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Abstract—Data centers consisted of a great number of IT
devices (e.g., servers, switches and etc.) which generates a massive
amount of heat emission. Due to the special arrangement of
racks in the data center, heat-recirculation often occurs between
nodes. It can cause a sharp rise in temperature of the equipment
coupled with local hot spots in data centers. Existing VM
placement strategies can minimize energy consumption of data
centers by optimizing resource allocation in terms of multiple
physical resources (e.g., memory, bandwidth, cpu and etc.).
However, existing strategies ignore the role of heat-recirculation
in the data center. To address this problem, in this study,
we propose a heat-recirculation-aware VM placement strategy
and design a Simulated Annealing Based Algorithm (SABA) to
lower the energy consumption of data centers. Different from
the existing SA algorithm, SABA optimize the distribution of
the initial solution and the way of iteration. We quantitatively
evaluate SABA’s performance in terms of algorithm efficiency,
the activated servers and the energy saving against with XINT-
GA algorithm (Thermal-aware task scheduling Strategy), FCFS
(First-Come First-Served), and SA. Experimental results indi-
cate that our heat-recirculation-aware VM placement strategy
provides a powerful solution for improving energy efficiency of
data centers.

Index Terms—data centers, heat recirculation, Virtual Ma-
chine, Cloud Computing.

I. INTRODUCTION

Data centers have been widely utilized to provide various
services such as Internet-based services and Cloud Com-
puting [1]. Nowadays, data centers consist of thousands of
servers are frequently virtualized into a large number of virtual
machines (VMs), each of which is committed to serve one
particular application or customer. Virtualization of tremen-
dous servers leads to significant energy consumption as well as
higher carbon emissions [2]-[4]. For example, Google has de-
ployed more than 16 data centers comprising of up to 900,000
servers around the world. These data centers consumes almost
260 million watts of electric power which can be used to
consistently power more than 200,000 homes [5]. To reduce
energy consumption of data centers, a common approach
is to exploit different VM placement strategies. Hence, a
large amount of work has been devoted to investigate VM
scheduling algorithms. However, most scheduling algorithms
on VMs are dedicated to optimizing the utilization of physical
resources (e.g., bandwidth resources, CPU usage, network
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resources, memory usage), whereas, few techniques were con-
cerned with energy consumption of the cooling system in the
data center. Studies of 44 data centers conducted by Salim et
al showed that the air conditioning system (CRAC) consumes
40% of the total data center energy consumption, this statistic
even increased as high as 60% in some least efficient data
centers [6]. To address this problem, in this study, we propose
an efficient VMSs scheduling strategy by considering the heat-
recirculation to reduce the energy consumption of the air
conditioning system as well as the possibility of local hot
spots. Our main contributions are summarized as follows:

o« We investigate a novel VM placement strategy, which
takes into account heat-recirculation to reduce the energy
consumption of a data center. The VMs placement strat-
egy, based on heat-recirculation effect, reduces cooling
cost of CRAC in data centers.

o We introduce a Simulated Annealing Based Algorithm
(SABA), a heuristic intelligent algorithm, to solve the
NP-hard VM placement problem. SABA outperforms
the Simulated Annealing algorithm (SA) by adjusting
the distribution of the initial solution, which helping in
obtaining an approximation of the optimum with fewer
iterations.

e We conduct a series of simulation-based experiments to
verify the effectiveness of our SABA algorithm. Experi-
mental indicates that compared with the existing solution
(e.g., FCFS and XINT-GA), our SABA algorithm can
significantly improve CRAC efficiency and reduce energy
consumption in the data centers.

The rest of the paper is organized as follows. Section 2
summarizes related work. An introduction and definition of
heat-recirculation for data centers is presented in Section 3.
Section 4 illustrates our innovative VM placement strategy
and demonstrates our SABA algorithm. Section 5 validates
the effectiveness of our VMs placement strategy as well as
the effectiveness of SABA by a set of experiments. Finally,
Section 6 concludes the paper.

