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ABSTRACT
Power consumpt ion of the Informati on and Communicat ion
Technology sector (ICT ) has recentl y become a key chal-
lenge. In part icular, acti ons to improve energy-e� ciency
of Internet Service Providers (ISPs) are becoming imper-
at ive. To this purpose, in this paper we focus on reduc-
ing the power consumpti on of access nodes in an ISP net-
work, by contro lli ng the amount of service capacity each
network device has to o�er to meet t he actual t ra� c de-
mand. More speci� call y, we propose a Green router (G-
router) implement ing a congestion cont rol technique named
ActiveWindow Management (AWM ) coupled wit h a new ca-
pacit y scaling algorithm named Energy Aware service Rate
Tuner Handling (EARTH ). Th e AWM characteristics allow
to detect whether a waste of energy is playing out , whereas
EARTH is aimed at invoking power management primit ives
at t he hardware level to precisely cont rol the current capac-
it y of accessnodes and consequent ly their power consump-
t ion. We test t he bene� ts of the AWM -EARTH mechanism
on a reali stic scenario. Result s show that the capacit y scal-
ing technique can save up to 70% of power consumpt ion,
while guaranteeing Quali ty of Service and tra � c demand
constraints.

Categoriesand SubjectDescriptors
C.2.1 [Comp ute r -C omm uni cati on N et work s]: Network
Archit ectu re and Design; C.4 [Perf or manc e of Syste ms]:
Design studies

GeneralTerms
Design, Management , Performance

1. INTRODUCTION
Th e steadily ri sing energy cost and the need to reduce the

global greenhouse (such as CO2) gas emission to protect our
environment have turned energy e�c iency into one of the
primary technological challenges of our century [1]. In this
context , Informat ion and Communicat ion Technology (ICT )
is expected to play a major act ive role in the reduct ion of
the world -wide energy requirements, through the opt imiza-
t ion of energy generat ion, tr ansport ation, and consumpt ion.
However, a number of studies estimate a power consumpt ion
related to ICT itself varyi ng from 2% to 10% of the world-
wide power consumpt ion [2], [3]. Th is t rend is expected to
increase notably in the near future. Not surprisingly, only
20% of ICT carbon emissions derive from manufacturi ng,
while 80% arise from equipment use [4]. Moreover, among
the main ICT sectors, 37% of the total ICT emissions are
due to the Telecom infrastructures and devices, while data
centers and user terminals are responsible for the remaining
part [4]. In Italy, for example, Telecom Italia is the second
largest consumer of electri cit y aft er the Nat ional Railway
system [5], consuming more than 2TWh per year. Simi-
lar and even more pessimisti c considerati ons hold for the
other developed count ri es (see for example [6] for the case
of Japan).

To this extent , networki ng deviceslikebackbone IP routers
consumethe largemajori ty of energy [7], and the energy con-
sumpt ion of a network can almost double when including air
condit ioning and cooling costs. I t is therefore not surpris-
ing that researchers, manufactu rers and network providers
are spending their e� ort to reduce the power consumpt ion
of ICT systems from di�ere nt angles.

In the lit erature (seeSec. 2 for an overview), several pro-
posals aim at reducing the overall network power consump-
t ion by tu rning o� nodes and links, and re-routi ng tra � c
to save energy [8, 9, 10, 11]. However, these poli cies can
be applied to tra nsit nodes/links only, since at the network
access, nodes and links cannot be tu rned o� to avoid dis-
connecti ng users. However, notice that the largest fraction
of power consumpt ion of an Internet Service Provider (ISP)
network is due to access nodes rather than core nodes. In
this paper, we focus on reducing the power consumpt ion of
accessnodes, while aiming at contro lli ng t ra�c they carry,



by �nd ing the minimum amount of capacity each network
device has to o�e r to meet the actual t ra� c demand. Th e
intuiti on is to allow network nodes to adapt t he switching
and t ransmission capacit y to the current tra � c demand to
save energy and reduce power consumpt ion. Indeed, as re-
cent ly shown in [9], current nodes have a power consumpt ion
that is practically constant and independent from the actual
load they face, causing a large waste of energy. We there-
fore support the adopti on of both capacit y and switching
contro l mechanisms that would allow each node to meet the
current t ra�c demand and save energy. We name this ca-
pabil it y Acti ve Capacity Scali ng (ACS). Noti ce that, while
current nodes do not o�e r support for capacit y scaling, the
technology to implement variable capacity electronic devices
is readily available, as for example implemented in modern
PCs and mobile devices in general.

Acti veCapacity Scaling capabili ty requires theaccessnode
is able to estimate both the maximum capacity the user
t ra�c requires, and the minimum available capacity in the
network path between source and desti nati on. Indeed the
accessnode has to discover the minimum betweenthe above
capacity values, which, in fact , represents a resource allo-
cati on t rade-o� that allows the accessnode to provide the
user with the maximum QoS while minimizing the energy
consumpti on.

Est imati ng the above \ t rade-o� capacit y" is not a t riv ial
task in current Internet. Th is is due to the elastic nature
of t ra�c , and of TCP in part icular, so that, if capacity is
reduced/ increased at t he bott leneck link, the instantaneous
t ra�c o�e red by TCP sources would reduce/ increase con-
sequent ly. Th e intuit ion therefore suggests that cont roll ing
the t rade-o� capacity is a multi -constra ined problem that
must be carefully studied. A similar problem has been stud-
ied in the lit erature to solve the Internet congestion cont rol
problem [12]; in this case the user t ra�c is driv en by an
implicit or explicit signaling which results from an accurate
monitorin g and contro l of the queue length in the network
nodes ([13], [14], [15]). Similarl y, we propose to esti mate
both the current o�ere d t ra�c and the bott leneck capacit y
by monit orin g and carefull y cont rolli ng the queue length of
t ransmission links in the access nodes, so that if the queue
empti es, the tra nsmission capacity is reduced, while it is in-
creased if the queue ri sks to over
 ow. For th is purpose, we
proposeto usea congest ion cont rol technique named Act ive
Wi ndow Management ( AWM ) ( [16], [17]) coupled wit h an
Energy Aware service Rate Tuner Handling (EARTH ) mech-
anism aimed at invoking power management prim it ives at
the hardware level to increase/decreasethe node operat ional
rate and the related performance states step by step.

