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Abstract—Minimizing the enemy cost and improving ther-
mal performance of power-limited datacenters, deploying large
computing clusters, are the key issuestowards optimizing their
computing resourcesand maximally exploiting the computation
capabilities. In this paper, we develop a unique merger between
the physical infrastructur e and resource managementfunctions
of a cluster management system to take a holistic view of
datacenter management, and make global (at the level of a
datacenter) thermal-aware job scheduling decisions.A software
architecture is presentedin this regard and implemented in a
fully operational computational cluster in the ASU datacenter
The proposedarchitecture develops a feedback-contmol loop, by
combining information from ambient and on-board sensorswith
the nodeallocation and job schedulingmechanismsfor managing
the systemload depending on the thermal distrib ution in the
datacenter

|. INTRODUCTION

Computing clusters are increasingly deployed in current
datacenterfimited by power andthermalcapacity To achieve
higher computationcapability these datacentersare densely
populatedwith computingseners. This resultsin high heat
densityin the datacenterproducingpotential hotspots.As a
result the reliability and longevity of the computingseners
is affecteddue to overheating,increasingpossibledowntime
of the system.The currenttrend in datacenterso address
this problemis to increasethe cooling capacity of the dat-
acenterstaking into accountthe worst casescenarios.This,
althoughsolvesthe problem,givesrise to highercooling cost
which producesalmost half of the total operationalcost of
the datacenterTherefore,a dynamic thermal-avare control
architectureis necessaryfor online thermal evaluation that
can achieve a trade-of betweentheseextremes.One of the
major goalsin this respecthereforeis to answerthe following
guestion:”"Given limited power and cooling capacitiesin a
datacenterhow can a combinationof ambientand on-board
sensorsand job schedulingmanagethe systemload in sucha
way asto maximizethroughput?”

To this effect, we presenta software architecturewhich
combinesinformation from ambient and on-board sensors
with resourcemanagemenfunctionsof a clustermanagement
systemto take a holistic view of datacentermanagement,
and make global (at the level of a datacenter)thermal-
awarejob schedulingdecisions We implementedhis thermal
awareschedulingarchitecturaen afully operationacomputing
clusterin the ASU datacenteq1] with a total of 4 racks,
5 chassisin eachrack, and 10 Dell PonverEdge1855 blade
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seners containing Intel 64-bit dual-processoiXeon EM64T
CPUsin eachchassis.

A typical datacenteis laid out with a hot-aisleand cold-
aisle arrangemenby installing the racksand perforated oor
tilesin theraised oor. Theair conditionersnormallyreferred
to as ComputerRoom Air Conditioner (CRAC) or HVAC
(Heating Ventilation Air Conditioner),deliver cold air under
the elevated oor. In the sequelthis is referredto ascooling
air. The cooling air entersthe racks from their front side,
pick up heat while o wing through theseracks, and exits
from the rear of the racks. The heatedexit air forms hot
aisles behind the racks, and is extracted back to the air
conditionerintakes,which, in mostcasesarepositionedabove
the hot aisles.Eachrack consistsof several chassisandeach
chassisaccommodateseveral computationaddevices (seners
or networking equipment).

Sensorsare deployed in the front and back of the chassis
to measurethe inlet and outlet temperatureof the chassis.
This information is then collected by a central entity and
incorporatedn the resourcemanagementunctionsdeployed.
Speci cally, the Dell PaverEdgel855bladeusedin our study
is equippedwith inlet temperaturesensorsjn-housesensors,
and outlet sensors.Thesetemperaturesensorsare a part of
the chassisandthe datais retrieved from themvia SNMP. By
measuringhetemperaturd@ifferenceof theair inlet andthe air
outlets,we candeterminehow muchheatis being generated.

We have usedthe Moab [2] cluster managemensoftware
for this purposeand improved its operation by including
thermal awarenessWe choseMoab as it is widely usedin
managingcomputingclustersacrossthe datacenterandhasa
detailedgraphicalinterfacefor controllingthecluster It further
detachesthe node-allocationand job scheduling decisions
from the actualresourcemanagemensoftware suchas LSF
TORQUE/PBS, makingit ideal to include thermalawareness
dueto reducedcomplexity.

The proposedsoftware architecture

Enables dynamic on-line thermal managementduring
datacenteoperations.

Provides visualizationof thermaldistribution inside the
datacenter

Aggregateservironmentalinformationwhich canbe used
by resourcemanagemenénd thermal-avare scheduling.
Facilitateson-line upgradationof the schedulemwith no
requirementor systemshutdavn.

