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Abstract—Volunteered computing has been one of the 
popular distributed computing concepts recently.  The basic idea 
is to allow computer owners to donate the computing power and 
storage to scientific applications.  In this research, we are 
interested in the utilization of volunteered mobile devices.  The 
implementation of such a concept is complicated since it is hard 
to accurately estimate the execution time of workflow tasks on 
numerous mobile devices. To efficiently schedule application 
workflows can thus be a real challenge.  In this paper, we 
proposed a practical way to construct a workflow with estimated 
overhead and execution time, as well as a scheduling algorithm 
for a highly distributed computing platform.   The main idea is to 
effectively optimize task scheduling onto the currently available 
mobile devices with two objectives of maximizing both cost and 
execution time saved.  Therefore, the cost will be covered by the 
volunteers. We adapt the Multi-objective Ant Colony 
Optimization (MOACO) algorithm in our framework.  We 
perform an experiment with different sizes of scientific 
workflows under different numbers of volunteered devices.  The 
results show a good potential in using mobile sources to minimize 
the energy consumption at the data center while keeping the 
execution time within a reasonable deadline. 

Keywords—Volunteer Computing, Mobile Computing, Ant 
Colony Optimization, Multi-objective Optimization, Scheduling 
algorithm  

I.  INTRODUCTION 
Mobile devices usually refer to handheld or pocket-size 

computing devices such as smart phones and tablets. At 
present, such devices have become a part of our daily life. 
People use mobile devices for several social networking, 
messaging, documentation, browsing, and photo editing. The 
statistics from the International Telecommunication Union has 
revealed that the number of active mobile-broadband 
subscriptions in the world has increased from 268 million in 
2007 to 2,096 million in 2013.  The computation ability of the 
mobile technology is now comparable to those of regular 
desktop computers.  Thus, it is now possible to utilize mobile 
devices for actual computation, such as image processing, 3D 
rendering, 3D game, and mathematical modeling.  Moreover, 
mobile users rarely turn off the devices leaving it in idle state 
for several hours each day.  In order to capitalize on the CPU 
cycles and put them to good use, we are inspired to design a 
scheduling algorithm for mobile sourcing of scientific 

applications.  The mobile users can contribute the computing 
power to be public-resources for Sciences. 

A scientific workflow is large consisting of multiple 
compute nodes, where nodes represent a series of atomic tasks 
(small unit of computation or data manipulation).  Edge 
between nodes of a workflow represents dependency between 
those atomic tasks.  In general, a large amount of execution 
time and resources are required in order to serve the need of the 
applications. In order to execute the task, a cluster of 
computers or cloud computing are often required.  However, 
the availability of these technologies is limited in some 
countries and the costs are sometimes unaffordable for many 
non-profit associations. 

In this paper, we discuss the utilization of the computing 
performance contributed from mobile users under the concept 
of volunteer computing.  Volunteer computing refers to a 
distributed computing platform constructing from resource 
donation of the users around the world.  The more resources 
being donated, the faster the system will be.   The basic idea of 
our mobile sourcing platform is to allow the atomic tasks of the 
scientific problems to be packed and distributed to mobile 
devices and use mobile power to solve the problem. 

However, scheduling appropriate tasks to the mobile 
devices is a challenge due to the availability of volunteers, 
hardware limitation, and the wireless network connection.  To 
tackle this challenge, this research proposes the design of a 
scheduling algorithm for the mobile sourcing platform. We 
adopt the Ant Colony Optimization (ACO) algorithm to be 
used with multiple objectives optimization.  The first objective 
is to maximize the energy saving from the local execution 
(save cost at the datacenter).  Second, the algorithm should also 
optimize the total computing time by utilizing mobile sources 
appropriately.  Weighted sum method is applied to the Multi-
Objective Ant Colony Optimization or MOACO. 

The organization of this paper is as follows: Section 2 and 3 
present literature survey and background on ACO. Section 4 
describes the proposed technique.  Section 5 discusses an 
experimental methodology and result discussion. The last 
section is a conclusion of this research. 
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II. LITERATURE SURVEY 
As the use of mobile devices grow exponentially, recent 

literature has been focusing on an integration of the mobile 
devices to the cluster, grid, and cloud computing.  This section 
summarizes the previous works and their challenges. 

