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1. INTRODUCTION

Energy efficiency in Information and Communication Tech-
nology (ICT) has become a major priority especially for the

data center networks operators and internet service providers.

ICT alone is responsible for 2% of the global carbon foot-
print production [1], a figure similar to the one of the airline
industry. Especially in the case of more developed countries
this figure rises up to 10% and is expected to grow signif-
icantly in the future. On the other hand, network devices
are highly overprovisioned in order to endure peak time de-
mands and failures and thus they are underutilized in large
percentage of time, which reveals an opportunity for large
energy savings. This research area has recently drawn much
attention [2] but there is no systematic approach developed
yet. Thus, our goal is to study and identify opportunities
and solutions for energy efficiency in networks while taking
into careful consideration the network performance and the
provided Quality of Service (QoS).

2. POWER AWARE ROUTING CONTROL

We consider the case where there is a given store and forward
packet network with given capacities and power profiles of
the network devices. In this case, routing control can be
used as a means to reduce the total energy consumption of
the network. The constraints that arise in this problem is
that one has to remain aware of QoS considerations and net-
work performance. We have proposed a method [3] that uses
a queueing theoretic analysis and optimisation technique to
distribute traffic so as to reduce a cost function that com-
prises both energy and QoS. Consider a network with N
queues denoted N = {1, ... , N} which is carrying a set of
user traffic classes U. A subset R of these nodes will be the
usual store and forward nodes or routers, while the remain-
ing set of nodes L will represent links which connect store
and forward nodes, i.e. N = R U L. This separation of the
N nodes into the set of routers and the set of links has the
advantage that allows us to model separately the impact of
routers and links on QoS and on the power consumption. In
this model, apart from the usual user traffic we also have

control traffic which may be seen either as physical flows of
control packets that are sent out from certain decision nodes,
to routers where it may be necessary to re-route traffic, or
as a virtual and mathematical representation of the rate at
which control decisions are made at this router. Apart from
the default routing protocol’s decisions probabilities P, the
routing control probabilities are also included in the model
denoted as Q.

The model that we propose [4] is a special case of G-Networks
with triggered customer movement, where the control classes
embody the triggers of the mathematical model [5], thus we
are able to apply the corresponding theory. So, the steady-
state probability that a router r or link [ contains at least
one packet of user class k is given by:
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where p, and p; are the service rates of the routers and
the links respectively. AR (r, (r,k)) is the total arrival rate

of control packets of class (r,k) to the node r where they
are entitled to act. The total arrival rates of user packets of
class k to routers r € R and links [ € L are given by
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where \(r, k) is the external arrival rate of user packets of

class k at router r , probabilities P represent the default
routing probabilities while Q represent the control decisions
exercised by the control packet. Similar formulas are ob-
tained for the control traffic.

Using the traffic formulas we are able to get the queue
lengths at each node and the total average delay through the

network T. The power consumption of the network Py is
comprised of the power consumption of each node and link,
which is composed of a fixed value (the static power con-
sumption) and an increasing function of the load. The rout-
ing optimization can now be expressed as the minimization
of a cost function f that includes both the network power
consumption and the average delay:

f=Pn+cIn (5)

where ¢ is a constant that establishes the relative impor-
tance of delay with respect to power. The minimisation can



be achieved by selecting appropriate route control parame-
ters Q(4,k, 7). Since we are interested in gradual optimisa-
tion in the presence of ongoing flows, we build a gradient
descent algorithm that reduces the cost function at a given

operating point of the network and is determined by its n*"
computational step:
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where 17 > 0 is the “rate” of the gradient descent and the

partial derivative is computed with the nth updated values
of the weights. For a N node network we show that the opti-
mization can run in O(N?®) time complexity. Note that the
presented model and algorithm can also be used to optimize
other performance metrics of the network and includes the
effect of the control traffic on the performance [6].

A faster version of this algorithm [7],[8] limited to a single
step of the gradient descent in order to provide fast compu-
tation has been evaluated using our 23 node topology. The
power profiles were measured from the PC-based routers of
the testbed and random delay weights were added to the
links. The results in figure 1 compare the power consump-
tion of the network using shortest paths and the power opti-
mised routing (¢ = 0 in (5)), in the presence of 5 flows with
distinct source-destination pairs. Varying the input traffic
of the flows, the optimisation yields an average saving of 36
Watts, at the cost of an increase in average end-to-end de-
lay of 4.4ms, but with maximum delay increase of 13ms. By
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Figure 1: Power consumption against varying traffic
load for power-optimised versus shortest path

adjusting ¢ in (5) we can increase the relative importance of
the parameters in the cost function and limit the increase
in network delay as shown in figure 2. Note that the power
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Figure 2: Power-delay trade-off varying c in (5)

profiles of the devices measured and used in the results have
a large static power consumption, but still the savings come

without turning off/on the machines. The savings of energy
aware routing will be larger in a larger testbed and in case
of more energy-proportional devices.

3. POWER AWARE ADMISSION CONTROL

We also examine the usage of an admission control for im-
proving network energy efficiency. We have proposed an ad-
mission control mechanism [9] which aims to keep the power
consumption at the lowest possible level by delaying users
that would increase significantly the power consumption of
the network, and admit them at a later time when their ef-
fect in power consumption will be acceptable. Thus, since
some of the operation areas are more power efficient than
others, by using admission control we could reduce the total
network energy consumption. Some first experimental re-
sults show the effectiveness of the method and reveal room
for potential energy savings, but these energy savings come
at the expense of increased waiting delay for users before be-
ing admitted into the network. As further work, the effect of
the waiting limitations of the flows as well as the possibility
of turning off and on the machines are being examined.

4. CONCLUSIONS

There is increasing interest in reducing energy consump-
tion for all areas of human activity, and ICT systems are
major consumers. In this work we address the opportuni-
ties and propose solutions for energy savings in networks,
through analytical modelling, optimization algorithms and
experimental evaluation. We seek to integrate methods and
implementation techniques so as to provide guidelines and
practical means for energy optimization, while remaining
aware of network performance and QoS considerations.
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