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Abstract
This papercharacterizesthe productionworkload that
highly utilizes the NCSA Origin 2000. The charac-
terization includesthe distributions of job interarrival
time, requestednumberof processors,requestedmem-
ory, requestedruntime, actualruntime asa fraction of
requestedruntime, and the ratio of memory usageto
memoryrequest. Conditionaldistributionsarede�ned
asneededfor generatinga syntheticworkloadwith the
samecharacteristics,including thekey correlationsob-
servedamongthejob parameters.Characteristicsof the
O2K workloadthatdiffer from previously reportedpro-
ductionworkloadcharacteristicsarealsonoted.

1 Introduction
To betterunderstandtheperformanceof job scheduling
policies,andto createrealisticsyntheticworkloadsfor
evaluatingthe performanceof alternative policies, it is
usefulto understandthecharacteristicsof workloadsthat
occurin actualproductionsystems.

Several production parallel workloads have been an-
alyzed previously [FeNi95, Hoto96, Feit96, SGS96,
HSO96, Down97, Feit97, WLF+ 96, JPF+ 97, SYZ99,
SSN99]. Somecharacteristicsare similar acrossmost
of theseprevious workloads. For example,most jobs
requestpower-of-two processorsanda largefractionof
the jobs are serial. Other characteristicshave varied.
For example,someworkloadshave a positive correla-
tion betweenjob runtime and the numberof proces-
sors[FeNi95, WLF+ 96], while the correlationis more
complex in otherworkloads[Hoto96].

In this paper, we analyzesix one-monthproduction
workloadson the Origin 2000 (O2K) at the National
ComputationalScienceAlliance (NCSA). This system
is interestingfor severalreasons.First, thesystem(i.e.,
1520processors,616GB of memory)is largerthansys-
temspreviously studied. Second,the jobs have longer
runningtimes(i.e.,up to 400hoursor 16days16hours)
comparedto a maximum runtime of only a few tens
of hoursin the systemspreviously studied. Third, the
jobscollectively requireahigherfraction(i.e.,90-100%)
of theavailableprocessingtime thanin previouswork-
loads.Finally, theO2K is asharedmemorysystem;thus
individual jobs may requesta different fraction of the
memorythan the processorson the system. Most sys-

temspreviously studiedscheduleprocessorsonly, with
a default memoryallocationequalto thememoryasso-
ciatedwith theprocessorsallocatedto thejob.

Thecontributionsof thispaperarethreefold.First,char-
acteristicsof theNCSA O2K workloadthatdiffer from
previous workloadsareidenti�ed. Second,we provide
signi�cant new measuresandanalysis. Third, we pro-
vide conditionaldistributionsanda ”roadmap”for cre-
ating a syntheticworkloadthat hasthe observeddistri-
butionsaswell asthekey correlationsamongthedistri-
butionsof requestedprocessors,requestedruntime,re-
questedmemory, actualruntime,andpeakmemoryus-
age.To our knowledge,theroadmapandrequisitecon-
ditionaldistributionshavenotbeenprovidedin previous
workloadstudies.

Characteristicsof the O2K workload that differ from
previously reportedworkloadsincludethefollowing.

• The coef�cient of variation (CV) of the job interar-
rival time is in therangeof 1-2 duringeachperiodof
approximatelystationaryhourlyarrival rate.

• Jobsrequirean average of 50-100processorhours,
dependingon themonth.

• 10-15%of thejobsrun for over20hours.

• 15-20%of thejobseachmonthrequesta higherfrac-
tion of memorythanprocessors.

• Jobsthatrequestmoreprocessorstendto requestand
uselessmemoryperprocessor.

• Greaterthan50%of thejobshaveactualruntimeless
than20%of their requestedruntime.

• Thereis not an appreciablecorrelationbetweenthe
numberof processorsrequestedandthejob runtime.

Thenew measuresandanalysesprovidedinclude:

• Memorydemand,equalto theproductof theamount
of memoryrequestedand the actualjob runtime, is
providedasameasureof systemload.

• A comparisonof the workload mix from month to
month.

• We identify peak, intermediate,and low periodsof
approximatelystablejob arrival rateper hour, rather
than using the (12-hour) ”day” and ”night” periods
in [FeNi95, WLF+ 96, Down97].



Table 1. NCSA O2K Space Shared Hosts

Host
Name

Number of
Processors

Memory
Total PerProcessor
(GB) (MB)

eir 128 64 512
nerthus 128 64 512
hod1 128 64 512
jord1 128 32 256
saga1 128 32 256
huldra 128 32 256
mimir 128 32 256
modi2 64 16 256

• We examinewhetherthe jobs submittedon different
daysor duringdifferentperiodsof thedayarestatisti-
cally similar or not.

• Distributions of requestedtotal memory, requested
runtime,andprocessorutilization,areprovided.

• We provide a moreextensive analysisof thecorrela-
tionsamongthe job characteristics.For example,the
correlationsbetweenrequestednumberof processors
andrequestedmemory, or betweentheratio of actual
to requestedruntimeandtherequestedruntimehave,
to our knowledge,not beenstudiedin previouswork-
loadanalyses.

• Characteristicsof the �fteen largest jobs submitted
eachmonthareprovided.

The remainderof the paper is organizedas follows.
Section2 providesan overview of the NCSA O2K job
classesandresourcesaswell asabrief review of related
work. Section3 provides an overview of the system
load.Sections4 and5 characterizetheO2K workloadin
termsof requestedresourcesandresourceusage,respec-
tively, pointingout thedifferencescomparedto previous
workloads,andproviding a roadmapfor creatinga syn-
thetic workload. Section6 providesthe characteristics
of the �fteen jobs that usedthe largestprocessingtime
eachmonth.Section7 concludesthepaperandidenti�es
topicsfor futureresearch.

2 Background

2.1 NCSA O2K System and Job Traces
The NCSA O2K processorsarepartitionedinto twelve
hosts. Eight hosts,with a total of 960 processors,are
usedfor space-sharedschedulingof batchjobs that do
not requestexclusive useof a (dedicated)host. Table1
shows the processorandmemoryresourcesof eachof
theseeight space-sharedhosts.Threeotherhosts,with
a total of 512processors,have a higherpriority for run-

Table 2. NCSA O2K Job Class Definitions

Class Name Resource Request
Time Component JobRunTime
vst (veryshort) ≤ 5 hrs
st (short) ≤ 50hrs

mt (medium) ≤ 200hrs
lt (long) ≤ 400hrs

SizeComponent # ProcessorsMemory
sj (small) ≤ 8 ≤ 2 GB

mj (medium) ≤ 16 ≤ 4 GB
lj (large) ≤ 64 ≤ 16GB∗

(* � 25 GB in October-December 2000)

ning batchjobs that requesta dedicatedhost,oneat a
time. Eachof the threehostswill run otherbatchjobs
with shortrequestedrun-time(i.e., lessthan� ve hours)
in space-sharedmodeif thereareno jobswaiting to run
thathaverequestedadedicatedhost.Theremainingone
hostrunsinteractive jobsonly.

Thispaperprovidesthecharacteristicsof all of thebatch
jobs that do not requesta dedicatedhost. Thesejobs
have more widely varying processorand memory re-
queststhanthejobsthatrequesta dedicatedhost.