Antonios et al. [1] initiated the concept of mobile grid 
computing platform.  They discussed the efficient adoption of 
mobile devices in the grid computing environment. Then, 
Thomas [2] introduced the method to solve the scientific 
problems using the mobile grid computing. The system 
integrated the mobile wireless consumer devices into the grid 
environment. The system consisted of a proxy component 
which was called “interlocutor”. The component was responsible 
for scattering the tasks to execute on the “minions”, that were the 
mobile devices, and retrieving the results back to the grid. 

Marinelli [3] developed Hyrax, a platform derived from 
Hadoop which supported cloud computing on Android 
smartphones. Hyrax allowed the users to utilize data and 
execute the tasks on heterogeneous networks of smartphones 
and servers. Unfortunately, Hadoop is too compute-intensive 
for mobile devices.  Thus, the results showed that the overhead 
costs of running MapReduce were too high for Android phones 
due to the limitation of memory.   

Later on, Gonzalo [4] extended the idea of Hyrax. In this 
work, they presented the guidelines for a framework to create a 
virtual mobile cloud computing providers. The goal of the 
framework was to utilize the mobile devices to perform some 
tasks. The framework was capable of detecting the mobile 
devices that were in a stable mode and create a virtual cloud 
computing on the fly among the users. The implementation of 
the framework was developed based on Hadoop and the 
communication between devices was P2P based on the 
Extensible Messaging and Presence Protocol (XMPP).  
However, the result of the experiment showed that the 
execution time of the platform was slower than the execution 
on the mobile devices alone. The problem was caused by the 
preparation and waiting time, which was approximately 44% of 
the execution time. Moreover, the result showed a poor 
performance due to the fact that Hadoop created a new JVM 
per each map processing. The framework also faced with a 
memory problem when it handled multiple files. 

With such limitations posted in previous literature, form a 
grid or a cloud of mobile devices seems impractical with the 
current technology.  Thus, in order to utilize the computing 
power from mobile sources, the method must be carefully 
designed.  In our research we aim at utilizing mobile sourcing 
for data-intensive scientific applications, where computation 
can be divided into a large amount of independent tasks.  These 
tasks can then be distributed over a large network of mobile 
source volunteered by its owners.  This type of sourcing has 
been accomplished in the previous literature for certain types of 
scientific applications, such as SETI@home [5], 
Folding@home [6], and Cloud@home[7].  All three projects 
have a common concept. They obtain the computing power 
from millions of computer owners worldwide. The client 
software runs either as a screen saver or while the users work, 
meaning that the use of processor time will not be wasted. The 
client software gets a work unit from the volunteered source, 

analyzes the results, and sent them back.  This computing 
model allows Sciences to benefit from free computing power 
donated by the world population. 

In our proposed work, we adopted the idea of volunteered 
computing to Hyrax’s concept of mobile cloud computing.  In 
order to reduce the effect of preparation and wait time as well 
as the data transfer overhead, we emphasize the scheduling 
process.  Mobile sources will only be utilized if the cost can be 
saved and the execution time is still acceptable.  Numerous 
works on mobile scheduling and offloading were then studied. 

A work by Yuan Zhang et al. [8] used a depth-first and 
linear time searching to maximize the energy saving in mobile 
devices. The experiment result showed excellent performance 
but the algorithm itself was not adaptive by the dynamic 
computing environment seen in the volunteered computing 
platform.  Another widely used algorithm was Integer Linear 
Programming (ILP).  MAUI [9], MACS [10], CloneCloud [11] 
adapted this algorithm within their platform. The algorithm 
acquired the data from the environment, e.g. networks 
bandwidth, mobile resources, local resources, as an input and 
formulated an optimization problem to create an optimum 
schedule. However, the result presented in [8] suggested that 
ILP’s result accuracy was much less than the depth-first search 
even though the performance may be better.   

In order to improve the quality of the schedules created, 
meta-heuristic algorithms were adopted in mobile cloud 
research.  Qingfeng Liu et al. [12] adopted Genetic Algorithm 
(GA) for scheduling the tasks. However, this research ignored 
some factors such as CPU resources and network bandwidth. 
GA could obtain a near global optima solution but the 
algorithm itself was compute-intensive.  Another efficient 
algorithm class is Swarm Intelligence (SI). It was suggested by 
[13], that SI required lower resources and computational time 
than GA. This claim was also supported by [14] where Ant 
Colony Optimization (ACO) was proposed to obtain the 
routing path for wireless sensor. The result illustrated that ACO 
was capable of execution with low processing power and 
resource. 

