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ABSTRACT

The encrey clliciency of compuler sysbems 15 an imporband
concern in a vancly ol conlexis, In dala cenlers, reducing
CoerEy use unproves operaling cosl, scalalalily, reliability,
and olher [aclors. For mobile devices, energy consumplion
dircelly allecls lunclionalily and usalality. ' We propose amd
mobivale JowleSort, an exlernal sorl benchmeark | [or evalual-
ing Lhe eneregy clliciency ol a wide range ol compuler sysboms
[ronn clusters Lo hamdhbelds, We st Lhe crnileria, challenges,
amd pitlalls [rom our expenence in erealing a [air enerpy-
clheiency benchmark. Using a commercial sorl, we doemon-
slrale a JouleSorl sysbem Lhal s over 3.5x as energy-elheienl
a5 last year’s eslimaled winner., This system 13 gquile diller-
el [rom Lhose currenlly used o dala cenlers. 1L consists of
a commadily mobile CIPU and 13 laplop doves, conneclod
by server-style 1/ inlerlaoes.

Categories and Subject Descriptors

H. 2.4 [Information Systems]: Dalabase Managemenl
Sysloms

General Terms

Design, Expenmentation, Measurcment, Poerlormance
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Benchmark, BEncrpy-Elhiciency, Power, Servers, Sorl

1. INTRODUCTION

In conbexls ranging Irom lanre-scale dala conlers Lo mobile
devices, enerpy use in compuler syslems B oan imporlbant
CONOCTIL.

In dala cenler environmenls, encrgy ellicicncy allecls a
number of [actors. Firsh, power and cooling cosls are sigmli-
canl components of operational and up-Ironl costs. Today, a
Lypucal dala center wilth 1) racks, consuming IOMW Lotal
power, cosks $TM Lo power and $4-838M Lo cool per yvear, wilh
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$2-54M of up-lront cosls [or cooling cquipment [28]. These
cosls vary depending upon Lhe mstallation, bal Lhey are
srowing rapidly amd have Lhe polential cvenlually Lo oulsinp
Lhe: cost of hardware [2]. Second, energy use has implicalions
[or densily, rehability, and scalabulily. As dala cenlers house
more servers amnd consume more cnergy, removing heal [rom
Lhe dala center becomes inercasingly dillicult [27]. Since
Lhe reliability of servers and disks decreases wilh inereased
Lemperalure, Lhe power consumplion of servers amnd olher
componenls limils Lhe achievable densily, which i Lurn lime-
ils scalalnlity. Third, encrgy use in dala conlers 15 starling
Lo prompl. covironmental conocrns of pollution amd excessive
load placed on local utilities [28]. Encrpy-relaled concerns
are severe cnough Lhal companics ke Goozle ane starting Lo
build data cenbers close Lo electre plants 1o cold-wealher cli-
males [24]. All these concerns have led Lo improvements in
cooling infrastructure and in server power consumplion [28]

For mobile devices, ballery capacily and enerpy use di-
reclly allect wsability. Ballery capacily delermines how long
devices last, constrains lorm [acltors, amnd hmilts [unclional-
iby. Since ballery capacily B hmiled and improving slowly,
device archilecls have concenlraled on extracling grealer
cnergy clhoiency [rom Lthe underlying components, such as
Lhe processor, Lthe display, and Lthe wircless subsysloms o
isolation [20, 29, 31].

To drove encrey-clhicicney improvements, we neod bench-
marks Lo assess Lhor ollectivencss, Unfortunately, Lhere has
been no [ocus on a complele benchmark, including o work-
load, metric, amnd purdelines, o gaupe Lhe elhicacy of cneregy
oplimpzalons [rom a whole-sysbem perspeclive. Some cllorls
are umder way Lo cstablish benchmarks [or enerpy clhciency
in data centers [33, 35] bul are incomplete. (Other work has
cmphasvacd melnes such as Lhe encrgy-delay productl or per-
[ormance per Wall Lo caplure energy clhciency [or prooes-
sors [13, 21, 27] amd servers [34] withoul lixing a workload .
Morcover, while pasl cinphasis on processor energy clhoiency
has led W immprovements in overall power consumplion, Lhere
has been littke [ocus on the [/0 subsystem, which plays a
signilicant role in Lolal syslem power [or many inportant
workloads and svslbems.

In thiz papor, we propose JouleSorl as a holistic bench-
mark Lo drive Lhe design of encrpy-clhoient systems. Joale-
Sorl uses Lhe same workload as Lhe olber exbernal sorl bench-
marks [1, 17, 25], bul ils melric incorporales Lotal enengy,
which 15 a combination of power consumplion and perlor-
mance. The benchmark can be summariecd as [ollows:

o Sorl a hxed oumber of randomly permuted 100-byle
records wilth 10-byle keys.



