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Abstract

This papercharacterizeshe productionworkload that
highly utilizes the NCSA Origin 2000. The charac-
terization includesthe distributions of job interarrival
time, requestedchumberof processorstequestednem-
ory, requesteduntime, actualruntime as a fraction of
requesteduntime, and the ratio of memory usageto
memoryrequest. Conditionaldistributions are de ned
asneededor generatinga syntheticworkloadwith the
samecharacteristicsincluding the key correlationsob-
senedamongthejob parametersCharacteristicef the
O2K workloadthatdiffer from previously reportedpro-
ductionworkloadcharacteristicarealsonoted.

1 Introduction

To betterunderstandhe performanceof job scheduling
policies,andto createrealistic syntheticworkloadsfor

evaluatingthe performanceof alternatve policies, it is

usefulto understanthecharacteristicef 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. Somecharacteristicare similar acrossmost
of theseprevious workloads. For example, most jobs
requesipower-of-two processoranda large fraction of

the jobs are serial. Other characteristichave varied.
For example,someworkloadshave a positive correla-
tion betweenjob runtime and the numberof proces-
sors[FeNi95 WLF* 96], while the correlationis more
comple in otherworkloads[Hoto96].

In this paper we analyze six one-monthproduction
workloadson the Origin 2000 (O2K) at the National
ComputationalScienceAlliance (NCSA). This system
is interestingfor severalreasonskFirst, the system(i.e.,
1520processorsh16 GB of memory)is largerthansys-
temspreviously studied. Secondthe jobs have longer
runningtimes(i.e., upto 400hoursor 16 days16 hours)
comparedto a maximum runtime of only a few tens
of hoursin the systemspreviously studied. Third, the
jobscollectively requireahigherfraction(i.e.,90-100%)
of the available processingime thanin previous work-
loads.Finally, theO2K is asharednemorysystemthus
individual jobs may requesta different fraction of the
memorythanthe processor®n the system. Most sys-

temspreviously studiedscheduleprocessor®nly, with
a default memoryallocationequalto the memoryasso-
ciatedwith the processorsllocatedto thejob.

Thecontribtutionsof this paperarethreefold.First,char
acteristicsof the NCSA O2K workloadthat differ from
previous workloadsareidenti ed. Secondwe provide
signi cant new measuresnd analysis. Third, we pro-
vide conditionaldistributionsanda "roadmap”for cre-
ating a syntheticworkloadthat hasthe obsered distri-
butionsaswell asthe key correlationsamongthe distri-
butions of requestegrocessorstequesteduntime, re-
guestednemory actualruntime,and peakmemoryus-
age. To our knowledge,the roadmapandrequisitecon-
ditional distributionshave not beenprovidedin previous
workloadstudies.

Characteristicof the O2K workload that differ from
previously reportedworkloadsincludethefollowing.

e The coefcient of variation (CV) of the job interar
rival time is in therangeof 1-2 duringeachperiodof
approximatelystationaryhourly arrival rate.

e Jobsrequirean average of 50-100processothours,
dependingnthe month.

e 10-15%o0f thejobsrunfor over 20 hours.

o 15-20%0f the jobseachmonthrequest higherfrac-
tion of memorythanprocessors.

¢ Jobsthatrequesimoreprocessorsendto requestnd
uselessmemoryperprocessar

e Greaterthan50% of thejobshave actualruntimeless
than20% of their requesteduntime.

e Thereis not an appreciablecorrelationbetweenthe
numberof processorsequeste@ndthejob runtime.

Thenew measuresndanalyseprovidedinclude:

¢ Memorydemandgqualto the productof theamount
of memoryrequestedand the actualjob runtime, is
providedasa measuref systemoad.

e A comparisonof the workload mix from month to
month.

¢ We identify peak, intermediate,and low periodsof
approximatelystablejob arrival rate per hour, rather
than using the (12-hour)”day” and "night” periods
in [FeNi95 WLF* 96, Down97].