The rest of the paperis organizedas follows. Sectionl|
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Fig. 1. Schematicview of thermalmanagemenof datacenterThe abstractheatmodelis basedon CFD simulationand onsite sensordatameasurements.
The fast analysiswill be provided to policy controllerto generatehigh level thermal managemenbasedon cost analysis,thermal distribution and other

requirementsThe gray partsare modulesaccomplishedy this paper

provides the essentialbackgroundinformation required for
developinga thermalaware feedback-controloop for the dat-
acenteralongwith its requiredcomponentsDifferentthermal
awareschedulingechniquesrediscussedn sectionlll along
with their comparatie study SectionlV presentshedetailson
the ASU datacenteon which we implementedhermalaware-
nessfollowed by sectionV which puts everythingtogetherto
presentthe software architecturebeing implemented Section
VI presentghe key resultsfollowed by the relatedwork and
conclusionsn sectionsVIl and VIl respectiely.

Il. BACKGROUND

A typical costof operatinga datacenteincludesenegy cost
of cooling systemsand computingdevices, hardware costfor
replacingold and dysfunctionalcomputingdevices, operation
cost for infrastructureinvestmentand labors. The speci ca-
tions of computergincluding networking devices)andcooling
systemsdecide the enepgy cost for the normal operationof
datacenterThe hardware failure model of equipmentdecides
the operationcost such as the cost for replacing hardware,
labor cost. Facility costis one-time cost of purchasingand
installing new devices, building infrastructuresin this work,
however, we concentrat®n the enegy costof coolingsystems

andcomputingdevices, sinceother costsprimarily dependon
businessmanagemenand policy scope.

Theenegy costof computingdevicesandair conditionerds
the sourceof heatdissipation.The assignmenbf computation
task, the power consumptiorof differentdevices,the thermo-
mechanicpropertiesof variousdevices, the cooling capacity
and performanceof air conditioner etc., will all directly or
indirectly impact the thermaldistribution inside a datacenter
The thermal distribution implicitly correlateswith the oper
ation cost of the datacenterThus, it is very challengingto
obsene, or understanchow the three different propertiesof
datacenternamely operationcost, thermal performanceand
capacityareinterrelatedwith eachother

An integratedthermal-avareschedulingcontrolfor datacen-
terscanoptimizethetotal utility costof runninga datacenter
In our previous work [3], we formalizedthe total enegy cost
of a typical datacenterand shaved that thermal-avare task
schedulingat sener level can be utilized to achieve better
enegy efciency. In this paperwe intend to develop the
schedulingcontrol architectureandvalidateit in anactualdat-
acenter This would involve the streamingof sensordatainto
a dynamic planningmodule which would, in realtime,usea
thermalmodelingframework to determine’good” scheduling



and cooling policies.

Figure 1 shawvs a schematicview of thermalmanagement
of a datacenterand the requirementfor a feedback-control
loop for this purpose. In this paper we intend to develop
the highlightedportion (in gray color) of the schematiosiew?.
For this purpose,we try to answerthe following question:
"Given an ervironmental sensordata gathering framework
in a datacenterhow can we integrate it with the resource
managemenfunctions and develop a software architecture
for enabling on-line thermal-avare job schedulingwithout
affecting the normal operationsof a datacenter?”.

A. Task Schedulingin Datacentes

Apparently a different utilization rate of a sener leadsto
a differentamountof power consumptionFrom a whole dat-
acenterpoint-of-view, different schedulingalgorithmswould
result in different task assignmentsand utilization rates;
consequentlyresulting in different power consumptiondis-
tributions inside a datacenterMoreover, the changein the
power consumptiondistribution directly causesthe change
of temperaturdlistribution. And, nally, differenttemperature
distributions demanddifferent cooling capacityand generate
differenttotal enegy costs.

This canbe betterillustratedby Figure 2. Assumethat we
have to assigna computing task amonga group of sener
nodesSchedulingAlgorithm A andB leadto differenttemper
aturedistributions. Without cooling system,someof the inlet
temperaturesre above redline temperatureCooling system
is then introducedto drive the maximal inlet temperature
belon the redline temperaturgo reducehardware fault rate.
Obviously, the two algorithmsrequire different efforts; more
technically different cooling capability to achieve this goal.
Actually, evenwith the sametotal power dissipationfor all the
sener nodes differentschedulingalgorithmsleadto different
temperaturalistributions,and consequentlyresultin different
total enegy cost.