More speci� call y, in th ispaper we int roducea Green router
(G-router) implement ing both the AWM and the EARTH
algori thms. We show that AWM -EARTH mechanisms pro-
vide for ACS capabil it y in the access nodes, therefore pro-
ducing large energy saving to network operators. To support
this statement , we present a realit y-based analysis, deriv ed
considering the network topology of an actual ISP, and the
dail y t ra�c pro� le it has to carry. Results show that t he
energy saving is proport ional to the capacit y saving ACS
can guarantee, so that durin g o� -peak hours it tops to 70%
of total access network power consumpt ion, i.e., more than
45% of total network consumpt ion. Let us note that t he de-
ployment of AWM -EARTH requires changesat accessnodes
only, which is a major advantage considering the current

and futu re Internet ( [16], [17]). Moreover, AWM is scalable
with the amount of managed input tra � c, and the proposed
G-routers are compat ible wit h the current routers today ex-
isting in Internet.

Th e paper is organized as follows. Sec. 2 overviews the
related works. Sec. 3 presents the rat ionale of the ACS ca-
pabil it y on a reali stic scenario. Sec. 4 detail s the AWM
mechanism and the EARTH algori thm, which provides for
the ACS capabil it y in the accessnodes. Simulat ion results
are presented in Sec. 5. Finall y, conclusions are drawn in
Sec. 6 .

2. RELATED WORK
Th e study of power-saving network devices has been in-

t roduced over these years, start ing from the pioneerin g work
of [8], in which for the � rst t ime authors face problem of
quant ifyin g and reducing the energy cost of the Internet.
However, the att ent ion of the research community and of
Telecom operators only recent ly started to focus on this
theme. Schemes to reduce the power consumpt ion of links
and nodeshave then been proposed. In [18], Adapt ive Li nk
Rate (A LR) and protocol proxying are proposed, according
to which a pair of high/ low power and performance devices
are present , being only one act ive a given ti me to match
current demand. Both protocol and archit ectural changes
are required to support this kind of approaches.

More recent ly, some e� ort was devoted to investigate how
to reduce the power consumpt ion of the ent ire network in-
frastructure, and not of single or few components only. In
[9] some simple measurements about power consumpti on of
network ing devicesare � rst presented; then authors consider
a network topology and evaluate the total network consump-
t ion given the power footpri nt of each element . They con-
sider two scenarios: in the � rst one, all devices are tu rned
on, while in the second one only the minimum number of
elements to guarantee the service are actuall y powered on.
In [10, 11] we proposed more complex algorit hms to face the
problem of �nd ing the minimum amount of resources that
have to be powered on to match the current t ra�c demand.
In [11] a real test case similar to the one proposed here
has been studied. Finall y, in [19] the authors exploits the
idea of exchanging energy pro� les among devices to reduce
the overall power consumpti on during rout ing and t ra�c -
engineering operat ion. Th e impact of using di�ere nt energy
pro� les is assessedon a realisti c core topology, showing that
a rout ing energy-aware can reduce the overall energy con-
sumpt ion.

Th e industri es as well have recognized the import ance
of energy savings as a source of pro� t . Cisco for example
is developing new solut ions [20] to cont rol and reduce the
power consumpti on for all networked devices in enterpri se
networks, proposing a centra lized management . Novel de-
vices that allow to enter di�e rent power states are expected
in the near futu re.

Th e evaluati on of power-aware management schemes for
networks is argued in [21]. In parti cular, the authors eval-
uate the energy savings from sleeping, i.e. during absence
of packets, and the possible savings from rate-adapt ion. In
this paper we propose an actual method to achieve rat e-
adaptation while at t he same t ime improving network per-
formance. Similarly, considerin g the single devices, energy
aware solut ions involving switches and software routers have
been proposed by [22]. Authors propose three schemes for



Tab le 1: Power Consump ti on of N odes

Node Type Power [kW ] Fract ion of Total Node Power
Core 10 9.46%
Backbone 3 19.03%
M etro 1 6.32%
Access nodes 2 65.19%

power reduction in network swit ches which are adapti ve
to changing t ra�c patt erns and automat icall y tune their
parameters to guarantee a bounded and speci� ed increase
in latency. Targeting enterpri se switches, and proposing a
novel architectu re for bu�eri ng ingresspackets using shadow
port s, their schemes produce power savings of 20 to 35%.
Authors in [23] provide similar performance � gures, by pre-
senti ng actual measurements on software routers that ex-
ploit energy features of PCs which can reduce the processing
power durin g under loaded condit ions. In our work, we go
a step furt her, by proposing a combined congestion contro l
and rate-adaptati on scheme for Internet access nodeswhich
allows to both reducepower consumpt ion and to bett er con-
t rol t ra�c o� ered by the users.

3. GREEN NETWORKING:
SCENARIO AND RATION ALES

In this sect ion, we provide real data sets to support the
need for power-adaptat ion schemes to save energy. We con-
sider a topology, a peak-hour t ra�c demand, and a tra � c
pat tern that varies following the typical day/n ight pat tern.
We then compute the energy required to run the network
at full capacity, and the saving that t he ACS scheme would
provide. Th e topology, the t ra�c demand, it s daily patt ern
and the power consumpt ion of nodes and links are deriv ed
from measurements on a real ISP topology in Italy, so that
the considered scenario is representative of the one faced by
a nat ional ISP. In the following, we detail � rst the consid-
ered scenario, present ing the topology, the tra � c patt ern
and node power requirements. We then compute the energy
consumpti on to compare theeventual energy saving theACS
scheme can provide.