II. RELATED WORK

In the past few years, modern data centers consume a
dramatic amount of energy. Prior studies have been focused on
scheduling algorithms of VMs around the world and most of
these attention are paid to balance the computing resources of
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Fig. 1. Heat-recirculation of three nodes.

physical machines and the requirements of VMs [7]-[9]. These
studies paid much attention to reduce the use rate of PMs’
resources by optimizing the VMs placement in data centers.
Unfortunately, those energy-saving solutions are inadequate to
boost energy-efficiency of data centers. Our study proposed
a thermal-aware VMs placement strategy which distinctly
distinguish our energy-saving approach from aforementioned
technique.

Very recently, studies revealed that tasks can be scheduled
according to the heat-recirculation of servers to save energy
consumption in data center [10]-[13]. These techniques adopt
the common thermal-aware strategy - optimizing resource al-
location by considering heat-recirculation - to cut back energy
consumption in data centers. Unfortunately, those scheduling
strategies are mostly focusing on tasks (or jobs), ignoring the
impact of VMs on energy efficiency of data centers. Different
from existing works, we integrated scheduling strategy with
VMs factor to reduce energy consumption by leveraging the
heat-recirculation.

III. HEAT-RECIRCULATION

Tang et al. model and formulate heat-recirculation by a
collection of mathematical equations and denotations [14]. The
value of heat-recirculation from Node; to Node; is denoted
as a;;Q!,,(as show in Fig. 1.). Since the heat-recirculation
is assumed to be stable, the cross-interference coefficient a;;
is accordingly assumed to be a constant. Matrix A=[a;;],xm
denotes the cross-interference matrix of all nodes, thus A is
a constant matrix, which can be used to formalize the heat-
recirculation among nodes.

The cross-interference matrix A is calculated by Equation 1
[14]:

K- (fout - 7_;sup) - AI K- (fout - fsup) + ﬁ (1)

where A’ denotes the transposed matrix of A. fout rep-
resents the outlet air temperature matrix of each node in
the data center and T;ut is expressed as an equation - T:mt
= [T),;, T2, T",]. Ts., represents the air temperature
matrix supplicid by CRAC of data centers and fsup conforms
to equation (Tsup = [Tsups Tsup, * +* Tsupl)-

P is the energy needed by each node in data centers; Pis
formally expressed as P= [P, P,,---P,]7. K represents the
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diagonal matrix of the thermodynamic matrix. Formally, we
have K, ., = diag(Kq, Ko, -- K,,), where K;=pf;C,,, C, is
the specific heat of air (typical value: 1005JK¢ 'K~1), p
is the air density (typical value: 1.19K¢g/m?), and f; is the
flow rate (the speed of the air) of Node; (typical value: 520,
CFM=0.2454m3/s).
We assume that the VMs are homogeneous. Given a task of
a total number of VMs (denoted as C},;) which arrived at a
data center in one period. Distributing these VMs on different
servers will generate different CRAC energy consumption
owing to the heat-recirculation effect within numerous nodes.
For a multicore system, we can easily split the total VMs by
the number of cores of each server. A scheduler assigns the
VMs into n nodes, and each node will execute a ’subtask” of
VMs with size ¢;.
Each node can bear at most m VMs, the scheduling results
should be under the constraints:
n
Zci — Cior = 0,and c; < m. (2)
i=1
The relationship of the maximal temperature of airflow sup-
plied by the CRAC T, and VMs placement strategy can be
expressed as:
mazimize Tgyp, and fsup = Db+ Déa — tin, (3)
where a denotes the energy consumption by server Node; with
m VMs (the utilization of this CPU is 100%) running on it, b
represents the basic energy consumption of node Node;, and
D is the heat distribution matrix; D can be derived from A as:

D=[K-ATK)™' - K. (4)

Because ;,,, Db and a can be obtained in a data center, we can
calculate a suitable VMs placement vector ¢ = {cy, ca, ...cp, }
to maximize the CRAC outlet airflow temperature. Moreover,
Wang et al. evaluate CRAC energy consumption as a function
of supply temperatures T%,, [15]. Wang et al. ° findings
indicate that the percentage of energy savings achieves up to
4.3-9.8% per 1°C rise in temperature.