Note thatthermal-avaretask schedulingof datacentersvill
not have ary impact on an applications performance;the
only differencewill bewhich subsetof equallycapablesener
nodesareusedto performthe computingtask. The computing
task itself is not aware of suchchanges.Therefore,we can
manipulatetask schedulingto achieve the best temperature
distribution, andconsequentlyminimize the total enegy cost.

I1l. THERMAL AWARE SCHEDULING

The incorporationof thermalawarenessn task scheduling
dependson the thorough understandingof the correlation
betweentask assignmenand resultingthermaldistribution in
the datacenters.

A. Task Schedulingand ThermalDistribution Co-relation

A datacenteis composeaf a setof computingnodesfrom
to . Thosephysicallyseparatechodeswork individually or
cooperatrely to accomplishassignedasks. Thesenodesare

1We have developedthe otherpartsin our previouswork [3] andis therefore
excludedfrom this paperdue to spaceconstraints.

niill

Fig. 2.  This illustrates the reaction chain from schedulingalgorithm to

enegy cost: differenttaskassignmentsesultin differentpower consumption
distributions; different power consumptiondistributions resultsin different
temperaturalistributions; differenttemperaturelistribution resultsin different
total enegy cost.

eitherheterogeneousr homogeneousThereis a scheduleto
dispatchincomingtasks (agroupof tasks)to individual
distributed nodesdependingon various schedulingpolicies,
criteria and stratgjies. Each distributed node consumes
enegy at therate  during the executionof taskset (a
subsebf ), andthe power consumptiorratedependsn
the hardware characteristic®f distributed nodesandthe task
pro les (computentensive, memoryintensive or 1O intensie):

: 1)

where is a thermo-mechanidunction which dependson
the hardware speci cations of distributed nodes. can be
obtainedthrough experimentalmeasuremenor CFD simula-
tion. We characterizedhe correlationbetweentaskand power
consumptionn our previous work [3].

According to the law of enegy conseration and the fact
that almostall power dravn by a computingdevice is dissi-
patedasheat,the relationshipbetweenpower consumptiorof
a nodeandits inlet/outlettemperaturecan be presentedas

)

where is the speci ¢ heatof air and is the air density
In otherwords,the power consumptiorof node will change
the air temperaturérom the inlet air temperature  to the
outlettemperature . The generatedot air will alsospread
to othernodes.The temperatureaise canbe identi ed asself-
interfer ence(heatingup air o wing throughitself) and cross
interfer ence(heatingup other nodesthroughrecirculation).

B. Basic Thermal Awarenessin Task Sceduling

We briey review three naive thermal-avare scheduling
algorithms presentedin our previous work [3]. They are
“naive” in the sensethat they are basedon obsenations
and intuitions, and they did not take into accountthe heat
recirculationphenomenon.



Uniform Outlet Prole (UOP): This schemeis similar to
the OneRissAnalogalgorithm presentedn [4]. Basedon the
inlet temperaturef eachcomputingnode, this algorithmwill
assignmore tasksto nodeswith low inlet temperaturesand
fewer tasksto nodeswith highinlet temperatureThe objective
is to achieve a uniform outlet temperaturedistribution.

Minimal Computing Energy (MCE): MCE minimizesthe
numberof powered-onchassisand processorgo concentrate
computingenegy costson thoseactive senersandprocessors
andturn-offs all otheridle processorsr blades Consequently
the resulting outlet temperaturesf all computingnodeswill
not necessarilybe equal. To reduce the thermal risk, the
computing nodeswith the lowest inlet temperaturewill be
assignedasks rst.

Uniform Task (UT): With this scheme,all nodes are
assignedhe sameamountof tasks.

Once we obtain a workload assignmentwe map it into
the power consumption,then we can use the sensorbased
temperatureneasuremerfrom the seners/chassiso evaluate
the thermal distribution for the given power consumption
vector

C. CharacterizingRecirculation

Due to the complex natureof air ow inside a datacenter
some of the hot exhaust air from outlets of seners will
recirculate into the inlet of other seners. Within a room
ervironment, if the dimensionsand locations of all major
physicalobjectsare x ed,no moving objectsinsidethe room,
theair o w patternshouldbe relatively stableandpredictable.
Our hypothesigs thatthe amountof air and heatrecirculated
from the outlet of one sener to the inlet of anothersener
is relatively stable.If we cancharacterizesuchheat o w then
we canuseit to accuratelypredictthetemperaturalistribution
given anotherdifferent power consumptiondistribution.