3.1 Physical Topology
Th e topology considered in this work is similar to the

actual topology of an Itali an ISP. It follows a hierarchical
design, as report ed in Fig. 1, in which four levels of nodesare
present : core, backbone, metro and access nodes. The inner
level is composed by \ core nodes" (F ig. 2.a), that are densely
interconnected by 70 Gbps links. Core nodes are placed in
four cent ral Points-of-Presence (POPs) located in two cit ies.
Each cent ral POP hosts a pair of core nodes,each connected
to other core nodes by two links for failure protection. A
high-capacit y Internet peerin g router is connected to two
cent ral POPs to o�e r connectivit y to the Internet by means
of four 70 Gbps links.

At t he second level, so called \ backbone nodes" (Fig. 2.b)
are connected to the core by 8.5 Gbps links. Each backbone
node is connected to two centra l POPs. Backbone nodes
are located in large POPs, named \ chief POPs", spread in
each large city. At t he third level, \ metro nodes" (F ig. 2.c)
are present . Each metro node is dual-homed to two back-
bone nodes by 8.5 Gbps capacit y links. Metro and back-

F ig ure 1: Schemati c re pre sentati on of the consid-
ere d top olo gy.

F ig ure 2: L ink descri pti on

bone nodes are located in the same chief POP1 . The last
level of nodes is represented by the\a ccessnodes" (Fig. 2.d),
that bri ng connecti vi ty to the Digit al Subscrib er Line Ac-
cessMult iplexers (DSLA Ms) to which users are connected.
Accessnodesaggregate t ra�c from users in the same neigh-
borhood or small town. Each access node is dual-homed to
the closest pair of metro nodesby 0.75 Gbps capacit y li nks.

In this paper we consider a network composed by 372
routers: 8 core nodes, 52 backbone nodes, 52 metro nodes
and 260 access nodes. 718 links in total are present .

To model the energy consumpti on of routers and links,
we consider the speci� cat ions of real devices, as provided by
the router manufacturers. Table 1 report s the mean power
consumpti on for the di�ere nt classesof nodes2 . Each t rans-
mission line card is assumed to consume 100 Wh, as in [9].

1Noti ce that chief POPs are composed also by other ele-
ments, e.g the Network Access Servers (NASs) t hat allows
user authent icat ion. Thesedevices are not considered in this
work.
2Th ese values do not consider air condit ioning costs, which
can be of the same order of magnit ude of device power con-
sumpt ion.



Th e total power consumpt ion of network nodes and links
amounts to about 1 MW. As expected the large majorit y of
nodesare accessnodes, which support s the need for ACS to
reduce their power consumpt ion and waste.

3.2 Traf®cDemand
We now model the peak-hour t ra�c demand the user of-

fer to the network. We consider the actual t ra�c patt ern
as provided by the operator. To derive then the tra � c vol-
ume each node pair exchange, we compute the maximum
amount of t ra� c the network can support given an overpro-
visioning factor � =0 .5, which is typically used by network
operators. The access and the Internet peering nodes are
the only possible sources and destinat ions of t ra� c.

Tra� c estimates of the considered ISP show that dur-
ing peak-hour about 70% of the total t ra� c amount is ex-
changed between the Internet at large and the ISP users,
while the remaining part is exchanged uniforml y among the
ISP access nodes, i.e., 30% of t ra� c is con�n ed wit hin the
same ISP, while 70% of t ra�c is coming from and going to
other ISPs. Given N + 1 nodes, let gsd be theaverageamount
of t ra�c from node s = 0; : : : ; N to node d = 0; : : : ; N , i.e.,
f gsd g is the \p eak-hour t ra�c matri x". Let gs� =

P
d gsd

(g� d =
P

s gsd ) t he total tra � c generat ed (received) by node
s(d). Let node i = 0 be the Internet peering node. Then we
have:

8
>><

>>:

gs0 = 0:7gs� 8s
g0d = 0:7g� d 8dP N

d=1 gsd = 0:3gs� 8sP N
s=1 gsd = 0:3g� d 8d

(1)

To generate a possible t ra�c mat rix , we assume that each
link ut il izat ion cannot grow above 50% of the link capacity
as overprovisioning constraint ( � = 0:5), so that :

f ij � � C ij 8i; j (2)

where f ij is the total amount of tra � c 
 owing on link from i
to j during peak-hour, and C ij is the link capacity. For sim-
pli cit y, we assume that gsd are i.i .d. random variables, dis-
t rib uted according to a uniform distri but ion, i.e., E [gs0 ] =
E [g0d ] = 0:7 unit s of tra � c, and E [gsd ] = 0:3=N units of
t ra�c , and std[gsd ] = E [gsd ].

Th e algori thm used to derive a possible tra � c mat ri x
works as follows: we generate a random tra � c mat rix f ĝsd g;
then we route the t ra�c in the network according to a min-
imum hop path rout ing. In case of t ie, a random path is
selected among the minimum hop paths to exploit network
redundancy to balance the link load. We then compute the
total amount of t ra�c 
 owing on each link, and look for the
mostl y loaded link (i; j ) � = argmax(max ( i;j ) f ij =Cij ). We

then de� ne a scaling factor � = � C ij

f ij ; (i; j ) = (i; j ) � , and
compute the peak-hour t ra�c demand as

gsd = � ĝsd (3)

Th is guaranteesthat t he constraint of Eq.(2) holds tr ue for
all li nks and that there is at least one link whose o�ere d load
is equal to the overload bound.

