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Abstract—The popularization of cloud computing has raised
concerns over the energy consumption that takes place in data
centers. In addition to the energy consumed by servers, the
energy consumed by large numbers of network devices emerges
as a significant problem. Existing work on energy-efficient data
center networking primarily focuses on traffic engineering, which
is usually adapted from traditional networks. We propose a
new framework to embrace the new opportunities brought by
combining some special features of data centers with traffic
engineering. Based on this framework, we characterize the
problem of achieving energy efficiency with a time-aware model,
and we prove its NP-hardness with a solution that has two
steps. First, we solve the problem of assigning virtual machines
(VM) to servers to reduce the amount of traffic and to generate
favorable conditions for traffic engineering. The solution reached
for this problem is based on three essential principles that
we propose. Second, we reduce the number of active switches
and balance traffic flows, depending on the relation between
power consumption and routing, to achieve energy conservation.
Experimental results confirm that, by using this framework, we
can achieve up to 50 percent energy savings. We also provide a
comprehensive discussion on the scalability and practicability of
the framework.

Index Terms—Data center networks, energy efficiency, virtual
machine assignment, traffic engineering.

I. INTRODUCTION

ATA centers are integrated facilities that house computer

systems for cloud computing and have been widely
deployed in large companies, such as Google, Yahoo! or
Amazon. The energy consumption of data centers has become
an essential problem. It is shown in [1] that the electricity
used in global data centers in 2010 likely accounted for
between 1.1% and 1.5% of the total electricity use and is
still increasing. However, while energy savings techniques for
servers have evolved, the energy consumption of the enormous
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Fig. 1. A general framework for improving the energy efficiency in DCNs.

number of network devices that are used to interconnect the
servers has emerged as a substantial issue. Abts et al. [2]
showed that, in a typical data center from Google, the network
power is approximately 20% of the total power when the
servers are utilized at 100%, but it increases to 50% when the
utilization of servers decreases to 15%, which is quite typical
in production data centers. Therefore, improving the energy
efficiency of the network also becomes a primary concern.

There is a large body of work in the field of energy
efficiency in Data Center Networks (DCNs). While some
energy-efficient topologies have been proposed ([2], [3]),
most of the studies are focused on traffic engineering and
attempt to consolidate flows onto a subset of links and
switch off unnecessary network elements ([4], [5], [6], [7]).
These solutions are usually based on characterizing the traffic
pattern by prediction, which is usually not feasible or is not
precise enough because the traffic patterns vary significantly
depending on the applications.

We believe that, in order to improve the energy efficiency in
DCNs, the unique features of data centers should be explored.
More specifically, the following features are relevant:

a) Regularity of the topology: compared to traditional net-
works, DCNs use new topologies, such as Fat-Tree [8], BCube
[9] and DCell [10], which are more regular and symmetric.
As a result, it is possible to have better knowledge about the
physical network.

b) VM assignment: because of virtualization, we can determine
the endpoints of the traffic flows, which will have a remark-
able influence on the network traffic and will, consequently,
condition the traffic engineering.

¢) Application characteristics: most applications in cloud data
centers are run under the MapReduce paradigm [11], which
can cause recognizable communication patterns. Making use
of these characteristics can help eliminate the need for traffic
prediction and obtain better traffic engineering results.
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To take full advantage of these new opportunities, we
propose a new general framework (as illustrated in Figure 1)
for achieving energy efficiency in DCNs, where the specific
information on both the applications and the network will be
deeply explored and coherently utilized. We will carefully
design the VM assignment based on a comprehensive un-
derstanding of the applications’ characteristics and combine
them with the aforementioned network features (e.g., topology,
end-to-end connectivity). This purposeful VM assignment will
provide us with favorable traffic conditions on the DCN and,
thus, gain some energy savings in advance before performing
traffic engineering on the network. Then, we will explore
specific traffic engineering solutions according to the specific
traffic patterns and network features.

The main contributions of this paper are highlighted as
follows. First, we provide a new general framework for energy
minimization in DCNs. We also conduct exhaustive analysis
on how to proceed with this framework and identify new
issues and challenges. Second, we model the energy-saving
problem in DCNs by using this new framework and analyze
its complexity. Third, we provide in-depth analysis on both
VM assignment and network routing with respect to energy
conservation, showing that there is much room for improving
the energy efficiency by making use of some unique features
of data centers. Fourth, based on the analytical results, we
provide efficient algorithms to solve the problem. We also
conduct comprehensive experiments to evaluate the efficiency
of our method.

The remainder of this paper is organized as follows. In
Section II, we describe the general framework and discuss
how it can be deployed. In addition, we list some newly
arising issues. In Section III, we present a time-aware model
to describe the energy-saving problem in DCNs based on
the new framework and analyze its complexity. We explore
VM assignment principles for energy saving and provide
a traffic-aware energy-efficient VM assignment algorithm in
Section IV. The routing optimization is addressed in Sec-
tion V, where we present detailed theoretical analysis and
provide a two-phase energy-efficient routing algorithm. Sec-
tion VI provides the experimental results, and Section VII
presents some extended discussion on the practicality of our
algorithms. In Section VIII, we summarize related studies, and
in Section IX, we draw final conclusions. All of the proofs for
the lemmas and theorems in this paper are given in the full
version [44].

II. THE GENERAL FRAMEWORK

Although we consider the problem of achieving energy
efficiency in DCNs, this framework can be generalized for
most performance optimization problems in DCNs. In this
section, we discuss in general how to conduct optimization
work by using this framework, and we identify some new
challenges. The structure of this new framework is illustrated
in Figure 1.

Applications. As an important paradigm for large-scale
data processing, MapReduce [11] has been widely applied
in modern cloud data centers. Most cloud applications have
been ported to MapReduce. For this reason, we focus on

typical MapReduce jobs. A typical MapReduce job comprises
three main phases: Map, Shuffle and Reduce. The network is
intensively used only in the Shuffle phase to exchange inter-
mediate results between servers. As a result, MapReduce-type
applications usually show regular communication patterns. Xie
et al. [12] profiled the network patterns of several typical
MapReduce jobs, including Sort, Word Count, Hive Join,
and Hive Aggregation, which represent an important class of
applications that reside in data centers. They observed that all
of these jobs generate substantial traffic during only 30%-60%
of the entire execution. The traffic patterns of these jobs can
mainly be classified into three categories: single peak, repeated
fixed-width peaks and varying height and width peaks. Having
these patterns in mind, the network traffic can be scheduled in
advance, which will condition the traffic engineering results.

The characteristics of applications can be obtained by
profiling runs of jobs. The detailed profiling method is beyond
the scope of this paper, but one possible realization can be
found in [12]. The profiling process can bring ineluctable
profiling overhead, but it can be drastically reduced if the same
types of jobs with the same input size are run repeatedly. We
observe that such a scenario is quite common in cloud data
centers for iterative data processing such as PageRank [13],
where much of the data remains unchanged from iteration
to iteration, and also in many production environments (e.g.,
[14]), the same job must be repeated many times with almost
identical data.

Data center networks. To provide reliability and sufficient
bisection bandwidth, many researchers have proposed alterna-
tives to the traditional 2N tree topology [15]. By providing
richer connectivity, topologies such as Fat-Tree ([8], [16]),
BCube [9], DCell [10] and VL2 [17] can handle failures
more gracefully. Among them, Fat-Tree was proposed to use
commodity switches in data centers, which can support any
communication pattern with full bisection bandwidth.

Furthermore, the DCN provides another special benefit:
regularity of the topology. Most of the topologies that are
being used in DCNs follow a multi-tier tree architecture. The
scalability of such topologies is always achieved by scaling
up each individual switch, i.e., by increasing the fan-out of
single switches rather than scaling out the topology itself.
Because such topologies in different scales always possess
almost the same properties, the optimization efforts that we
make for small-scale networks can be easily adapted to large-
scale networks with very slight changes. This arrangement
enables us to make use of the unique features of well-
structured topologies to improve network performance by
gaining insights from small-scale networks.