The air recirculation inside a datacentercan be charac-
terized as cross interferenceamong sener nodes.Figure 3
demonstratesur abstractheat o w modelandthe correlation
betweendistributed nodes.Node N1 has inlet temperature

, Which is a mixture of suppliedcold air with temperature
and recirculatedexhaust warm air from other nodes.
The outlet warm air of node N1 will partially returnto the
air conditioner and partially recirculateinto othernodeswith
constantrate. It alsodraws in exhausthot air from the outlet
of othernodesdueto recirculation.Therate,or the percentage
amountof recirculatecheat  is de ned ascrossinterference
coefcients.

We assumethe amountof recirculatedheat from node
to node is , Where is the enegy of exhaust
air from node . The coefcient is the percentageof
heat o w from node to node . Assumingcross-interference
coefcients are constantthe matrix

®3)

de nes the cross-interferencamongall the sener nodes.
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Fig. 3. This gure demonstrateshe crossinterferenceamongdistributed

sener nodes.Exhausthot air from node 1 will partially returnto AC and
partially recirculateinto other nodes'inlets. Meanwhileit ‘inhales' exhaust
hot air from other nodes.Thosecoefcients shav the percentagamountof
recirculatedheat.

For a given node , the total amountof heatexhaustedin

the out air ow, is given by:

4
where is the outlet air temperatureand is the input
heatgiven by

®)
where is theinlet air temperatureWe assumehe air den-

sity doesnot change(in practice,it changegrom 1.205
at20 to 1.067 at60 ).

From the practical perspectie, at the beginning we need
to have a referencepower distribution, measurehe reference
temperaturedistribution, then try another different power
distribution scenariosand record all the outlet temperature
distribution of these scenarios.With thesedata, we can
calculatethe crosscoefcients.

Oncewe obtainedcrossinterferencecoefcients , we can
calculateor predict temperaturedistribution without running
CFD. The adwantageof such an approachis that we can
implementonline fast temperature evaluation to optimize
datacenteoperationin real-time.Given a power distribution

vector , theoutlettemperaturalistribution canbe calculated
using:

(6)
where s the substitutionof (in equations4 and5),

andinlet temperaturecan be calculatecthrough

()

Pleasereferto our previous work [5] for simulationresults
of pro ling crossinterferenceandfasttemperaturevaluation.
In short,we con rmed our hypothesisthat heatrecirculation
could be characterizedas cross interferencequantitately.
In addition, we showved in [5] that crossinterferencebased



fastthermalevaluationcould be usedin online thermalman-
agementto predict temperaturedistribution accuratelyand
effectively.

D. CrossinterferenceBasedSdeduling

To minimize the cooling enegy cost of a datacenterwe
needto minimizethe heatrecirculation,or reducethe maximal
inlet temperatureof all the sener nodes.In this regard, we
have developedXint, Crossinterferencebased recirculation
minimized scheduling algorithm for minimizing maximum
inlet temperature.

Basedon the power consumptioncharacterizatiorof blade
senersin [3], we assumehat the correlationbetweenpower
consumptionand task assignments linear: ,
where and are some constantsobtainedthrough power
consumptioncharacterizationWe canrewrite Eq. 7 as:

8)
where
)
(10)
Note that and are constantsonce we characterized

recirculationas crossinterferencematrix
problemcan be written as

. The optimization

minimize (11)

which can be transformedto a typical linear program after
introducinga new variable :

min (12)

The physical meaningof the optimization problemis how
to divide the total task into a task vector

to achieve the minimal maximuminlet tem-
perature For analogenegy modeldiscussedn [3], the prob-
lem is just a typical Linear Program;and, it is straightforvard
to nd the besttask assignmentskor discretesener enegy
models,such as DNO and DO, all have to be integers,
the problemchangego an Integer Linear Programming(ILP)
problemand is relatively dif cult to solve if the numberof
variablesis large. However, we still could be able to nd
a near optimal solution through some heuristic optimization
solution.

