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• We design a scheduling algorithm for the cloud datacenter with a dynamic voltage frequency scaling technique.
• Our scheduling algorithm can efficiently increase resource utilization to reduce the energy consumption of servers in cloud datacenters.
• The simulation results show that our method can reduce the energy consumption by 5%–25%.
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a b s t r a c t

Information and communication technology (ICT) has a profound impact on environment because of
its large amount of CO2 emissions. In the past years, the research field of ‘‘green’’ and low power
consumption networking infrastructures is of great importance for both service/network providers and
equipment manufacturers. An emerging technology called Cloud computing can increase the utilization
and efficiency of hardware equipment. The job scheduler is needed by a cloud datacenter to arrange
resources for executing jobs. In this paper, we propose a scheduling algorithm for the cloud datacenter
with a dynamic voltage frequency scaling technique. Our scheduling algorithm can efficiently increase
resource utilization; hence, it can decrease the energy consumption for executing jobs. Experimental
results show that our scheme can reduce more energy consumption than other schemes do. The
performance of executing jobs is not sacrificed in our scheme. We provide a green energy-efficient
scheduling algorithm using the DVFS technique for Cloud computing datacenters.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Recently information and communication technology (ICT) has
a profound impact on economy and environment. According to
some research reports, in the United States, energy consumed by
the ICT equipment is roughly 8% of the total energy consumption,
and it will increase 50% within a decade [1,2]. In addition to en-
ergy consumption, the ICT equipment has a large amount of CO2
emissions. According to Gartner, which is the world’s leading in-
formation technology research and advisory company, estimation,
the ICT equipment is responsible for 2% of global CO2 emissions in
2007 [3].

Cloud computing is a paradigm that changes the behavior in
the consumption and delivery of information technology (IT) ser-
vices. Users use web service interfaces to demand resources and
pay only for the resources that they actually consume [4,5]. In
addition to providing on-demand resources, clouds can deploy a
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custom-made environment for a given application. With the dy-
namical provision of resources, Cloud computing can increase the
utilization of resources and hence reduces the number of IT hard-
ware equipment. It can potentially reduce the global CO2 emission.
Furthermore, without purchasing, operating, maintaining, and pe-
riodically upgrading local computing infrastructures, Cloud com-
puting can lower the cost of IT services for an enterprise [6,7].

A cloud datacenter usually contains large group of servers
connected by the Internet. A job scheduler is needed in a cloud
datacenter to arrange job executions. The job scheduler has to
efficiently utilize the resources of the cloud datacenter to execute
jobs. The performance issues of the scheduling algorithm include
the execution time and resource utilization. A good scheduler can
use fewer resources and times to run jobs. Using fewer resources
implies that less energy is consumed. The power consumption is
one of the major issues for building large-scale clouds.

The dynamic voltage frequency scaling (DVFS) technique can
be used to reduce the power consumption of the IT equipment.
The DVFS enables processors to run at different combinations of
frequencies with voltages to reduce the power consumption of the
processor. The energy consumptionof a processor is approximately
proportional to processor frequency and to the square of the
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processor voltage. Decreasing the processor voltage and frequency
will lower down the performance of the processor. However, if the
execution performance is not so important, we can decrease the
processor voltage and frequency to reduce the power consumption
of the processor.

Researches in [8–13] use the DVFS technique to reduce the
energy consumption of distributed systems. However, in these
researches, the performance is sacrificed. In this paper, we provide
a scheduling algorithm for allocating jobs in the cloud datacenter
withDVFS techniques. Our scheduling algorithmefficiently assigns
proper resources to jobs according to requirements of jobs. In
addition to saving energy, our work does not sacrifice the system
performance. Service Level Agreement (SLA) is also taken into
account in our scheduling algorithm. Our scheme can reduce
energy consumption, increase resource utilization, and meet SLA
requirement. We provide an efficient solution for scheduling
problems in Cloud computing.

