure BF principle and our dual-criteria idle
time gap selection mechanism. There are three workflows to be scheduled as shown
in Fig. 4a. Figure 4b is the schedule produced by the pure BF principle and Fig.4c
is the result generated by our dual-criteria idle time gap selection mechanism, where
σ is set to 0.5. Figure 4 shows that our dual-criteria mechanism improves the overall
workflow execution performance in that the finish times of two workflows get earlier,
from 104 to 51 and from 117 to 116, respectively, while the performance of the other
one remains the same. Therefore, the average makespan of all the three workflows is
reduced from 111.6 to 93.6 as shown in Fig. 4d.

3.2 Adaptive task group rearrangement

The dual-criteria idle time gap selection mechanism discussed in the previous sec-
tion tries to allocate an entire task group into a single gap on a specific resource.
However, clustering-based workflow scheduling approaches sometimes might lead
to task groups too large to fit into any single idle time gap. This, if happening,
would result in both degraded resource utilization and delayed task completion
time. In the following, we propose an adaptive task group rearrangement mecha-
nism to cooperate with the adjustable dual-criteria idle time gap selection mechanism
for further improving the overall multi-workflow execution performance. In tradi-
tional clustering-based workflow scheduling approaches, the task groups are formed
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Fig. 4 Comparison of the pure best-fit heuristic and our dual-criteria mechanism
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Fig. 5 Individual task allocation in list-based workflow scheduling approaches

Fig. 6 Advantage of adaptive task group rearrangement

simply based on the workflow properties before the task allocation stage. Our
adaptive task group rearrangement mechanism allows a task group to be split
into several subgroups for independent allocation at the task allocation stage, to
efficiently utilize resources and, in turn, improve the overall workflow execution per-
formance.

Someone might question why not just adopting the list-based workflow schedul-
ing approach instead of allowing a task group in the clustering-based approach to
be split into subgroups. Figures 5 and 6 illustrate the potential advantage of our
adaptive task group rearrangement mechanism. In Fig. 5, each task is allocated inde-
pendently as in the list-based workflow scheduling approaches, resulting in some
unnecessary inter-task communication overheads. On the other hand, in our adaptive
task group rearrangement mechanism, each task group will be cut into subgroups
only when necessary at the task allocation stage. At each decomposition activity,
an original task group is cut into two new subgroups. The first subgroup contains
the largest number of tasks which can be fitted into the gap under consideration,
and the other subgroup consists of the remaining tasks. The first subgroup will
be allocated first and the second subgroup will be put back to the ready queue,
waiting for later allocation decision. Since each subgroup would contain as many
tasks as possible, the inter-task communication costs can be minimized. Figure 6
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shows the potential advantage of our adaptive task group rearrangement mecha-
nism. The largest subgroup which can be allocated is shown near each idle time
gap. In Fig. 6, finally all the four tasks will be allocated in gap C since that
leads to the least EFT of the entire task group, resulting in better overall per-
formance compared to Fig. 5. This example shows that our adaptive task group
rearrangement mechanism can retain the advantage of clustering-based workflow
scheduling to the largest degree while providing additional flexibility for task allo-
cation.

The score function (1) defined in Sect. 3.1 is not appropriatewhen adopting adaptive
task group rearrangement since not every gap can accommodate the entire task group
and thus the EFT of the entire task group is not available. To overcome this difficulty, a
new score function is defined as follows, where α and β are two adjustable parameters
for controlling the relative weights of the three effects and α+β ranges between 0 and
1. For idle time gaps which are large enough to accommodate the entire task group,
the last term of the score function (2) is zero and the entire score function will become
identical to the score function (1) in Sect. 3.1.

Adaptive Allocation (α, β) = α · f + β · EFT (the first subgroup)

+ (1− α − β) (communication cost between

+subgroups computation cost of the second subgroup)

(2)

The following provides an algorithmic description of our adaptive dual-criteria task
group allocation approach. The algorithm evaluates each idle time gap in the system
in turn according to the above score function in the two nested for loops between lines
1 and 17. Lines 3–5 deal with the case that the gap can accommodate the entire task
group. Lines 6–9 handle the case that current gap is not large enough for the entire task
group by cutting the task group into two subgroups for allocating the first subgroup
first. Lines 11–15 are common to both cases for choosing the most appropriate gap.
After the two nested loops, the best gap is found and the task group is split into
two subgroups if necessary according to the gap size. The first subgroup is allocated
onto the gap and the second subgroup will be put back into the ready queue for later
allocation.
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4 Performance evaluation

In this section, we evaluate the proposed approach through a series of simulation
experiments, which compare it with previous methods in the literature in terms of
average makespan of all workflows. Here, the makespan of a workflow is defined to
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be the time period between its arrival and its finishing execution. We first describe the
configurations of the simulation experiments in the following.