E. Compaative Analysis

Before presentingthe software architecturefor thermal
aware schedulingwe comparedifferentaspectof the afore-
mentionedtechniquesFor this purposewe simulateda small
scaledatacentewith physicaldimensions
(seeFigure 4) using Flovent[6], a CFD simulationsoftware.
The simulateddatacentethas two rows of industry standard

racksarrangedn atypical cold aisleandhot aislelayout.
The cold air is suppliedby onecomputeroomair conditioner
with the o w rate . The cold air risesfrom raised oor
plenumthroughventtiles, andexhaustechot air returnsto the
air conditionerthroughceiling vent tiles. Thereare 10 racks
andeachrackis equippedwith 5 chassigmarkedfrom bottom
totopasA, B, C, D andE). The maximumcomputingcapacity
in the unit of numberof processoiis . The total power
consumptiorof the whole datacentewould be ~ KWattsat
full utilization rate.Thetotal power consumptionwhenall the
processorsare idle would be  KWatts for DNO mode and
OKWattsfor DO mode.

Figure 5 shows the inlet temperatureistribution when all
thesenersareidle. Obviously, the chassidocatedat the lower
part of the rack (A and B) obtain plenty of cold air from the
oor ventsandhave a lower inlet temperatureywhere chassis
locatedat the upperpart (E) of the rack experiencea highest
inlet temperaturedueto the insufcient supply of cold air.

F. ComparingCooling Cost

Since the computing enegy cost of different scheduling
algorithms are almost the same when the total datacenter
utilization rateis above 20%, we only focuson coolingenegy
costcomparison

Figure 6 and Figure 7 shav cooling cost comparisonfor
the four aforementionedalgorithms with Ignoreldle policy.
With Ignoreldlepolicy, thenaive algorithmMCE's total enegy
consumptionhas a very close performanceto Xint, which
could save 30% enepgy cost comparedwith UOP and UT
whenutilization rateis around50%,andmay save from 5% to
20% enegy costat otherutilization rates.Figure6 alsoshovs
the theoreticaloptimal lower boundfor the cooling cost. The
optimal scenarioassumeso existenceof heatrecirculation,
andthe suppliedcold air andall inlet temperatureareredline
temperatur@5 . Theenepy efciency of MCE andXInt are
very closeto optimal performancet low datacenteutilization
rates.

G. ComparingTask Assignmenaind Tempeature

In this work, we only considerDiscreteenegy modelsince
it is the practicalway thatsenersareoperatedFirst we would
like to obsene whetherdifferentalgorithmhave any impacton
temperaturalistribution. As we discussedearlier temperature
distribution is an outcomeof power consumptiordistribution.

Figure 8 and 9 shav resulting temperaturedistributions
with Ignoreldle policy. Obviously, XInt has a very similar
temperatureistribution as MCE, but the peakinlet tempera-
turesfor Xint andMCE are18.5 and20.5 |, respectiely.
Therefore,even the total power consumptiorare the sameas
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Fig. 6. XInt and MCE possessninimal cooling enegy cost, the enegy
efciency of MCE and XInt are very closeto optimal performanceat low
datacenteutilization rate.

KWatts for Xint and MCE, different task and power
distributions could lead to differentpeakinlet temperature.

IV. SYSTEM MODEL AND CLUSTER SET-UP

In the previous sections,we have discussedvarioustech-
niguesfor thermalaware schedulingalongwith their relative
comparisorin termsof their thermalperformanceandenepgy-
ef ciency. This sectionprovidesthe systemmodelfor imple-
mentingthe thermalawarenodeallocationandjob-scheduling
in the datacentersWe usedthe central cluster set-upof the
ASU datacentefor the implementation.The basicideais to
examine allocation of new jobs basedon the temperatureof
the nodesin the cluster changein thermalernvironmentafter

Temperature °C

Column A

Fig. 5. Inlet temperaturedistribution: chassislocate at the lower part of
the rack obtain plenty of cold air from oor vent and have a low inlet
temperatures

DiscreteOptimal : Cooling Energy Cost
500 T T T

—s— UOP
4501 —— MCE 1
-- uT
a00l== Xlnt |
< 350t ,
<
P ]
S 300
g
2 2501
c
o
© 200
[
S
L 150r
100
501
O L L
0 20 40 60 80 100
Utilization Rate (%)
Fig. 7. XiInt and MCE possesshe minimal cooling enegy cost with

Ignoreldlepolicy.

the submissionof thesejobs, and migration of jobs when
unacceptabléhermalernvironmentis reached.

Figure 10 presentsthe ASU datacenterset-up. There are
threemain componentdor implementingand visualizing the
thermalaware clustermanagemenin the datacenters:

1) Remote Client: This is a laptop or ary remote machine
which presentghe results(in graphicalform) of the thermal
aware schedulingin the cluster

2) Central Serwver: The centralsener controlsthe nodesin

the cluster grid using Moab schedulerprovided by Cluster
Resourceslnc. [2].