Thejobsanalyzedweresubmittedin thesix one-month
periods(i.e., January- March and October- Decem-
ber2000). TheLSF job scheduler[LSF], locally tuned
for theNCSA workload,wasusedduringthe�rst three
months.A priority-back�ll schedulersimilarto theMaui
Scheduler[MS] replacedtheLSF schedulingalgorithm
at theendof June2000[ChVe01], althoughLSFcontin-
uesto log informationabouteachjob.

Eachjob requestsa numberof processors,anamountof
memory, anda maximumrunningtime. Basedon these
requests,thejob is classi�ed in oneof four time classes
(i.e., vst, st, mt, or lt) andoneof threesizeclasses(i.e.,
sj, mj, or lj), asde�ned in Table2. For example,a job
thatrequests16processorsand2 gigabytesof memoryis
anmj job. Jobsthatrequiremorethan64processorscan
requestadedicatedhost.Table4 showsthateachmonth
on the eight spacesharedhosts,the submittedmj and
lj jobs typically require65-70%of the total processing
time availablewhile upwardsof 5500sj jobs alsoneed
to bescheduled.

A job is killed if it exceedsits requestedrun time by
onehour or hasa numberof processesgreaterthanthe
numberrequestedplusone.1 Only a small fraction(un-

1A processis countedif it hasuseda cpu for at least6 seconds
(i.e., 20%) during a 30-secondwindow. UnderLSF scheduling,for
the purposeof determiningwhethera job hasexceededits requested
maximumruntime, the job's runtime was computedas its total cpu
time, divided by the numberof requestedprocessors.For all other



der 2%) of the jobs eachmonthexceedtheir requested
processors.The jobs that arekilled areincludedin the
workloadcharacterization.

The LSF log containsthe arrival time, actualand re-
questedjob runtime,andrequestedprocessorsandmem-
ory of eachjob. Jobsthat have zeroruntime(i.e., they
failedor wereabortedimmediately)areexcludedin our
analysis.A softwaredaemon(JMD) developedatNCSA
recordsthe actualresourceusageof eachjob every 30
secondsduring its execution. Thememoryandcpuus-
ageof eachjob is obtainedfrom theJMD log.

2.2 Related Work
Several workload studies [FeNi95, Feit96, Hoto96,
HSO96, SGS96, WLF+ 96, WMKS96, DoFe99] report
the measureddistributionsof the numberof requested
processorsandactualjob runtime,onvariousproduction
systems(e.g., NASA Ames Intel iPSC/860,Argonne
SP/1,Cornell TheoryCenter(CTC) SP/2,SDSCIntel
Paragon,PSCT3D). Severalof thesestudiesalsoreport
thedistributionof job interarrival time[FeNi95, HSO96,
WLF+ 96], andthe relationshipbetweenthe averageor
distributionof runtimeandrequestednumberof proces-
sors[FeNi95, Hoto96, HSO96, DoFe99]. The studies
in [Feit97, SSN99]focuson the memoryusageof jobs
on the LANL CM-5 and SDSCCRAY T3E. [Feit97]
alsoreportsthedistribution of the fractionof requested
memoryusedby a job. [HSO96] reportsthedistribution
of requestedmemorypernodeon theCTCSP/2.

Basedon job tracesfrom productionsystems,several
previouspapersproposemathematicaldistributionfunc-
tions that closely approximatethe observed distribu-
tions. [Feit96] proposesdistributions of the job inter-
arrival time, the requestednumberof processors,and
the actual runtime with meanconditionedon the re-
questednumberof processors,derived from an anal-
ysis of six workloads. Four papersanalyzethe CTC
SP/2workload and proposedistributions of job inter-
arrival time [JPF+ 97], the requestednumberof pro-
cessors[Down97], runtime [DoFe99], the product of
requestednumberof processorsand runtime [JPF+ 97,
Down97, DoFe99], and the runtime conditioned on
numberof requestedprocessors[DoFe99]. [SYZ99]
characterizesthe arrival patternsobserved on the CTC
SP/2.Thestudyin [FeWe98]proposesa distribution for
therequestedruntimeasamultipleof actualruntimefor
a differentSP/2system.

The differencesbetweentheseprevious workloadsand
theworkloadanalyzedin this paperarenotedasresults
arepresentedin Section3- 5.

purposes,andfor theMaui scheduler, job runtimeis de�ned simplyas
theamountof (wall clock) time thejob occupiestheprocessors.

Table 3. Notation

Symbol Definition
M RequestedMemory
P RequestedProcessors
T ActualRuntime

M×T MemoryDemand
P×T ProcessorDemand

3 Overview of the O2K Workload
Thissectionprovidesanoverview of thetotalloadonthe
O2K aswell asthe loaddueto the largejobssubmitted
duringeachmonthstudied.The�fteen largestjobseach
montharefurthercharacterizedin Section6. Table3 de-
�nes somenotationthatwill beusedin theremainderof
the paper. Note that the processordemandfor a job is
the productof the numberof requestedprocessorsand
theactualruntimeof thejob. Similarly, thememoryde-
mandis theproductof theamountof requestedmemory
andthejob runtime.

3.1 Monthly System Load
Table4 summarizestheoverall loadon theNCSA O2K
during eachof thesix one-monthperiods.The proces-
sor demand(proc demand)is summedover all jobs or
all jobs in oneof the twelve job classes,andexpressed
asafractionof thetotalprocessingtimeavailableon the
eightspace-sharedhostsduringthemonth(i.e.,theprod-
uct of the total numberof processorsandthe total time
during the month). Note thatprocessordemandcanbe
greaterthan100%becausein atypicalmonth50%of the
vst jobs (collectively having a total of 4-9% processor
demand)runonthethreehoststhatgivepriority to dedi-
catedjobs.Thememorydemandis similarly reportedas
a fractionof total availablememoryon theeightspace-
sharedhosts.Weusetheresourcesoneightspaceshared
hostsfor measuringprocessorandmemorydemandbe-
causethesearetheonly hoststhatareguaranteedto be
available for running the batchjobs that arecharacter-
ized.

Thekey observationsfrom Table4 are:

• Thetotal processordemandeachmonthis extremely
high,i.e.,typically 90-100%of thetotalavailablepro-
cessingtime on theeighthosts.

• Theoverall memorydemandis somewhatlower than
the processordemandeachmonth,but is still in the
rangeof 70-80%duringmostmonths.

• The job mix is similar from month to month. That
is, with a few exceptions,thenumberof jobs in each
classandtheprocessorandmemorydemandsof each
job classarefairly similar from monthto month.One
exceptionis theDecember2000workload,whichhas



Table 4. Total Monthly Processor and Memory Demand By Job Class

Month Overall
Job Class

vst sj st sj mt sj lt sj vst mj st mj mt mj lt mj vst lj st lj mt lj lt lj
Jan2000

#jobs 9652 3622 2606 553 71 950 589 163 61 671 252 91 23
procdemand 88% 2% 9% 11% 3% 2% 9% 13% 6% 4% 8% 12% 10%
memdemand 76% 1% 6% 7% 3% 1% 5% 10% 6% 1% 11% 10% 17%

Feb2000
#jobs 11290 5296 2269 466 71 1128 698 219 33 686 314 90 20
procdemand 96% 2% 9% 11% 3% 3% 10% 13% 3% 6% 18% 12% 5%
memdemand 78% 1% 7% 7% 3% 2% 5% 11% 5% 1% 10% 12% 15%