Table 1. NCSA O2K Space Shared Hosts

Memory
Host | Number of Total| PerProcessor
Name |Processors (GB) (MB)
eir 128 64 512
nerthus 128 64 512
hod1l 128 64 512
jordl 128 32 256
sagal 128 32 256
huldra 128 32 256
mimir 128 32 256
modi2 64 16 256

¢ We examinewhetherthe jobs submittedon different
daysor duringdifferentperiodsof the dayarestatisti-
cally similar or not.

o Distributions of requestedtotal memory requested
runtime,andprocessoutilization, areprovided.

e We provide a moreextensie analysisof the correla-
tionsamongthe job characteristicsFor example,the
correlationbetweerrequestechumberof processors
andrequesteanemory or betweertheratio of actual
to requesteduntimeandthe requesteduntimehave,
to our knowledge,not beenstudiedin previouswork-
loadanalyses.

e Characteristicof the fteen largestjobs submitted
eachmonthareprovided.

The remainderof the paperis organizedas follows.
Section2 providesan overview of the NCSA O2K job
classeandresourcesswell asa brief review of related
work. Section3 provides an overview of the system
load. Sectiongt and5 characterizéhe O2K workloadin
termsof requestedesourcesndresourcaisagerespec-
tively, pointingoutthedifferencesomparedo previous
workloads,andproviding aroadmagfor creatinga syn-
thetic workload. Section6 providesthe characteristics
of the fteen jobsthat usedthe largestprocessingime
eachmonth.Section7 concludeshepaperandidenti es
topicsfor futureresearch.

2 Background
2.1 NCSA 02K System and Job Traces

The NCSA O2K processorsre partitionedinto twelve
hosts. Eight hosts,with a total of 960 processorsare
usedfor space-sharedchedulingof batchjobs that do
not requestkxclusive useof a (dedicatedhost. Table1
shaws the processomand memoryresourcef eachof
theseeight space-sharebosts. Threeotherhosts,with
atotal of 512 processordhave a higherpriority for run-

Table 2. NCSA 02K Job Class Definitions

Class Name Resource Request
Time Component JobRunTime
vst (very short) <5hrs
st (short) < 50hrs
mt (medium) < 200hrs
It (long) < 400hrs
SizeComponent # Processors Memory
sj  (small) <8 <2GB
mj  (medium) <16 <4GB
lj (large) <64 < 16GB*

(* 25 GB in October-December 2000)

ning batchjobs that requesta dedicatedhost, one at a
time. Eachof the threehostswill run otherbatchjobs
with shortrequestedun-time(i.e., lessthan ve hours)
in space-shareghodeif thereareno jobswaitingto run
thathave requestec dedicatechost. Theremainingone
hostrunsinteractie jobsonly.

This papermprovidesthecharacteristicsf all of thebatch
jobs that do not requesta dedicatedhost. Thesejobs
have more widely varying processorand memory re-
guestghanthejobsthatrequest dedicatechost.

Thejobs analyzedveresubmittedin the six one-month
periods(i.e., January- March and October- Decem-
ber2000). The LSF job schedulefLSF], locally tuned
for the NCSA workload,wasusedduringthe rst three
months.A priority-back Il schedulesimilartotheMaui

SchedulefMS] replacedthe LSF schedulingalgorithm
attheendof June2000[ChVe01], althoughL SF contin-

uesto log informationabouteachjob.

Eachjob requestsa numberof processorsanamountof
memory anda maximumrunningtime. Basedon these
requeststhejob is classi edin oneof four time classes
(i.e.,vst, st,mt, or It) andoneof threesizeclassedi.e.,
sj, mj, or lj), asde ned in Table2. For example,a job
thatrequestd 6 processorand2 gigabytesof memoryis
anmj job. Jobsthatrequiremorethan64 processorsan
request dedicatechost. Table4 shovs thateachmonth
on the eight spacesharedhosts,the submittedmj and
lj jobstypically require65-70%o0f the total processing
time availablewhile upwardsof 5500sj jobs alsoneed
to bescheduled.

A job is killed if it exceedsits requestedun time by
onehour or hasa humberof processegreaterthanthe
numberrequesteglusone! Only a smallfraction (un-

1A processis countedif it hasuseda cpu for at least6 seconds
(i.e., 20%) during a 30-secondvindow. Under LSF scheduling for
the purposeof determiningwhethera job hasexceededts 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 eachmonth exceedtheir requested
processorsThe jobsthatarekilled areincludedin the
workloadcharacterization.