VM assignment. To improve the flexibility and overall
hardware-resource utilization, virtualization has become an
indispensable technique in the design and operation of modern
data centers. Acting as a bridge, VM assignment provides
the possibility of combining application characteristics and
traffic engineering. With the goal of improving the network
performance, an efficient VM assignment can be achieved by
integrating the characteristics of the running applications and
the special features of the network topology. For example,
knowing the traffic patterns of applications, we can schedule
jobs such that their communication-intensive periods are stag-
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gered, or jobs with similar communication patterns are sepa-
rated into different areas of data centers. As a consequence, the
load on the network will be more balanced, and the network
utilization will be accordingly improved. By assigning VMs
in an appropriate way, we will be able to obtain better initial
conditions for the subsequent traffic engineering.

Traffic engineering. As a conventional approach for the
optimization of network performance, traffic engineering has
also been extensively investigated in DCNs. Most of the traffic
engineering solutions being used in current data centers are
simply adapted from traditional networks. In a traditional
operational network, traffic engineering is usually conducted
by traffic measurement, characterization, modeling and con-
trol. However, with the specific features that characterize
DCNs, traffic engineering could be quite different from the
conventional cases. Using the information on traffic patterns
provided by VM assignment, a better understanding of the
traffic can be achieved and, consequently, traffic measurement
and characterization can be eliminated, which could lead to
more precise traffic engineering results. At the same time, we
can also take advantage of the unique features of the DCN
topology and design elaborate traffic engineering solutions
more specifically.

Under this new framework, there are some newly arising
issues and challenges that could require future research efforts:
a) The applications running in current data centers show regu-
lar communication patterns and can be obtained by profiling.
However, the profiling method will directly condition the
accuracy of this information. As a result, effective and efficient
profiling methods are highly desired. b) Different metrics for
network performance could prefer different favorable traffic
conditions, which are conditioned by VM assignment. Thus,
understanding favorable traffic conditions and designing ef-
ficient VM assignment algorithms to generate them will be
crucial in this framework. c¢) Universal traffic engineering
solutions might not be efficient enough for current DCNs. To
obtain better results, specific traffic engineering methods for
each specific data center must be explored by making use
of both the topology features and the traffic patterns that are
known in advance.

III. MODELING THE ENERGY-SAVING PROBLEM

We present a temporal model for the energy-saving problem
and analyze its complexity in this section.

A. Data Center and Data Center Network

We consider a data center to be a centralized system in
which a set of servers is connected by a well-designed net-
work. Assume that there is a set of servers that are represented
by S. To achieve better utilization of the hardware resources,
the jobs are processed by VMs that are hosted by servers. All
of the servers are connected by a network G = (V, £), where V
is the set of network devices', and £ is the set of links. In this
work, we focus on switch-centric physical network topologies
and use the most representative one, Fat-Tree, to conduct our
work. For each switch v € V, the total traffic load that it

IBecause the network devices are mainly switches, from now on, we will
use the term swirtches instead of network devices.

carries can be expressed by z, = %E{eef:e is incident o v} Ye>
where y, is the total traffic carried by link e. A factor of 1/2
is necessary to eliminate the double counting of each flow
because each flow that arrives at a node must also depart.

For single network elements, energy-saving strategies have
been widely explored. Among them, speed scaling ([18], [19],
[20], [21]) and power down ([22], [23]) are two representa-
tive techniques. In this paper, we use both strategies in an
integrated way. More precisely, we characterize the power
consumption of a switch v € V by an energy curve f,(z,),
which indicates how v consumes power as a function of
its transmission speed x,. Usually, function f,(x,) can be
formalized as

fol) = 0 X for x, =0 0

oy + s forz, >0

where o, represents the fixed amount of power needed to
keep a switch active, while 1, and o are parameters that are
associated with the switches. In this way, if a switch carries no
load, then it can be shut down and incurs no cost. Otherwise,
an initial cost is paid at the beginning, and then the cost
increases as the assigned load increases. We assume that the
power consumption of a switch grows superadditively with
its load, with o usually being larger than 1 [21]. Due to the
homogeneity in DCN:ss, it is convenient to assume that there is
a uniform cost function f(-) for all of the switches. The total
cost of a network is defined as the total power consumption
of all of its switches, which is given by > ., f(x).

B. Applications

As we discussed before, the applications can be mainly clas-
sified into three categories according to their communication
patterns. We choose the most general communication pattern,
which is varying height and width peaks, to build our model.
This communication pattern assumes that there can be multiple
communication-intensive periods during the execution of a job
and that the lengths of these periods, as well as the traffic
generated in different periods by this job, can be different.

Assume that we are given a set J of jobs that have to be
processed simultaneously during the time period of interest
[t1,t-]. We choose timeslots such that during each timeslot,
the traffic is relatively stable. Each job j € J is composed of
n; tasks that will be processed on a pre-specified VM m from
the set of VMs M. For each job j, there is a traffic matrix for
its n; associated VMs, denoted by T;(t), where ¢t € [t1,t,]
is a timeslot.

We assume that the communication of a job is concentrated
in certain timeslots. We call each continuous communication-
intensive period a transfer. Formally, for each job j, we define

Ty = {517, 4579, Bya) | i € [1, L]} 2)

that contains L; transfers that are given by 3-tuples. In each
3-tuple, 517 and #57@ represent the start and end time of the
i-th transfer, respectively, while B; denotes the traffic matrix
of the VMs that are present in this transfer, i.e., T;(t) = Bj;
if timeslot ¢ € [tjl’?‘”t, t;?d]. We assume that, for any timeslot
t & [t5tart #5nd], there is only background traffic, i.e., T (t) =
€ — 0, and it has only a small influence on the network.
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C. Problem Description

Next, we describe the energy-saving problem in DCNs and
provide a time-aware network energy optimization model to
redefine this problem. We assume that the VMs will not be
migrated once they have been assigned because in cloud data
centers, jobs are usually very small [12]. For example, the
average completion time of a MapReduce job at Google was
395 seconds during September 2007 [11].

The total energy consumed by all of the switches for
processing all of the jobs can then be represented by

E=Y (Z f(%(ﬂ)) ,

t=t1 \veV

3)

where x,(t) is the load of switch v in timeslot ¢. Our goal is
to assign all of the VMs to servers such that when we choose
appropriate routing paths for the flows between each pair of
VMs, the total cost F£ is minimized.

The optimization procedure can be divided into two closely
related stages: VM assignment and traffic engineering. Given
an assignment of VMs, the total cost can be minimized by
applying traffic engineering on the network, which solves
the energy-efficient routing problem. We first assume that an
algorithm A has been given to solve this routing problem.
Then, the VM assignment problem can be modeled by the
following integer program:

(IPy) min 337, A(D(t))

subject to
Zm Am,s : Cm S Cs Vs
YoeesDms =1 Vm
A, s € {0,1} Vm, s

where A, ; indicates whether VM m is assigned to server s.
Variable C,,, represents the abstract resources that are required
by VM m, and C; is the total amount of resources in one
server. The second constraint means that each VM must be
assigned to only one server. D(¢) is a set of traffic demands
to be routed in timeslot ¢. Each demand in D(t) is described
by a triple that is composed of a source, a destination and
a flow amount. Once an assignment is given, D(t) can be
obtained by the active transfer of jobs.

Next, we discuss the energy-efficient routing problem that
algorithm A aims to solve. After obtaining the traffic demands
D(t), this problem can be represented as follows: given a
network G = (V,€) with a node cost function f(-) and a
set of traffic demands D(t), the goal is to inseparably route
every demand in D(t) such that the total cost of the network
> wey f(2y) is minimized, where ., is the total load of node
v. Formally, this process can be formulated with the following
integer program.