From the characteristic of several algorithms discussed in 
this section, we are interested in adapting the ACO algorithm 
for use with scheduling problem in volunteered mobile 
sourcing platform.  For better understanding of the readers, 
background on ACO is presented next. 

III. BACKGROUND ON ANT COLONY OPTIMIZATION (ACO) 
Ant Colony Optimization (ACO) is a meta-heuristic 

algorithm that belongs to the swarm intelligence class. The 
algorithm was inspired by the behavior of the ants searching 
for food around the colony. Initially, a set of ants starts from 
the starting point and randomly move around to find a food 
source. During their walk, the ants deposit the pheromone on 
the explored paths. The pheromone is a chemical which ants 
use to communicate with one another. Consequently, the 
majority of ants will travel the path with the highest pheromone 
concentration as it is assumed to be a path leading to the best 
food source.  The pheromone values will be updated in each 
iteration due to both pheromone depositing and evaporating, 
which can occur concurrently. 
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In optimization, a path leading to each food source 
represents a feasible solution and the pheromone concentration 
in each trail is considered as a fitness value.  There are two 
main parts in ACO: path selection and pheromone updates 

ACO starts by randomly initializes the pheromone trails.  
The ants will then select paths according to the pheromone 
values (probability value) as in (1).  The path with higher 
pheromone values will have more chance of being selected. 
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which is used to select j when an ant is at i. 
k
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Next, the pheromone values on each path will be updated 
due to both the pheromone depositing and evaporating using 
(2) and (3).  The most explored path will have the highest level 
of pheromone. The pheromone will be decreased on the less 
visited path. 

n

k jijiji ttt
1 ,,, )()1()(

and 

    otherwise,0

kant  by thechosen  is j  toi frompath   theif,
)()(, tL

Q
t

kji

            (3) 

where: 
 denotes the pheromone trail evaporation between 0 to 1 

n  denotes the number of ants 
Q  denotes a constant for pheromone updating 

)(tLk
 denotes the cost of tour by the ant k 

 From the equations, more pheromone is evaporated on the 
long path as ants have to spend more time travelling.  
Therefore, shorter paths will more likely to be selected. The 
algorithm will run recursively until the stopping criteria is 
reached (number of maximum iteration). The shortest path, 
therefore, represents the optimal solution. 

IV. THE PROPOSED SCHEDULING METHOD 
In this scheduling problem, we aim to assign workflow 

tasks to appropriate computing units of two classes: 
volunteered mobile sourcing (free) and computers at a 
datacenter (paid).  The objective is to use as much free sources 
as possible to save cost at a data center while still maintaining 
an acceptable execution timeframe.  The key contribution is to 
design a scheduling framework that will create a near-optimum 
schedule with two objectives: optimum cost and execution 
time.  There are two important modules in this framework: 
First, the workflow construction, which is a module that 
converts user input files describing tasks into a workflow 

Direct Acyclic Graph (DAG).  Secondly, the scheduling 
optimization, which is a module that assigns task nodes in the 
workflow DAG to computing units both in the data center and 
volunteered mobile sourcing. 

A. Workflow Construction 

 In this module, the input workflow DAG is constructed.  
First, the user uploads the application workflow in the XML 
format. This file defines the structure of the workflow, task 
dependencies, input/output, and runtime of each sub-task.  The 
XML input file consists of 2 main parts. The first part of a file 
gives a definition of each task, while the second part of a file 
shows the dependency of tasks.The example of a typical input 
format is illustrated in Fig. 1 (a) and (b). 

 

 
Fig. 1. (a) Tasks’ definitions 

 
Fig. 1. (b) Tasks’ dependency 

 

 Tasks (DAG’s nodes) are defined by a set of attributes 
including task ID, workflow name, task name, and runtime 
required (on a specific machine specification).  In addition, the 
input data and output data files are also described using three 
attributes: file name, input or output flag, and file size in bytes. 