The LSF log containsthe arrival time, actualand re-
guestedob runtime,andrequestegrocessorandmem-
ory of eachjob. Jobsthathave zeroruntime(i.e., they
failed or wereabortedmmediately)areexcludedin our
analysis A softwaredaemor(JMD) developedatNCSA
recordsthe actualresourceusageof eachjob every 30
secondsduringits execution. The memoryandcpu us-
ageof eachjob is obtainedrom the JIMD log.

2.2 Redated Work

Several workload studies [FeNi95 Feit96 Hoto96
HS096 SGS96 WLF* 96, WMKS96, DoFe99 report
the measuredistributions of the numberof requested
processorandactualjob runtime,onvariousproduction
systems(e.g., NASA Ames Intel iPSC/860,Argonne
SP/1,Cornell Theory Center(CTC) SP/2,SDSCIntel
ParagonPSCT3D). Sereral of thesestudiesalsoreport
thedistribution of job interarrival time [FeNi95 HSO96
WLF™* 96], andthe relationshipbetweerthe averageor
distribution of runtimeandrequestechumberof proces-
sors[FeNi95 Hoto96 HSO96 DoFe99. The studies
in [Feit97, SSN99]focuson the memoryusageof jobs
on the LANL CM-5 and SDSC CRAY T3E. [Feit97]
alsoreportsthe distribution of the fraction of requested
memoryusedby ajob. [HSO9q reportsthe distribution
of requesteanemorypernodeonthe CTC SP/2.

Basedon job tracesfrom productionsystems several
previouspapergroposanathematicadlistribution func-
tions that closely approximatethe obsenred distribu-
tions. [Feit9g proposedistributions of the job inter-
arrival time, the requestechumberof processorsand
the actual runtime with mean conditionedon the re-
guestednumberof processorsderived from an anal-
ysis of six workloads. Four papersanalyzethe CTC
SP/2workload and proposedistributions of job inter-
arrival time [JPF 97], the requestechumberof pro-
cessorgDown97], runtime [DoFe99, the product of
requestechumberof processorsnd runtime [JPF 97,
Down97, DoFe99, and the runtime conditioned on
numberof requestedprocessordDoFe99. [SYZ99
characterizeshe arrival patternsobsened on the CTC
SP/2.Thestudyin [FeWe98] proposes distribution for
therequesteduntimeasa multiple of actualruntimefor
adifferentSP/2system.

The differencesbetweentheseprevious workloadsand
theworkloadanalyzedn this paperarenotedasresults
arepresentedn Section3- 5.

purposesandfor the Maui schedulerjob runtimeis de ned simply as
theamountof (wall clock) time thejob occupieghe processors.

Table 3. Notation

Symbol | Definition
M Requestediemory
P RequestedProcessorfs
T |ActualRuntime
MxT |MemoryDemand
PxT |Processobemand

3 Overview of the O2K Workload

Thissectionprovidesanoverview of thetotalloadonthe
O2K aswell astheloaddueto the large jobs submitted
duringeachmonthstudied.The fteen largestjobseach
montharefurthercharacterizeéth Section6. Table3 de-
nes somenotationthatwill beusedin theremaindeiof
the paper Note thatthe processodemandfor a job is
the productof the numberof requestegrocessorand
theactualruntimeof thejob. Similarly, the memoryde-
mandis the productof theamountof requesteagnemory
andthejob runtime.

3.1 Monthly System Load

Table4 summarizeshe overallload onthe NCSA O2K
during eachof the six one-monthperiods. The proces-
sor demand(proc demand)is summedover all jobs or
all jobsin oneof the twelve job classesandexpressed
asafractionof thetotal processindime availableonthe
eightspace-sharedostsduringthemonth(i.e.,theprod-
uct of the total numberof processorandthe total time
during the month). Note that processodemandcanbe
greatethan100%becausén atypicalmonth50%of the
vst jobs (collectively having a total of 4-9% processor
demandyunonthethreehoststhatgive priority to dedi-
catedjobs. Thememorydemands similarly reportedas
a fraction of total availablememoryon the eightspace-
sharechosts.We usetheresourcesn eightspaceshared
hostsfor measuringprocessoandmemorydemandoe-
causethesearethe only hoststhat are guaranteedo be
availablefor runningthe batchjobs that are character
ized.

