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ABSTRACT

Server [arms loday consume more Lthan 1.5% of the total
cleciricily in Lthe ULS. al a cosi of nearly 34.5 billion. Given
Lhe rising cost of encrgy, many industrics are now secking
solutions lor how Lo best make use of Lheir available power.
An important guestion which arises in Lthis conlext is frow
Lo distribule available power among servers in a server farm
s0 as lo gel marimum performance.

By giving more power Lo a server, one can gel higher server
frequency (speed). Hence it is commonly believed Lhat, for
a given power budgel, performance can be maximized by
operaling servers al Lheir highest power levels.  Howewer,
il is also conceivable thal one might prefer Lo run servers
al their lowest power levels, which allows more servers Lo be
turned on for a given power budget. To lully understand Lhe
cllect of power allocation on performance in a server [arm
with a lixed power budgel, we inlroduce a quencing Lheo-
relic model, which allows us Lo predict the oplimal power
allocation in a variely ol scenarios. Resulis are verilied via
cxtensive experiments on an IBM BladeCentor.

We find that Lthe opliimal power allocation varies lor diller-
cnl scenarios. In particular, il is nol always oplimal Lo run
servers al Lheir maximum power levels. There are scenar-
ios where il might be oplimal Lo run servers at Ltheir lowesi
power levels or al some intermediale power levels. Our anal-
ysis shows Lhal Lhe oplimal power allocation is non-obwvious
and depends on many [actors such as the power-Lo-Irequency
relationship in Lthe processors, Lhe arrival rale of jobs, the
maximum server [requency, Lhe lowesi attainable server [re-
quency and the server [arm configuration. Furlhermore, our
Ltheorelical model allows us Lo explore more general sellings
than we can implement, including arbitrarily large server
[arms and dillerenl power-Lo-frequency curves. Imporiandly,
we show Lhal the oplimal power allocalion can signilicandly
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improve server [arm performance, by a [actor of Lypically
1.4 and as much as a [actor of 5§ in some cases.

Categories and Subject Descriptors

C.A [Performance of Systems|: Modeling technigques

(reneral Terms

Theory, Experimentation, Measurement, Perlormance

1. INTRODUCTION

Servers Lloday consume len Limes more power Lhan Lhey
did ien years ago [3, 21]. Recenl articles cslimale Lthal a
JO0W high performance server requires more than 3330 of
energy cosl per year [24]. Given the large number of servers
in use today, Lthe worldwide expenditure on enlerprise power
and cooling of Lthese servers is cslimated Lo be in excess of
330 billion [21].

Power consumplion is parlicularly pronounced in CPU
inlensive server j'unr.s.'-.' compostd of Llens lo Lthousands of
servers, all sharing workload and power supply. We consider
server [arms where cach incoming job can be routed Lo any
server, i, il has no allinity for a parlicular server.

Server [arms usually have a lixed peak power budgel. This
is because large power consumers operaling server [arms are
ofiten billed by power supplicrs, in parl, based on Ltheir peak
power requircments. The peak power budgel of a server
[arm also delermines ils cooling and power delivery inlras-
Ltructure cosls. Hence, companics are inlercsted in maxi-
mizing Lhe perlormance al a server larm given a lixed peak
power budgel [4, 8, 9, 21].

The power allocation problem we consider is: how Lo dis-
[ribule available power among servers in a server form so
s Lo minimize mean response lime. Bvery server running a
given workload has a minimum level of power consumplion,
b, needed Lo operate Lthe processor al Lhe lowest allowable
[requency and a maximum level of power consumption, o,
needed Lo operale Lhe processor al Lthe highest allowable fre-
quency. By varying Lhe power allocailed Lo a server wilhin
Lhe range of b Lo ¢ Walls, one can proporiionalely vary Lhe
server [requency (Sce Fig. 2). Hence, one might expect Lhat
running servers al their highesit power levels of ¢ Waills,
which we refer Lo as PowMazx, is Lhe oplimal power allocation
scheme Lo minimize response Lime. Sinoe we are constrained
by a power budgei, Lhere are only a limited number of servers
Lhal we can operate at Lthe highest power level. The rest of