3.3 PerformanceEvaluation
We consider a scenario in which t ra� c variesaccording to

the day-night pat tern observed in the real network. Top plot
of Fig. 3 reports the total o� ered t ra�c de� ned as G(t) =
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F ig ure 3: Tot al tra �c dail y patte rn (t op plo t) , and
corre spond in g power vari ati on when A CS is adop te d
(b ot tom pl ot ).

P
s;d gs;d (t). A t ime period of 24 hours corresponding to a

typical worki ng day is shown. Values are averaged over 5
minutes,and a normalizati on factor has beenapplied due to
non-disclosure agreements wit h the operator. For simplicit y,
we assume the same tra � c patt ern is a�e cting each t ra� c
demand, so that it can be expressed as:

gsd (t) = a(t)gsd (4)

being a(t) = G( t )
max( G( t )) 2 [0 : 1] the shaping function at ti me

t and gsd the t ra�c exchanged by s and d during the peak
hour.

To analyze the worst case scenario, we assume that only
the accessnodesimplement t he ACS poli cy, that is, they are
the only nodes able to adapt the power consumpt ion wit h
the load according to the proposed policy.

Given that t oday power consumpt ion of nodes is pract i-
call y constant wit h load, researchers have modeled power
consumpti on simply wit h "on-o� " model [9]. Futu re devices
instead will be able to scale their power with the load, adopt -
ing an energy-proporti onal paradigm [24], where power is
linear with the th roughput . In our work we choosethe linear
model for power consumpt ion since we target the design of
next-generat ion devices. In part icular, the ACS node power
consumpti on is modeled as a constant t erm P C plus an ad-
diti onal term P D that t akesinto account the impact of load
variati on. In other words, for a generic node i , we have:

P T O T
i = 
 P D

i

 
X

j

f ij

� C ij

!

+ (1 ! 
 )P C
i (5)


 2 [0; 1] allows to model di�e rent power saving capabili t ies.
For example, for 
 = 0, P T O T

i is constant , while for 
 = 1,
the node power consumpt ion would be direct ly proport ional
to the node load. We set P D = 1600W and P C = 400W, to
re
 ect t he impact of t ra�c on power consumpt ion, assuming
P D maximal when the amount of 
 ow is equal to the link
capacity, scaled by the overprovisioning constra int .
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3.4 Results
Th e bot tom plot of Fig. 3 shows the total power consumed

by the access nodes versus the t ime of the day. We set 
 =
0:5 for simpli city. For completeness, we report the power
consumpti on of today access network, computed assuming
no ACS is present , i.e., 
 = 0. Two considerat ions holds:
� rst , the ACS guaranteea power saving proport ional to the
overprovisioning constraint (50% in our case), which forces
t ra�c to not exceed� Cij . Second, the energy saving strict ly
foll ows the t rend of G(t), since the ACS nodes are able to
adapt t heir power to the current load. The peak power
is reduced to 260 kW , while durin g the o� peak-t ime the
total accessnode power consumpti on is less than 156 kW,
guaranteeing a reduct ion of more than 70%.

Fig. 4 detail s the ut il izat ion of li nks between access and
backbone routers, considering the peak and the o�- peak
hours. Li nks are sort ed into decreasing link uti li zati on for
easy of visualizat ion. Interestingly, durin g the peak hour
about half of the links are ut il ized for more than 30% (wit h
some of them closethe overbooking const raint ). This is due
to the dual homing poli cy, according to which two links con-
nect one accessnode to two backbone nodes. Due to single
path rout ing, tra � c is preferenti all y routed th rough only one
link, the second being used for failure protect ion, result ing
in an unbalanced t ra�c . Durin g o�- peak ti me, all li nks are
light ly ut il ized, never exceeding 20% ut ili zation, suggesting
that great savings can be achieved by the ACS mechanism.

To give more insight , Fig. 5 report s the possible power sav-
ings for di�e rent values of 
 : Power saving � is computed as
the percentage of the di� erence from the peak-hour and cur-

F ig ure 6: Scheme of th e G -ro ut er.

rent ti me power consumpti on. Th e condit ion 
 = 0 re
 ects
the situat ion in which no ACS is present , leading to a clear
waste of power. Instead, as 
 increases, the saving become
larger, reaching around 70% durin g night t ime, when ACS
guarantees maximum saving.

4. CAPACITY SCALING TECHNIQ UE
Th e analysis performed so far suggests that great sav-

ings can be achieved if the ACS mechanism is used. In
this sect ion we describe the Active Wi ndow Management
(AWM) algori thm and theEnergy-Aware servi ceRateTuner
Handling (EARTH ), which provides for ACS capabil it y in
the access nodes. AWM is an Act ive Queue Management
(AQM) mechanism the authors have int roduced in [16] and
[17] with the aim of making TCP tra nsmissions wit h no loss,
while maximizing network ut ili zat ion. When AWM works
as usual, the TC P source sending rate is driv en by AWM
in such a way that the packet arriv al rate meets the ser-
vice rate of an access bot tl eneck node and the output bu�e r
queue length stabili zes around a given tar get value. Th ere-
fore, if the output bu�e r remains empty is just because the
accessrouter service rate is higher than the packet arriv al
rate. EARTH exploit s this AWM characteristi c to detect
the minimum value of bandwidth necessary to guarantee
the maximum allowed th roughput without wasti ng energy.
More speci� cally, by implement ing the proposed mechanism
on devices wit h capacit y scaling capabili ti es, the EARTH
algori thm may invoke power management primit ives at t he
hardware level to decrease or increase the node operati onal
rate and the related performance states. Fig. 6 show how
AWM and EARTH cooperate. Let us refer to a node im-
plement ing the AWM -EARTH mechanism as Green-router
(G-router). Let us note that t he int rin sic AWM capabil it y of
stabili zing the queue length minimizes the number of hard-
ware state t ransiti ons and the related hardware performance
degradat ion. In the following we � rst shortl y int roduce the
AWM mechanism and then we describe the EARTH algo-
ri thm.

