I. INTRODUCTION

HE UNPRECEDENTED expansion of broadband com-

munication networks has led to a signibcant increase
in energy consumption of communication networks. Indeed,
according to a recent report [1], the Information and
Communication Technologies (ICT) ecosystem is approaching
10% of the worldOs electricity usage. This corresponds to the
same amount of power used to light the planet in 1985 and
over 50% of the aviation consumption nowadays. Moreover,
cost of energy continues to rise and the increasing environmen-
tal awareness, operators and institutions are urged to reduce the
energy consumption of their campus networks including enter-
prise campuses, school campuses, shopping malls, airports, etc
[3], to reduce operational expenditures (OPEX) and achieve
long term sustainability.

The application of green and energy efbcient networking
to campus networks has seldom been reported in the litera-
ture. A topology of a typical campus network is illustrated in
Fig. 1. Typically, it comprises static Access Points (APs), a
set of switches, and gateway routers. Each AP serves multiple
mobile users and connects them directly or through a multi-hop
wireless routing to the wired backbone. The wired backbone
itself is composed of a set of switches that form more or less a

hierarchy and converge towards gateway routers. The gateway o o _ o
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€ We formulate the problem of reducing energy consump-
tion in campus networks as an Integer Linear Program
(ILP), under dynamic arrival and departure of users. The
objective includes the cost of re-routing or consolidat-
ing existing Bows as well as the cost of switching nodes
between active and sleep modes.

€ We propose a meta-heuristic low time complexity
approach based on Ant Colony to solve the ILP prob-
lem. We show that our approach achieves near optimal
solution for network reconbguration to reduce the over-
all energy consumption within few milliseconds, which
makes it usable in practice.

Fig. 1. Typical campus network topology. € Our approach is online Bow-based and debnes users
attachment as well as RBows routing in both wireless
and wired parts of the network under dynamic arrival
and departure of users, and uses link rate adaptation in

Motivated by the potential of the new SDN paradigm, we  the wired backbone to achieve energy efpcient campus
propose in this paper a holistic energy conservation approach networks.

that uses online Bow-based routing and link rate adaptation€ We compare our approach with several existing solutions

in campus networks. Our objective is to minimize the energy  and discuss the associated gains.

consumption of APs and switches, while routing incoming The reminder of this paper is organized as follows. Section Il

3ows subject to QoS constraints (such as bandwidth and delpggsents an overview of the related work. In Section IlI, we

and taking into account the dynamic and unpredictable arrivdgscribe the system model used in our analysis. Section IV for-
departure and usersO mobility. More specibcally, our approauliates the problem as an ILP, followed by a presentation of
determines the AP to which each user will associate, along withrr proposal in Section V. Simulation results are presented in

a complete path in the wireless and wired parts of the netwof&ection VI. Finally, Section VII concludes this paper.

towards the Internet, while minimizing the whole energy con-

sumption and satisfying the QoS constraints. In this case, our

proposed solution uses dynamic Bow consolidation to reduce
the energy consumption in the network. Moreover, it uses link Energy management has been an active research area in the
rate adaptation to further reduce the energy consumption in thst few years. In the following, we survey relevant research in
wired part of the network. Our proposed approach can be eadilyth wired and wireless networks.

integrated in an SDN solution since it relies on a central con-

troller that monitors and manages the network and decides on N

Row routes and link rates. A. Energy Reduction in Wired Networks

To achieve this, we prst formulate the problem as an inte-Numerous proposals have been presented to reduce energy
ger linear program (ILP), whose objective is to reduce thmnsumption in wired networks [13]D[19]. Authors in [13] pro-
total energy consumption in the wireless and wired parts pbse to reduce energy consumption in backbone networks by
the network. Moreover, The formulated objective function takesducing the number of used nodes. They formulate the prob-
into account the costs for switching between sleeping afeim as an ILP for multi commodity Bow and provide the
active modes of nodes (APs, switches and gateway router)timal routing to reduce the number of used nodes. Authors
as well as re-routing or consolidating existing Bows. As this [14] propose to shut down nodes one by one and verify
problem is known to beNP-hard [11], [12], we then pro- that the network still route the required trafpc (i.e., the con-
pose a simple yet efpcient algorithm based on Ant Colorstraints are not violated). In [15], authors investigated a model
called Ant Colony Online Flow-based Energy efpcient Routingased on gradient optimization to reduce energy consump-

(AC-OFER) to solve the formulated ILP problem. In this contion in wired networks. They started from routing paths given

text, Greedy-OFER, Shortest Path (SP) routing strategy, thye a shortest path routing. Then, they used a routing policy