Tasks dependencies (DAG’s edges) are then defined and a 
DAG graph is formed.  Each edge is described using “child” 
and “parent” elements, and the “ref” attribute that specifies the 
node ID. The example of XML code defines the edge between 
node ID00000 and ID00005 where ID00000 is a parent node 
is illustrated in Fig. 2. 

 

 
Fig. 2. XML code 

 Once the XML input file is uploaded by a user, the abstract 
workflow is constructed using the JAVA’s graph data 
structure as shown in Fig. 3. In the abstract workflow, each 
vertex represents a task (Ti). The vertex also has incoming and 
outgoing degrees.  Incoming degree refers to data input size 
needed for processing the task, while outgoing degree refers to 
data output size. The weight on the vertex is the task 
complexity.  The weight on the edge is the amount of data 
transferred between tasks. The abstract workflow is then 

<child ref = “ID00005” > 
<parent ref = “ID00000”> 

</child> 
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mapped to the specific processing environment in order to 
create a workflow schedule. 
 

 
Fig. 3. Process of Workflow Construction 

 

 In this process, each task in the abstract workflow is 
mapped with the available machines.  The weight on each 
task, Ti, will be converted from an abstract complexity to an 
actual execution time.   Notice that each vertex carries a set of 
weights since there are various possibilities for execution time 
depending on the processor it is scheduled to.  If the available 
machines consist of M local processors and N mobile 
processors, the weights will be a vector of (M+N) values. 

The structure of the workflow schedule can be explained as 
followed, let G = (V, E) is the completely connected graph 
that represents the search space. 

 V is a finite set of task V= {T0, T1 … , Tn), where n is 
the number of total tasks of the input workflow.  Each 
task Ti(0  i  n) has an set of available machines 

k
iiii SSSS ,...,, 21 , where )1( NMkS k

i
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runtime of task i on an available machine, k.  
 E is a finite set of relations and dependencies of tasks. 

The weight on an edge represents an amount of data (in 
bytes) transferring between source and target nodes. 

We assume that a datacenter is homogeneous.  Runtimes 
on each machine for any task Ti will thus be the same.  The 
runtime on mobile devices are estimated as a summation of 
processing time and data transfer time.Once the experiment 
environment is defined, the mobile device specifications and 
network bandwidth are known.  The processing time of each 
vertex can be estimated based on the baseline clock speed and 
runtime given in the input workflow (XML file).  We use the 
input baseline numbers and perform a table lookup in the processor 
benchmarking data in www.passmark.com. 

The transfer time can be estimated using multiple 
regression technique. Here, we download a network 
benchmarking software on iOS, called 4Gmark, and perform 
data sending and receiving multiple times with different sizes 
of data.  The collected data are then regressed in the form of 

xo xxxxf 21121 ),( , where x1 is a file size (MB) and x2 
is network bandwidth (Mb/s).  We choose to perform multiple 

regression instead of using the simple equation (x1*x2) in order 
to compensate for error in communicating which is common 
in a real situation.  The regression model with an R2 of 97.5% 
is then used to estimate the transfer time. 

Finally, the cost for executing each task on a machine 
(local or mobile), k

iS are used to construct a set of candidate 
schedules.  The best or the optimum schedule will then be 
selected from this candidate set using a meta-heuristic 
optimization presented in the next section. 

B. Workflow Optimization with Multi-Objective ACO 
In order to solve the scheduling problem for mobile 

sourcing, all possible combinations of task assignments 
(candidate schedules) form a search space.  The objective of 
the optimization is to look for a candidate schedule which 
maximize the cost saving at the data center (energy saving) and 
the total runtime saving of the entire workflow.  Note that, if a 
scheduler outsources more tasks, the cost at the data center will 
be lower, but the runtime will be higher. 

 The fitness value of the candidate solution can be 
calculated using (4). 

1),(*)(*)(max 212211 wwxfwxfwxf

wheref(x) is a score,f1(x)describes the energy saving and 
f2(x)describes the runtime saving of a feasible solution x. Note 
that in order to normalize f1(x)andf2(x)onto the same scale, 
percentage of energy saved and runtime saved is used. 