4.1 The AWM Mechanism
Th e goal of AWM is to keep the output bu�er queue

length of an access bott leneck node closeto the tar get value
to achieve no loss, while maximizing network ut il izat ion.
AWM is implemented on access nodes and interacts wit h
TC P sourceswithout requiri ng any modi� cati on to the TC P
protocol. The AWM mechanism acts on ACK packets sent
by receivers to the corresponding TCP sources. More specif-
ically, it usesthe TC P header � eld called Adverti sed Wi n-
dow (awnd) t o cont rol the tra nsmission rate of the TCP
sources. Let us recall that, according to TCP 
 ow cont rol,
the TCP receiver usesawnd to inform the sender about the



F ig ure 7: B u�e rs consid ere d in th e AW M algori th m.

number of byt es available in the receiver bu� er. Th e TCP
sender, on the other hand, t ransmit s a number of packets
given by the so-called Transmission Wi ndow (twnd), cor-
responding to the minimum value between it s Congesti on
Wi ndow (cwnd) and the last received awnd. Th e basic idea
of the AWM algori thm is to avoid lossesby forcing the awnd
value to be smaller than cwnd when the bu� er queue length
grows beyond a given tar get length , that is, when conges-
t ion is incoming but no loss has yet occurred. In this case,
the AWM gateway modi� es the awnd value in ACK packets
to cont rol the t ransmission rate of the TCP sources. By so
doing, the awnd value received by the TC P sender may be
lower than the one speci� ed by the TCP receiver and the
TC P AIMD mechanism is bypassed.

To avoid packet lossesand maximize link ut il izat ion, the
AWM algorit hm calculates the value to be inserted in the
awnd � eld in such a way that t he average queue length in
the gateway remains close to a tar get value, to be chosen
signi� cant ly smaller than the bu�er size (so as to have no
losses), and at the same ti me higher than zero (to avoid
under-ut il izat ion). To this end, based on the state of the
queue, the AWM gateway est imates the number of byt es
that it should receive from each TCP source. Hereafter we
refer to this value as the suggested window (swnd).

In Fig. 7 we focus on two generic gateway interfaces, A and
B . Let us note that, for each packet crossing an AWM gate-
way, the AWM algorit hm considers both the output bu� ers
Q( B )

O , loaded by data packets coming from TCP sources, and
Q( A )

O , queuing the corresponding ACKs. Let us stress that
the above applicabil it y condit ions occur in many relevant
cases, for example in the access gateway of the majorit y of
universit y campuses, factori es, o� ces and home networks,
that is, where small or large networks are connected to the
Internet with a single router or an Internet Service Provider
(ISP). Th e AWM gateway calculates the swnd value on the
basis of the status of Q( B )

O , and associatesthe network inter-
face ident i� er B to this value. Th is is done at each packet
arriv al and depart ure in the Q( B )

O bu� er, irrespect ive of the
TC P connecti on the packet belongs to. Henceforward ar-
ri val and depart ure events in the Q( B )

O bu� er will be called
updat ing events. Let us now indicate the swnd value associ-
ated to the network interface B as swnd( B ) . Every ti me an
ACK packet arri vesin the input bu�e r Q( B )

I , the network in-
terface identi � er B is associated to that ACK packet. Now
let us assume that t he ACK packet has to be forwarded
through the interface A. When this ACK packet leaves the
output bu�e r Q( A )

O , it s awnd value wil l be compared wit h
the current swnd( B ) : if awnd is greater than the swnd value,
the AWM gateway will overwri te the value of the awnd � eld
with swnd( B ) , and recalculate the checksum; in the opposit e
casethe awnd � eld value remains unchanged in order not to
interfere with the original TCP 
 ow contro l algori thm.
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F ig ure 8: B u�e r Queue L eng th compa ris on b et ween
AW M and D ro pT ai l (D T)

Let us stress that t his mechanism is de�n ed in such a way
that scalabil it y is not weakened. In fact , the AWM gateway
maintains one swnd value for each network interface: no
per-
 ow state memory is required, and updates are applied
to awnd in ACKs coming from a given interface, irrespective
of the part icular TCP connect ion they belong to.

Th e swnd value at t he generic updat ing event k, swndk ,
is evaluated on the basis of it s previous value 3 swndk ! 1 , by
considering two correct ive terms D Qk and D Tk :

swndk = max (swndk ! 1 + D Qk + D Tk ; M TU) (6)

Th e minimum value of the swnd is set to the Maximum
Transfer Unit (M TU) to avoid theSilly Wi ndow Syndrome [25].

Th e term D Qk in (6) is de� ned as follows:

D Qk = (qk ! 1 ! qk ) =NF (7)

where NF is an est imate of the number of active TCP 
 ows
crossing the AWM gateway. In [16] the authors have de� ned
an algorit hm which allows to estimate it. Th e term D Qk has
been de� ned as in (7) to make a posit ive cont rib uti on when
the instantaneous queue length qk is lower than it s previ-
ous value, and a negati ve cont rib ut ion in the opposite case.
In other words, the AWM gateway detects the bandwidth
availabili ty when the instantaneous queue length decreases,
and informs the TCP sources by proporti onall y increasing
the suggested window value for each of them.

When, on the cont rary, the queue length increases, the
AWM gateway infers incipient congestion and forces TCP
sources to reduce their emission rates. I f the NF TC P
sourcesreduce their t ransmission window by the term D Qk ,
the queue length will go back to the qk ! 1 value.