The rest of this paper is organized as follows. Section 2 presents
related works. The systemmodel and our algorithm are illustrated
in Section 3. Section 4 shows the experimental results. In Section 5,
we will give some concluding remarks.

2. Related works

The dynamic voltage and frequency scaling (DVFS) technique
is commonly used to reduce the power consumption of electrical
devices such as cell phones, PDAs, and PCs. The power consump-
tion of an integrated circuit is proportional to the simple formula
fcv2, with f the frequency, c the capacitance, and v the voltage.
Thus, the supply voltage and work frequency profoundly affect the
energy consumption of integrated circuits. The DVFS enables inte-
grated circuits to run at different combinations of frequencies and
voltages. Voltage supply can be increased or decreased depending
upon circumstances. The DVFS can dynamically lower down the
supply voltage andwork frequency to reduce the energy consump-
tion while the performance can satisfy the requirement of a job.

In [14], the authors propose a virtualization security as-
surance architecture, CyberGuarder , for green Cloud computing
environments. CyberGuarder provides three different kinds of ser-
vices including the virtual machine security service, the virtual
network security service and the policy based trust management
service. These services have been carried out on the iVIC plat-
formdesignedby the authors,with promising results. This research
provides the important results and experience for large-scale,
energy-efficient/green Cloud computing.

In [15], an energy-aware resource allocation heuristics for ef-
ficient management of datacenters for Cloud computing is pre-
sented. The proposed method can improve energy efficiency
of the data center, while delivering the negotiated Quality of
Service (QoS). This work provides architectural principles for
energy-efficient management of clouds, energy-efficient resource
allocation policies and scheduling algorithms. Their method has to
sacrifice system performance.

In [16], the Maximum and Minimum Frequencies DFVS (MMF-
DVFS) algorithm is presented to reduce the energy consumption
of processors. In this paper, authors model an optimal energy
consumption formula. They use the linear combination of the
minimum and maximum processor frequencies to approach the
optimal energy consumption. However, this method can only be
used in homogeneous computing systems. The research presented
in [17] addresses the task scheduling problem on heterogeneous
computing systems (HCSs).

In [17], authors propose an energy-conscious schedulingheuris-
tic (ECS) to reduce the energy consumption for high-performance
computing systems. This heuristic can easily be applied in loosely
coupled HCSs (e.g., grids) using the advanced reservation and

various sets of frequency–voltage pairs. The ECS scheduling al-
gorithm incorporates the DVFS technique to reduce the energy
consumption. For scheduling algorithms, there is a trade-off be-
tween the performance and energy consumption of schedules
(makespans). The energy reduction phase in the ECS uses the
makespan-conservative energy reduction technique (MCER) to de-
crease the energy consumed by jobs. In this phase, the schedule
generated by the scheduling phase in the ECS is scrutinized to
check whether it has chance to further reduce the energy con-
sumption. The time complexity of the ECS is low. However, authors
do not consider the resource utilization.

In [18], a scheduling algorithm in DVFS-enabled clusters is pro-
posed for executing parallel tasks. The proposed algorithm finds
the slack time for non-critical jobs without increasing the schedul-
ing length. They also develop a green SLA-based mechanism to re-
duce energy consumption by increasing scheduling makespans. In
their work, they sacrifice the performance to reduce the power
consumption or CO2 emission. They provide an acceptable exten-
sion of execution time to meet the green SLA.

In [19], they use small environmental monitoring sensors to
lower the electrical costs and improve the energy efficiency. The
deployed sensors can measure the temperature of the computer
room while servers are running. Scheduling algorithms can effi-
ciently arrange works for servers to lower the room temperature
according to the information delivered from the deployed sensors.
Their system design including hardware and software provides a
good experiment for building a green big data center.

3. Scheduling algorithm

3.1. Problem model

In Cloud computing, a data center can run on several hetero-
geneous servers. Each server is equipped with different hardware
such as the processor, RAM, and the hard disk. For reducing energy
consumption, each server can adjust its work frequency according
to workloads. To standardize capacities of heterogeneous servers,
we make some definitions as follows.