The percentage of energy saved at a data center is 
calculated using (5). 
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where 
 Eexei– Energy used in executing task i. It is 

calculated by using (6), whereRiis runtime of task Ti 
andPexecute refers to execution power 

Eexei = Ri * Pexecute (6) 
 Erecvi– Energy used in receiving data for task i. This 

energy is spent when the data is being transferred to 
the local machine. It is calculated by (7), 
wherePtransferrefers to data transfer power and 
inputFileSizei is a total file size. 

Erecvi = inputFileSizei * Ptransfer (7) 
 Esenti– Energy used in sending data for task i. This 

energy is spent when data is being transferred out to 
mobile devices. It is calculated by (8), where 
outputFileSizei refers tooutput file size. 

Esenti = outputFileSizei * Ptransfer(8) 
 Elocal– Energy spent when all tasks are executed on one 

local machine. 
 n – total tasks 

The percentage of runtime saved for the entire workflow 
can be calculated by (9). 
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 Texei- Runtime of task i 
 Twaiti - Wait time before executing task i. Note that a 

task may have to wait for a machine to be available 
or the arrival of input data 

 Ttransferi– Data transferring time 
 Tlocali – Overall runtime when all tasks are executed 

on one local machine 
 n - total tasks 

w1and w2 are the weights of each function. The value is 
between 0.0 and 1.0.  

 
A candidate solution is represented by a one-dimensional 

array, which represents path or trail that an ant explores. Fig. 4 
illustrates the solution.   

 
Fig. 4. Solution representation 

 

The size of the array equals to the size of the total tasks of 
the workflow (n). Each value in the array represents where 
task i should be executed. For example, task 1 and task 2 are 
executed on local machine #1, task 3 is executed on mobile 
device #1 and so on. 

To construct a solution, the ant used the information of 
pheromone in order to select the next node.  The ant explores 
every task assignment until it reaches the end node (E). The 
process is illustrated in Fig. 5. 

 

Fig. 5. Process of creating a new solution 
  
The Ant Colony Optimization algorithm presented in 

section 3 is adopted in order to search for the optimal solution.   
In each iteration, a group of P ant agents is attempting at 
finding the optimal solution. The solution represents where the 
task Ti should be executed.  Each node in the graph represents 
task Ti.  Each Ti consists of a set of available machine Si. Each 
node in the set Si connects to every node in the set Si+1. At the 
beginning, every ant is assigned at the starting point S. Then, 
the ant selects the available machine for each task based on the 
probability value which has been calculated from the 
pheromone values. In order to select the appropriate machine 
for task Ti, we apply roulette wheel selection method adapted 
from parent selection in genetic algorithms (GA). The path 
with higher probabilistic value will have higher chance of 
being selected. 

 When every ant reaches the end node (E), the trail each 
ant explored represents one solution. Then, all the candidate 
solutions are evaluated by the fitness function as the function 
of weighted scores between energy saved and runtime saved. 
Then, the fitness values of P ants are compared to find the best 
candidate of the current iteration.  The solution is then kept for 
comparison in the next iteration. P ants repeatedly search for 
the optimal solutions until the number of maximum iteration is 
reached. 

V. EXPERIMENTS AND RESULTS 
This work aims at creating a near-optimum schedule for 

scientific applications as well as identifying the optimal 
number of volunteered devices deployed.  In this section, we 
present an experiment with scientific workflows downloaded 
from www.pegasus.isi.edu. The workflows were embedded 
with the workflow structure, tasks dependency, number and 
name of input/output of each task and the execution time of 
each task.  We chose the Montage workflow, which was 
designed to deliver science-grade mosaics of the sky. Details 
of workflows are summarized in Table x. 

TABLE I.  INPUT WORKFLOW 

# of tasks (n) 25 
Energy used  459.34 kJ 
Execution time (1 machine) 30.62 min 

The following assumptions were made in our experiment. 
 When the mobile device is not in used, it is always 

being charged. Thus, the battery will never run out.  
 There is no application running on the mobile. The 

CPU is always in the idle state before the execution of 
any task. 