Minimum link Residual Capacity routing metric (MRC) andnamed Energy-Aware Routing Protocol (EARP) [16] to reduce

the Load Balancing (LB) schemes are used to develop baselisegrgy consumption by up to 10% given that the required QoS

to which the AC-OFER improvements are compared. Througg satisped. Online Bow-based routing has also been used in
extensive simulations, we show that our proposed approddf], where authors presented-BICRA, a Row-based routing
can achieve signipcant gains in terms of energy consumptiapproach that reduces the number of used nodes in a Internet

Specibcally, the gains, can attain 6.5%, 17%, 42% and 438érvice Provider (ISP) network, while satisfying the QoS con-

compared to Greedy-OFER, MRC, SP and LB, respectively, fetraints. The idea is to route incoming 3ows by choosing among

medium-sized networks. These gains become 7%, 35%, 4486 possible paths, the one that achieves the best combina-
and 49%, respectively, in large-sized networks, while achieviign between the path length and the number of additional
the same usersO requests acceptance ratio and QoS satisfastidas to turn on. Authors in [18] proposed an ILP formula-

In summary, our key contributions are the following: tion to reduce the number of used nodes in the network while

Il. RELATED WORK
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routing per-Bow basis. They also derived heuristics for onlinmtterns in the specibc case of WLAN university campus net-
routing of Bows. They used results from real routers to assessrks (day/night, week days and weekends) to decide on the
their proposed approach. Authors in [19] addressed the pr@kPs to turn on/off in the campus to accommodate the trafpc. In
lem of energy reduction in ISP networks. Their proposal isellular access networks, authors in [30] summarized existing
time-driven and relies on the observation that ISP networksergy saving approaches, which use carrier aggregation, turn
exhibit regular/predictive trafbc patterns during specibed tinoéf transmission components during signal-free symbols, and
windows. Hence, they brst propose a heuristic that shuts dotum off cells during low trafbc periods.
unnecessary links, and then an algorithm to compute the durain the context of WMNSs, relevant works on energy-efbciency
tion of the time window. Then, they show that their approacire reported in [31]D[36]. These works consider of3ine rout-
can achieve up to 18% energy saving (in terms of used linkag in such networks. Specibcally, authors in [31] consider
without signibcantly impacting the network performance.  the case of WMNSs, where the users can choose the AP they
On the other hand, energy efbciency in data center netwod@nect to. To do so, they formulate and solve the problem
has also been addressed by a few works. The objective isakan ILP, where the objective is to minimize the number of
reduce the number of used nodes (both servers and switchesyd nodes (i.e., APs and gateways), and always satisfy usersO
through virtualization and Bow consolidation. Specibcalljpandwidth demands. However, they do not take into account
authors in [20], presented ElasticTree, a network-wide powttre interference between APs since directional antennas are
manager that relies on OpenFlow to dynamically adjust the sstsumed. The authors extended this work in [32] to consider
of active network elements (i.e., links and switches) to satisfiye planning and deployment of APs (i.e., choosing the number
changing data center trafbc loads. They show that ElasticTideAPs and their location). Another energy management study
can save up to 50% of network energy, while maintaininig WMNSs is provided in [33], where a combination between
the ability to handle trafbc surges. In [21], authors proposkfferent modulation techniques and power adaptation is pre-
a two step solution to reduce energy consumption in datented. In [34], we proposed a framework for energy efbcient
centers. First, they propose to assign virtual machines (VMsjanagement in TDMA-based WMNSs. However, all the afore-
to servers to reduce the amount of trafbc and to generatentioned approaches are still limited since they are off3ine.
favorable conditions for trafbc engineering. Then, to achievedeed, the trafpc patterns are assumed to be known a priori
energy conservation, they reduce the number of needed actwel bxed at the planning stage, which is not usually the case in
switches that balance trafbc Rows, depending on the relatigmactice, as users can arrive and leave the network in an unpre-
ship between power consumption and routing. In [22], authodgctable way. This may limit the utilization of such approaches
showed the benebt of using link rate adaptation in a datacém+eal world deployments. Moreover, these approaches do not
ter network. The objective is to bnd the rates of the differeatcount for the wired part of a campus network.
links that minimize the energy consumption of the whole net- To overcome these limitations, we Prst proposed in [35] a
work. They formulate the problem as an ILP and proposébw-based management framework to achieve energy efbcient
an approximation method to solve the ILP. However, the pro¥MNs, that takes into account the dynamic and unpredictable
posed energy consumption model assumes proportional switcfbc patterns. In this paper, we rather focus on campus
energy consumption (i.e., the energy consumption of the switahtworks, which include both wireless and wired networks ele-
is proportional to the link rates), which is not true in practice. ments. It is worth noting that a more detailed survey of energy
In the specibc case of campus networks, authors in [23] peficient approaches in wireless access networks, with a focus
posed an SDN-based approach (i.e., using a central controll@gre on cellular and WLAN, is given in [37].
to reduce the energy consumption by switching off as many
switches/routers as possible. They formulated the problem as a )
mixed integer linear programming (MILP) and then proposed@ SPN-Based Wireless Network Management
heuristic solution. However, authors did not address the case ofn the context of SDN, most of the proposed solutions
wireless parts of the network. Moreover, no link rate adaptatiéo wireless network management focus on mobility manage-
is considered. ment. For instance, authors in [38] present an OpenFlow-based
approach for efpcient mobility management in WMNSs. This
approach implements the mobility management as an applica-
tion on top of the SDN controller. In [39], authors present an
An important body of work on energy efbciency of deviceSDN-based framework for network management in WLANS.
and protocols in cellular, WLANs and Wireless Mesh NetworkEhe framework relies on a central controller that has a global
(WMNs) has been reported in the literature. A survey on energiew of the network. The mobility management is implemented
efbcient protocols for such networks can be found in [244s an application on top of the central controller that manages
In WLANS, authors in [25], [26] presented strategies basaersO attachments through light virtual APs and OpenFlow-
on the resource on-demand concept. The proposed approa@mabled switches.
derive strategies to reduce the number of used APs in aAdopting the same SDN paradigm as in [39] and [38], in
WLAN. In [27], authors proposed an analytical model to assetss paper, we propose an online Bow-based routing approach
the effectiveness of this concept and authors in [28] showedcampus networks. Specibcally, we focus on energy efpcient
management strategies for energy savings in solar powepstnmunications by routing the incoming trafbc from the users
802.11 WMN:Ss. In [29], authors derived mobility and trafb¢o the campus gateway routers, while considering the required