IV. THERMAL-AWARE VMS PLACEMENT STRATEGY

In recent years, there have been various types of scheduling
schemes and algorithms for VMs placement. However, most
scheduling algorithms on VMs are devoted to cut down energy
consumption by optimizing physical resources usage (such
as bandwidth resources, network resources, CPU usage, and
memory usage, etc.). Unfortunately, such strategies ignore the
influence of the cooling system on energy consumption in data
centers.

Equation 3 outlined above suggests that various VM
scheduling strategies causes different CRAC temperature T,
which results in a different cooling energy consumption for
a data center. This observation motivates us to investigate
an efficient VMs placement strategy by which CRAC can
provides a higher T%,, to meet the need for cooling down
the servers.
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A. The Simulated Annealing algorithm

It is widely known that finding an efficient VMs placement
strategy is an NP-hard problem, we firstly investigate the
Simulated Annealing algorithm (SA) to solve this NP-hard
problem.

SA is an iterative heuristic algorithm which is employed
to obtain an approximately optimal solution of a function.
Meanwhile, SA is a variant of greedy algorithms (which make
the optimal choice at each step as it attempts to find the overall
optimal way to solve the entire problem). In our study, we
tailor the SA algorithm to solve VMs scheduling problem.
Our goal is to reduce CRAC energy consumption by obtaining
the highest T,,, (See the details in Equation 3 in Section 3).
In a heat-recirculation environment, various parameters and
functions of the SA algorithm are reassigned as two following
parts:

1) Setting of Control Parameters:
The main parameters needed to be set are, namely, the
initial temperature 7}, the rate of cooling ¢, the number
of iterations and the end temperature 7.

2) Initial Solution:
We use random arrangement to generate one initial
solution ¢;. Given the need of total VMs Ci,; by
workloads, the distribution of VMs (V& in Cy.;) needs
to be guaranteed (Cjop = Z;’Zl ).

B. The SABA algorithm

Derived from the SA algorithm, we develop a novel al-
gorithm - the Simulated annealing based algorithm (SABA)
- which takes the heat-recirculation of VMs scheduling into
consideration. Compared with the SA algorithm, our SABA
effectively reduces the number of iterations and runtime of
the SA algorithm by following improvements:

1) In the step of generating the initial solution, we assign a
relatively large value to the position near the top of the
rack. By doing so, compared to SA, the SABA algorithm
generates the initial value which accelerates its process
toward obtaining the final optimal solution at very first
steps.

2) In the step of generating a new solution, if the new
solution assigns fewer values to the location near the top
rack after the transformation strategy, the transformation
will not be performed. That is, the SABA algorithm
prevents the current solution from a change in direction
which is not conducive for SABA to obtain the optimal
global solution.

3) Comparing with the SA algorithm, if the CPU utilization
is not high, SABA will start fewer nodes to sched-
ule VMs. Therefore, SABA increases the utilization of
nodes while ensuring the completion of tasks.

V. EXPERIMENT SIMULATION

In our extensive experiments, we build a simulation resem-
bling a real-world data center to evaluate the effectiveness of
our heat-recirculation-aware VM placement strategy.
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A. Performance Evaluation

We compare SABA algorithm with existing algorithms,
namely, SA, FCFS and XINT-GA [14], to evaluate the energy
efficiency and performance of our VMs placement strategy
through SABA. First Come First Served algorithm (FCES)
has been widely used in the field of VM scheduling. FCFS
schedules VMs according to the order of the arrival times of
the VMs. Thus, VM that enters the system first is selected first.
Unlike FCFS, XINT-GA algorithm is designed for distributing
arrival jobs among servers in order to maximize CRAC cooling
efficiency by keeping the supply temperature as high as pos-
sible. To resemble servers adopted in a real-world data-center
environment, we also simulate jobs utilized in algorithms(e.g.,
XINT-GA).