Mar 2000
#jobs 12101 4671 2678 472 57 1808 631 216 70 850 500 123 25
procdemand 94% 2% 11% 9% 3% 4% 11% 15% 4% 4% 14% 14% 3%
memdemand 83% 1% 7% 6% 3% 2% 7% 9% 8% 2% 16% 18% 4%

Oct 2000
#jobs 9768 3012 2488 580 278 881 627 241 50 957 367 209 78
procdemand 90% 1% 11% 9% 7% 2% 10% 11% 2% 5% 14% 13% 4%
memdemand 84% 1% 6% 7% 9% 1% 6% 6% 2% 2% 6% 18% 20%

Nov 2000
#jobs 8708 2982 2279 416 60 711 497 187 16 912 513 110 25
procdemand 91% 2% 10% 8% 3% 2% 9% 12% 3% 6% 20% 13% 3%
memdemand 63% 1% 5% 5% 2% 1% 5% 6% 1% 2% 10% 11% 14%

Dec2000
#jobs 7798 2581 2190 565 164 801 252 215 59 667 176 113 15
procdemand 102% 2% 11% 10% 9% 2% 5% 18% 4% 6% 11% 13% 12%
memdemand 68% 1% 6% 8% 5% 1% 2% 10% 6% 2% 4% 13% 9%

Table 5. Summary of the Load of Various Large Job Classes

Demand/Demand All Job Size
Avg Avg Avg Avg

Month Job Class #Jobs (%) Processor Memory Processors Memory Actual
P×TDemand Demand Requested Requested Runtime

(GB) (hours)

Oct
2000

P×T > avg P×T = 66h 1793 (18%) 89.3% 79.0% 15.2 2.3 42.5 319
T > 20hr 1312 (13%) 71.3% 80.9% 6.7 1.9 59.6 348

P> 16, T>10m 695 (7%) 35.7% 9.7% 42.2 4.7 8.5 329
M > 4GB, T>10m 653 (7%) 15.8% 51.5% 22.0 10.1 15.0 154

P> 16,M >4, T>10m 265 (3%) 10.7% 7.0% 47.0 9.8 6.1 258

Nov
2000

P×T > avg P×T = 72h 1495 (17%) 89.4% 83.3% 19.4 2.6 35.5 376
T > 20hr 1065 (12%) 70.7% 79.6% 8.0 1.6 53.1 418

P> 16, T>10m 767 (9%) 40.7% 21.7% 42.1 4.9 9.2 333
M > 4GB, T>10m 502 (6%) 20.9% 53.7% 27.5 9.4 16.8 261

P> 16,M > 4, T>10m 246 (3%) 14.4% 17.1% 46.8 12.0 8.6 367

Dec
2000

P×T > avg P×T = 93h 1188 (15%) 87.8% 76.0% 14.6 1.9 63.7 537
T > 20hr 1293 (17%) 82.2% 87.7% 6.5 1.5 69.5 462

P> 16, T>10m 455 (6%) 36.1% 21.2% 39.2 4.2 16.8 577
M > 4GB, T>10m 310 (4%) 15.9% 36.1% 23.2 9.5 19.4 372

P>16,M > 4, T>10m 97 (1%) 11.8% 15.9% 53.0 14.4 16.6 882



fewer jobs but higherprocessordemand(overall and
in severaljob classes)thanin theothermonths.

• Thevastmajority(i.e.,95%)of thetotalprocessorde-
mandis dueto (st,mt,orlt) jobsthatrequestruntimes
greaterthan � ve hours. On the other hand,a large
numberof vst jobsmustalsobescheduled.

• Thelarge(lj) jobshavearelativelyhighprocessorand
memorydemand(typically equal to 35% or more).
This is a challengingworkload for the job schedul-
ing policy, as it is dif�cult to �nd free resourcesfor
theselargejobswhentotalsystemloadis above90%.

3.2 Monthly Load Due To Large Jobs
Previouswork hasshown thata largefractionof thepro-
cessordemandis dueto asmallfractionof thejobs.For
example,on an iPSC/86090% of the jobs hadruntime
under15 minutes,but the remaining10% of the jobs
accountfor 90% of the total processordemandby all
jobs [FeNi95]. Hotovy [Hoto96] reportedthat, fewer
than50% of the jobs on the CTC SP/2usemore than
1 processor, but they accountfor over 90% of the total
processordemandof all jobs.

The characteristicsof the NCSA O2K workload are
somewhat different. For example,65-70%of the jobs
requestmorethanoneprocessor(Figure4) and40%of
thejobshaveruntimegreaterthanonehour(Figure12).
Table4 showsthat50-55%of theO2K jobsarein thevst
class,andtheother45-50%of the jobs accountfor ap-
proximately90%of theprocessordemandeachmonth.

To determinethe extent to which varioussmall setsof
jobsdominateprocessingand/ormemorydemandonthe
O2K, � ve classesof large jobs are summarizedin Ta-
ble 5. The class”P×T > avg P×T”, is the setof jobs
that eachhave processordemand(P×T) greaterthan
theaverageprocessordemandover all jobsin thegiven
month. Theaverageprocessordemandfor themonthis
givenin parentheses(e.g.,93processorhoursin Decem-
ber2000). In addition,T > 20 hours,P>16,M>4 GB,
andT>10 minutesareusedto de�ne four classes,three
of whicharesubsetsof the' lj' class.For eachjob class,
the tableshows the total numberof jobs (andthe frac-
tion of all submittedjobs), the processorandmemory
demandexpressedasafractionof therespectivedemand
of all submittedjobs,andtheaverageof eachof four size
measuresfor jobsin theclass.

Key observationsfrom Table5 includethefollowing.

• Averageprocessordemandper job is in the rangeof
50-100processorhours,dependingon themonth.

• Theloadof eachlargejob classis verysimilar across
differentmonths.

• Processorand memoryusageare dominatedby the

10-15% of jobs with running time greaterthan 20
hoursor by the15-18%of jobswith higherthanaver-
ageprocessordemand.

• No morethan3% of the jobs in the monthswe ana-
lyzedhaveP> 16,M > 4 GB, andT > 10minutes.

4 Resource Request Characteristics
This sectionanalyzesjob arrival characteristics,andthe
observed distributions of requestednumberof proces-
sors,memory, andruntime.Theanalysisincludesidenti-
fying periodsperdayof approximatelystationaryarrival
rate,anddeterminingwhetherresourcerequestdistribu-
tions vary amongdifferent months,daysof the week,
or periodsof theday. Conditionaldistributionsthatcap-
turethekey correlationsamongtheworkloadparameters
arealsoprovided.Section5 will provideactualjob run-
timeandmemoryusagedistributions,aswell ascorrela-
tionsbetweentheusagedistributionsandthe requested
resources.

ThissectionandSection5 providea ”roadmap”for cre-
ating a syntheticworkload with characteristicssimilar
to the observed O2K workload. In other words, the
workload characteristicsare presentedin the order in
which syntheticjob characteristicscouldbeassignedso
as to capturethe key correlationsamongthe distribu-
tions.Sections4.6and5.3summarizetheroadmap.