Lhe servers remain turned ofl. Thos PowMax corresponds Lo
having few fast servers. In sharp conlrast is PowMin, which
we deline as operaling servers al their lowest power levels of
b Walls. Since we spend less power on ecach server, PowMin
corresponds Lo having many slow servers. O course Lthere
might be scenarios where we neilher operale our servers al
Lhe highest power levels nor al Lthe lowest power levels, but
we operate Lhem al some inlermediate power levels. We
refer Lo such power allocation schemes as PowMed.

Understanding power allocalion in a server [arm is inlrin-
sically dillicult for many reasons: Pirsl, there is no single
allocation scheme which is oplimal in all scenarios. For ex-
ample, it s commonly belicved that PowMax is Lthe oplimal
power allocalion scheme [1, 7). However, as we show later,
PowMin and PowMed can sometimes oulperform PowMax
by almosi a [actor of 1.5. Second, it turns oul lhal the
oplimal power allocation depends on a very long lisi of ex-
Lernal [actors, such as Lthe oulside arrival rate, whelther an
open or closed workload conliguration is used, Lthe power-
Lo-lrequency relationship (how power itranslabes Lo server
[requency) inherent in ihe techoology, the minimum power
consumption of a server (b Walls), the maximum power that
a server can use (¢ Walls), and many other factors. 1L is sim-
ply impossible Lo examine all Lhese [aclors via experimenis.

To fully undersiand ihe eflect of power allocation on mean
response lime in a server farm wilth a lixed power budged,
we iniroduce a quencing theorelic model, which allows us Lo
predicl Lhe oplimal power allocation in a variely of scenarios.
We Lthen verily our resulis via extensive experimenis on an
IBEM BladeCenter.

Prior work in power managemeni has been motivaled by
Lhe idea of managing power al Lhe global dala cenler level [B,
)| raither than ai ithe more localized single-server level.
While power management in server [arms often deals with
various issues such as reducing cooling, cosls, minimizing idle
power waslage and minimizing average power consumplion,
we are more inleresied in the problem of allocating peak
power among servers in a server [arm Lo maximise perfor-
mance. Notable prior work dealing wilth peak power alloca-
Ltion in a server farm includes Raghavendra et al. [21], Femal
el al. [10] and Chase o al. [5] among olthers. Raghavendra
el al. [21] present a power management solution thal co-
ordinates dillerent individual approaches Lo simullancously
minimize average power, peak power and idle power waslage.
Femal el al. [10] allocale peak power so as Lo maximize
thronghput in a dala cenler while simuliancously attempt-
ing Lo salisly cerlain operaling consbrainis such as load-
balancing Lthe available power among the servers. Chase el
al. [5] present an anclion-based archilecture or improving
the energy elliciency of dala centers while achieving some
quality-ol-scrvice specilications. We diller from Lthe above
work in Lhal we specilically deal with minimizing mean re-
sponse Lime [or a given peak power budgel and understand-
ing all Lthe [actors Lhal allect il

Our contributions
As we have sialed, Lthe oplimal power allocation scheme
depends on many [actors. Perhaps ihe most imporiant of
Lhese is the specilic relationship between the power allocated
Lo a server and ils [requency (speed), hencelorih referred
o as Lhe power-lo-frequency relalionship. There are sev-
eral mechanisms within processors Lhatl control Lthe power-
Lo-lrequency relationship.  These can be calegorized inlo
DFS (Dynamic Frequency Scaling), DVFS (Dynamic Voli-

age and Frequency Scaling) and DVFS+DEFS. Section 2 dis-
cusses Lhese mechanisms in more detail.  The [inctional
[orm of the |nmrtrr-1.u—rn’:=|||lmu‘.}r relationship for a server de-
pends on many f[acltors such as the workload used, maxi-
mum Server power, maximum server lrequency and Lhe voll-
age and [requency scaling mechanism used [(DFS, DVFS
or DVF5+DFS). Unlortunately, the lunclional form of Lhe
server level power-lo-lrequency relationship is only recently
beginning Lo be studied (See the 2008 papers |21, 25]) and is
slill nol well understood. Our lirst contribution is Lhe inves-
Ligation of how power allocalion allecis server [requency in a
single server using DFS, DVFS, and DVF5+DFS [or various
workloads. In particular, in Secltion 3 we derive a lunclional
[orm for Lthe power-lo-lrequency relationship based on our
measured values [(See Figs. 2(a) and (b)).