 The memory on the mobile is sufficient. 
 The network connectivity is in a stable condition. 
 Every mobile device connects to the home Wi-Fi 

We implemented the MOACO algorithm with Java and 
jGraph (Directed Acyclic Graph manipulation plugin).  The 
parameters of MOACO were set as follows: 10 ants, alpha 
( ) =3, beta ( ) = 2, rho ( ) = 0.01, Q = 2.0.  For the 
fitness function, we set w1 and w2 to 0.3 and 0.7 respectively 
and the number maximum iteration is 10,000. 

The computing environment consists of 1 local machine 
with similar specification as given in Montage data profiles 
(Intel Xeon 2.4 GHz processor with 2GB of memory).  The 
number of mobile devices used is varied from 1 to 25.  For the 
device specifications, we considered the top 4 smart phones 
available in the market: iPhone5s (type I), Samsung Galaxy S4 
(type II), Samsung Galaxy Note3 (type III) and HTC one (type 
IV). The number of mobile devices of each type was divided 
equally in the experiment. 

The example results from the execution time estimation is 
presented in Table II.  Montage workflow has 9 different 
classes of sub-tasks.  Table II shows the estimation the 
workflow.  The baseline values are given along with the 
workflow profile. Type I, II, III and IV columns refer to the 
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execution time of sub-tasks when run on four different mobile 
devices. 

TABLE II.  ESTIMATION OF RUNTIME ON MOBILE DEVICES 

Task 
Baseline Type I Type II 
Time(s) Time(s) Relative Time(s) Relative 

mProject 13.32 35.83 x1.7 41.15 x2.1 
mDiffFit 10.60 28.51 x1.7 32.75 x2.1 

mAdd 1.38 3.71 x1.7 4.26 x2.0 

Task 
Baseline Type III Type IV 

Time(s) Time(s) Relative Time(s) Relative 

mProject 13.32 36.36 x1.7 36.36 x1.7 
mDiffFit 10.60 28.94 x1.7 28.94 x1.7 

mAdd 1.38 3.75 x1.7 3.75 x1.7 
 
For the deadline, we set a constraint that the entire 

workflow must be finished within 1.5 time of the execution 
time on the local machine. The overall execution time of each 
mobile device must not be over the volunteered time.  We 
assume that every user donates their resources for 3 hours. 

TABLE III.  PERCENTAGE OF ENERGY AND TIME SAVED 

# of 
mobile 
devices 

% 
Energy 
Saved 

%Time 
Saved 

# of 
mobile 
devices 

% 
Energy 
Saved 

%Time 
Saved 

1 24.27 -2.93 8 76.42 -0.56 
2 50.44 -7.72 9 79.06 0.87 
3 53.44 -7.87 10 79.65 4.11 
4 68.26 -9.91 11 79.97 5.88 
5 74.25 -10.50 15 82.18 9.95 
6 74.52 -6.96 20 84.15 17.01 
7 72.42 -0.64 25 87.56 17.24 

The result of a 25-node Montage workflow is shown in 
Table III.  This table shows the results of the percentage of 
energy and time saved when various numbers of volunteered 
mobile devices were used. The trend of the energy saved was 
significantly increased when a number of mobile devices 
increased.   In other words, as more tasks were outsourced, the cost 
at the data center was reduced.  Using MOACO, the schedule 
selected by the ants produced up to 87.56% energy saving. 

However, there was a trade-off between time and energy 
saved.  When mobile devices were used, communication 
overhead affected the overall performance.  The observed 
performance degradation was as much as 10% from the 
experiment.  As the number of devices increases, the 
concurrent computation can overcome the communication 
overhead.  Computation and communication overlapping also 
occurred when enough number of computing units was 
deployed (10 units or more in this case). 

VI. CONCLUSION 
In this paper, we introduce a multi-objective ant colony 

optimization to solve the mobile sourcing scheduling problem. 
The objectives are to reduce the energy consumption of the 
data center and minimize the execution time of the overall 
process.  Execution time estimation for mobile devices was 
performed. Based on the estimation, MOACO was able to 

produce a good schedule, which satisfies the deadline 
constraints.  The created schedule also allows the workflow 
applications to be distributed efficiently to appropriate 
volunteered mobile sources.  The algorithm can select suitable 
mobile units for each workflow.  The interesting future 
direction is to improve the algorithm in order to select the 
appropriate numbers of volunteered device for dynamic 
workflows.  Several constraints in the experiment should also 
be relaxed in order to make the model more realistic. 
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