4.1 Job Arrival Rate
Figure1 showsthenumberof job arrivalseachdaydur-
ing October2000,with the numbersubmittedon each
particularday of the week (e.g.,Monday)groupedto-
gether. The �gure shows that the numberof arrivals is
typically 350-400per weekdayand150-200per week-
end day. Occasionallythere are weekdaysthat have
greaterthan500arrivals. Othermonthshave similar ar-
rivalsperday, exceptthat(1) in February2000,thenum-
ber of arrivals per weekendday wascloserto 350, (2)
duringthelast2-3weeksof Decemberthenumberof ar-
rivalsperweekdayis 150-200,and(3) onholidays(e.g.,
Thanksgiving, Christmas,New Yearsday), the number
of arrivalsis lower thana typicalweekendday.

Severalpreviouspapershaveprovidedtheaveragenum-
ber of jobs that arrive during eachhour on weekdays
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Figure 1. Number of Jobs Submitted Per Day
(October2000)
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Figure 2. Number of Job Arrivals Each Hour

and weekends on various parallel systems[FeNi95,
WLF+ 96, HSO96] including a network of worksta-
tions [Gib97a]. The patternof job arrivals is very sim-
ilar on eachof thesesystemsother than the Paragon
in [WLF+ 96]. That is, duringweekdaysthereis a peak
arrival periodbetween8am-6pm,a very low arrival pe-
riod before8am,andanintermediatearrival periodafter
6pm, with lessvariation in the numberof job arrivals
per hour during weekends. The previous papershave
notedthehigherarrival ratefrom 8am-6pm,but not the
intermediatearrival rate after 6pm. They also do not
commentonwhetherthejob arrival patternis similar or
differentacrossdifferentdaysof the week,anddo not
examinewhetherotherjob characteristics(suchasrun-
time)differ dependingonperiodof thedayor dayof the
week(e.g.,Mondayvs Friday).

Plotsof thenumberof jobsthatarriveeachhourfor each
day in the six monthsof O2K workloaddid not reveal
any distinctcharacteristicsfor any particulardayduring
thework weekor during the weekend. Figure2 shows
thatthearrival patternvariessomewhatfrom oneweek-
day to another(Figure2 (a-c)) or oneweekendday to
another(Figure2(d),(h)),but theaveragenumberof ar-
rivalseachhouris approximatelythesamewhethercom-
putedover all Fridays(or other day of the week) in a
givenmonth(e.g.,Figure2(e)),or overMondaythrough
Friday in a given week (e.g., Figure 2(f)), or over all
weekdaysin any givenmonth(e.g.,Figure2(g)).

The �gure shows that whenthe averagenumberof ar-
rivalsperhouris computedovera largesample,suchas
all weekdaysin amonth,threeperiodsof approximately
stationaryaveragearrival rateare identi�ed. The three
periodsare labeledpeak,intermediate,and low in the

�gures. Allowing for statistical�uctuations due to �-
nitesamplesizes,aswell asfor �uctuationsdueto occa-
sionalsystemdowntimes,thesethreeperiodsappearto
bepresentduringeachweekdayin thesix monthsstud-
ied. Analogously, two periods(intermediateandlow) of
approximatelystationaryarrival ratewereidenti�ed on
weekenddays,asshown in the�gure.

Thearriverateperhouronweekdaysis typically around
30 during peak, 15-20 during intermediate,and 5-10
duringlow periods.

4.2 Job Interarrival Times
For thepurposeof determininginterarrival timedistribu-
tions,weconsiderweekdaypeakperiodsfrom 9am-5pm
becausethe8-9amand5-6pmperiodshave averagear-
rival ratethatis slightly lower thantheotherpeakhours.
For analyzingall otherjob characteristics,theweekday
peakperiodis de�ned to be8am-6pm.

ExcludingperiodswhentheO2K is down, duringeach
period of approximatelystationaryhourly arrival rate,
thecoef�cient of variation(CV) of the interarrival time
is in the rangeof 1-2. Higher CVs (i.e., CV = 2.5-6)
havebeenreportedin othersystems[FeNi95, WLF+ 96,
JPF+ 97, SYZ99] for thedistributionof interarrival times
during12-hourdayandnightperiods(ratherthanduring
periodsof stationaryarrival rate).

We have investigatedseveral modelsfor the observed
O2K interarrival timedistributionin eachperiod,includ-
ing theexponentialwith thesamemeaninterarrival time,
a two-stagehyperexponentialwith the samemeanand
CV, theWeibull, andthegammadistribution.2 The�t of

2In eachperiod,theparametersof thetwo-stagehyperexponential
distribution arecomputedusingthe standardalgorithmsuchthat the
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Figure 4. Processor Requests and Utilization

thesedistributionsis illustratedfor two differentperiods
in Figure3(a)and(c). The�t of thegammadistribution
(not shown) is similar to the �t of theWeibull distribu-
tion. The complementof the cumulative distribution is
shown on a log scale,to moreclearlyshow the�t of the
tail of thedistribution.

As shown in the �gure, the two-stagehyperexponential
distribution �ts the observed interarrival time distribu-
tion betterthantheexponentialdistribution,evenduring
periodswhenthe CV is quite closeto 1. In fact, in all
periods(includingall peak,intermediate,andlow peri-
ods),thetwo-stagehyperexponentialwith themeasured
meanandCV hadthebest�t for theobserveddistribu-
tion.3 Figure3(b)showsthatif periodswhenthesystem
is down4 (e.g.,theperiodduring10:12-11:38amonJan-
uary11), arenot eliminatedfrom themeasuredinterar-

productsof the probability andthe meanservicetime for eachstage
areequal[All90]. Themaximumlikelihoodestimatesof theWeibull
and gammadistribution parameters,with 95% con�dence intervals,
arecomputedusingMatlab[JKK92, Mat].

3Thetwo-stagehyperexponentialwith CV closeto 3 wasfoundto
have a good�t for the distribution of all interarrival times,not sepa-
ratelymeasuredover periodsof approximatelystationaryarrival rate,
for theCTC SP/2in [JPF+97]

4Downtimeis oftennotrecordedin thejob logs.Weimplementeda
specialdaemonprocessthattrackssystemdowntimeontheO2K since
theO2K job logsdonot containthedown time information.

rival time distribution, onemight erroneouslyconclude
that the interarrival timesarebetterapproximatedby a
heavy-taileddistributionsuchastheParetodistribution.

4.3 Number of Requested Processors
Figure4(a)plotsa typical distribution of thenumberof
requestedprocessorsfor jobssubmittedduringweekday
peakperiodsin a givenmonth. Thedistribution is sim-
ilar for othermonthsandfor mostintermediateandlow
periodsonweekdaysandweekends.5 Occasionallydur-
ing oneof the intermediateor low arrival rateperiods,
the numberof jobs that request32 or 64 processorsis
slightly higherthantypical.

As in previous workloads [FeNi95, Hoto96, Feit96,
WLF+ 96, WMKS96, SGS96,Down97], a large frac-
tion (i.e., 30-40%)of theO2K jobsareserial,andmost
jobs requestpower-of-two processors. The distribu-
tion is similar to the log-uniform distribution proposed
in [Down97], exceptthat fewer jobsrequest2 or 4 pro-
cessors,andasmallbut not insigni�cant fractionof jobs
requestnumbersof processorsthat arenot a power of

5Onasystemwith restrictedprocessoravailability during6am-8pm
onweekdays,thefractionof submittedjobsthatrequestthemaximum
numberof processorswas reportedto be signi�cantly higherduring
otherhours[FeNi95]. TheO2K doesnotrestrictbatchjob sizesduring
weekdaypeakperiods.
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two. Thus,a harmonicdistribution constructedto em-
phasizesmall numbersandpowersof two, asproposed
in [Feit96], is a bettercharacterizationof theprocessor
requestson theO2K.