Our second conlribution is the development of a guence-
ing Ltheoreiic model which predicis the mean response Lime
[or a server farm as a linction of many [aclors including
Lhe power-lo-lrequency relationship, arrival rale, peak power
budget, ete. The gueneing model also allows us Lo determine
Lhe oplimal power allocation [or every possible conliguration
of Lhe above [aclors (See Seclion 4).

Cur Lhird contribution is Lthe experimental implementa-
Ltion of our schemes, PowMax, PowMin, and PowMed, on
an IBM BladeCenter, and the measurement of their response
Lime for various workloads and voltage and [requency scal-
ing mechanisms (See Seclions 5 and 6). Imporianily, our
experiments show Lthal using Lhe oplimal power allocation
scheme can signilicantly reduce mean response Lime, some-
Limes by as much as a [actor of 5. To be more concrele, we
show a subsel of our resulls in Fig. 1, which assumes a CI'U
bound workload in an open loop seliing. Fig. 1{a) depicts
one possible scenario using DFS where PowMax is oplimal.
By contrasi, Fig. 1{b) depicls a scenario using DVFS where
PowMin is oplimal [or high arrival rates. Lasily, Fig. 1(c)
depicls a scenario using DVFS+DFS where PowMed is op-
Limal [or high arrival rates.

We experiment wilth diflferent workloads. While Section 5
presenlts experimental resulits for a CIPU bound workload,
LINPACK, Secltion 6 repeals all the experiments under the
STHREAM memory bound workload, the WebBench web work-
load, and olher workloads. In all cases, experimental resulis
arc in excellent agreement with our theorelical prediclions.
Seclion 7 summarizes our work. Finally, Section 8 discusses
[uture applications of our model Lo more complex siluations
such as workloads wilth varying arrival rales, servers wilth
idle {low power) stales and power management al Lhe sub-
syslom level, such as the slorage Hlllhﬁy:ilir:u-

2. EXPERIMENTAL FRAMEWORK
2.1 Experimental setup

Our experimental setup consists of a server farm with up
Lo [ourieen IBM BladeCenter H521 blade servers [ealuring
Lwo 3.0 GHz dual-core Intel Wooderest, Xeon processors and
1 GB memory per blade, all residing in a single chassis. We
installed and conligured Apache as an applicalion server on
ecach of the blade servers Lo process transaclional requests.
To generate HT'TT requesis [or Lhe Apache web servers, we
employ an addilional blade server on Lhe same chassis as
Lhe workload generator Lo reduce Lhe ellects of neiwork la-
lency. The workload generalor uses the web server perlor-
mance benchmarking tool httperf [19] in the open server
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Figure 1: Subsel of our resulls, showing that no single power allocalion scheme is oplimal. Fig.(a) depicts
a scenario using DFS where PowMaz is oplimal. Fig.(b) depicls a seenario using DVFS where PowMin is
oplimal al high arrival rales whereas PowMax is oplimal al low arrival rates. Fig. (c) depicls a scenario using
DVFS+ DFS where PowMed is optimal at high arrival rates whereas PowMazx is optimal at low arvival rates.

[arm conliguralion and wbox [23] in Lhe closed server [arm
confliguration. We modificd and extended httperf and wbox
Lo allow [or multiple servers and Lo specily the routling prob-
abilily among Lhe servers. We measure and allocale power o
Lhe servers using IBM's Amester sollware. Amesier, along
wilh additional scripts, collecis all relevant data for our ex-
periments.

