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28Fueled by the massive adoption of Cloud services, the CO2 emissions of the Information and
29Communication Technology (ICT) systems are rapidly increasing. Overall service centers
30and networks account for 2–4% of global CO2 emissions and it is expected they can reach
31up to 10% in 5–10 years. Service centers and communication networks have been managed
32independently so far, but the new generation of Cloud systems can be based on a strict
33integration of service centers and networking infrastructures. Moreover, geographically-
34distributed service centers are being widely adopted to keep Cloud services close to end
35users and to guarantee high performance. The geographical distribution of the computing
36facilities offers many opportunities for optimizing energy consumption and costs by means
37of a clever distribution of the computational workload exploiting different availability of
38renewable energy sources, but also different time zones and hourly energy pricing. Energy
39and cost savings can be pursued by dynamically allocating computing resources to appli-
40cations at a global level, while communication networks allow to assign flexibly load
41requests and to move data.
42Even if in the last years a quite large research effort has been devoted to the energy effi-
43ciency of service centers and communication networks, limited work has been done for
44exploring the opportunities of integrated approaches able to exploit possible synergies
45between geographically distributed service centers and networks for accessing and inter-
46connecting them. In this paper we propose an optimization framework able to jointly man-
47age the use of brown and green energy in an integrated system and to guarantee quality
48requirements. We propose an efficient and accurate problem formulation that can be
49solved for real-size instances in few minutes to optimality. Numerical results, on a set of
50randomly generated instances and a case study representative of a large Cloud provider,
51show that the availability of green energy have a big impact on optimal energy manage-
52ment policies and that the contribution of the network is far from being negligible.
53� 2014 Elsevier B.V. All rights reserved.
54

55

56

57 1. Introduction

58 The debate on climate change and carbon dioxide emis-
59 sion reduction is fostering the development of new ‘‘green

60policies’’ aimed at decreasing the environmental impact of
61human activities. How to contrast global warming and how
62to enhance energy efficiency have been put on top of the
63list of the world global challenges. ICT plays a key role in
64this greening process. Since the beginning, ICT applications
65have been considered as part of the solution as they can
66greatly improve the environmental performance of all the
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67 other sectors of the world economy. More recently, the
68 awareness of the potential impact of the carbon emissions
69 of the ICT sector itself has rapidly increased.
70 Overall, the combination of the energy consumption of
71 service centers and communication networks accounts
72 for 2–4% of global CO2 emissions (comparable, e.g., to the
73 emissions due to the global air traffic) and it is projected
74 to reach up to 10% in 5–10 years, fueled by the expected
75 massive adoption of Cloud computing [1,2]. Service centers
76 investment grew by 22.1% during 2012 and it is expected it
77 will further grow by another 14.5% in 2013 [1]. So, one of
78 the main challenges for Cloud computing is to be able to
79 reduce its carbon and energy footprints, while keeping
80 up with the high growth rate of storage, server and com-
81 munication infrastructures.
82 Even if computing and networking components of the
83 system have been designed and managed quite indepen-
84 dently so far, the current trend is to have them more
85 strongly integrated for improving performance and effi-
86 ciency of Cloud services offered to end users [3]. The inte-
87 gration of computing and networking components into a
88 new generation of Cloud systems can be used not only to
89 provide service flexibility to end users, but also to manage
90 in a flexible way resources available in geographically-dis-
91 tributed computing centers and in the network intercon-
92 necting them.
93 A key enabler of Cloud/network cooperation is the use
94 of geographically distributed service centers. Distributed
95 Cloud service provisioning allows to better balance the
96 traffic/computing workload and to bring computing and
97 storage services closer to the end users, for a better appli-
98 cation experience [4]. Moreover, from an energy point of
99 view, having geographically distributed service centers

100 allows Cloud providers to optimize energy consumption
101 by exploiting load variations and energy cost variations
102 over time in different locations.
103 The level of flexibility in the use of resources in different
104 service centers depends on the application domains and
105 basically comes from the geographic distribution of virtual
106 machines hosting service applications, the use of dynamic
107 geographically load redirect mechanisms, and the intelli-
108 gent use of storage systems with data partitioning and rep-
109 lication techniques. This flexibility in service centers
110 management also has a relevant impact on the communi-
111 cation network mainly for two reasons. First, since the ser-
112 vice requests from users are delivered through an ‘‘access
113 network’’ to service centers hosting the virtual machines,
114 moving dynamically the workload among service centers
115 can completely change the traffic pattern observed by the
116 network. Second, an ‘‘interconnection network’’ is used to
117 internally connect service centers and redirect end-user
118 request or even move virtual machines and data with,
119 again, a non-negligible impact on the traffic load when
120 reconfiguration decisions are taken by the Cloud manage-
121 ment system. Access and interconnection networks can
122 be actually implemented in several different ways as pri-
123 vate Intranets or using the public Internet, depending on
124 the Cloud provider policies and the specific application
125 domains. In any case, there is a large number of possible
126 interaction models among telecommunications and Cloud

127providers that regulate their service agreements from a
128technical and economical perspective.
129The main contribution of this paper is to explore the
130possibility of jointly and optimally managing service cen-
131ters and the network connecting them, with the aim of
132reducing the Cloud energy cost and consumption. We
133develop an optimization framework that is able to show
134the potential savings that can be achieved with the joint
135management and to point out the relevant parameters that
136impact on the overall system performance. Concerning the
137network, we propose two representations, a high level
138approximated model and a detailed one. We show that
139the energy consumption obtained with the approximated
140version is very close to the one obtained with the detailed
141network representation and that the approximated version
142requires significantly smaller computational effort. Thus, it
143is suitable to assess the importance and impact of the joint
144optimization. The resource utilization and load allocation
145scheduling is performed on a daily basis assuming a central
146decision point (one of the service centers) and the avail-
147ability of traffic patterns for different time periods. How-
148ever, since the computational time is quite small (order
149of a few minutes), the time period length can be decreased,
150and the granularity can be finer, so as to follow better
151unpredictable traffic variation.
152The approach proposed is based on a Mixed Integer Lin-
153ear Programming (MILP) model which is solved to optimal-
154ity with a state-of-the-art solver. The model assumes a
155Cloud service provider adopting the PaaS (Platform as a
156Service) approach and optimizes the load allocation to a
157set of geographically distributed Service Centers (SCs)
158where virtual machines (VMs) are assigned to physical
159servers in order to serve requests belonging to different
160classes. The goal is minimize the total energy cost consid-
161ering the time-varying nature of energy costs and the
162availability of green energy at different locations. The traf-
163fic can be routed to SCs using a geographical network
164whose capacity constraints and energy consumption are
165accounted for. We formally prove that the problem is NP-
166hard since it is equivalent to a Set Covering Problem.
167We present a set of numerical results on a realistic case
168study that considers the real worldwide geographical dis-
169tribution of SCs of a Cloud provider and the variations of
170energy cost and green energy availability in different world
171regions. Moreover, we show some results to characterize
172the scalability of the optimization framework proposed
173and the sensitivity to workload and green energy predic-
174tion errors.
175Even if a large literature on the improvement of energy
176efficiency of service centers (see e.g. [5]) and communica-
177tion networks (see e.g. [6]) exists, very few studies have
178considered so far the cooperation between Cloud and net-
179work providers for a joint energy management, and, to the
180best of our knowledge, no one has proposed a joint optimi-
181zation framework able to exploit low energy modes in
182physical servers and networking devices (see Section 5
183for a detailed analysis of related work). From a practical
184point of view, we assume that the economic advantages
185coming from the energy savings can be managed through
186service agreements between Cloud and network operators
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