Definition 1. Let S = {S1, S2, S3, . . . , Sn} denote the set of servers
inside a data center and let every Si = {Rmin, Rmax} denote the
minimum and maximum resources of the server Si.

Rmin and Rmax can be considered the minimum and maximum
amounts of resources or capacities in a server. For example, we as-
sume that the maximum working frequency and minimum work-
ing frequency of a server are 700 MHz and 100 MHz, respectively.
A job requires 200 MHz working frequency to execute. The server
can use 200 MHz working frequency to execute this job for sav-
ing energy. Because the maximumworking frequency is 700 MHz,
this server has remainder capacity to execute another job whose
working frequency requirement cannot excess 500 MHz.

The VMs created on a server also have limited capacity accord-
ing to the resources provided by the server. While allocating a job
to proper VMs, we also have to know the resources of the related
VMs. We can derive the energy consumption of VMs from the re-
sources used by VMs. In our work, we want to lower the work-
ing frequency to reduce the energy consumption of executing jobs.
Hence we focus on the working frequency rather than other re-
sources.

Definition 2. LetV = {V1, V2, V3, . . . , Vm}denote a set of VMs and
let every Vi = {Fmin, Fmax} denote the minimum and maximum
working frequencies of a VM.

An example is as follows. Theminimumandmaximumworking
frequency requirements for executing job A are 100 and 600 MHz,
respectively. Three VMs in a cloud are available to deploy this
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Table 1
An example of SLA levels and related numbers of VMs.

Level Numbers of VMs

0 1–200
1 201–400
2 401–600
3 701–800
4 801–100

job. The frequency specifications of these three VMs are listed as
follows:
VM V1 has Fmin = 100 MHz and Fmax = 500 MHz
VM V2 has Fmin = 100 MHz and Fmax = 600 MHz
VM V3 has Fmin = 200 MHz and Fmax = 800 MHz.

Several deployments can satisfy the frequency requirements of
job A. The allocation algorithm can assign job A to V1 and V2, V2,
V1 and V3, V2 and V3, respectively. However, our objective is to
reduce energy consumption as much as possible under constrains
of job’s requirements. The best allocation will consume the lowest
energy under satisfying the requirement of the job. Thus, we have
to define amatrix for providing the allocation algorithm the energy
consumption of a server or VM.

Definition 3. Let Wi = P∗

i Ri where Pi is the unit power cost of
server/VM i and Ri is resources used by server/VM i.

Wi can aid the allocation algorithm to decide which server/VM
is assigned to which job. It acts as a weight and priority in the al-
gorithm.

Service Level Agreement (SLA) is a very important contract be-
tween the service provider and consumer. The allocation algorithm
has to obey the SLA to assign resources for the job given by the con-
sumer. In our work, we also provide SLA levels for consumers to
select.

Definition 4. Let n = the total SLA levels and L = SLA level,
0 5 L 5 n − 1.

With the lower SLA level, the job is deployed to fewer resources
in the cloud. In the lower levels, the execution performance is
sacrificed but the energy consumption is reduced.

Another basis of the SLA level is based on the amount of
resources or VMs. The higher the level of the SLA, the larger the
number of VMs is assigned to a job. Table 1 shows an example of
SLA levels and related numbers of VMs. In the level 1, the number
of created VMs is from 201 to 400. If a job selects the level 1, we
can dynamically create the number of VMs for it to reduce energy
consumption under the constraint of the level 1 in the SLA.

3.2. System architecture

The system architecture shown in Fig. 1 consists of the job
submission, the VM manager, the scheduling algorithm, servers
and VMs, and the DVFS controller.
(1) Job submission. A job is given in the form of minimum and

maximum amount of resources in frequency (MHz) that it
requires. The purpose is to know the least amount of resources
that the job requires to run. In the job submission, the SLA also
has to be given.