Th e term D Tk , on the other hand, has been int roduced
to stabil ize the queue length around a given tar get value, T .
To this end, D Tk has to make a posit ive cont rib ut ion when
the queue length is less than T , and a negat ive cont rib ut ion
in the opposit e case. For this reason we de� ne:

D Tk =
� � (tk ! tk ! 1)

NF � T
� (T ! qk ) (8)

where tk and tk ! 1 are the ti me instants of the k-th and
(k ! 1)-th updat ing events, respect ively, and � is a posi-
t ive parameter to be chosen to guarantee convergence to
the tar get. In [16] we present an analyti cal 
u id model of
3At t he start -up t ime of the gateway, or aft er a long period
during which the queue remains empty, AWM sets the init ial
value of swnd equal to one packet; this is done to dri ve
the t ransmission rate of TC P sources immediately aft er the
AWM gateway idle period.



the AWM gateway and a system stabil it y study to be used
to choose the appropriate values of � to obtain the desired
performance.

As an example of the AWM behavior, Fig. 8 compares the
evolut ion of the bu�e r queue length in an access node imple-
menti ng AWM and in an access node with DropTail bu�er
poli cy4 . As menti oned before, when AWM is implemented
in the bott leneck node, the bu� er queue length stabili zes
around the tar get value assuring zero losses and high link
ut il izat ion.

4.2 The EARTH algorithm
Th e mechanism presented so far is able to keep the out -

put bu� er queue length of the bott leneck node close to the
tar get value. On the contra ry, when the bott leneck is a node
other than the G-router, the packet arri val rate in the G-
router is lower than its service rat e, and therefore it s bu�er
empti es. Th e same event occurs in the case the user t raf-
� c is lower than the node service rate. In both cases, to
keep the queue length close to the tar get value, the AWM
algori thm t ri es to increase the TC P source sending rate by
indicati ng always increasing valuesof the suggested window.
However, the TCP sources are not allowed to increase their
sending rate because they are driv en by eit her the forward
and actual bott leneck node, or by the user t ra� c; so AWM
indicati ons do not t ake e�e ct. Th is characteristi c allows to
reveal that t he AWM service rate is higher than necessary,
that is, it is higher than the minimum value of bandwidth
necessary to guarantee the maximum allowed throughput
without wasti ng energy.

Wi th th is in mind, in this sect ion we propose a new al-
gorit hm, called Energy-Aware service Rate Tuner Handling
(EARTH). By implementi ng it on device wit h capacit y scal-
ing capabili ti es, the EARTH algorit hm may invoke power
management prim it ivesat t hehardware level to decrease/ increase
the node operati onal rate and the related performance states
step by step, unti l AWM regains the cont rol of the TCP
sending rate, that is unt il the AWM node service rate be-
comesthe minimum betweenthe source o� ered load and the
forward bott leneck capacity.

More speci� call y, we distinguish two thresholds for the
bu� er queue length, min thr esh and max thr esh, such that:

min thr esh < tar get < max thr esh: (9)

As soon as the bu� er queue length decreases under the
tar get value, the AWM algori thm indicates always increas-
ing value of swnd to increase the TCP sourcessending rate.

I f the queue length doesnot approach again the target, on
the cont rary, if it becomes lower than min thr esh indicati ng
that TCP sources are not capable to increase their sending
rate, EARTH invokes the hardware management prim iti ves
to dri ve a one-step decrease of the node operat ional rate.
After this occurrence, it may happen that the swnd value
esti mated by AWM during the previous empty bu�e r period
is too high; for this reason, aft er any decrement of the node
operat ional rate, the swnd value will be set to half of the
one esti mated before the operati onal rate decrease.

After any decrement of the operat ional rate, a t ime in-
terval � tE is needed to allow AWM for esti mat ing the new

4Simulation results are obtained for the network topology in
Fig. 10, when 10 greedy sourcesshare a capacity of 10Mb/ s.
Th e round-t rip propagat ion delay is 100ms and the bu�er
size is equal to bandwidth-delay product.

value of swnd. So the same act ions will be repeated only
if the queue length remains lower than min thr esh for the
durat ion of the above t ime interval.

f State Updateg
if (queue � min thr esh) th en

state = B uf f E M P T Y ;
else if (queue � max thr esh) th en

state = B uf f OV E RF LO W ;
else if (t ! t last action � � tPS ) th en

state = P ROB I N G;
end i f

f State Acti on Setup g
if (state == B uf f E M P T Y ) th en

if (t ! t last action � � tE ) or (last state == P ROB I N G)
th en

action = D E CRE AS E ;
swnd = last swnd=2;
last swnd = swnd;

else
action = D O N OT H I N G;

end i f
else if (state == B uf f OV E RF LO W ) th en

if (t ! t last action � � tO )
or (last state == B uf f E M P T Y ) th en

action = I N CRE ASE ;
else

action = D O N OT H I N G;
end i f

else if (state == P ROB I N G) th en
if (t ! t last action � � tP ) or (last state 6= B uf f E M P T Y )
th en

action = I N CRE ASE ;
last swnd = swnd;
swnd = swnd + pktsiz e;

else
action = D O N OT H I N G;

end i f
end i f

f State Acti on Executiong
if (action 6= D O N OT H I N G) th en

if (action == D E CRE AS E ) th en
C = C ! � C;

else if (action == I N CRE AS E ) th en
C = C + � C;

end i f
t last action = t;
last state = state ;

end i f

F ig ur e 9: Pseud o-code of th e EA RTH alg ori thm.