(IP) min 7 .\ f(zy)

subject to
1
Ty = 5 Eee&e is incident to v Je Vv
Ty S O V’U
Ye = Zde’D(t) ld| - ®a,e Ve
Dy € {0, 1} Vd, e
®4.: flow conservation

where ®; . is an indicator variable that shows whether the

demand d € D(t) goes through edge e. The 1/2 factor avoids
counting each flow twice, as stated in subsection III-A. Flow
conservation means that only a source (sink) node can generate
(absorb) flows, while for the other nodes, the ingress traffic
equals the egress traffic. Variable y. is the total load carried
by link e, and =z, is the total traffic going through node v,
which will never exceed the switch capacity C.

D. Complexity Analysis

We now analyze the computational complexity of this
problem. In fact, the NP hardness can be proved by a
reduction from the general Quadratic Assignment Problem
(QAP), which describes the following problem: there is a
set of n facilities and a set of n locations. A distance and
a weight are specified for each pair of locations and facilities,
respectively. The problem is to assign all of the facilities to
different locations with the goal of minimizing the sum of
the distances multiplied by the corresponding weights. QAP
was first studied by Koopmans and Beckmann [24] and is a
well-known strong NP-hard problem. Moreover, achieving any
constant approximation for the general QAP is also NP-hard.
It is believed that even obtaining the optimal solution for a
moderate scale QAP is impossible [25]. Formally, we show
the following:

Theorem 1. Finding the optimality of the energy-saving
problem in DCNs is NP-hard.

IV. EXPLORING ENERGY-EFFICIENT VM ASSIGNMENTS

In this section, we seek energy-efficient VM assignment
strategies by exploiting some unique features of the usually
well-structured topologies of DCNs. Combining this goal with
the analysis of the characteristics of the applications, we
provide three main principles to guide VM assignment. Based
on these principles, we propose a traffic-aware energy-efficient
VM assignment algorithm. We first provide the following
definitions:

Definition 1. The power rate of a switch is defined as the
power consumed by every unit of its load, i.e., f(x)/x (x > 0).

Proposition 1. The total power consumption of a network is
minimized when the number of active switches is optimum
and their load is evenly balanced and as close to R* =

1/a
(ﬁ) as possible.

However, this proposition might not be directly applicable
in reality. According to the statistics in [26], the idle power
consumption of a 48-port edge LAN switch usually ranges
from 76 watts to 150 watts, increasing by approximately 40
watts or more when running at full speed. In [4], the authors
measured the power consumption of a production PRONTO
3240 OpenFlow-enabled switch and obtained similar results.
We also collected the power rating profiles of some commodity
switches from vendors’ websites; detailed information can be
found in Table I. We can see that the idle power usually
occupies a large portion of the total power consumption,
which means that the startup cost ¢ in our model will be
quite high. As a result, we will usually find that R* > C.
However, because the load in a switch cannot be larger than
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TABLE I
POWER RATING PROFILES OF SOME TYPICAL COMMODITY SWITCHES
(UNIT: WATTS)

Product Idle or Nominal | Max
Cisco Nexus 3548 152 265
Cisco Nexus 5548P 390 600
HP 5900AF-48XG 200 260
HP 5920AF-24XG 343 366
Juniper QFX 3600 255 345

C, Proposition 1 might not apply. To consider this finding,
we will assume in the remainder of this work that R* > C,
which in turn assumes that o > p(o — 1)C°.

A. VM Assignment Principles for Saving Energy

We now propose three principles for VM assignment that
are intended to achieve a better energy efficiency in DCNs.
We use a bottom-up analysis approach, i.e., in a Fat-Tree, we
focus on racks, on pods and finally on the whole data center.

1) Minimizing energy at the rack level: We first con-
centrate on determining the optimal number of Top-of-Rack
(ToR) switches because ToR switches are different from other
switches in the network. Once there is at least one active server
in the rack, the corresponding ToR switch cannot be shut down
because there might be some inter-rack traffic. ToR switches
also carry intra-rack traffic, which will not be forwarded to
other switches. As a result, the power consumption of the ToR
switches will be largely conditioned by the VM assignment.
The following theorem introduces how to assign VMs to racks.

Theorem 2. (Principle 1) The optimal VM assignment com-
pacts VMs into racks as tightly as possible to minimize the
power consumption of the ToR switches.

2) Minimizing energy at the aggregation level: We now
attempt to minimize the energy consumption at the aggregation
level by choosing the optimal VM assignment and assuming
that Theorem 2 is being applied; as a result, no ToR switches
can be switched off again. We assume a scenario in which
there are a few jobs whose VMs are assigned to one pod and
only one job is transferring at a certain timeslot. The next
theorem follows:

Theorem 3. (Principle 2) Distributing the VMs into k racks
results in less power consumption than compacting the VMs

into a single rack, where K is the number of racks in one pod
and 4°-1 < k < K.

Theorem 3 implies that distributing the VMs among multi-
ple racks will move some traffic from the ToR switches to the
upper-layer network. Hence, because of the rich connectivity
in the upper-layer network and the convexity property of
energy consumption, a significant reduction in power con-
sumption can be achieved; for example, when a = 2, evenly
distributing a job’s VMs into k£ = 16 or more racks will reduce
the energy consumption compared to compacting the jobs into
one rack. Because we are considering production data centers,
k > 16 in one pod is quite realistic as well as, in general,
claiming that K will not be smaller than 457 Note that if

Algorithm 1 optEEA

Input: topology G = (V, ), servers S and jobs J
Output: Assignments of VMs M
for j € J do
Transform VMs into super-VMs
end for
Cluster jobs in 7 into groups H; for i € [1, NP°¢] and
H npod 11
for 1 < i < NP°d do
Partition the super-VMs for each job j € H; into K
parts using the min-k-cut algorithm
Assign super-VMs to servers according to the partition
8: end for
9: Assign the VMs of jobs in H ypoa 1 Into vacant servers
in the first N7°? pods flexibly.

Wy

AN

the inter-rack traffic is small, the energy saved will be even
more significant.

Assuming, as above, that all VMs from the same job fit in
the same rack is realistic. As was noted in [12], most jobs
in a large-scale data center can be fully assigned to a single
rack and, in general, there will be few jobs that share a link
at the same time. This last feature is, in fact, very important
for us because, in our model, we will assign jobs that have
complementary traffic patterns to the same pod. In this way,
the interference between different jobs can be highly reduced.

3) Minimizing energy at the pod level: We now study how
to assign VMs among different pods and whether it is better
to assign all of a job’s VMs to different pods or keep them
together in one single pod. The next theorem provides the
answer.

Theorem 4. (Principle 3) An optimal assignment will keep
the VMs from the same job, if feasible, in the same pod.

B. Energy-Efficient VM Assignment

We devise an optimized energy-efficient VM assignment
algorithm (optEEA) that was based on the three proposed
principles. This algorithm will assign VMs with favorable
traffic patterns for saving energy on the network by perfectly
observing these principles. The algorithm takes a set of jobs
(sets of VM), its traffic patterns and a set of servers as input.
Then, it returns job assignments (VM assignments) after going
through the three steps listed in Section IV-A, which can also
be seen in Algorithm 1, lines 2,4 and 6 — 7

First, transforming VMs into super-VMs. Allowing each
server to host multiple VMs would bring a high level of
complexity to the subsequent steps. The transformation is
conducted by following the proposition below.

Proposition 2. Compacting the VMs that have a high level
of communication traffic will reduce the network power con-
sumption.