(2) VM manager. When the VM manager receives a job and the
requirements of the job, it sends the job requirements and
states of resources to the scheduling algorithm. After receiving
the decision of the scheduling algorithm, the VM manager
creates required VMs from relative servers and deploys the
job on these VMs assigned by the scheduling algorithm. The
VM manager also has to set up the working frequency of the
server and shut down the servers or VMs that have finished
their works.

(3) Scheduling algorithm. In the scheduling algorithm, the weight
matrices defined in Definition 3 of all servers are calculated ac-

Fig. 1. The system architecture.

cording to the information from the VMmanager. The schedul-
ing algorithm searches available servers to create VMs for allo-
cating a job under the requirements of the job. In the algorithm,
the SLA also has to be taken into account. The scheduling algo-
rithm selects the solution that consumes the least energy. If all
available servers cannot satisfy the requirements of the job, the
scheduling algorithm has to notice the VM manager to power
on proper servers. After making a decision, the scheduling al-
gorithm sends the solution to the VMmanager.

(4) DVFS controller.DVFS controller sets applicable supplies of volt-
ages and frequencies to servers according to their needs.

(5) Servers and VMs. Jobs are deployed to VMs in servers. Thework-
ing frequencies of servers are controlled by the DVFS controller
to reduce energy consumption as much as possible. The work-
ing frequency is based on the decision of the scheduling algo-
rithm.

3.3. Proposed scheme

There are two processes in our work. First is to provide the
feasible combination or scheduling for a job. Second is to provide
the appropriate voltage and frequency supply for the servers via
the DVFS technique.

The requirements of a job are given in terms of maximum
and minimum frequencies. The minimum frequency is to ensure
the lowest limit of the executing performance for a job. A list of
available servers is given by the VMmanager. The VMmanager has
to list the server statuses including used resources and remainder
capacities. Servers chosen for a job have to satisfy two inequalities
as follows:

Si(Fmin) = Job(Fmin) (1)

Si(Fmax) 5 Job(Fmax) 5 Si(Fmax) + α. (2)

The first inequality indicates that the minimum frequency Fmin of
the chosen server has to be bigger than or equal to the minimum
frequency requirement of the job. This inequality guarantees the
executing performance of the job. Inequality 2 shows that the
maximum frequency Fmax of the chosen server has to be smaller
than or equal to Fmax of the job. From multiple severs whose
maximum frequencies are smaller than Fmax of the job, we choose
the server whose maximum frequency is the closest to Fmax of
the job. This purpose is to ensure that the job cannot overuse
resources. In this constraint, the energy consumption of the job is
also reduced. We use an example to illustrate the server selection.
If the requirements ofminimumandmaximum frequencies of a job
are 100 and 500 MHz and 10 available servers are listed in Table 2,
the suitable servers are 3, 4, 6, 7, and 9 according to our algorithm.

After selecting servers, the scheduling algorithm creates VMs
from these selecting servers for deploying a job. VMs are created
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Table 2
The list of available servers.

Server # Server Fmin Server Fmax

1 50 200
2 50 300
3 100 300
4 100 350
5 100 600
6 150 400
7 150 450
8 150 600
9 200 500

10 200 600

based on the requirements of the job and available resources of
servers. The number of VMs is according to the job requirement.
We also provide the SLA level for customers to choose. Our SLA
levels are from 0 to n − 1. The higher the level, more VMs are
created. The lower the level, more energy is saved.

The weightWi for every server from the list of available servers
is computed to aid selecting servers and creating VMs. The equa-
tion ofWi is defined in Definition 3. Heterogeneous types of servers
and datacenters in different areas are considered in our work. The
unit power cost Pi includes the power cost of computation and the
power cost of communication. Different servers consume different
static energies and dynamic energies [20]. Different distances and
transmission rates also consume different energies. The weight es-
timation is very important in scheduling algorithm for allocating
job with the low power consumption.

After computing the weight for each available server, weights
of VMs created from these servers also have to be computed. VMs
are sorted in increasing order according to theirweights.We assign
the VM that has the highest priority to the job and check whether
this allocation meets the requirement of the job. If the assignment
cannot satisfy the requirement of the job, we subsequently assign
the VM that has the second priority to the job. The assignment is
repeated until the requirement of the job is satisfied. If VMs created
from available servers cannot satisfy the requirement of the job in
the assignment process, the scheduling algorithm has to notice the
VMmanager turning on the suspended server.