B. Energy Reduction in Wireless Networks
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Algorithm 3. AC-OFER Algorithm

1:IN: Campus Network with routed Bows (i.e., previous
routes)

2: OUT: New routes solution (One path for each Row)

3: Set Parametergp, 04, Ba, O

4: Initialize pheromone trails and best_solution to the previous
solution

5:for nb=1  Number of Iterationslo

6: //Construct Ant Solutions

7 for all antinA,,,, do

8: current_solution {}

9 fori=1 Number of RBowslo
10: p Random(0..1)
11: if p <gothen
12: Choose pathi among theK paths where
13: j = Argmax, . (Tl‘}f x nﬁg‘)
14: else
15: Choose pathi according toP;; given in (15)
16: end if
17: Add thej*" path for Row! to current_solution
18: end for
19: if current_solution is better than best_solutiben
20: best_solution current_solution
21: end if
22:  end for

23:  //Update Pheromones for all flows |
24:  v; (1S p)vy; /Evaporate all pheromones

Fio 2. AC.OFER Rowchart d 25: if current_solution is the best solution for the current
9. & AL owehart clagram. iteration Andj*" path is selected for Rowthen

. . . 26: Tj T+
best solution and 4) Updating the pheromone trails. In tI”fT end if '

following, we detail these stages. 28: end for

1) Formation of Solution Components: For each user, we 29:Return best solution
considerK alternative paths towards a gateway (any of the -
m available gateways). Each path starts from the user, passes
through an AP that the user attaches to, and then other infgk., a path; for Bow!) is selected according to a given prob-
mediate APs then switches until reaching a gateway router.apility. Note that in Ant Colony System meta-heuristic [46],
solution component will be one of the predeterminiéghaths. two strategies can be usedploitation andexploration. More
As such, the number of possible solutions for the path formgpecibcallyexploitation is used with a probabilityo, whereas
lation is K1*, where|L] is the total number of lows, which is exploration is adopted with a probability (3 go).
equal to the total number of users since each user is assumedegardingexploration, the knowledge and experience of
to generate one Row. Hence the proposed meta-heuristic guiggfer ants is stochastically taken into account. Indeed, the next
the algorithm to efbciently explore the graph of solutions.  component is selected according to a probabifitygiven by:

2) Selection Among the Candidates for a Component:

During each iteration, each ant amaag,, builds the solution rlqANT qlB.ANT
step by step, by adding in each step another component (i.e., a Pij = ]aTJBANT (15)
path for a Bow!). The component to add is chosen according sz:v Ui Mk

1

to the attractiveness of the new constructed solution (i.e., the

current solution augmented by the selected component) whighere N, is the set of all possible paths for the solution
is calledthe heuristic, and the amount gbheromone deposits, component (i.e., |N;| = K), n; andt; denote, respectively,
which represents how this component is evaluated during tit heuristic value given in equation (14), and the pheromone

previous iterations by all ants. Theuristic is given by : trail of the j'* path for the Row originating from usér and
1 aant andPBayr determine, respectively, the relative impor-
n= Objective Function Value (14) tance oft; andn;;. Recall that;; represents the desirability

of adding the solution componelit(i.e., pathj) to route the
Once the objective function score computed, the choice of tRBew of user/, wheread;; represents how probcient it has been
next component to add to the partial solution constructed so & far to route the Bow of usérthrough path;j. As such,