To complete this transformation, we define a referential
traffic matrix Tr-ef for each job j € J, where

ZT

t=t1

Tref (mq1,m2) )(m1,ma) “4)
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for any mi,my € [1,n;]. The referential matrix is used to
indicate the total traffic generated from any VM to another
VM for this job during the whole job lifetime. For each job
j € J, we shrink VMs to super-VMs by running the following
process iteratively: 1) Choose the greatest value in matrix
T;ef . Assume that this value is located in the m,-th row and
the mo-th column. 2) Combine the m1-th VM with the msy-th
VM by removing the traffic between them and adding up their
traffic with other VMs. 3) Choose the largest value in the m-
th row and ms-th row, and combine the corresponding VMs.
We denote the VM that results after this shrinking process
as a super-VM. We repeat this procedure until the resulting
super-VM is large enough to exhaust the resources of a server.
Then, we remove from the matrix all of the VMs that have
been chosen and shrunk, and we find the next largest value
to start a new iteration. With this transformation, all of the
jobs will be represented by super-VMs, with each super-VM
assigned to a single server.

Second, clustering jobs into different pods. We start by
assuming that every job can be accommodated in a single
pod. Nevertheless, if there are very large jobs that require
more than one pod, we assign them in a greedy way, and
then we consider assigning the remaining normal jobs. From
Principles 1 and 3, we know that the number of pods that are
used for accommodating all of the jobs must be minimized.
In other words, it is not wise to separate the super-VMs for
the same job into different pods if this job can be assigned
into a single pod. Based on this consideration, we estimate
the number of pods to be used by summing up the resources
that are requested by all of the jobs. We denote the estimated
number of pods as NP°¢. Then, we partition the set of the jobs
into those NP°? pods by using a revised k-means clustering
algorithm that takes the traffic patterns of the jobs into account.
With the intuition that it is better to consolidate jobs that have
strongly different traffic patterns into the same pod to improve
the utilization of the network resources, the algorithm will
compare the traffic patterns of the jobs and cluster them into
different groups, where the difference in the communication
patterns of the jobs in each group will be maximized.

To accomplish this goal, we first calculate a traffic pattern
vector ; that has size r for each job j € J. Each dimension
of ¢; indicates the average traffic between any two VMs of
job 7 in each timeslot and is calculated as

2y maelim,] L) (m1, ma)
n?/2 ’

T (1) = s)

if t € [t5,t%]; otherwise, we set T7" to ¢, where ¢ is
infinitesimal. The traffic pattern vector now can be expressed
as

B = (T29(0), T 1), ., T2(0) . (6)

J
We then give the following definition:
Definition 2. Given two jobs 31,72 € J with traffic pattern

vectors @; and §j,, respectively, the distance between the
two jobs is defined as

B 1
||(ﬁj1 - ¢j2||2
This definition of distance assumes that any two jobs that

have similar traffic patterns will have a large distance between
them. Having these distance vectors, the job clustering algo-
rithm works as follows: 1) Choose N?°? jobs and put them
into sets H; for i € [1, N?°?] with one job per set, using the
traffic pattern vectors of those jobs as center vectors B} of
those sets. We adopt this initializing step from the refined
k-means++ algorithm [27]. 2) For each of the remaining
jobs 7, find the nearest cluster ¢ with respect to the distance
dis(@;, f:). If this job can be accommodated into this cluster
without any resource violation, then put this job into set ;.
Otherwise, choose the next job that has the largest distance
and repeat this process until there is one cluster that can
accommodate it. 3) Update the center vector of cluster 7 by
averaging all of the vectors of jobs in set H;,

Ljen, Fi
[Hil
Repeat 2) and 3) until all of the jobs have been assigned. If
there are some jobs that cannot find any cluster to accommo-
date them, then put them into an extra set H ypoa ;. Finally,
we choose NP°¢ free pods and assign the jobs in each cluster

to these pods.

Third, assigning super-VMs to racks. Inspired by Princi-
ple 2, we distribute the super-VMs of each job into multiple
racks. The simplest way is to randomly partition these super-
VMs into K racks, where K is the total number of racks
in one pod. However, as we have stated before, it is better
to allocate the VMs with the highest traffic flows into the
same rack. Then, the problem becomes how to partition the
set of super-VMs for the same job into K parts such that
the traffic between each part of the partition is minimized.
This problem is equivalent to the well-known minimum k-cut
problem, which requires finding a set of edges whose removal
would partition a graph into k£ connected components. The VM
partition algorithm used here is adopted from the minimum
k-cut algorithm in [28]. For each job j, we build a graph
G; = (Vj,&;), where V; represents the set of super-VMs
and &; represents the traffic between each pair of super-VMs.
Then, we compute the Gomory-Hu tree for G; and obtain
n; — 1 cuts {~; }, which contain the minimum weight cuts for
all of the super-VM pairs. We remove the smallest K — 1 cuts
from {v;} and obtain K connected components of G;. For
the super-VMs in the same components, we treat them as a
super-VM set and assign them into the same rack.

After obtaining all of the partitions of the jobs in every
pod, we assign these partitions into racks. For each job, we
sort the super-VM sets in decreasing order according to the
set size. Subsequently, we assign each set of the super-VMs to
racks in a greedy manner. When the assignment of the super-
VMs of a job has been completed, we sort all of the racks in
increasing order with respect to the number of used servers,
and we assign the super-VMs for the next job by repeating
the above process, until the super-VMs of all of the jobs have
been assigned. Last, we assign the super-VMs for the jobs in
set H poayq to the NPod pods flexibly. Note that this step
can be accomplished because N7°? is computed by the total
resources that are required, and with [V pod pods, all of the
jobs should be accommodated. The super-VMs of jobs will
finally be assigned to the physical servers in each rack.

B; = Vi € [1, NPod]. 8)
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Fig. 2. (a) Original jobs’ VMs are transformed to super-VMs; (b) the resulting
super-VMs are clustered into pods using the k-means clustering algorithm;
(c) after assigning jobs to pods, the super-VMs are assigned to racks using
the minimum k-cut algorithm.

A simple example that shows the whole process from
the moment the job’s super-VMs are created until they are
assigned to a rack is illustrated in Figure 2. In this example,
we have 4 jobs whose original VMs have been compacted to
4 super-VMs, as shown in Figure 2(a). Figure 2(b) shows how
we cluster them into different pods and, finally, in Figure 2(c),
each of the super-VMs is assigned to a rack.

V. ENERGY-EFFICIENT ROUTING

In this section, we focus on traffic engineering in DCNs
to achieve energy conservation. We first explore the relation
between energy consumption and routing, and then, based on
this relation, we design a two-phase energy-efficient routing
algorithm.

A. Exploring Energy-Saving Properties

As we have discussed in the previous section, in reality we
have R* > C'. In order to reduce energy consumption, we need
to answer the following questions: how many switches will
be sufficient and how should the traffic flows be distributed?
In this section, we will explore the relation between energy
saving and routing, and answer these questions.

The second question can be answered by the following
proposition once we have solved the first question.

Proposition 3. With the optimal number of switches deter-
mined, the best way to achieve energy savings is to balance
the traffic among all of the used switches.

This finding is due to the convex manner in which power is
consumed with respect to the traffic load. In DCNs, balancing
the traffic can be accomplished by many multi-path routing
protocols, such as Equal Cost Multi-Path (ECMP) and Valiant
Load Balancing (VLB) because data centers usually have
networks that have rich connectivity, and these multi-path
routing protocols use hash-based or randomized techniques
to spread traffic across multiple equal-cost paths. Some more
sophisticated techniques, such as Hedera [29] and MPTCP
([30], [31]), can also be applied to ensure uniform traffic
spread in spite of flow length variations.

To answer the first question, we begin with the aggregation
switches (we have shown that nothing can be accomplished
with ToR switches once we have the VMs assigned). In
general, the following lemma applies.