4.1 Experimental setting

A DAG generator was implemented to generate workflows of various fork–join struc-
tures to be used in the experiments. The simulation experiments were conducted on a
PC equipped with an AMD Athlon(tm) 64X Dual Core Processor 5000+ 2.6GHz and
1.87GB RAM. The following settings are used in the simulation experiments.

1. Each workflow contains 20 to 30 nodes randomly.
2. Each workflow has a single entry node and a single exit node.
3. Each workflow contains one to four fork–join structures randomly.
4. Each fork operation produces two to five branches randomly.
5. Each branch contains two to five nodes randomly.
6. Workflows are assumed to be submitted in an online manner with inter-arrival

time ranging from 1 to 1,000 s randomly.
7. Each node has the computation cost ranging from 1 to 20 s.
8. Each edge has the communication cost ranging from 1 to 20 s.
9. The DAG generator can generate workflows with different values of communi-

cation-to-computation ratio (CCR).
10. We conducted three types of experiments according to different CCR values: 0.1,

1 and 10. Once the CCR valuewas specified, the computation and communication
weights on each node and edge were generated accordingly.

11. The experiments simulated 100 online workflows running on 30 resources.
12. Each experiment was conducted for 30 times and the average value of makespan

was calculated.

4.2 Experimental results

This section evaluates the proposed adaptive dual-criteria task group allocationmethod
for clustering-basedmultiple workflow scheduling. The proposedmethod is compared
with previous approaches, including the best-fit heuristic [24], the EFT heuristic in
PCH [2,19], and the EST + fitness approach [25].

Figures 7, 8, and 9 compare the adaptive dual-criteria task group allocation method
with previous approaches in terms of averagemakespan under different CCRvalues. In
the figures, adjustable allocation represents an approach that adopts only the adjustable
idle time gap selectionmechanismpresented in Sect. 3.1,while adaptive dual-criteria is
an approach adopting both adjustable idle time gap selection and adaptive task group
rearrangement. Next to the name of adjustable allocation is a pair of parentheses
indicating the best weight of fitness, i.e., α in score function (1), and the pair of
parentheses next to adaptive dual-criteria contains the weights of fitness and EFT,
i.e., α and β in score function (2), which lead to the best performance in that case.
The inter-arrival time between two consecutive workflows is determined by a random
number within a range. In the experiments of Figs. 7, 8, and 9, the range of inter-
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Fig. 7 CCR = 0.1 and inter-arrival time range = 30 s

552.1

561.9

587.8

552.1
423.9

300

350

400

450

500

550

600

Av
g
m
ak
es
pa

ns

EFT

EST+fitness

best fit

adjustable alloca�on(0)

adap�ve dual
criteria(0.8, 0.2)
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Fig. 9 CCR = 10 and inter-arrival time range = 30 s

arrival time is 30 s. It is obvious that adaptive dual-criteria outperforms the previous
approaches and adjustable allocation significantly under all the three different CCR
values, while adjustable allocation outperforms EST+fitness and best-fit in all cases
but achieves the same performance as EFT when CCR is 0.1 or 1. The experimental
results indicate that both adjustable idle time gap selection and adaptive task group
rearrangement can improve workflow execution performance and adaptive task group
rearrangement is the crucial mechanism for performance improvement.
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Fig. 10 CCR = 0.1 and inter-arrival time range = 500 s
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Fig. 11 CCR = 1 and inter-arrival time range = 500 s

For adjustable allocation, the best-fit principle would gain its importance as CCR
grows, indicated by the change of α value in the figures, because large CCR implies
larger idle time gaps which lead to a higher probability for a left time gap after a task
group allocation to be further utilized by later task groups. On the other hand, for
adaptive dual-criteria, the best-fit principle is more important than the EFT principle
for smaller CCR values, i.e., 0.1 and 1, but becomes less important when the CCR
value is high, i.e., 10. This is because in adaptive dual-criteria task groups can be split
into smaller subgroups for allocation, raising the utilization of left time gaps after
allocation for smaller CCR values. For large CCR value, i.e., 10 in Fig. 9, since there
are plenty of large idle time gaps for allocating smaller subgroups, the EFT principle
becomes more important than the best-fit principle. In summary, our adaptive dual-
criteria approach achieves larger performance improvement compared to previous
methods for smaller CCR values because smaller idle time gaps would require special
care of task allocation for better resource utilization.