EachO2K job is allocatedits numberof requestedpro-
cessorsuntil it terminates.Figures4(b)and(c) show that
ahighfractionof jobsutilize over80%requestedproces-
sors,including jobs that request32-64processors,jobs
that have dominantactualruntimes,andjobs that have
dominantprocessordemand(P×T). This leadsto high
total utilization of allocatedprocessorson the O2K, as
will beshown in Figure16(c).

4.4 Requested Memory
Thenormalizedrequestedmemoryfor ajob is de�nedas
theamountof requestedmemorydividedby thenumber
of processorsrequested.Figures5(a)- (c) show thatthe
distribution of normalizedor total requestedmemoryis
very similar during differentmonthsandduring differ-
ent periodsof the weekday.6 It is alsovery similar for
differentdaysof theweekandduringweekendperiods
(not shown). Note that only a very small fraction (i.e.,
<1%) of jobs eachmonthrequestthe maximumof 25
GB (or previously16GB) of memory.

6Jobssubmittedduringweekdayintermediateperiodsrequest256
MB to 1 GB of memoryslightly moreoften,and2-4 GB slightly less
often,but theweekdaypeakdistribution is still a fairly goodapproxi-
mationfor theintermediateperiod.

Figure6 showsthattherequestedmemory(asmeasured
by the mean,or the 20th, 50th or 80th percentile)has
a signi�cant correlationwith the requestednumberof
processors.Speci�cally, total requestedmemoryis pos-
itively correlatedwith the requestednumberof proces-
sors,while normalizedrequestedmemoryis negatively
correlatedthe requestednumberof processors.To our
knowledge, the correlationsbetweentheseparameters
of previousworkloadshave not beeninvestigated.The
curvesshown in the �gure wereobserved for both the
January- March 2000 and October- December2000
workloads.

Basedonthecurvesin Figure6(b),Figure7 providesthe
measuredconditionaldistributionsof requestedmemory
for four differentrangesof therequestednumberof pro-
cessors,which canbe usedto creatememoryrequests
thathave theobservedcorrelationwith job parallelism.

Recallfrom Table1 that the averagememoryavailable
per processoron the O2K is either 256 MB or 512
MB, dependingon the host. As shown in Figures5(a)
and6(a),35-40%of all jobshave normalizedrequested
memorygreaterthan256 MB; furthermore15-20%of
all jobsand50%of thesequentialjobshavenormalized
requestedmemorygreaterthan0.5GB. In contrast,in an
SP/2systemwheremorethan80%of thenodeshad128
MB of memory, 85%of thejobsrequestedthis smallest
possiblenormalizedmemory[Hoto96].



1 2 3 4 5
0

0.1

0.2

0.3

requested runtime (hours)

fra
cti

on
 o

f jo
bs

(a)0-5 hours(vst)
bucket= 6 minutes

5 10 20 30 40 50
0

0.1

0.2

0.3

requested runtime (hours)

fra
cti

on
 o

f jo
bs

(b) 5-50hours(st)
bucket= 1 hour

50 100 150 200 250 300 350 400

0.02

0.04

0.06

0.08

0.1

requested runtime (hours)

fra
ct

io
n 

of
 jo

bs

(c) 50-400hours(mt, lt)
bucket= 10hours

Figure 8. Distribution of Requested Runtime During Weekday Peak Periods

0

0.2

0.4

0.6

0.8

1

Ja
n

Feb
Mar

Oct
Nov

Dec

fra
ct

io
n 

of
 jo

bs

R ≤ 400h
R ≤ 200h
R ≤ 50h 
R ≤ 5h  
R ≤ 1h  

(a)PeakPeriodsEachMonth

0

0.2

0.4

0.6

0.8

1

Mon Tue
W

ed Thu Fri

fra
ct

io
n 

of
 jo

bs

(b) PeakPeriodsEachDay

0

0.2

0.4

0.6

0.8

1

103 104

5h 10
h

50
h

10
0h

20
0h

40
0h

cu
m

ul
at

iv
e 

fra
ct

io
n 

of
 jo

bs

requested runtime (minutes)

peak (2754) 
intermediate
low (498)   

(c) EachWeekdayArrival RatePeriod
(st,mt, lt Jobs:5-400hours)

Figure 9. Variation in Distribution of Requested Runtime (R)

4.5 Requested Runtime
To ourknowledge,previouspapershavenotreportedthe
distribution of requestedjob runtime,althoughthis pa-
rameteris usedby many job schedulingpolicies.

Figure8 shows thedistributionof requestedruntimefor
jobs submittedduring weekdaypeakperiods,andFig-
ure9 comparesthedistributionsof requestedruntimefor
jobssubmittedduringdifferentperiodsof approximately
stationaryarrival rate.Generalobservationsaboutthese
distributionsincludethefollowing.

• A large fraction of jobs requestthe default runtime
for thejob class(i.e.,5, 50,200,or 400hours).These
requestedruntimeshave no specialmeaningfor the
currentscheduleron the O2K, except that jobs that
requestup to 5 hoursof runtimeareeligible to runon
the threehoststhat have higherpriority for jobs that
requestadedicatedhost.

• Nearly all other jobs requestsome'round' number
suchas1, 2, 10,20,or 300hours,with approximately
uniform frequency for eachsuch requestedruntime
betweena pair of defaultvalues.

• The distribution of requestedruntime is similar for
jobssubmittedin differentmonths,althougha some-
what larger fraction of jobs request50 - 400 hours
duringOctoberthroughDecember2000.

• The distribution of requestedruntime is similar for
differentdaysof the week. Over eachthreemonth

period,but not during eachmonthwithin theperiod,
thereare slightly fewer vst jobs submittedon Mon-
days.

• Allowing for statistical variations in �nite sample
sizes, the distribution of requestedruntime is very
similar for jobssubmittedduringdifferentdaysof the
week,anddifferentweekdayarrival rateperiods.The
distributions during weekend intermediateand low
periods,not shown in the�gure, arealsosimilar.

Analysis of the distribution of requestedruntime for
each rangeof requestedprocessorspaired with each
rangeof requestedmemory, reveals four distributions
(namedA throughD) that are conditionedon the re-
questedprocessorsand requestedmemory as shown
in Figure 10. The distributions are provided in Fig-
ure 11. Although the rangesof processorandmemory
requestsoverwhicheachconditionaldistributionapplies
arecomplex, thesimilaritiesbetweenFigures10(a)and
(b) arealsosigni�cant. Thatis, therecurrenceof thedis-
tributionsin the two differentthree-monthperiodssug-
geststhattheidenti�ed distributionsaremeaningful.

The conditionaldistributionscanbe usedto generatea
syntheticrequestedruntime after determiningthe pro-
cessorandmemoryrequests.Distribution A hasa high
fractionof jobsthatrequestlessthanor equalto 5 hours
of runtime,andsmallerfractionsthat request10, 20, or
50hours.DistributionB hassigni�cant fractionsof jobs
that request5 hours,50 hours,and non-default values
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smaller than 50 hours; a smaller fraction request200
hours. Distribution C has signi�cant fractions of re-
questsfor 5, 50, and200 hours,anda smallerbut no-
ticeablefraction that request400hours. Distribution D
hasthe highestfractionsof jobs that request1-5 hours
and400hours. Sincemostjobs requestlessthan2 GB
of memory, andsincedistribution A hasa signi�cantly
lower averagerequestedruntime than distributions B
andC, jobsthatrequestgreaterthan16processorshavea
signi�cantly lower averagerequestedruntimethanjobs
thatrequestfewer processors.For example,theaverage
requestedruntimeis approximatelytenhourslarger for
serialjobsthanthatfor the64-processorjobs.