# The sorl must start wilh inpul in a hile on non-volatile
slore and hmsh wilth oulpul in a ke on non-volalile
slore.

e There are Lhree scale calegories for JouleSorl: 107 (-~

I0CGB), 107 (~ 100GB), and 10" (~ I'TB) records

o The winner in cach calegory 15 Lhe system wilh Lhe
mmnmum Lolal energy use.

We choose sorl as Lhe workload [or Lhe same basic rea-
son Lhal Lthe Terabyle Sorl, MinulcSorl, PennyvSorl, and
Performance-price Sork benchmarks do [16, 17, 25): il is
simple W stale and balances system component use.  Sorl
stresses all core componenls of a sysbem: memory, CIPLUL
and 1/0). Sorl also exercises Lhe O85 and Llesystem. Sorl is
a portable workload; il 15 applicable Lo a vanely of systoms
[rom mobile deviees Lo lanse server conlipuralions. Anolher
nalural reason [or choosing sort i Lhal il represenls seguen-
Lial 1/0) tasks in data management workloads.

JouleSorl 15 an 1L/O-centric benchmark Lhal measures Lhe
cnergy clhiciency ol systems al peak wse. Like previoos sorl
benchmearks, one of 1ls poals 15 Lo sange Lhe end-Lo-cnd ef-
[eccliveness of mnprovements in system components. To do
=0, JouleSort allows us Lo compare Lhe coergy clhiciencies
of a varicly of disparale system conlipurabions. Because ol
Lhe simpheily and portalnlity of sorl, previous sorl bench-
marks have been lechnolopy Lrend bellwelhers, [or example,
[orcshadowing Lhe Lransition [rom supercompulers Lo clus-
Lers. cumilarly, an important purpose of JouleSort 15 Lo charl
past Lrends and gain imsight inlo lulure trends i eneregy el-
hciency.

Bevond Lhe benchmark delinilion, our main conlribulions
are bwolold. Fist, we molivale amd descnibe pitfalls sor-
rounding Lhe creation of a [air encrgy-clhiciency benchmark.
We justily our [airest lormulaton, which includes Lhree scale
[actors Lhal correspond nalurally Lo Lhe dominanl classes
of systoms lound Loday: mobile, desklop, and server. Al
Lhough we support both Daylona (commercially supported)
and Indy (“no-holds-barred™) calegories for cach scale, we
comenlrale on Daylona syslems in Lhis paper. Scoomd, we
preseonl Lhe winmng 100G B JouleSort system Lthal s over
A.5x more eflicient (~ 11300 Sortedllecs/Joule [or 1000B)
Lhan last year’s estimaled winner (~ 3200 SortedRecs fJoule
for 550:8). This system shows Lthal a [ocus on energy elli-
ciency leads Lo a unigue conlipuration Lthal s hard Lo lind

proe-assembled.  Our winner balances o low-power, mobile
processor wilth numerous laplop disks connecled via server-

class PCl-e /0 cands and uses a commercial sorl, NSorl [26].

The rest of Lthe paper 15 orsamzed as [ollows, In Seclion 2,
w cshimale Lhe encrgy elhoacncy ol past sort benchmark
winners, which suppests Lhal existing sorl. benchmarks can-
nol serve as surropEales [or an enerpy-clhiciency benchmark.
ageclion 3 detanls Lhe entena amnd challenges in desipning
Jouleborl and lsls issucs and puidelines [or proper encrey
measurcment.  In Scclion 4, we measure Lhe cnergy  oon-
sumplion of unbalanced and balanced systems Lo modivale
our chowees 1n designing our winning syslem. The balanced
system shows Lhal the /() subsystem is a signilicant parl. of
Lotal power.

aoclion 5 provides an in—deplh study of our HINGB Joole-
Sorl sysbem using NSorl [26]. In particular, we show Lhat
Lhe most encrpy-clhicient, cost-clleclive, and best-performing
conlipuralion [or Lhis sysbem 15 when Lhe sort s CPU-bound.
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Figure 1: Estimated energy-elliciency ol previous
winners ol sort benchmarks.

We also lind thal bolh Lhe chowee of lesvslem amnd in-memory
sorling algonthm allecl ecnergy clhiciency. Secbtion 6 discusses
Lhe relatad work, and Section 7 presents lmilations amd [o-
Lure direclions.