Algorithm 2 EER

Input: topology G = (V,£) and VMs assignments
Output: routes for flows
1: for ¢t € [t1,t,] do
2:  Obtain the traffic flows on the network at time ¢
according to the VM assignment
for i € [1, N?°9] do
Estimate the number N9 of the aggregation
switches that will be used in the ¢-th pod, and choose
them as the first N;"9Y switches
5:  end for
6:  Estimate the number N°"¢ of core switches that will
be used, and choose them
7. Use multipath routing to distribute all of the flows
evenly on the network formed by the selected switches
8:  Turn the unused switches into sleep mode
9: end for

Lemma 1. The optimal energy-efficient routing algorithm will
use as few aggregation switches as possible.

The same technique can also be applied to the core switches
if we ensure that each flow can be routed by the candidate core
switches when we choose aggregation switches in each pod.
This goal is easy to achieve if we choose aggregation switches
from the same positions in different pods and ensure that there
will be core switches that connect each pair of them. Taken
together, we have

Corollary 1. In the optimal energy-saving solution, the num-
ber of active switches is minimized.

B. Two-Phase Energy-Efficient Routing

Based on the answers to the two questions that we asked
at the beginning of this section, we devise an energy-efficient
routing (EER) algorithm, as presented in Algorithm 2. For
each unit of time, we repeat the following two phases. In the
first phase, the algorithm aims to find a subset of switches
in a bottom-up manner. The estimation of the number of
active switches is accomplished by a simple calculation in
which we divide the total traffic by the capacity of the
switch. However, because it is possible that the multipath
routing algorithm might not evenly distribute the traffic flows
perfectly, we use the first fit decreasing algorithm, which is a
good approximation for the bin-packing problem in which we
treat the flows as objects and the maximum transmission rate
of the switch as the bin size to ensure that all of the traffic
flows can be routed using the selected switches.

In the second phase, we borrow the most recently pro-
posed multipath routing protocol, MPTCP, to route all of the
flows. Compared to the single path routing for each flow in
randomized load balancing techniques, MPTCP can establish
multiple subflows across different paths between the same pair
of endpoints for a single TCP connection. It can be observed
that randomized load balancing might not achieve an even
distribution of traffic because random selection causes hot-
spots, where an unlucky combination of random path selection
causes a few links to be overloaded and causes links elsewhere
to have little or no load. By linking the congestion control
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dynamics on multiple subflows, MPTCP can explicitly move
traffic away from the more congested paths and place it on
the less congested paths. A sophisticated implementation of
MPTCP in data centers can be found in [31]. The unused
switches will be turned into sleep or other power-saving
modes in which little power is required to maintain the state.
Because we take advantage of application-level traffic patterns
in our model, the network state will remain the same most
of the time. Very few state changes will be required, and
only on a small number of switches. According to the routes
of the flows, the routing tables are generated and sent to
corresponding switches at runtime by a centralized controller
and an OpenFlow installation in the switches.

VI. EXPERIMENTAL RESULTS

In this section, we provide a detailed summary of our exper-
imental findings. We associate cost functions to the switches
in real data centers, we implement our VM assignment and
energy-efficient routing algorithms presented in the previous
sections, and we compare the energy consumption against the
solutions obtained by commonly used greedy VM assignment
and multi-path routing.

A. Environment and Parameters

We deploy our framework on a laptop with an Intel Core 2
Duo P8700 2.53GHz CPU with two cores and 4 GB DRAM.
All of the algorithms are implemented in Python.

We use two Fat-Tree topologies with 320 and 720 switches
(1024 and 3456 servers, respectively). The VMs requested by
all of the jobs are assumed to be identical, and each server
can handle two VMs. For each switch in the data center, a
maximum processing speed of 1 Tbps is given as well as
a uniform power function f(x) = o + px® (x is given in
Gbps) with o = 200 watts, u = 1 x 10~* watts/(Gbps)? and
o = 2. Consequently, the maximum power consumption of
each switch will be 300 watts. These parameters define similar
commodity switches to the switches discussed at the beginning
of Section IV, also meeting the assumption R* > C.

We select a time period of interest [t1, ¢,.] such that there are
t, = 100 minutes with a timeslot length of 1 minute, during
which a set of jobs J must be processed in the data center.
The set of jobs J is generated synthetically, and each job
requests a number of VMs that follows a normal distribution
N(K,0.5K), where K is the number of servers in one rack.
Each job is associated with a communication-intensive time
interval, which is uniformly distributed during [t1, ¢,.]. Finally,
in each timeslot ¢t € [t1,t,], a traffic matrix T;(¢) that
indicates the traffic between every pair of the VMs of each
7 € J is provided. The traffic between every pair of VMs
follows a normal distribution given by A/(50Mbps, 1(Mbps)?).
The number of jobs is determined by varying the utilization
of the servers from approximately 5% to 95% such that VM
assignment has significant influence on the energy efficiency
of the network and all VMs can be accommodated flexibly.

B. Benchmarks

To evaluate the efficiency of our VM assignment algorithm,
we compare its results with a greedy VM assignment. This
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Fig. 3. Energy consumption under the shortest path routing and ECMP routing
algorithms in a Fat-Tree network with 20 switches. Each value is averaged
among 10 independent tests, and the error bars represent the corresponding
standard deviations.

greedy VM assignment algorithm usually assigns an incoming
VM to the first server that can serve the computing resources
requested by the VM; this method is commonly used in
production data centers [25].

We also compare our routing algorithm to a shortest-
path (SP) routing implemented with Dijkstra’s algorithm. We
chose SP over ECMP, even though the latter is a multi-path
algorithm, because ECMP consumes more power and is far
more time consuming. The latter characteristic arises from
the need of ECMP to know all of the multiple paths that
connect every pair of servers, which could be time-consuming
for large-scale topologies and would result in inconvenience
when simulating them. With respect to power consumption,
ECMP consumes more energy than SP independently of the
load on a network. To prove this relationship, both ECMP and
SP were run in a small Fat-Tree network (only 20 switches)
several times while varying the amount of load and recording
the energy consumption in each case. As shown in Figure 3,
ECMP always consumed more energy than SP. The extra cost
of ECMP came from distributing the load among more paths
than SP and using more switches to route the same amount
of load, which resulted in higher power consumption.

C. Efficiency of Energy Savings

In this section, we evaluate the performance of the proposed
optimized” energy-efficient VM assignment (optEEA) and
energy-efficient routing (EER) algorithm by comparing the
combination to 4 different combinations of VM assignment
and routing algorithms. Specifically, we compared it with
a greedy assignment and SP routing; an optimized greedy
(OptGreedy) assignment and SP routing; a greedy assignment
and EER; and an energy-efficient VM assignment (EEA) and
energy-efficient routing.

These algorithms are tested with two Fat-Tree topologies of
different sizes, one with 320 switches and the other with 720.
For each algorithm and scenario, we vary the load from 5% to
95%, and we record the power consumptions to compare the
different performances. These results, which are normalized
by the Greedy-SP result, are presented in Figures 4 (a) and

2The difference between an optimized assignment and a non-optimized
assignment is applying or not applying the VM to the super-VM packing
transformation.
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Fig. 4. Energy savings ratios under different VM assignment methods and
routing algorithms in two data center networks of different sizes with (a) 320
and (b) 720 switches. The ratios are obtained as the energy consumption
normalized by the amount consumed using Greedy-SP. The values are
averaged among 5 independent tests, and the error bars represent the standard
deviations.

(b). From the figures, it can be observed that

a) a well-designed VM to super-VM transformation reduces
the network energy consumption, as shown in Figure 4, by
comparing OptEEA-EER with EEA-EER. This arrangement
follows the results presented in Proposition 2.

b) EER can save a substantial amount of energy. As seen in the
figures, Greedy-EER achieves up to 30% savings compared
to Greedy-SP. EER reduces the number of active switches
in the network and balances the load among them. Given
that the optimal solution, as stated in Proposition 3 and
Corollary 1, balances the load among a minimum number of
active switches, EER can achieve near-optimal solutions.

c¢) Using OptEEA jointly with EER increases the energy
savings because they reduce the power consumption in dif-
ferent ways (as explained in Sections IV and V). It can be
seen in Figure 4 that, regardless of the size of the network,
OptEEA-EER outperforms the other algorithms. Combining
both algorithms can reduce the energy consumption in the
network by up to 50%.