4.6 Summary of Requested Resources

Theprocedurefor creatingasyntheticworkloadthatap-
proximatesthe resourcerequestsof the O2K weekday
peakworkloadscanbesummarizedasfollows:

• Jobinterarrival timeshaveatwo-stagehyperexponen-
tial distribution, with meanapproximatelyequal to
two minutesandCV in therangeof 1-2.

• Requestednumber of processorshas a specialized
harmonicdistribution thatemphasizespowersof two
andsmallnumbers,asshown in Figure4(a).

• The distributions of requestedmemory, conditioned
on the requestednumberof processors,aregiven in
Figure7.

• The requestedruntime distributions, conditionedon
both the requestednumber of processorsand re-
questedmemory, aregivenin Figures10 - 11. These
specializeddistributions have signi�cant probability
massat 5, 50, 200, and/or400 hours,andrelatively
uniformprobabilityfor roundnumbersbetweenthese
values,asillustratedin Figure8.

To createa syntheticworkloadfor intermediateandlow
arrival rateperiods,only themeaninterarrival timeneeds
to be modi�ed. Arrival ratesfor the non-peakarrival
periodsareprovidedin Figure2.

5 Execution Characteristics
Sections5.1 and5.2 provide the distributionsof actual
job runtimeandmemoryusage,respectively. Relation-
shipsamongthesequantitiesand the job resourcere-
questsfor processors,memory, andruntimearealsopro-
vided. Overall averageutilization of allocatedmemory
per month is comparedagainstoverall averageutiliza-
tion of allocatedprocessorsper month. Distribution of
processorutilization wasanalyzedin Section4.3. Sec-
tion 5.3summarizestheexecutioncharacteristics.

5.1 Actual Job Runtime
Many previouspapersreportdistributionsof actualrun-
time over a collection of jobs that arrived over a pe-
riod of several months, without establishingwhether
the workload is (approximately)stationaryover those
months. In addition,previous workloadstudiesreport
on the correlationbetweenactualruntime andnumber
of requestedprocessors[FeNi95, WLF+ 96, Hoto96] as
well asthedistributionof theratioof actualto requested
runtime [FeWe98], but not on the correlationbetween
requestedruntimeandthe ratio of actualruntimeto re-
questedruntime.

5.1.1 Distribution of Actual Runtime
Figures12(a)and(b) show thatthedistributionof actual
runtimeon theO2K is similar for jobssubmittedduring
weekdaypeakperiodsin differentmonthsandfor jobs
submittedduringnon-peakarrival rateperiods,although
thecoef�cient of variation(CV) is slightly lowerfor jobs
submittedduring low arrival rateperiods.Thedistribu-
tion is also similar for jobs submittedduring different
daysof theweek(notshown).

TheCV of theoverall runtimedistribution for theO2K
workloadsis approximatelyequalto 3; a runtimeCV in
the rangeof 2-5 hasbeenreportedfor several previous
parallelworkloads[FeNi95, WLF+ 96, Gib97b].

Plotsof the complementof the runtimedistribution on
a log-log scale (not shown) reveal that the observed
distributions of runtime are not heavy tailed, in con-
trast to the processruntimes observed on Unix sys-
tems[HoDo97] andahypotheticalmodelof paralleljob
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Figure 13. Actual Runtime/Requested Runtime For Various Resource Request Classes
(October-December2000)

runtimesin [Harc00]. The two-stagehyperexponential
distributionhasbeenusedto modeltheobservedruntime
distribution in apreviousparallelworkload[Feit96]. As
shown in Figure12(c),theWeibull distributionprovides
asigni�cantly better�t for actualruntimesontheO2K.7

Thegammadistribution (not shown) doesnot �t thetail
of the observeddistribution. Sincethe observed distri-
butionis approximatelypiecewiselinearin thelogarithm
of theobservedactualruntime,a piecewiselog-uniform
distribution as proposedin [DoFe99] �ts the observed
distributionnearlyaswell astheWeibull distribution.

Similar results are obtained for modeling the distri-
bution of total processingtime (i.e., total numberof
cpu hours rather than total runtime) per job. That
is, the Weibull andpiecewise log-uniform distributions
closelyapproximatethe observed distribution, whereas
the gamma, two-stagehyperexponential, and heavy-

7The hyperexponentialdistribution shown in the �gure matches
only the �rst two momentsof the observed distribution. Using the
algorithmin [JPF+97] to �t ahyperErlangdistribution to theobserved
O2K runtimedistribution, resultsin a two-stagehyperexponentialdis-
tribution that matchesthe �rst threenon-centralmomentsof the ob-
served data,but this distribution hasa slightly worse �t to the full
distribution thanthe �t of thehyperexponentialdistribution shown in
the�gure. Notethatif a linearscaleis usedfor thex axisin the�gure
thehyperexponentialdistribution will appearto bemoreaccurate.

tailedParetodistributionsdonot.

Plots of the averageand percentilesof the actualrun-
time for eachrangeof requestedprocessors(omittedto
conserve space)reveal that thereis no appreciablecor-
relationbetweentheactualruntimeandrequestednum-
ber of processors,in contrastto previousworkloadson
an iPSC/860[FeNi95], a Paragon[WLF+ 96], and an
SP/2[Hoto96].

5.1.2 Actual vs. Requested Runtime
Figure 12(d) and Figures13(a)-(c) show that there is
a large discrepancy betweenactualand requestedrun-
time for most jobs. For example,approximately10%
of the st, mt, andlt jobs (which requestover 5, 50, or
200 hoursof runtime, respectively) actually complete
in under one minute. Another 10-20% of such jobs
completein underone hour. Furthermore,more than
50% of all jobs have actual runtime that is less than
20% of their requestedruntime, and 50% of the jobs
that requestdefault runtimeshave actual runtime less
than 10-12% of their requestedruntime. In contrast,
FeitelsonandWeil [FeWe98] reportedthat the ratio of
the actualto requestedruntimeon an SP/2rangesuni-
formly from 0-99%. [FeWe98]alsosimulatedtheSP/2
job tracewith accuraterequestedruntimesandshowed
that the averageof the job turnaroundtime divided by
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Figure 14. Conditional Distributions of Actual Runtime/Requested Runtime
(R: RequestedRuntime)

actualruntime(i.e., the meanslowdown) improved for
a non-preemptive schedulersimilar to the currentO2K
scheduler. Similarly, meanturnaroundtime andmean
slowdown for jobson theO2K might beimprovedif re-
questedruntimescouldbespeci�edmoreaccurately.