2. HISTORICAL TRENDS

In Lhis scclion, we scck W understamd i any of Lhe exist-
ing sorl benchmarks can serve as a surrogale [or an cnergy-
clhowency benchmark. To do s0, we irst estimmale Lhe Sorl-
edlilecsfloule ralio, a measure of cnergy ellicieney, of Lhe
pasl decade’s sorl benchmark winners., This analysis roveals
Lhat Lthe encrpy clliciency ol systems designed [or pure por-
formance (ic. MinuleSort, Terabyle Sort, and Dalamation
winoers) has improved slowly. Morcover, systems designed
for price-performance (i.e. PennySorl winners) are compar-
alively more cnereyv-cllicient, and Lheir energy elliciency 15
srowing rapudly. However, since our 100G E JouleSorl sys-
Lem’s energy clhiciency 15 well boeyomd whal gprowlh rales
would predicl for Lhas year’s Pennysorl, winner, we conclude
Lhal existing: sorl benchmarks do nol inherenbly provide an
incentive Lo oplimize [or energy clliciency, supporting Lhe
need [or JouleSorl.

2.1 Methodology

Figure 1 shows Lhe estimaled Sorted Rees (oule metric for
Lhe past sorl benchmark winners since 1997, We compule

Lhese melries [nom Lhe published perlormance records and
our own cslimales of power consumplion Sinee Coergy usce
was nol reported. We obtam the performance records and
hardware conhipuration inlormation [rom Lhe Sorl Bench-
mark welsile and Lhe winners” poslbed reports [16].

We eslimale tolal encrgy during system use wilh a straighl
[orward approach [rom Lhe power-management. commuonily.
Sinee CIPU, memory, amd disk are usually Lhe main power-
consuming syslem components, we use mndividoal estimales
of Lhese o compule Lolal power. or memory and disks,
we use Lhe HI* Enterprise Conligurator [19] power caleu-
lator Lo yield a hxed power of 1AW per disk and 4W per
DMMM. Some of Lthe sorl benchmark reporls only menlion
Lobal memory capacily amd nol Lthe number of DIMMS; in
Lhose cases, we assume a DIMM size appropriale Lo Lhe cra
of Lhe report. The maximum power specs [or C1PUs, usually



guoled as thermal design power (TD1Y), are much higher
Lhan the peak numbers scen in commaon use; Lhus, we derale
Lhese power ralings by a 0.7 [actor. Although a bil oon-
servalive, Lhes approach allows reasonable approximalions
[or a vancly ol systems. When uncerlain, we assame Lhe
newesl possible peneration of Lhe reported processor as ol
Lthe sorl benchmark record becawse a given CPUs power
consumplion mnproves wilh shrinking [calure sizes. Finally,
Lo accounl [or power supplics inelhoacencies, which can vary
widely [3, 5], and olher components, we scale Lotal sysbem
power derived [rom component-level estimales by 1.2 lor
single-node systems. We use a higher [actor, 1.6, lor clusters
Loy account [or additional components, such as nelworking,
managemenl bardware, and redundant power supplics.
COur power cslimales are inlended Lo illomimate coarse his-
Loncal brends and are accurale enough Lo supporl Lhe hogeh-
level conclusions in Lhis section. We expernimentally  vali-
daled Lhis approach agaanst some server and desklop-class
syslems, amd ils accuracy was belween 2% amd 25%.

2.2  Analysis

Although previons sorl benchmark winners were nol oon-
[igured wilh power consumplion i mind, Lhey roughly re-
[lect Lhe power characlteristics of deskLop and higher-end sys-
Lems in Lherr day. Thuos, Irom Lhe dala in Figare 1, we can in-
[er qualitalive informalion aboul Lthe relalive mprovements
in perlormance, prnioe-performance, amnd cnerey elliciency in
Lthe last decade. Figure | compares Lhe cnerey elliciency of
previous sorl winners using Lhe SortedRecs Moule ralio amd
supporls Lhe [ollowing observalions.

ayvslems oplimiecd [or price-perlormance, e PennySortl
winners, clearly are more energy-clhcient Lhan Lthe olhor sorl
benchmark winners, which were oplimeed [or pure perlor-
mance.  There are lwo reasons [or Lhs ellect.  Pirst, Lhe
price-performance mebric molivales system designers Lo use
[ewer components, amd Lhus bess power. Secomd, il provides
imcenlive Lo use cheaper, commodily componenls which, lor
a given perlormance poinl, traditionally bave used less en-
crgy Lhan expensive, high-performance componenls.