After receiving the notification of turning on the suspended
server, the VM manager provides the list of suspended servers
to the scheduling algorithm. The scheduling algorithm calculates
weights of VMs created from these servers and assigns the new
VMs to the job. If there is no assignment that can satisfy the
requirement of the job, the assignment is failure. The process of
scheduling algorithm is shown in Fig. 2.

The values of required frequency for each server are computed
in the first process of our scheme; the frequency (f ) to be given of
each server is determined. To minimize the power consumption,
the DVFS controller has to supply applicable amount of frequencies
for each server by adjusting to the preferred gear. Table 3 shows
an example of frequency–voltage pairs with their corresponding
gears for Athlon-64. The DVFS controller has to have the list of
amount of resource requirements of each server according to the
results of the scheduling. The DVFS controller sets the appropriate
gear to supply the proper frequency and voltage to each server.

4. Experimental results

We use an extensible simulating toolkit called CloudSim [21]
to simulate and evaluate our work. CloudSim is widely used to
model and simulate Cloud computing environments. It can be
used to evaluate innovation designed for Cloud computing such as
resource allocation policies and scheduling algorithms. Each job for
simulating is composed of thousandsMIPS (million instruction per
second) instructions.

Table 3
Frequency–voltage pairs for Athlon-64.

Gear Frequency (MHz) Voltage
Fmin Fmax

0 1800 2000 1.5
1 1600 1800 1.4
2 1400 1600 1.3
3 1200 1400 1.2
4 1000 1200 1.1
5 800 1000 1.0
6 0 800 0.9

Firstly, we compare our method with the method in [17]. Our
method uses the applicable machine to execute jobs and the
method in [17] uses the higher performance machine to execute
the same jobs. The performance of themachine used by themethod
in [17] is higher 20%–30% than that of the machine used by our
method. Fig. 3 shows the comparisons of execution times between
the applicable machine (Machine 1) and the higher performance
machine (Machine 2). The job size ranges from 15,000 to 19,000
MIPS increased by 1000 MIPS. The execution times of the job
with 15,000 MIPS executed by Machine 1 and Machine 2 are
111 and 110 s, respectively. The execution times of the job with
19,000 MIPS executed by Machine 1 and Machine 2 are 161 and
159 s, respectively. The results show that the execution times of
jobs running on an applicable machine and a higher performance
machine are little different.

Fig. 4 shows the comparisons of energy consumptions between
Machine 1 and Machine 2. The energy consumed by Machine 1
and Machine 2 for executing the job with 15,000 MIPS are 5.41
and 6.58 W/h, respectively. The energy consumed by Machine 1
and Machine 2 for executing the job with 19,000 MIPS are 8.19
and 11.12W/h, respectively. The results show that ourmethod can
reduce the energy consumption of the method in [17] by 23%.

In the second and third simulating environments, our method
uses multiple servers to execute jobs. Every server in the simu-
lating environments has different resources and runs at different
speeds. The execution time and the energy consumption of our
method are examined in the second and third simulations. The Low
Workload simulation is used to simulate the low workload jobs.
The job size of the Low Workload simulation ranges from 8000 to
44,000MIPS. The VMwith the lowest weight has the highest prior-
ity in this simulation. In the third experiment, the High Workload
simulation is used to simulate the high workload job. The job size
of the High Workload simulation ranges from 250,000 to 450,000
MIPS. The VM with the heaviest weight has the highest priority.
The method in [17] called as MMF-DFVS is also examined to com-
pare with our method in the second and third experiments. The
method randomly selects VM to allocate jobs.