3) Cluster grid: The clusterwe usedfor our implementation
is the centerpieceof the ASU CampusGrid, a 200 node,
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400 processosystemcomprisedf Intel 64-bit dual-processor
XeonEM64T CPUsmanufcturedby Dell, andinterconnected
via anlIn niband high speednterconnectThereareatotal of 4
rackswith 5 chassisn eachrack. Eachchassishas10 nodes
(and eachnode has 2 processors)Although we can check
the statusof the entire cluster we have control over chassis
0 and 4 of the cluster (total of 20 nodesi.e.40 processors).
This is becausat is a fully operationalclusterand thereare
always a large numberof jobs running for differentresearch
projectsspanningover variousdepartmentsn ASU. Further
this restrictiondoesnot hinder our testingas chassigd, at the
bottom of the rack with low inlet temperatureand chassis4,
at the top of the rack with higher inlet temperatureprovide
discernibletemperaturedifferential. This is becausethe cold
air ows from the bottom of the perforated oor makingthe
inlet of the bottom chassidower comparedo that of the top
chassiswvhereit reachesafter mixing with the ambientair in
the room. Thus the effects of the thermal awarenessn the
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Fig. 11. Software structureof Moah Developingthe feedback-controloop
is the goal of this paper

schedulingcan be easily veri ed with our set-up.

There are two basic aspectsin implementing the ther
mal aware schedulingusing the aforementionedomponents.
Firstly to get the feedbackfrom the on-boardsensorsabout
thethermalernvironment,we extractthe temperatur@atafrom
ASU datacenterlog le. This le is generatecoy a SNMP
gueryscriptwhich queriesthe on boardsensorsandlogstheir
readings.Secondly we integratedthermal awarenessin the
Moab schedulerfor controlling the thermal environment. In
thefollowing sectionsve provide moredetailson theseissues.

A. ClusterManagementusing Moab

We usedthe Moab scheduleto con gure thermalawareness
into it. Therearetwo componentof the Moab scheduler:1)
Moab sener, and 2) Moab Cluster Manager(MCM). Moab
Sener runs in central sener running Linux Fedora Core
Operating System,and MCM acts as a client that can be
run on ary laptop/desktopThe MCM connectsto the sener
and shaws the statusof the jobs and the nodesof the cluster
controlled by the Moab sener. For resourcemanagement



Moabsener makesuseof anunderlyingresourcenanagement
software suchas LSF, TORQUE/PBS.Figure 11 depictsthe
schematioview of the Moab software structurealongwith the
feedback-controtonnectiorrequiredfor thermal-avarenessn
the nodeallocationandjob schedulingmechanisms.

The cluster set-up we used usesthe TORQUE resource
manager It is a freely available software which has two
main components:l) a central controller that maintainsall
the resourceinformation along with submitting jobs to the
seners,and?2) distributed agentsexecutingat eachindividual
seners that report to the central controller Moab makes
use of the resourceinformation maintainedby the central
controller of TORQUE and schedulegobs accordingly The
resourceand job information can be checled from command
line on the machinewhere Moab sener is installed or from
remotelaptop/desktopsingthe MCM software (asmentioned
previously). Moahcfg le isthecon guration le (in theMoab
sener)thatspeci estheunderlyingresourcananagetypeand
the path whereit is located.Moab also allows the use of a
native resourcemanagemvhich canreportany genericmetrics
(not managedby the underlying resourcemanager)such as
temperaturenformation.A genericmetrics le (in any format
suchas.html, .txt, .perl), containingthe requiredinformation,
is requiredto be maintainedand updatedin this regard. The
pathof this le is requiredto be speci edin the moabcfg le
in orderto enableit to be the native resourcemanagerThis
provision in the Moab clustermanagemalesit ideal for the
implementationof any thermalawarenessnto it.

The schedulingtechniquecan also be con gured using the
moabcfg le. This le (moabcfg) is storedin the directory
/opt/Moab on the host where Moab sener is installed. In
the next section we discussthe thermal aware scheduling
techniquego beimplementedisingthe Moab clustermanager
discussedn this section.

V. SOFTWARE ARCHITECTURE

Figure 12 presentghe overall software architectureputting
togetherall the componentsdescribedin section IV. The
visualizationtool extracts raw sensordata from the sensor
history as updatedby the SNMP query script in the central
sener andshaws it in graphicalform. Further it updatesthe
gemetric le for the Moab sener in appropriateformat so
that Moab canbe con gured for thermalawvarenessThis tool
canbe executedin ary local desktop providedits locationis
properlyfed into the Moab con guration.