At t he same way, when the bu� er queue length exceeds
the tar get value, the AWM algorit hm decreases the swnd
value. If the queue length, instead of decreasing, exceeds
max thr esh, indicati ng that eit her the number of sources is
higher than those AWM can manage5 or a burst of t ra� c
is occurrin g and more bandwidth is requested, EARTH in-
vokes the hardware management prim it ives to step up the
node service rate. Also in this case, a given ti me interval
is needed to allow the system to react t o the operati onal
rate increase; so if immediately after the EARTH action,
the bu�e r suddenly empt ies or the queue length still exceeds
the max thr esh value, a new act ion wil l be considered only
aft er � tE and � tO seconds, respect ively.
5Let us remember that t he AWM algori thm does not indi-
cate values of swnd lower than 1 packet.



F ig ure 10: Th e simul ate d n et wor k to polo gy: A ccess
G ate way imp leme nts AW M- EA RTH.

When the AWM algorit hm is driv ing the TCP source
sending rate, the node service rate is fully exploit ed, and
the queue is close to the target. Unfort unately, in this case,
the AWM mechanism does not allow to detect the occur-
rence in which either the sourcesare slowly increasing their
o�e red load or a bott leneck node in the path has increased
it s available bandwidth. In both casestherefore the AWM
node is forcing a bandwidth lower than is necessary, that is,
a higher QoS could be provided to the users. To avoid this
"QoS waste", each � tP seconds after the last change of the
node operati onal rate, the EARTH algori thm invokes the
hardware prim it ives to increase the node operat ional rate:
if the bu� er empt iesagain, the algorit hm immediately steps
down the operati onal rate to the previous value; on the con-
t rary, if the bu�e r queue length stabili zes again around the
tar get value, a new operat ional rate increasing att empt is
done aft er a t ime interval � tPS < � tP .

In Fig. 9, the pseudo-code resumes the procedure exe-
cuted by the describ ed mechanism at t he generic t ime in-
stant t .

Th e technique proposedsofar usesthe AWM algori thm as
a detector that a waste of bandwidth , and then of energy, is
occurrin g; it then determi neshow to react t o this condit ion
and invokes the hardware management prim it ives to dri ve
the convenient node operati onal rate changes. However, the
design of the AWM algori thm presented in [16], assumes
that t he bu�er drains at a constant rate, whereas the im-
plementat ion of the EARTH algori thm in the AWM node,
changes the design condit ions. For this reason, some minor
revisions to the AWM algorit hm are necessary to guarantee
it works properly.

In parti cular, changes are related to the value of the �
parameter and the estimat ion of the number of 
 ows. More
speci� call y, in [16] the authors demonstrate that t he � pa-
rameter determines the speed of convergence of the bu� er
queue length to the tar get value and it s value is calculated
by taking into account t he output capacity. To meet the
designed behavior, as soon as the EARTH algori thm de-
termines any change of operat ional rat e, the value of � is
updated by mult iply ing it by the rat io between the new op-
erat ional rate value and the old one.

Analogously, the algorit hm for the estimat ion of the num-
ber of 
 ows has been designed assuming the bu�er service
rate doesnot change: if it does, this change should be taken
into account. Th erefore, to assure the correct behavior of
the AWM algori thm, the estimati on of the number of 
 ows
works as usual, but the estimated value is multi pli ed by the
rat io between the new operat ional rate value and the old
one.

5. NUMERICAL RESULTS
In th is sect ion we will show that t he EARTH algori thm,
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F ig ure 11: Case Stud y 1. (a) G- ro ute r outp ut ca-
pacit y dete r min ed b y the EA RTH algori th m - (b)
Out put Bu �e r Queue leng th in the G -rou te r.

combined with the AWM characteristi cs, is able to deter-
mine the node service rate such that it is the minimum be-
tween the source o� ered load and the forward bot tl eneck
capacity along the path. More speci� cally, AWM stabili zes
the bu� er queue length around the target when the node
is the bott leneck along the path between sources and desti-
nat ions, so allowing the EARTH algorit hm to interpret the
condit ion of empty bu� er as a signal that the current node
is wasti ng capacity and consequent ly power.

We have conducted extensive simulat ions wit h the ns-2.30
simulator [26], which we integrated wit h AWM [27] and
EARTH modules. Th e network topology used is the one
depicted in Fig. 10. Th e considered scenario is typical of
home users accessing Internet via DSL technology and send-
ing data to users located anywhere in the Internet. Th ere-
fore, for our simulat ions we consider the source down-link
rate is 20Mb/s and the up-link rate is 1Mb/s . The number
of source nodes is variable durin g each simulat ion and the
appli cati ons running on each node can generate both FTP -
like and Web-like t ra� c, so assurin g the tra � c is highly
dynamic. In part icular we modeled the web work load alter-
nat ing requests for web � les and idle t imes, wit h distri bu-
t ion and correlati on properti es of real web users [28]. More
speci� call y, we assume that short 
 ows arri ve according to
a Poisson processwith an average of 5 new web � le requests
per second, with Pareto-distrib uted � le sizes with an aver-
age of 200 packets and shape 1.35. Th e average number of
FTP -like sources is 10. Th e round-t rip propagat ion delay is
100ms. The MTU length is set to 1000 byt es. Sources use
unmodi� ed TCP NewReno. Let us observe that alt hough
we consider TC P NewReno, AWM -EARTH performanceare
not a� ected by theTC P version weuse; this is becauseAWM
by-passes the TCP cont rol mechanism, which is the key el-
ement making the di�e rence between TC P versions. The
bu� er size is set to 125packets. Th e � and tar get valuesfor
the AWM algorit hm are set to 20kB/ s and half of the bu�er
size, respect ively. The min thr esh and max thr esh param-
eters for the EARTH algorithm are set to 0 and the average
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F ig ure 12: Case Stud y 2. (a) G -ro ute r outp ut ca-
paci t y dete r min ed b y the EA RTH algori th m - (b)
Out put Bu �e r Queue leng th in the G -rou te r.

between the tar get value ethe bu� er size, respect ively. Th e
t ime intervals � tE , � tO and � tPS are all set to 10 seconds,
whereas � tP is set to 30 seconds. Th e value of � C is set to
2Mb/ s.