Figures 10, 11, and 12 present the evaluation of the proposed adaptive dual-criteria
method when the range of inter-arrival time between workflows is 500 s, much longer
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Fig. 12 CCR = 10 and inter-arrival time range = 500 s

Table 1 Count of task group
rearrangement

Inter-arrival time range (s) 30 500

CCR 0.1 1 10 0.1 1 10

Number of task group
rearrangement

522 424 188 453 324 137

than in Figs. 7, 8, and 9. Our method still outperforms the previous approaches under
all the three CCR values in this set of experiments. Again, the adaptive dual-criteria
approach achieves larger performance improvement for smaller CCR values. Since
longer inter-arrival time implies fewer task groups compete for the idle time gaps
within a fixed time period, the importance of the best-fit principle declines compared
to Figs. 7, 8, and 9, as revealed by the α values and the performance difference between
EFT and best-fit.

In the above experiments, ourmethod achieves the largest and the least performance
improvement when CCR is 0.1 and 10, respectively. Table 1 shows the count of task
group rearrangement occurring during the scheduling process for each experiment
in the above figures. It reflects that the performance improvement of our method is
proportional to the count of task group rearrangement, demonstrating the effectiveness
of the adaptive task group rearrangement mechanism. The case that CCR is 0.1 leads
to the largest count of task group rearrangement because the idle time gaps are small
and most of the task groups have to be cut into subparts for allocation. The count
decreases as CCR increases because the idle time gaps are larger for higher CCR
values and thus lead to a higher probability of accommodating an entire task group
without splitting.

In addition to average makespan, we also evaluated our method with another per-
formance metrics, called win%, which was used for the comparison of different
approaches on a per-workflow basis. For each workflow in an experiment, one of
the evaluated approaches would lead it to the shortest makespan. The win% value of
an approach is defined to be the percentage of the workflows that achieve their shortest
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Fig. 14 Inter-arrival time range = 500 s for LIGO

makespan when applying this approach. From users’ perspective, a higher win% value
represents that an approach has a more stable performance across different workflows
and might lead to higher user’s satisfaction. For the experiments in Figs. 7, 8, 9, 10,
11 and 12, the win% values of our adaptive dual-criteria task group allocation method
are all 100 %.

Figures 13 and 14 show the experimental results based on the structure and proper-
ties of a real workflow application, LIGO [27], as shown in Fig. 15. The experimental
results show that our adaptive dual-criteria approach can achieve better performance
than previous methods [19,21,24] when scheduling workflows of structure and prop-
erties like LIGO.

The time complexity of choosing a good gap for task group allocation depends on
serval factors, including the number of resources, the number of gaps on each resource
in the partial schedule, and the score evaluation function. In our implementation of
the methods evaluated in the experiments, each gap would be checked and given a
score before determining the best gap for allocation. Therefore, the time complexity of
differentmethods differsmainly in the score function.Among the task group allocation
methods evaluated in the experiments, EFT has the lowest time complexity since
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Fig. 15 DAG structure of a real workflow application LIGO

it does not have to calculate the fitness value of each gap. All the other methods,
EST+fitness, best-fit, and our adaptive dual-criteria method, have to calculate the
fitness value and even perform further computation in the score function, resulting in
higher time complexity. Our adaptive dual-criteria method has the most complex score
evaluation function, as shown in Eq. (2), and thus has the highest time complexity.
Figure 16 compares the scheduling overheads of different methods measured in the
experiments. EFT has the smallest overhead. The overheads of EST+fitness, best-fit,
and adjustable allocation are very close to each other. Our adaptive dual-criteria task
group allocation approach requires the longest computation time. However, compared
to the long execution time of scientific workflow applications, usually in hours or even
more, the scheduling overhead, in milliseconds, is negligible.
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Fig. 16 Scheduling overheads in milliseconds

Table 2 shows resultant average makespan of applying our adaptive dual-criteria
task group allocation approach to the set of workflows in Fig. 12 with different α, β

values. The results indicate that careful selection of appropriateα, β values is important
to achieve good performance. The difference between the best, (α = 0.1, β = 0.5),
and the worst, (α = 0.9, β = 0.1), performance is enormous. The performance
achieved by (α = 0.9, β = 0.1) is even worse than previous methods according to the
data in Fig. 12. Choosing the best α, β values is no easy. Exhaustive experiments, such
as Table 2, based on historical workload data can help to find good α, β values for
a specific system. The experimental results presented in this section also shed some
light on how to choose appropriate α, β values based on information such as CCR
values and average inter-arrival time.