D. Running Time

We also recorded the running times of the algorithms used
in the experiments. These results are presented in Figure 5.
We find that with the small-scale topology, the proposed
algorithm can be completed in one second, while with the
large-scale topology, the running time is within 10 seconds.
Compared with the greedy algorithm, the running time of the
proposed algorithm is only 50% longer. We have also tested
the proposed algorithm with large-scale topologies (with tens
of thousands of servers connected); most of the time, the
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Fig. 5. Running times used by the energy-efficient VM assignment algorithm
and greedy algorithm in two data center networks of different sizes with (a)
320 and (b) 720 switches.

running time is bounded by tens of seconds, which is quite
acceptable in production data centers.

VII. DISCUSSION

We discuss now some practical problems when applying the
whole framework to real data centers.

Online Extension. The model and method that we provided
in this paper are for offline cases. However, in production
data centers, there are most likely cases with dynamic job
arrivals or departures. We believe that the proposed algorithms
can also be applied to online cases because the jobs are
basically assigned to physical machines sequentially. One
possible adaption can be that, for each job arrival, we first
apply the VM to super-VM transformation, and then we
compute the distances between it and the other jobs running
in the data center. According to the distances, we assign this
job into a pod, and then the remainder of our energy-efficient
VM assignment algorithm, as well as energy-efficient routing,
can be directly applied. We leave a deliberated adaption to
online cases as future work.

Implementation. To implement the proposed algorithms
in production data centers, we must introduce a centralized
job controller to the existing system. This job controller
is responsible for determining the VM assignments to the
arriving jobs by running optEEA. This job controller is similar
to the resource scheduler in current cloud data centers, such as
the VMware capacity planner [32]. At the same time, it is very
easy to envision our VM assignment algorithm being used in
a cloud data center by modifying the computing framework
(such as Hadoop) to invoke it. However, a centralized network
controller is required to run EER. This network controller can
be easily adapted from a regular OpenFlow controller because
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the use of the OpenFlow network appears to be becoming
increasingly common in data centers.

Impact of Traffic Patterns. Because we want to take
advantage of the application-level traffic patterns from upper
layers, these patterns could have a strong influence on energy
saving efficiency. Recall that the proposed algorithm aims to
consolidate VMs with significant traffic. As a result, the more
uneven the distribution of traffic between each pair of VMs
from a job is, the more energy can be saved. This property is
advantageous for MapReduce systems because, when a job is
being run, the traffic between different mappers or reducers is
negligible, although it is significant between any mapper and
reducer. At the same time, optEEA aims to separate jobs that
have similar traffic patterns into different pods. Therefore, it is
better to have jobs from different applications (different traffic
patterns) that run together in the same data center. We leave a
comprehensive understanding of the impact of traffic patterns
on the efficiency of the whole framework as a future study.

VIII. RELATED WORK

We summarize some related work on network-related opti-
mization problems in data centers, including VM assignment
and traffic engineering as well as energy-efficient data center
networking.

A. VM Assignment and Traffic Engineering

Traffic engineering in DCNs has been extensively stud-
ied. Because of the centralized environment of data centers,
centralized controllers are broadly used to schedule or route
traffic flows. Al-Fares et al. proposed Hedera [29], which is
a scalable, dynamic flow scheduling system that adaptively
schedules a multi-stage switching fabric to efficiently utilize
aggregate network resources. Benson et al. [33] proposed Mi-
croTE, a system that adapts to traffic variations by leveraging
the short term and partial predictability of the traffic matrix,
to provide fine-grained traffic engineering for data centers.
Abu-Libdeh et al. [34] realized that providing application-
aware routing services is advantageous, and they proposed a
symbiotic routing algorithm to achieve specific application-
level characteristics.

Recently, data center network virtualization architectures
such as SecondNet [35] and Oktopus [36] have been proposed.
Both of them consider the virtual cluster allocation problem,
ie., how to allocate VMs to servers while guaranteeing
network bandwidth. In a recent study, Xie et al. [12] proposed
TIVC, a fine-grained virtual network abstraction that models
the time-varying nature of networking requirements of cloud
applications, to better utilize networking resources. Meng et al.
[25] proposed using traffic-aware VM placement to improve
network scalability. Then, they explored how to achieve better
resource provisioning using VM multiplexing by exploring the
traffic patterns of VMs [37]. In a follow-up study [38], they
investigated how to consolidate VMs with dynamic bandwidth
demand by formulating a Stochastic Bin Packing problem
and proposed an online packing algorithm. Jiang et al. [39]
explored how to combine VM placement and routing for
data center traffic engineering and provided an efficient on-
line algorithm for their combination. However, they did not

consider temporal information on the communication patterns
of the applications or the topology features.

B. Energy-Efficient Data Center Networking

Many approaches have been proposed to improve the energy
efficiency of DCNs. These techniques can usually be classified
into two categories: The first type of technique is designing
new topologies that use fewer network devices while guaran-
teeing similar performance and connectivity, such as the flatted
butterfly proposed by Abts et al. [2] or PCube [3], a server-
centric network topology for data centers, which can vary
the bandwidth availability according to traffic demands. The
second type of technique is finding optimization methods for
current DCNs. The most representative work in this category
is ElasticTree [5], which is a network-wide power manager
that can dynamically adjust a set of active network elements
to satisfy variable data center traffic loads. Shang et al. [6]
considered saving energy from a routing perspective, routing
flows with as few network devices as possible. Mahadevan
et al. [40] discussed how to reduce the network operational
power in large-scale systems and data centers. [41] studied
the problem of incorporating rate adaptation into data center
networks to achieve energy efficiency. Vasic et al. [42] devel-
oped a new energy saving scheme that is based on identifying
and using energy-critical paths. Recently, Wang er al. [4]
proposed CARPO, a correlation-aware power optimization
algorithm that dynamically consolidates traffic flows onto
a small set of links and switches and shuts down unused
network devices. Zhang et al. [7] proposed a hierarchical
model to optimize the power in DCNs and proposed some
simple heuristics for the model. In [43], the authors considered
integrating VM assignment and traffic engineering to improve
the energy efficiency in data center networks. To the best of
our knowledge, the present paper is the first paper to address
the power efficiency of DCNs from a comprehensive point of
view, leveraging an integration of many useful properties that
can be utilized in data centers.

IX. CONCLUSIONS

In this paper, we study the problem of achieving energy
efficiency in DCNs. Unlike traditional traffic engineering-
based solutions, we provide a new general framework in which
some unique features of data centers have been used. Based on
this framework, we model an energy-saving problem with a
time-aware model and prove its NP-hardness. We solve the
problem in two steps. First, we conduct a purposeful VM
assignment algorithm that provides favorable traffic patterns
for energy-efficient routing, based on the three VM assignment
principles that we propose. Then, we analyze the relation
between the power consumption and routing and propose a
two-phase energy-efficient routing algorithm. This algorithm
aims to minimize the number of switches that will be used and
to balance traffic flows among them. The experimental results
show that the proposed framework provides substantial bene-
fits in terms of energy savings. By combining VM assignment
and routing, up to 50% of the energy can be saved. Moreover,
the proposed algorithms can be run in a reasonable amount of
time and can be applied in large-scale data centers.



IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 32, NO. 1, JANUARY 2014

ACKNOWLEDGMENTS

The authors would like to thank Dr. Antonio Ferndndez
Anta from Institute IMDEA Networks and other anony-
mous reviewers for their helpful comments and language
editing, which have greatly improved the manuscript. This
research was partially supported by NSFC Major Inter-
national Collaboration Project 61020106002, NSFC&RGC
Joint Project 61161160566, NSFC Creative Research Groups
Project 60921002, NSFC Project grant 61202059, the Co-
munidad de Madrid grant S2009TIC-1692, and Spanish
MICINN/MINECO grant TEC2011-29688-C02-01.