A key questionis how to generateactual runtimesin
a syntheticworkload if requestedruntimesare gener-
ated as discussedin Section4.5. The percentilesin
Figure 13(a) were computedfor the default requested
runtimes(i.e., 5,50,200,and400hours),eachrangebe-
tweenthedefaults,andthefollowingrangesof requested
runtime(R): R=1minute,1 min. < R≤ 10min.,10min
< R < 5 hrs.8. This �gure shows thattheratio of actual
to requestedruntimeis statisticallysomewhathigherfor
jobsthatrequestgreaterthan5 hoursof runtimebut not
oneof thedefaultvaluesthanfor jobsthatrequestoneof
thedefault values.Figure13(b)shows thatthedistribu-
tion for the formercategory of runtimerequestsis sim-
ilar for eachnumberof requestedprocessorsup to 32,
but hasa muchhigher�ftieth percentileif therequested
numberof processorsis greaterthan32. A similargraph
(not shown) shows that thedistribution for jobs that re-
quest5 hoursof runtimeis similarfor eachnumberof re-
questedprocessorsgreaterthan16. For eachcategoryof
requestedruntimeandrequestednumberof processors
thathasa similardistributionof theratioof actualto re-
questedruntime,weplottedthedistributionasafunction
of requestedmemory, as illustratedin Figure13(c) for
requestedruntimeequalto 5 hoursand requestedpro-
cessorsgreaterthan16. In Figure13(c) thedistribution
is differentfor requestedmemorygreaterthan4 GB; in
all othercases,thedistribution is not signi�cantly sensi-
tive to therequestedmemory.

Basedon theseconsiderations,Figure14 providesdis-
tributionsof theratioof actualto requestedruntimecon-
ditionedontherequestedruntime,requestedprocessors,
andrequestedmemory. Recall that actualruntimecan
exceedrequestedruntimeby onehourbeforethe job is

8Thevalueof eachpercentilefor eachrangeof runtimeis plotted
againsttheaveragerequestedruntimein therange.

killed. Theresultsin Figure14(a)show thatasigni�cant
fraction of the jobs that requestoneminuteof runtime
exceedtheir request.The resultsin Figure14(b) show
thatasigni�cant fractionof thejobsthatrequest5 hours
of runtimearetunedto run for exactly5 hours.

A syntheticworkloadgeneratorcanusethedistributions
providedin Figure14 to generatetheactualruntimeas
a fraction of requestedruntimeafter requestedruntime
andnumberof processorshavebeengenerated.

5.2 Memory Usage
For eachjob theJMD logs recordthe job's peakmem-
ory usageduringeach30 secondinterval of runtime. A
smallpercentage(i.e.,0-4%)of thejobsthathaveatleast
oneminuteof actualruntimeduringeachmonthdo not
have JMD log informationaboutactualcpu andmem-
ory usage;thesejobsarenot includedin theanalysisof
memoryusagecharacteristicsin this section.

The peakmemoryusedby the job is the maximumof
these30-secondpeakvalues.Theaveragememoryused
by the job is computedastheaverageof the30-second
peakvalues.The normalized peakmemoryusedis de-
�ned to betheratioof thepeakmemoryuseddividedby
thenumberof processorsrequested.Thepeak(or aver-
age)memory efficiency is de�nedastheratioof peak(or
average)memoryusedto memoryrequested.

Figure15showsthatthereis somevariability in thedis-
tributionsof peakmemoryusageover differentmonths
andoverdifferentarrival rateperiods.In particular, jobs
submittedduring intermediatearrival rateperiodstend
to have somewhatlower peakmemoryusage.In there-
mainderof this sectionwe focuson furthercharacteriz-
ing representative peakmemoryusagefor jobs submit-
tedduringweekdaypeakarrival rateperiodsin October
throughDecember2000. Parametersof the representa-
tive distributionsfor theseperiodscould be adjustedto
re�ect theobservedvariationsfor differentmonthsor for
theintermediatearrival rateperiod.

Similar to previous workloads [Feit97, SSN99], Fig-
ure15(a)showsthata largefraction(i.e.,approximately
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Figure 16. Memory Efficiency

50%) of the jobs on the O2K have a very small (i.e.,
under32 MB) peakmemoryusageper processor. On
the otherhand,anothersigni�cant fraction (about5%)
of the jobs on the O2K have normalizedpeakmemory
usagegreaterthan1 GB perprocessor.

Figure 16 shows that there is a large discrepancy be-
tweenrequestedmemoryandmemoryutilized per job.
In particular, Figures16(a)and(b) show thattherespec-
tive ratio of averageor peakmemoryusageto the re-
questedmemoryisdistributedfairly uniformlyovereach
10%rangefrom 10-100%,and15-20%of thejobshave
peakmemoryusagehigher than their requestedmem-
ory. A similar result was reportedfor a CM-5 work-
load in [Feit97]. Figure 16(c) shows that the average
memoryef�ciency variesbetween40-55%from month
to month, which is signi�cantly lower than the time-
averageutilization of therequestedprocessors.As with
the large errorsin requestedruntimeon the O2K, jobs
might bescheduledmoreef�ciently if memoryrequests
weremoreaccurate.

Peakmemoryusageis an important job characteristic
in that it de�nes the amountof memory that must be
allocatedto the job (in a sharedmemorysystemsuch
at the O2K) in order to guaranteethat the job doesn't
experienceany memoryinterferenceduring execution.
To furthercharacterizepeakmemoryusagefor thepur-

poseof creatingsyntheticworkloads,we analyzethe
correlationsbetweenpeakmemoryef�ciency andother
job characteristics. To that end, Figure 17 plots the
percentilesof the peakmemoryef�ciency per job, for
rangesof requestednumberof processors,requested
memory, andactualruntime.

Figure17(a)shows thatthepeakmemoryef�ciency per
job is fairly insensitive to the requestednumberof pro-
cessors.An implicationof this resultis thatpeakmem-
ory usageis positively correlatedwith the numberof
requestedprocessors,sincerequestedmemoryand re-
questedprocessorsare positively correlated(seeFig-
ure 6(b)). Similarly, thereis a negative correlationbe-
tweenthenormalizedpeakmemoryusageandthenum-
ber of requestedprocessors((seeFigure6(a)). In con-
trast, in the CM-5 [Feit97] workload, the jobs with a
largernumberof processorsnotonly usealargeramount
of memory, but also a larger amountof per-processor
memory.

Figure17(b)showsthatthedistributionof peakmemory
ef�ciency is signi�cantly differentfor jobs that request
fewer than128MB of memorythanfor jobsthatrequest
more than128 MB of memory. From this �gure, not-
ing thatvery few jobsrequest33-64MB of memoryand
thatthe80-percentilevaluefor thesememoryrequestsis
unreliablebasedon thesmallnumberof jobs,we parti-
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Figure 18. Conditional Distributions of Peak Memory/Requested Memory
(WeekdayPeakPeriods,October-December2000)

tion the jobs into threeclassesaccordingto their mem-
ory request(i.e.,≤ 32MB, 33-128MB, and> 128MB)
andprovide the percentilesof peakmemoryef�ciency
asa functionof actualjob runtimefor eachclassin Fig-
ures17(c)- (e).9

Notethatall jobsthathaveruntimeunderoneminuteuse
a very small fraction of their memoryrequest;in fact,
nearlyall suchjobsuselessthan64MB of memory.

Thedistributionof peakmemoryusedasafractionof re-
questedmemoryis verysimilar for runtimegreaterthan
10minutesandmemoryrequestgreaterthan32MB, ex-

9The rangesof actualruntimeover which the percentilesin Fig-
ure17(c)-(e)arecomputedare:0-1minute,1-10minutes,10-100min-
utes,1.7-17hours,17-170hours,andabove 170hours.

ceptfor jobswith memoryrequestof 33-128MB andac-
tual runtimein the rangeof 1,000-10,000minutes(i.e.,
approximately17-170hours).Thus,Figure18 provides
the requisitedistributions for generatingpeakmemory
asa fractionof memoryrequestedafterrequestedmem-
ory andactualruntimehavebeengeneratedasdescribed
earlierin this paper.