Fig. 5 shows the execution times of jobs executed by ourmethod
and the MMF-DFVS scheme in the Low Workload simulation. In
the figure, the execution times of the job with 8000MIPS executed
by our method and the MMS-DFVS are 85 and 80 s, respectively.
The execution times of the job with 44,000 MIPS executed by our
method and the MMS-DFVS are 440 and 400 s, respectively. The
average execution times of ourmethod and theMMS-DFVS are 266
and 240 s, respectively.

Fig. 6 shows the energy consumptions of servers assigned by
our method and the MMS-DFVS method for executing jobs in the
Low Workload simulation. The energy consumptions using our
method and the MMS-DFVS method for executing the job with
8000 MIPS are 15.57 and 20.39 W/h, respectively. The energy
consumptions using our method and the MMS-DFVS method for
executing the job with 44,000 MIPS are 96.55 and 115.95 W/h,
respectively. The average energy consumptions using our method
and the MMS-DFVS method for executing jobs are 54.443 and
66.746 W/h, respectively.
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Fig. 2. The process of our scheduling algorithm.

Fig. 3. The comparisons of execution times between an applicable machine and a
high performance machine.

Fig. 7 shows the execution times of jobs executed by ourmethod
and the MMF-DFVS scheme in the High Workload simulation.
In the figure, the execution times of the job with 25,000 MIPS
executed by our method and the MMS-DFVS are 1255 and 1250 s,
respectively. The execution times of the job with 430,000 MIPS
executed by our method and the MMS-DFVS are 2085 and 2075 s,
respectively. The average execution times of our method and the
MMS-DFVS are 1635.5 and 1623.5 s. Fig. 8 shows the energy
consumptions of servers used by our method and the MMS-DFVS
method for executing jobs in the High Workload simulation. The
energy consumptions of servers used by ourmethod and theMMS-

Fig. 4. The comparisons of energy consumptions between an applicable machine
and a high performance machine.

DFVS method for executing the job with 25,000 MIPS are 187.44
and 198.16W/h, respectively. The energy consumptions of servers
used by our method and the MMS-DFVS method for executing the
job with 430,000 MIPS are 303.77 and 332.13 W/h, respectively.
The average energy consumptions using ourmethod and theMMS-
DFVS method for executing jobs are 244.485 and 266.738 W/h,
respectively. The simulation results of Experiments 2 and 3 show
that the execution times of our method are very close to those
of the MMS-DFVS scheme. However, our method can reduce the
energy consumption of the MMS-DFVS scheme by 5%–25%.
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Fig. 5. The execution times of jobs executed by our method and the MMF-DFVS
scheme in the LowWorkload simulation.

Fig. 6. The energy consumptions of servers used by ourmethod and theMMS-DFVS
method for executing jobs in the LowWorkload simulation.

Fig. 7. The execution times of jobs executed by our method and the MMF-DFVS
scheme in the High Workload simulation.

Fig. 8. The energy consumptions of servers used by ourmethod and theMMS-DFVS
method for executing jobs in the High Workload simulation.

5. Conclusions

In this paper, we present a green energy-efficient scheduling
algorithmwhichmakes the use of priority job scheduling for Cloud
computing. The priority job scheduling is used to select VMs for
executing jobs. The VMs are selected according to the weight
computed by Definition 3 and the SLA level required by users. Our
method can satisfy the minimum resource requirement of a job
and prevent the excess use of resources. Hence, we can increase
the resource utilization. The DVFS technique is used to control the
supply voltage and frequency for servers in Cloud computing. This
technique can reduce the energy consumption of a server when it
is in the idle mode or the light workload.

Experimental results show that using our method is efficient in
reducing the energy consumption and losing light performance of
the system. The simulation results of Experiment 1 shows that the
performance of our method using the applicable machine is very
close to that of the method in [17] using the higher performance
machine. And, our method can reduce the energy consumption of
the method in [17] by 23%. The simulation results of Experiments
2 and 3 show that our method can reduce the energy consumption
of the MMS-DFVS scheme by 5%–25% and the execution times of
our method are very close to those of the MMS-DFVS scheme. We
provide a green scheduling solution for Cloud computing.
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