Let us � rst invest igate performance of the AWM-EARTH
mechanism in the case the o�e red load is lower than the
network capacit y (Case Study 1); for this reason both the
maximum available access link capacity and the capacity of
any link in Internet are initi all y large enough to be consid-
ered unlimited. Simulati on result s are shown in Fig. 11.a.
Th e dott ed line shows the th roughput achieved by the source
aggregate in over-provision condit ion that is when the net-
work capacit y is higher than the o�ere d load. Th e band-
width demand is about 10Mb/ s for the � rst 200 seconds of
simulat ion and then changes to about 15Mb/ s. Th e solid
li ne is the service rate forced by the EARTH algori thm im-
plemented in the accessnode. Durin g the � rst 40 seconds,
the EARTH algori thm increasesstep by step the service rat e
unt il i t reaches the o�ere d load. As soon as this happens,
new at tempts to increase the service rate are done every
� tP seconds but t hey immediately fails and the service rate
steps down again. This event recurs unt il the o� ered load
changes,after about 200 seconds of simulati on: at that t ime
the algorit hm detects the o� ered load change and increases
the service rat e again unti l i t reaches the o� ered load.

Fig. 11.b shows the queue length in the accessnode output
bu� er. As can be seen, every ti me the EARTH algorit hm
increases the service rate more than is necessary, the bu�er
empti esdetermi ning the failure of the last att empt . As soon
as the service rate steps down again, AWM stabili zes again
the bu�e r queue length around the tar get value. Moreover
let us note the bu�e r never over
 ows. Simulation results
presented so far demonstra te that the AWM -EARTH algo-
rit hm is able to follow the source bandwidth demand.

Let us suppose now changes in the t ra� c loading a for-
ward node occur and make that node a bott leneck along the
path between sources and desti nati ons (Case Study 2). In
such a condit ions, any value of the accessnode service rate
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F ig ure 13: Case Stud y 2. Outp ut B u� er Queue
L eng th in the I nte rn et no de wh en th e access node
(a) impl eme nt s the AWM -E A RT H m echani sm; (b)
is No t Co ntro ll ed (NC ).

higher than the available bandwidth on the bot tl eneck node
result s in a waste of resource. Fig. 12 shows the simulati on
result s obtained in the case a generic node in the Internet
path (called "Internet node" in the following) becomesa bot-
t leneck after 300 seconds of simulation. Th e Internet node
bot tl eneck conditi on �n ishes 150 seconds later, that is, af-
ter 450 seconds of simulat ion. In order to demonst rate that
AWM -EARTH always determinesthe minimum service rate
between the source o�ere d load and the bott leneck capacit y,
we expect t hat during the � rst 300 seconds of simulat ion the
servi ce rate set by the AWM -EARTH algori thm follows the
o�e red load; then for the following 150seconds, correspond-
ing to the presence of a bott leneck along the path, it foll ows
the bott leneck capacit y; �n all y it stabili zesagain around the
o�e red load.

In Fig. 12.a the servi ce rate determined by the AWM -
EARTH algorit hm in theaccessnode (solid li ne) is compared
with both the o�ere d load (dash-dott ed line) and the Inter-
net node capacity (dashed line): it is evident t hat t he AWM -
EARTH mechanism captures the requirements of adapt ing
the access node service rate as expected. Fig. 12.b shows the
queue length in the access node output bu� er. Again, ev-
ery ti me the AWM -EARTH mechanism increases the service
rate more than is necessary, the bu� er empt ies determining
the failure of the last att empt. As soon as the service rate
steps down again, AWM stabil izes the bu� er queue length
around the tar get value.

To give more insight, Fig. 13 shows the output bu� er
queue length of the Internet node when the accessnode im-
plements the AWM -EARTH algorit hm (Fig. 13.a) or when
it does not implement any energy-aware servi ce rate con-
t rol mechanism (F ig. 13.b). In the latt er case, as soon as
the Internet node available bandwidth decreases, it s output
bu� er over
 ows and remains full unt il i t s service rate be-
comes higher than the o� ered load. Th erefore, for all the
durat ion of this ti me interval many packets are lost. On the
contra ry, when the access node implements AWM -EARTH
mechanism, the Internet node output bu�er remains full and



causes losses for the very short period the AWM -EARTH
mechanism needs for capacit y adaptati on. Th e above con-
siderat ions are con� rmed by simulat ion result s: when AWM -
EARTH is implemented, the number of lost packets is about
80% lower than the not cont rolled case.

6. CONCLUSIONS
In this paper we have proposed AWM-EARTH , a new

mechanism that provides for Acti ve Capacit y Scaling capa-
bili ty the access nodesof an ISP network. Results obtained
over a realisti c ISP topology show that t he capacity scaling
technique can save up to 70% of total access network power
consumpti on during o� peak hours, i.e. more than 45% of
total network power consumpti on. Moreover, the performed
simulat ions have demonstrated that AWM -EARTH is able
to adapt the capacit y in order to meet the minimum value
between the o� ered load and the forward bott leneck capac-
it y, thus limit ing the waste of energy.

We recognize that th is work is a � rst step towards a com-
prehensive approach. As a future work, we � rst plan to bet-
ter assessthe performance of the AWM -EARTH mechanism
considering di�eren t classes of users and QoS constraints.
Moreover, we need to quant ify the energy that can be saved
with this approach. Secondly, we are interested to study a
possible real implementat ion of the proposed algorit hm, by
exploiti ng the technology present in modern PCs and mobile
devices. Finally, we will explore the possibil it y of ext ending
the AWM-EARTH mechanism also to the backbone part of
the network to furt her increase the ISP power saving.
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