2.2  Voltage and frequency scaling mechanisms

Processors Loday are commonly equipped with mecha-
nisms Lo reduce power consumplion al the expense of re-
duced server [requency. Common examples of Lhese mecha-
nisms are Intel’s SpecdStep Technology and AMDs Cool *n’
Cuict Technology, The power-to-frequency  relationship in
such servers depends on the specilic voltage and [requency
scaling mechanism uscd. Most mechanisms [all under Lhe
[ollowing Lhree calegories:

Dynamic Frequency Scaling (DFS) a.k.a. Clock
Throttling or T-states is a Lechnigue Lo manage power
by running the processor at a less-Lhan-maximum clock [re-
quency. Under DFS, the Intel’'s 3.0 GHz Wooderest, Xeon
processors we use allow [or B operaling poinis which corre-
spond Lo ellective requencies of 12.5%, 250%, 37.5%, H0%,
62.0%, Th%, B87.0%, and 100% of the maximum server [re-
(UEency.

Dynamic Volitage and Frequency Scaling (DVEFS)
a.k.a. P-states is a more ellicient power-savings mech-
anism iLhai reduces server [requency by reducing Lhe pro-
cessor vollage and [requency. Under DVFS, our processors
allow for 4 operaling poinis which correspond Lo eflective
requencies of G66.6%, T7.7%, 88.9%., and 100% of the maxi-
i server [requency.

DVFS4DFS allempis Lo leverage both DVFS, and DFS
by applying DFS on Lthe lowest perlormance siale available
in DVFS. Under DVFS54+DFES, our processors allow lor 11
operating poinls which correspond Lo ellecltive [requencies
of 8.3%, 16.5%, 257, 33.3%, 41.6%, H.0%, H&.3%, 66.65%,
TT.7%, B8.9%, and 100% of the maximum server [requency.

2.3 Power consumption within a single server

When allocaling power Lo a server, Lhere is a minimum
level of power consumptlion (b) necded Lo operate Lthe proces-
sor al Lhe lowest allowable requency and a maximum level
of power consumplion (¢) needed o operale the processor
al Lthe highest allowable [requency (O course the specilic
values of b and ¢ depend on Lhe application thal Lhe server
is running). Formally, we deline the [ollowing nolation:
Baseline power: b Watts The minimum power consumed
by a [ully-utilized server over Lhe allowable range of prooes-
sor lrequency.

Speed at baseline: s; Hertz The specd (or [requency ) of
a lully utilized server running at b Walts.

Maximum power: ¢ Watts The maximum power con-
sumed by a lully-ulilieed server over the allowable range of
processor [reguency.

Speed at maximum power: s. Hertz The specd (or [re-
quency ) of a lully uiilized server running at ¢ Walis,

3. POWER-TO-FREQUENCY

An integral parl of delermining the oplimal power allo-
calion is Lo undersiand the power-Lo-Irequency relationship.
This relationship dilfers for DFS, DVFS, and DVFS+DFES,
and also dilfers based on Lhe workload in use. Unloriunalely,
Lhe lunclional form of Lthe power-lo-frequency relationship is
nol. well studied in the literature. The servers we use sup-
pori all Lthree voltage and [requency scaling mechanisms and
Lherefore can be used Lo study the power-lo-lrequency  rela-
Lionships. In this seclion, we present our measurements de-
picted in Figs. 2(a) and (b) showing Lhe lunctional relation-
ship between power allocaled Lo a server and its [requency
[or ithe LINPACK [13] workload. We generalize Lhe Tunc-
Lional form of Lthe power-lo-[requency relationship Lo olher
workloads in Section 6 (See Figs. B and 10). Throughoui we
assume a homogeneous server [arm.

We use Lhe Leols developed in [17] Lo limit Lthe maxi-
mum power allocaled Lo each server. Limiling Lthe maximum
power allocated Lo a server is usoally relerred Lo as capping
Lhe power allocated Lo a server. We run LINPACK. jobs