5 Conclusion

Workflow scheduling is becoming an important issue as scientific and engineering
applications become more complex and computation demanding. Moreover, as large-
scale shared high-performance computing platforms, such as grid and cloud, emerge,
researchers have to deal with an even more challenging issue of multiple workflow
scheduling. Clustering-basedmethods are one of themajor types of workflow schedul-
ing approaches and have been shown superior to other kinds of methods in many cases
because of their advantage of reducing inter-task communication costs.Most proposed
clustering-based workflow scheduling approaches focused on how to cluster the tasks
in a workflow into different task groups, but paid little attention on the issue of task
group allocation. In this paper, we propose an adaptive dual-criteria task group allo-
cation method, which takes into account both resource fitness and task groups’ EFT
whenmaking allocation decisions. In addition to the dual-criteria mechanism, the pro-
posed method also adopts an adaptive task group rearrangement mechanism, which
can raise resource utilization effectively, and therefore improve the overall workflow
execution performance.

The proposed method was evaluated with a series of simulation experiments and
compared to the previous best-fit heuristic in [24], the EFT heuristic [2,19], and the
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Table 2 An exhaustive
experiment on α, β values

α β 1− α − β Makespans

0.0 0.1 0.9 516.5

0.0 0.2 0.8 508.7

0.0 0.3 0.7 504.6

0.0 0.4 0.6 503.6

0.0 0.5 0.5 503.1

0.0 0.6 0.4 502.5

0.0 0.7 0.3 506.0

0.0 0.8 0.2 511.4

0.0 0.9 0.1 520.6

0.0 1.0 0.0 527.4

0.1 0.1 0.8 526.7

0.1 0.2 0.7 511.8

0.1 0.3 0.6 505.2

0.1 0.4 0.5 503.7

0.1 0.5 0.4 501.9

0.1 0.6 0.3 504.7

0.1 0.7 0.2 511.9

0.1 0.8 0.1 518.8

0.1 0.9 0.0 523.8

0.2 0.1 0.7 570.5

0.2 0.2 0.6 527.4

0.2 0.3 0.5 515.1

0.2 0.4 0.4 512.3

0.2 0.5 0.3 512.2

0.2 0.6 0.2 517.5

0.2 0.7 0.1 521.6

0.2 0.8 0.0 532.0

0.3 0.1 0.6 604.6

0.3 0.2 0.5 551.4

0.3 0.3 0.4 530.2

0.3 0.4 0.3 525.0

0.3 0.5 0.2 523.6

0.3 0.6 0.1 529.5

0.3 0.7 0.0 534.2

0.4 0.1 0.5 635.7

0.4 0.2 0.4 574.7

0.4 0.3 0.3 550.2

0.4 0.4 0.2 539.0

0.4 0.5 0.1 539.0

0.4 0.6 0.0 545.5

0.5 0.1 0.4 665.6

0.5 0.2 0.3 595.2
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Table 2 continued
α β 1-α − β Makespans

0.5 0.3 0.2 570.2

0.5 0.4 0.1 555.5

0.5 0.5 0.0 560.5

0.6 0.1 0.3 686.5

0.6 0.2 0.2 617.0

0.6 0.3 0.1 591.1

0.6 0.4 0.0 590.7

0.7 0.1 0.2 708.2

0.7 0.2 0.1 643.8

0.7 0.3 0.0 629.2

0.8 0.1 0.1 732.6

0.8 0.2 0.0 695.5

0.9 0.1 0.0 786.1

EST+fitness approach [25]. Most previous task allocation approaches simply adopted
either the best-fit principle [24] or the EFT (Earliest Finish Time) principle [2]. We
showed that their performance largely depends on the workload condition and work-
flow property in the experiments. For example, the best-fit heuristic is effective for
workflows of larger CCR when the inter-arrival time between workflows is smaller.
On the other hand, our adaptive dual-criteria task group allocation method tries to
balance the effects of both time gap fitness and task group’s EFT. The experimental
results show that our method can consistently deliver better performance than pre-
vious approaches across different workload conditions and workflow properties by
adjusting the relative weights of time gap fitness and task group’s EFT. In addition,
the adaptive task group rearrangement mechanism in our method helps to improve
the performance further especially for workflows of smaller CCR. Our adaptive dual-
criteria task group allocationmethod achieves shorter averagemakespan than previous
approaches across different conditions. The performance improvement ranges from 5
to 29 % for different conditions, achieving the largest performance improvement for
workflows of smaller CCR. Moreover, it leads to 100 % win%, indicating that each
individual workflow is benefited from our method in addition to the improved average
performance.
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