A. Visualizationand Aggregation of the sensordata

Figure 13 expandsthe visualization tool (of Figure 12)
for monitoring the thermal distribution in the datacenterlt
primarily consistsof a componentfor Data Retrieval, Pars-
ing, and File Generationthat executesin an iteration. This
componentconnectsto the Central Sener securelythrough
SSH and extracts the most recenttemperaturereadingsfor
each sensorin each chassisfrom the Moab data log. The

2|n our implementationwe usedthe sener 129.219.33.232This can be
replacedby ary IP addressvherethe visualizationtool is located.
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temperaturalatais thenstoredin the MySQL databasealong
with the time whenthe sensormeasuredhe temperatureThe
program also executesa shell script on the Central Sener
which gathersthe CPU performancedata,and this dataalong
with the currenttime is thenalso storedin the databaseThe
databasds a corvenientway to store and retrieve the most
recently collected sensordata when the last data collection
attemptfails.

The programis also responsiblefor generatingdata for
Moab andfor the PHP Web Pages.The mostrecenttempera-
tureandCPU load datais retrievedfrom the MySQL database
and a Moab genericmetric le is madewhich can then be
usedby the Moab scheduleron the CentralSener. Four les
representinginlet temperaturespoutlet temperaturesjnside
temperaturesand CPU loads are createdfor the PHP web
pageghatparseanddisplaythis informationgraphicallywhen
requestedy a RemoteClient. The PHPweb pagesaresened
by an ApacheWeb Sener and display graphsthat represent
the currentconditionsof the senersin the datacenteraswell
as historical trendsfor inlet temperatureputlet temperature,
CPU loads,and estimatedpower consumption.

B. Implementatiorof the scheduling Algorithmsin Moab

In this sectionwe provide the basicchangego be performed
in the Moab clustermanagerFor simplicity we provide sample
changedor the MCE algorithm(which assigngobsto seners
with lowestinlet temperaturefliscussedh sectionlll. Overall,
MCE performscloseto the bestas XInt does(SectionsllI-G
andlll-F). Theimplementatiorof the otheralgorithmsinclud-
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Fig. 12. Software Architecturefor implementingthermal-avare scheduling.

ing XInt follows the sameformatwith differentcon guration
variables.

Therearethreemain steps,presentedelaw, in incorporat-
ing thermalawarenesgo the Moab clustermanager
1) Integrating temperature data in the Moab: Temperature
informationof the nodes(in chassi€) and4) arestoredasthe
genericmetric in the following le

After this changewhenthe Moabis restartedthe command

shavs the three generic metrics

for the nodesin chassisO and 4. This commandis a native
script that abstractsout the underlyingresourcemanagement
command.In our set up this script calls the TORQUE for
checking the node status. The temperatureinformation can
now be usedto de ne a functionto be usedasthe priority of
the individual nodesin the cluster
2) Setting the Priority of the nodes First we have to add
the following con guration commandin the moabcfg le.

NODEALLOCATIONPOLICY PRIORITY

This con guresthe nodeallocationpolicy for the clusterto
bedrivenby the priority of the nodes.The priority canbe now
de ned asfollows:

NODECFG[ ] PRIOF=
PRIORITY - 10 * GMETRIC]inlet]

where speci esthe functionto be usedto determine
the priority of the individual nodes,and is ary

constantvalue big enoughto ensurethat alwayshas
a positive value.

In the above example the priority of the node is only
dependenbn the inlet temperaturgmaintainedin the Moab
generic metric le). Therefore,when the inlet temperature
increasesthe priority decreasesAfter thesechangesto the
moabcfg, when we restart Moab, ary newly submittedjob
would be allocatedto the nodebasedon its priority i.e. jobs
would get submittedto the nodeswith low inlet temperature.
3) Setting object triggers if temperature crossesa thresh-
old: This is requiredto make surethat alreadyrunning jobs
are preemptedwhen the temperatureof the node (where it
is currently allocated) goes beyond a specic value. The
following con guration commandensureghatjobs would get
check-pointedduring preemptionso that it resumesexecution
from the sameplacewhereit got preempted.

PREEMPTPOLICYCHECKPOINT
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andvice versa.