The encrgy clhciecncy ol cosl-conscious syslems has -
proved [aster Lhan Lhal of perlormance-oplimpsed sysbems,
which have hardly improved. (Olhers have also observed a
lat encrgy-clliciency Lremd for cluster hardware [2]. Much of
Lhe growlh in Lhe PennySorl curve 15 [rom Lhe last bwo Indy
winners, which have made larpe leaps in encregy elliciency.
In 2005, alporithmic improvements and a minimal hardweare
condipurabion played a role in s improvement, bul most
mporlantly, CPPU design bremds had nally swounge Loward
cocrgy clhiciency., The processor used in Lhe 2000 PennvSorl
winner has 6x Lhe clock [requency of ils immediale prede-
cessor, while only consuming 2x Lhe power.  (Owverall, Lhe
2005 sorl had 3x beller perlormance Lhan Lhe previoas dala
poinl, while using 2x Lhe power. The 2006 PennySorl. win-
ner, GPUTeraSorl, inereased cnergy clhciency by inbrodoc-
g a new system componeol, Lhe graphics processing anil
(GPU), and wiilizing it very ellfectively. The chosen GIPU is
inexpensive and comparable in power consumplion (57TW) Lo
the CIPU (B0W), bul it provides beller streaming memory
bandwidth than the CLIPLUL

This lalest winner, in parbicular, shows Lhe danger of rely-
g on energy benchmarks Lhal [ocus only on spocilic hand-
ware like CDPU or disks, ralher Lthan end-to-cod elliciency.
Such specilic benchmarks would only doive amd Ctrack -

Benchmark SRecs/sec | SHecs /8 | SRecs/.
I*ennySort alYsa/yr. 0770/ ¥rI. 24% yr.
Minuie, Terabyle,

and Datamalion 37% [yr. nfa 12% /yr.

Table 1: This table shows the estimated yearly
srowlh in pure perflormance, price-perlormance,
and energy elliciency ol past winners.

provements of existing lechoologies and may [al Lo anlics-
pale Lhe use of polenbially dsrplive Llechoologies.

Since price-perlormance winners are more energy-clhcient,
w nexl examine whoelher Lhe most cost-ellective sorl imphes
Lhe best achievable energy-clhicient sorl. To do so, we hirst
eslimale Lhe growlh rale of sort winners along multiple di-
moensions. Table 1 shows Lhe growlh rale ol past sorl bench-

mark winners along Lthree dimensions: performance (Sorl-
edlitecs fsec), price-performance (SortedRecs /§), and energy

ellicicncy (Sorted Recs (Joule). We separate Lthe growlh rales
il bwo calegories based on Lhe benchmark’s oplimizalion
soal: price- or pure perflormance, since Lhe #=oal dnves Lhe
syslem design. For cach calepgory, we caleulale Lhe prowlh
rale as [ollows. We choose Lhe best sysiem (acconding Lo Lhe
melric) in each year amd [it Lthe resull wilth an exponential_
Table 1 shows Lhal PennySorl sysbems are unproving al-
most al Lhe pace of Moore’s Law along Lhe perlormance and
price-performance dimensions. The pure perlormanoe sys-
Lems, however, are unproving omch more slowly, as nolod
clsewhere [16].

More importantly, our analysis shows much slower esl-
maled prowlh in eocrgy elhiciency Lthan mm Lhe olher bwo
moelres [or bolth benchmark calesorncs. Given lasth year's
estimaled PennySort winner provides ~ 3200 SRecs /., our
current JouleSorl winner at ~ 11300 SRecs/.) s nearly 3x
Lhe expected value of ~ 4000 SRecs/] for this year. This
resull suppests Lhalt we neod a benchmark [oowscd on en-
crey clliciency Lo promole development o Lhe most cnergy-
clhcwent sorting systems and allow [or dsruplive lechnolosies
in encrey clhicicncy irrespecltive of oost.

3. BENCHMARK DESIGN

In Lhis seclion, we detal Lthe crniltena and challenges o doe-
signing an cnergy-clhoiency benchmark., We descnibe some
ol Lhe pullalls of our mibial specilicalions amd how Lhe bench-
mark has evolved. We also specilly rules ol the benchmark
wilh respect Lo bolh workload amd encrsy measourement.

3.1 Criteria

Althoungh past studics have proposed energy-ellicicncy met
rics [13, 21, 34, 27] or power measurcment Lechnigues [9],
none provide a complete benchmark: a workload, a melne

of companson, and rules lor runmng Lhe workload and moea-
suring cnergy consumplion. Morcover, Lhese stodies Lrads-

Lionally have [ocused on comparnng existing syslbems ralher
Lhan provuding msighl inbo lubure lechnology bremnds. We sel
oul Lo desipn an energy-oricnbed benchmeark Chal addresses
Lhese drawbacks with Lhe erileria below o mind.  While
achicving all Lhese erntena simultancously 15 hard, we sbrive
Lo encompass Lhem as much as possible.

Energy-elliciency: The benchmeark should measare a sys-
Lem’s “hang [or the buck,” where bang 15 work done and
Lhe cost reflecls some measure of power use, ¢, average