To make a fair comparison, we set sizes of VMs from 200 to
1600; And these VMs arrive in the same period. Because the
number of VMs needed in tasks can not exceed the maximum
number that the simulated data center can handle (i.e.,2000),
scheduling algorithms is employed by VMTS to address such
resource scarcity problem by scheduling tasks in a short time
period. Concerned with above scheduling issue, we also make
a reasonable assumption that all VMs enter into the wait queue
in the same period, then scheduled by VMTS. Moreover, we
perform more than 20 calculations to obtain average values of
measurements in each of this group experiments.

Fig. 2(a) shows the execution time comparison between
algorithms SA, SABA, XINT-GA and FCFS. The results
plotted in Fig. 2(a) indicate that the execution time of these
four algorithms increases as the number of VMs increases.
The execution time of algorithms SA, SABA and XINT-GA
is higher than that of FCFS algorithm. This trend is expected,
because SA, SABA and XINT-GA are intelligent iterative
algorithms, and such algorithms take a longer time to obtain
the optimal solution.

We observe from Fig. 2(b) that algorithm SABA is superior
to algorithms SA and XINT-GA in terms of iterations. This
result is contributed by two facts: First, SABA algorithm
optimizes both the initial solution and conditions of generating
a new solution. Second, since the initial solution produced by
SABA is close to the final solution, SABA performs a much
smaller number of iterations than SA and XINT-GA do to
obtain the final solution.

Fig. 2(c) demonstrates the comparison of active servers
between SABA, SA, XINT-GA and FCFS. In this set of
experiments, we set the utilization of server where FCFS
algorithm is adopted to 60%. Fig. 2(c) indicates that when
the number of VMs is small (i.e., 400 VMs), the number
of servers activated by the FCES algorithm is the smallest
among these four algorithms. However, as the number of
VMs increases, SABA launches fewest servers to handle tasks
when the number of VMs exceeds 1000. Unlike SABA and
FCFS, SA and XINT-GA start a large number of servers,
even when the number of tasks is small (i.e.,400). This
changeless active servers trend is attributed to the fact that
SA and XINT-GA algorithms only focus on the result of the
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Fig. 2. Experiments under VMs arriving in the same period

optimization, ignoring the factor of number of active servers.
In the meantime, only a meager amount of tasks are running
on each server (even as low as 5%). These two facts combined
together give rise to a enormous waste of energy consumption.

Lastly and most importantly, we investigate the impact of
maximum CRAC temperature T, on the energy savings of a
date center under various algorithms (i.e., SA, SABA, XINT-
GA and FCFS). We argue that a higher temperature Ty,
provided by CRAC implies a higer CRAC energy saving.
Therefore, Fig. 2(d) suggests that a data center employed our
SABA yields the highest energy savings.

In particular, SABA algorithm provides an average of 4
degrees higher than FCFS algorithm does. Since increasing
the temperature by just one degree can save up to 2%-5%
of the energy consumption [16], SABA saves the energy
consumption of FCFS by approximately to 8%-20%. Although
SA and XINT-GA algorithms also show good performances,
SABA outperform the other three algorithms.

VI. CONCLUSIONS

In this study, we propose a heat-recirculation-aware VM
placement strategy for data centers. This strategy is built to
minimize the energy consumption and avoid hotspots within
a data center. We conducted extensive experiments to eval-
uate the effectiveness of our heat-recirculation-aware VM
placement strategy. Experimental results demonstrate that our
SABA outperforms other three approaches (SA, XINT-GA and
FCFS) in terms of the minimum temperature air supplied by
CRAC, algorithm execution time, algorithm iterations and the
number of active servers.
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