[1]
[2]
[3]

[4]

[5]

[6]
[7]
[8]
[9]

[10]

(1]

[12]

[13]

[14]

[15]
[16]

(17]

[18]
[19]

[20]

[21]

[22]

REFERENCES

K. Jonathan, “Growth in data center electricity use 2005 to 2010,”
Oakland, CA: Analytics Press, 2011.

D. Abts, M. R. Marty, P. M. Wells, P. Klausler, and H. Liu, “Energy
proportional datacenter networks,” in ISCA, 2010, pp. 338-347.

L. Huang, Q. Jia, X. Wang, S. Yang, and B. Li, “Pcube: Improving
power efficiency in data center networks,” in JEEE CLOUD, 2011, pp.
65-72.

X. Wang, Y. Yao, X. Wang, K. Lu, and Q. Cao, “Carpo: Correlation-
aware power optimization in data center networks,” in INFOCOM, 2012,
pp. 1125-1133.

B. Heller, S. Seetharaman, P. Mahadevan, Y. Yiakoumis, P. Sharma,
S. Banerjee, and N. McKeown, “Elastictree: Saving energy in data center
networks,” in NSDI, 2010, pp. 249-264.

Y. Shang, D. Li, and M. Xu, “Energy-aware routing in data center
network,” in Green Networking, 2010, pp. 1-8.

Y. Zhang and N. Ansari, “Hero: Hierarchical energy optimization for
data center networks,” in ICC, 2012, pp. 2924-2928.

M. Al-Fares, A. Loukissas, and A. Vahdat, “A scalable, commodity data
center network architecture,” in SIGCOMM, 2008, pp. 63-74.

C. Guo, G. Lu, D. Li, H. Wu, X. Zhang, Y. Shi, C. Tian, Y. Zhang, and
S. Lu, “Beube: a high performance, server-centric network architecture
for modular data centers,” in SIGCOMM, 2009, pp. 63-74.

C. Guo, H. Wu, K. Tan, L. Shi, Y. Zhang, and S. Lu, “Dcell: a scalable
and fault-tolerant network structure for data centers,” in SIGCOMM,
2008, pp. 75-86.

J. Dean and S. Ghemawat, “Mapreduce: simplified data processing on
large clusters,” Commun. ACM, vol. 51, 2008.

D. Xie, N. Ding, Y. C. Hu, and R. R. Kompella, “The only constant
is change: incorporating time-varying network reservations in data
centers,” in SIGCOMM, 2012, pp. 199-210.

L. Page, S. Brin, R. Motwani, and T. Winograd, “The pagerank
citation ranking: Bringing order to the web,” Technical Report 1999-
66, Standford InfoLab, 1999.

S. Agarwal, S. Kandula, N. Bruno, M.-C. Wu, I. Stoica, and J. Zhou,
“Re-optimizing data-parallel computing,” in Proc. 9th USENIX Confer-
ence on Networked Systems Design and Implementation, ser. NSDI’12.
Berkeley, CA, USA: USENIX Association, 2012, pp. 21-21.

Cisco, “Data center switching solutions,” White Paper, 2006.

R. N. Mysore, A. Pamboris, N. Farrington, N. Huang, P. Miri, S. Rad-
hakrishnan, V. Subramanya, and A. Vahdat, “Portland: a scalable fault-
tolerant layer 2 data center network fabric,” in SIGCOMM, 2009, pp.
39-50.

A. G. Greenberg, J. R. Hamilton, N. Jain, S. Kandula, C. Kim, P. Lahiri,
D. A. Maltz, P. Patel, and S. Sengupta, “VI2: a scalable and flexible data
center network,” in SIGCOMM, 2009, pp. 51-62.

F. F. Yao, A. J. Demers, and S. Shenker, “A scheduling model for
reduced cpu energy,” in FOCS, 1995, pp. 374-382.

N. Bansal, T. Kimbrel, and K. Pruhs, “Speed scaling to manage energy
and temperature,” J. ACM, vol. 54, no. 1, 2007.

C. Gunaratne, K. J. Christensen, B. Nordman, and S. Suen, “Reducing
the energy consumption of ethernet with adaptive link rate (alr),” IEEE
Trans. Comput., vol. 57, no. 4, pp. 448-461, 2008.

M. Andrews, A. Fernandez Anta, L. Zhang, and W. Zhao, “Routing for
energy minimization in the speed scaling model,” in INFOCOM, 2010,
pp. 2435-2443.

S. Nedevschi, L. Popa, G. Iannaccone, S. Ratnasamy, and D. Wether-
all, “Reducing network energy consumption via sleeping and rate-
adaptation,” in NSDI, 2008, pp. 323-336.

[23]

[24]

[25]

[26]

[27]
[28]

[29]

[30]

[31]

[32]
[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

G. Parnaby and G. Zimmerman, “l0gbase-t active / low-power idle
toggling,” IEEE P802.3az Energy Efficient Ethernet Task Force meeting,
January 2008.

T. C. Koopmans and M. Beckmann, “Assignment problems and the
location of economic activities,” Econometrica, 1957.

X. Meng, V. Pappas, and L. Zhang, “Improving the scalability of
data center networks with traffic-aware virtual machine placement,” in
INFOCOM, 2010, pp. 1154-1162.

P. Mahadevan, P. Sharma, S. Banerjee, and P. Ranganathan, “A power
benchmarking framework for network devices,” in Networking, 2009,
pp. 795-808.

D. Arthur and S. Vassilvitskii, “k-means++: the advantages of careful
seeding,” in SODA, 2007, pp. 1027-1035.

H. Saran and V. V. Vazirani, “Finding k cuts within twice the optimal,”
SIAM J. Comput., vol. 24, no. 1, 1995.

M. Al-Fares, S. Radhakrishnan, B. Raghavan, N. Huang, and A. Vahdat,
“Hedera: Dynamic flow scheduling for data center networks,” in NSDI,
2010, pp. 281-296.

H. Han, S. Shakkottai, C. V. Hollot, R. Srikant, and D. F. Towsley,
“Multi-path tcp: a joint congestion control and routing scheme to exploit
path diversity in the internet,” IEEE/ACM Trans. Netw., vol. 16, no. 6,
pp. 1260-1271, 2006.

C. Raiciu, S. Barré, C. Pluntke, A. Greenhalgh, D. Wischik, and
M. Handley, “Improving datacenter performance and robustness with
multipath tcp,” in SIGCOMM, 2011, pp. 266-277.

Vmware capacity planner. [Online]. Available: http://www.vmware.com/
products/capacity-planner/

T. Benson, A. Anand, A. Akella, and M. Zhang, “Microte: fine grained
traffic engineering for data centers,” in CoNEXT, 2011, p. 8.

H. Abu-Libdeh, P. Costa, A. I. T. Rowstron, G. O’Shea, and A. Donnelly,
“Symbiotic routing in future data centers,” in SIGCOMM, 2010, pp. 51—
62.

C. Guo, G. Lu, H. J. Wang, S. Yang, C. Kong, P. Sun, W. Wu, and
Y. Zhang, “Secondnet: a data center network virtualization architecture
with bandwidth guarantees,” in CoNEXT, 2010, p. 15.

H. Ballani, P. Costa, T. Karagiannis, and A. I. T. Rowstron, “Towards
predictable datacenter networks,” in SIGCOMM, 2011, pp. 242-253.
X. Meng, C. Isci, J. O. Kephart, L. Zhang, E. Bouillet, and D. E.
Pendarakis, “Efficient resource provisioning in compute clouds via vm
multiplexing,” in /ICAC, 2010, pp. 11-20.