The con guration variable PREEMPTPOLICYcan also be
setas REQUEUE to restartthe job from the beginning after
preemption.To setjob-preemptiorasthe desiredactionwhen
the inlet temperaturegoesbeyond 25 degreescentigradewe
usethe following con gurationcommandn our moabcfg le,

NODECFG] ] TRIGGER=
atype= jobprempt,etype= threshold,
threshold= GMETRIC]Jinlet]

whereatypede nes the type of actionwhentrigger occurs,
andetypespeci esthetype of eventthatcauseghetrigger. In
this case we specifyetypeasthresholdto setthe triggerwhen
the inlet temperaturgyoesbeyond the thresholdof 25 degrees
centigrade.This ensuresthat jobs in node are
pre-emptedand checkpointedfor further executionin other
nodes.

Any changesmadein the moabcfg le would take their
effects after the execution of the script regycle from the
commandine. It hasto be notedthatthe priority andtriggers
are only setfor the nodesin chassisO and 4 of the saguaro
cluster

To summarizethe software architecturewe identify three
basic modulesfor the thermal aware scheduleras depicted
in Figure 14. The Job Submissiorand StedulingModuleis
responsiblefor assigningnewly submittedjobs to the appro-
priatenodesdependingn the Moab schedulingcon guration.
It also pre-emptsary jobs in nodeswhen certain thermal
thresholdis reachedwhich activates triggers con gured in
the Moab schedulingdecisions.The Moab Sceduler Con-
gur ation moduleis an one-timeprocessthat con gures the
Moab schedulingas describedn sectionV-B. Finally, Sensor
datacollectionandvisualizationmoduleis responsibldor on-
line collectionand aggreyationof sensordataas describedn
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sectionV-A.

VI. RESULTS

The software architecturepresentedn the previous section
was veri ed with actual prototypeimplementationand con-
forms to the resultsof our predictions.Our resultsshav that
the MCE algorithm (along with the Xint algorithm),in most
casesresultsin a minimal total enegy costs- a conclusion
that differs from the ndings of previous research4]. UOP
performsbetter than UT at low datacentewtilization rates,
whereadUT outperformsUOP at high utilization rates.

We also obsened that the computingenegy costincreases
linearly with theincreaseof utilization rate,wherecoolingcost
increasesexponentiallydue to the nonlinearityof Coefcient
of Performancef the cooling systems[R Normally, whenthe
utilization is lessthan 60%, the dominantpart of total enegy
costsis contributedby computingenegy. Oncethe utilization
rate exceeds60%, the cooling cost replacesthe computing
cost as the most signi cant part. The resultscon rmed that
thermal-awae schedulingbasedon thermalperformancesval-
uationimprovesenegy ef ciency of datacenteoperation, and
consequentlyincreasesthe utilization rate and computation
capability of datacentes.

Even thoughMCE (and XInt) is the mostenepy ef cient
algorithm, it has some practical limitations. This is because
under the MCE algorithm, the chassisat the lower part of
the rack will be usedexcessvely and will experiencehigher
hardware failure rate due to unremittinglong time operation.
Our future work will considerhardwarereliability modelsand
hardware cost modelsto addresshis issue,we will balance
the trade-of betweenenegy cost, hardware failure cost, and
resultinglabor costof replacingor repairinghardware.



VIl. RELATED WORK

ResearcheratHP LabsandDuke Universityhave published
work [7] [8] on smartcoolingtechniquedor datacentersThey
have developedonline measuremerdnd controltechniquego
improve enegy-efciency of datacentersThey de ned Supply
HeatIndex (SHI) andReturnHeatIndex (RHI) to characterize
the enegy efciency of datacentecooling systems.

Ourwork is similar to Splice,a datacentemeasuremerdnd
monitoring infrastructure proposedn [9]. But we integrated
our proposedframenork with available cluster management
platform to makes as an extra plug-in module, thus malke it
more e xible andportable gasyto be deployedwith datacenter
ervironment.

VIIl. CONCLUSIONS AND FUTURE WORK

In this paper we have developeda unique software ar
chitectureto develop thermal aware job schedulingfor the
datacentersThe proposedarchitectureenablesdynamic on-
line thermal managementuring datacenteroperations,pro-
vides visualization for thermal distribution inside the data-
center aggreyatessensordata for feedbackto the resource
managementunctions,and facilitateson-line upgradationof
the schedulemwith no requiremenfor systemshutdavn. It is
furtherimplementedn afully operationaASU datacenteand
the resultsvalidate the theoreticalfoundationsof the on-line
thermalaware schedulingtechniques.
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