5.3 Summary of Execution Characteristics
To generateactualruntimeandpeakmemoryusageto
completea syntheticworkloadthat is representative of
the O2K weekdaypeak arrival rate workloads, these
characteristicsareobtainedfrom thedistributionsin Fig-
ure 14 and 18, respectively. Processorutilization can
also be generatedfrom the distribution in Figure4(b).
To createa syntheticworkload for intermediatearrival



Table 6. Largest Jobs Each Month

Month #Jobs

Demand/Demand All Job Size
Avg Avg Avg Avg

Processor Memory Processors Memory Actual Processor
Demand Demand Requested Requested Runtime Demand

(GB) (hours) (P×T hours)
Jan2000 15 17.1% 15.7% 27.7 6.1 311.0 7173
Feb2000 15 16.5% 17.2% 36.1 7.7 254.5 7031
Mar 2000 15 15.6% 11.0% 36.1 6.6 209.5 6944
Oct 2000 15 9.1% 3.4% 41.7 3.8 102.9 3888
Nov 2000 15 11.1% 9.2% 39.8 5.1 168.4 4657
Dec2000 15 16.6% 13.3% 40.5 8.0 222.0 8044
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Figure 19. Characteristics of the Fifteen Largest Jobs for A Recent Month (December 2000)

rateperiods,thepeakmemoryusagemight beadjusted
slightly asshown in Figure15(c). Low arrival rateperi-
odshave approximatelythesamedistributionsof actual
runtime and peakmemoryusageas weekdaypeakar-
rival rateperiods.

Note that, dependingon the purposeof the synthetic
workload,any of thecharacteristicsthatarenot needed
canbeignored.

6 The Largest Jobs Each Month
This sectionprovidescharacteristicsof the �fteen jobs
that have the largestprocessordemand(i.e., the prod-
uctof thenumberof requestedprocessorsandtheactual
runtimeof thejob) eachmonth.

Table6 summarizesthetotal processorandmemoryde-
mand,andtheaveragejob sizeof theselargestjobs for
eachmonth. Figure 19 provides more detailedchar-
acteristicsof the largestjobs in December2000,a re-

centmonthin which theaverageprocessordemandper
largestjob is high.

For most months,the 15 largest jobs accountfor 10-
15%of thetotal processorandmemorydemandfor the
month.Also for mostmonths,theselargestjobshavean
averageof over200hoursof actualruntimeandandav-
eragedemandof 7000-8000processorhours,while the
respective averagesover all jobs in the monthly work-
loadis at leastanorderof magnitudesmaller.

As shown in Figure 19(b) and (d), the top three jobs
in December2000hadrun timesof 300-400hourson
32-64processors.Although two of the largestjobs in
December2000hadvery low processorutilization,Fig-
ure 19(f) shows that many of the largest jobs achieve
nearly 100% utilization of their requestedprocessors.
For the other � ve monthsanalyzed,(1) 2-7 jobs per
monthhave approximately100%processorutilization,
and(2) 2-5 jobspermonthhave under50%utilization,
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Figure 20. Job Arrival Times For the Fifteen Largest Jobs in the Other Months

of whichatotalof threejobshaveutilizationunder10%.

As shown in Figure19(c) the largestjobsrequesteither
the maximummemory(16-25 GB), or under4 GB of
memory. Peakmemoryusagedivided by memoryre-
quested(Figure19(g))tendsto besomewhathigher(i.e.,
60-100%for mostof thelargestjobs)thanfor thework-
loadasa whole. On theotherhand,a few of thelargest
jobshavepeakmemoryef�ciency under20%.

Figures19(h)and20 show thatmostof the largestjobs
of eachmontharrive during weekdaypeakarrival rate
hours.However, duringOctober2000asigni�cant frac-
tion of thetop jobsweresubmittedduringweekdaylow
arrival ratehours(i.e.,midnightto 4am).

7 Conclusions
This paperhasprovideda characterizationof the large
productionparallel workload submittedto the NCSA
O2K over two threemonthperiods. This characteriza-
tion is more completethanprevious parallelworkload
characterizationsin thatnew characteristicsareprovided
(e.g.,distributionsof requestedruntime,processorand
memoryutilizations,distribution of requestedmemory
over more�e xible rangeof possiblerequests),correla-
tionsamongthecharacteristicsaremorefully explored,
and conditionaldistributions are provided for generat-
ing syntheticworkloadsthat include the observed cor-
relationsin theO2K workload. Anotherkey difference
in this analysisascomparedwith prior work is that job
characteristicsareprovided for jobs that aresubmitted
during periodsof approximatelystationaryjob arrival
rate. From thesecharacteristicswe determinedthat the
jobssubmittedin differentmonthsor in differentarrival
rateperiodsarestatisticallyvery similar. Theroadmaps
for generatingsimilar syntheticworkloadsaresumma-
rizedin Sections4.6and5.3.

Interestingcharacteristicsof theO2K workloadinclude:
(a) the �fteen largestjobs in a typical monthhave aver-
agerunningtime of over 200hoursandusean average
of 4000-8000processorhours,(b) mostrequestedrun-
times are default values(i.e., 5,50,200,or 400 hours),
(c) whetheror not a default runtime is requested,over
half the jobs have actualruntime lessthan20% of the

requestedvalue,and(d) overall utilization of allocated
processorsis approximately80% whereasoverall uti-
lizationof allocatedmemoryis closerto 50%.

Someof the O2K workload characteristicsthat differ
from previous workloads(e.g., the CV of job interar-
rival time equalto 1-2 insteadof 2.5-6)aremostlikely
due to measuringthe O2K characteristicsduring peri-
odsof stationarity. Otherdifferences(e.g., longerrun-
timesandlarger memoryrequests)aremost likely due
to generaltrendsin productionparallel systems. Still
other differences(e.g., lack of correlationbetweenre-
questedruntime and requestednumberof processors,
or the large numberof jobs with very inaccuratere-
questedruntime)mayeitherbedueto the trendtoward
morewidespreaduseof parallel/distributedcomputing,
or mayinsteadbere�ective of theO2K usageandenvi-
ronment.Characterizationof furthermodernproduction
parallel/distributedcomputingworkloadsareneededto
distinguishthetrendsfrom theenvironment-speci�cre-
sults.

Topics for future researchinclude (1) analysisof the
workloadcharacteristicsof thejobssubmittedduringthe
occasionalhigh-loaddays(i.e., thedaysthat have over
500arrivalsratherthanthemoretypical350arrivals),to
determinewhethersuchjobshave differentcharacteris-
ticsthanthejobssubmittedduringtypicalweekdaypeak
periods,(2) a moredetailedanalysisof whetherstatisti-
cal �uctuations in �nite samplesizesaccountsfor the
small �uctuations observed amongdaily and monthly
workloadson the O2K, (3) analysisof the characteris-
ticsof thejobsthatrequestdedicatedtimeon theNCSA
O2K hosts,(4) investigationof the feasibility of more
accuraterequestedruntimes,and the impact of more
accuraterequestedruntimeson the performanceof the
O2K schedulingpolicy, and(5) analysisof (future)pro-
duction workloadson clustersof workstationsand for
morewidely distributedcomputingresources.
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