M. Wang, X. Meng, and L. Zhang, “Consolidating virtual machines with
dynamic bandwidth demand in data centers,” in INFOCOM, 2011, pp.
71-75.

J. W. Jiang, T. Lan, S. Ha, M. Chen, and M. Chiang, “Joint vm placement
and routing for data center traffic engineering,” in INFOCOM, 2012, pp.
2876-2880.

P. Mahadevan, S. Banerjee, P. Sharma, A. Shah, and P. Ranganathan,
“On energy efficiency for enterprise and data center networks,” /IEEE
Commun. Mag., vol. 49, no. 8, pp. 94-100, 2011.

L. Wang, F. Zhang, C. Hou, J. A. Aroca, and Z. Liu, “Incorporating rate
adaptation into green networking for future data centers,” in The 12th
IEEE International Symposium on Network Computing and Applications
(NCA), 2013.

N. Vasic, P. Bhurat, D. M. Novakovic, M. Canini, S. Shekhar, and
D. Kostic, “Identifying and using energy-critical paths,” in CoNEXT,
2011, p. 18.

L. Wang, F. Zhang, A. V. Vasilakos, C. Hou, and Z. Liu, “Joint
virtual machine assignment and traffic engineering for green data center
networks,” in SIGMETRICS Performance Evaluation Review, 2013.

L. Wang, F. Zhang, J. A. Aroca, A. V. Vasilakos, K. Zheng, C. Hou,
D. Li, and Z. Liu, “Greendcn: a general framework for achieving energy
efficiency in data center networks,” available at http://arxiv.org/abs/1304.
3519v2.

Lin Wang is a Ph.D. student from the Institute
of Computing Technology, Chinese Academy of
Sciences. He received a B.S. degree from Beijing
Institute of Technology, Beijing, China, in 2010.
From September 2012 to March 2013, he worked
at Institute IMDEA Networks, Madrid, Spain, as
a research intern. His research interests include
energy-efficient computing, data center networking
and discrete optimization.



WANG et al.: GREENDCN: A GENERAL FRAMEWORK FOR ACHIEVING ENERGY EFFICIENCY IN DATA CENTER NETWORKS 15

Fa Zhang received a B.S. degree from Hebei
University of Science and Technology in 1997, an
M.S. degree from Yanshan University, Qinhuangdao,
in 2000 and a Ph.D. degree from the Institute of
Computing Technology (ICT), Chinese Academy of
Sciences in 2005, all in Computer Science. From
2002-2005, Dr. Zhang worked as a visiting scholar
at Ohio State University, Columbus, OH. Then,
he worked as Assistant Professor in the National
Research Center for Intelligent Computing Systems
(NCIC) at ICT from 2005-2007. From 2008 to the
present, he has been an Associate Professor in the Advanced Computing
Research Laboratory at ICT. Additionally, he worked as a Visiting Scientist
at the Universidad Rey Juan Carlos, Madrid, from 2009-2010. His current
research interests include computer algorithms, high performance computing,
biomedical image processing and bioinformatics.

Jordi Arjona Aroca is a Ph.D. student at the
Institute IMDEA Networks and the Universidad Car-
los IIT de Madrid. He completed his undergraduate
studies (Ingenierfa Superior de Telecomunicaciones)
at the Universidad Politécnica de Valencia and his
Master’s degree in Telemdtica at the Universidad
Carlos III de Madrid. As part of his Ph.D. studies,
Jordi Arjona Aroca is involved in the field of energy
optimization in data centers and data center net-
working. He has published his work in international
conferences and journals such as the 39th Annual
IEEE/IFIP International Conference on Dependable Systems and Networks
(DSN-2009), the 9th Annual Conference on Theory and Applications of
Models of Computation (TAMC 2012) and IEEE Transactions on Parallel
and Distributed Systems (TPDS). He has also collaborated as a reviewer for
some venues such as the International Colloquium on Automata, Languages
and Programming (ICALP), IEEE Consumer Communications Networking
Conference (CCNC) and IEEE Communication Letters.

Athanasios V. Vasilakos is currently a Professor
at the University of Western Macedonia, Greece.
He has authored or co-authored over 200 technical
papers in major international journals and confer-
ences. He is author/coauthor of five books and 20
book chapters in the area of communications. Prof.
Vasilakos has served as General Chair, Technical
Program Committee Chair, and Technical Program
Committee member for many international confer-
ences (e.g., INFOCOM, SECON, MOBIHOC). He
served or is serving as Editor or/and Guest Edi-
tor for many technical journals, such as the IEEE Transactions on Net-
work and Services Management; IEEE Transactions on Systems, Man, and
Cybernetics-Part B:Cybernetics; IEEE Transactions on Information Technol-
ogy in Biomedicine; IEEE Transactions on Computers; ACM Transactions
on Autonomous and Adaptive Systems; the IEEE JSAC special issues of
May 2009, Jan 2011, and March 2011; the IEEE Communications Magazine;
ACM/Springer Wireless Networks (WINET); and ACM/Springer Mobile
Networks and Applications (MONET). He is founding Editor-in-Chief of the
International Journal of Adaptive and Autonomous Communications Systems
(IJAACS, http://www.inderscience.com/ijaacs) and the International Journal
of Arts and Technology (IJART, http://www.inderscience.com/ijart). He is
General Chair of the Council of Computing of the European Alliances for
Innovation.

Kai Zheng received his Ph. D and M.S. degrees
from Tsinghua University, China, in 2006 and 2003,
respectively, and his B.S. degree from Beijing Uni-
versity of Posts and Telecommunications, China, in
2001. He joined IBM in 2006 as a Staff Researcher.
Kai is now a Research Staff Member in IBM Re-
search China. His current research interests include
many fields of data center networking, software de-
fined networking, network security, green network-
ing, named data networking, and high performance
and high availability data center network, among
others. He is a senior member of the IEEE.

Chenying Hou received her M.S. degree from
the Institute of Computing Technology, Chinese
Academy of Sciences in 2013 and received her
B.S. degree from Central South University, China in
2010. Her research interests include energy-efficient
routing and network optimization.

Dan Li received a Ph.D. degree in computer science
from Tsinghua University, Beijing, China, in 2007.
He is now an Assistant Professor with the Computer
Science Department, Tsinghua University. Before
joining the faculty of Tsinghua University, he spent
two years as an Associate Researcher with the Wire-
less and Networking Group, Microsoft Research
Asia, Beijing, China. His research interests include
Internet architecture and protocols, data center net-
working, and green networking.

Zhiyong Liu received his Ph.D. degree in Computer
Science from the Institute of Computing Technol-
ogy, Chinese Academy of Sciences, Beijing, China,
in 1987, and worked as a Professor in the Institute
of Computing Technology starting in 1987. He was
the Executive Director General of the Directorate
for Information Sciences, National Natural Science
Foundation of China, from 1995 to 2006. Currently,
he is a Chaired Professor in the Advanced Research
Laboratory, Institute of Computing Technology, Chi-
nese Academy of Sciences. Zhiyong Liu has worked
on Networks, High Performance Architectures and Algorithms, Parallel and
Distributed Processing, and Bioinformatics and has published more than a
hundred papers in academic journals and conferences as well as a number of
articles on technical review, science policy, and administration. He has served
as Board Member, Referee, Editor, and Invited Editor for academic journals,
Program/Organization Committee Member/Chairman, Advisory Committee
Member/Chairman for national and international conferences, Steering Ex-
pert Committee Member for research initiatives, and Investigator/Principal
Investigator of research projects on computer control systems, computer ar-
chitectures and algorithms. He received the China National Science Congress
Prize, a National Prize for Science and Technology in China. His research
interests include computer architectures, algorithms, networks, and parallel
and distributed processing.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket true
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Cadmus MediaWorks settings for Acrobat Distiller 8)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