Thekey obsenationsfrom Table4 are:

e Thetotal processodemandeachmonthis extremely
high,i.e., typically 90-100%of thetotal availablepro-
cessingime onthe eighthosts.

e Theoverallmemorydemands someavhatlower than
the processodemandeachmonth, but is still in the
rangeof 70-80%duringmostmonths.

e Thejob mix is similar from monthto month. That
is, with a few exceptionsthe numberof jobsin each
classandthe processoandmemorydemand®f each
job classarefairly similar from monthto month.One
exceptionis the Decembe000workload,which has



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

Job Class
Month Overall vstsj| stsj| mtsj|lt_sj| vstmj |stmj|mtmj|lt_mj | vstlj | stlj | mtlj | It_|j
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%
Oct2000
#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 T
Demand | Demand || Requested | Requested | Runtime x
(GB) (hours)
PxT > avgPxT=66h | 1793 (18%)| 89.3% 79.0% 15.2 2.3 425 |319
Oct T > 20hr 1312 (13%)|| 71.3% 80.9% 6.7 1.9 59.6 |348
2000 P>16, T>10m| 695 (7%)| 35.7% | 9.7% 42.2 47 85 |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 PxT > avgPxT=72h | 1495 (17%)| 89.4% 83.3% 19.4 2.6 355 |376
2000 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
PxT > avgPxT=93h | 1188 (15%)| 87.8% 76.0% 14.6 1.9 63.7 |537
Dec T > 20hr 1293 (17%)|| 82.2% 87.7% 6.5 15 69.5 | 462
2000 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 higherprocessodemandoverall and
in severaljob classesjhanin theothermonths.

e Thevastmajority(i.e., 95%)of thetotal processode-
mandis dueto (st,mt,orlt) jobsthatrequestuntimes
greaterthan ve hours. On the otherhand, a large
numberof vstjobsmustalsobe scheduled.

e Thelarge(lj) jobshave arelatively high processoand
memory demand(typically equalto 35% or more).
This is a challengingworkload for the job schedul-
ing policy, asit is dif cult to nd free resourcedor
thesdargejobswhentotal systemoadis above 90%.

3.2 Monthly Load Due To Large Jobs

Previouswork hasshavn thatalargefractionof thepro-
cessoidemands dueto a smallfractionof thejobs. For
example,on aniPSC/86090% of the jobs hadruntime
under 15 minutes, but the remaining10% of the jobs
accountfor 90% of the total processodemandby all
jobs [FeNi95. Hotovy [Hoto9§ reportedthat, fewer
than 50% of the jobs on the CTC SP/2usemorethan
1 processarbut they accountfor over 90% of the total
processodemandf all jobs.

The characteristicoof the NCSA O2K workload are
someavhat different. For example, 65-70%of the jobs
requesimorethanoneprocessofFigure4) and40% of
thejobshave runtimegreaterthanonehour (Figure12).
Table4 shavsthat50-55%o0f the O2K jobsarein thevst
class,andthe other45-50%o0f the jobs accountfor ap-
proximately90% of the processodemandeachmonth.

To determinethe extentto which varioussmall setsof

jobsdominateprocessingind/ormemorydemancdnthe
02K, ve classef large jobs are summarizedn Ta-

ble 5. Theclass"PxT > avg PxT", is the setof jobs
that eachhave processordemand(PxT) greaterthan
the averageprocessodemandover all jobsin the given
month. The averageprocessodemandor the monthis

givenin parenthese.g.,93 processohoursin Decem-
ber2000). In addition, T > 20 hours,P>16,M>4 GB,

andT>10 minutesareusedto de ne four classesthree
of whicharesubset®of the'l]' class.For eachjob class,
the table shaws the total numberof jobs (andthe frac-

tion of all submittedjobs), the processormand memory
demandxpressedsafractionof therespectre demand
of all submittedobs,andtheaverageof eachof four size
measure$or jobsin theclass.

Key obsenationsfrom Table5 includethefollowing.

e Averageprocessodemandperjob is in the rangeof
50-100processohours,dependingn the month.

e Theloadof eachlargejob classis very similar across
differentmonths.

e Processomlmnd memoryusageare dominatedby the

10-15% of jobs with running time greaterthan 20
hoursor by the 15-18%o0f jobswith higherthanaver-
ageprocessodemand.

e No morethan3% of the jobsin the monthswe ana-
lyzedhave P > 16,M > 4 GB, andT > 10 minutes.

4 Resource Request Characteristics

This sectionanalyzegob arrival characteristicsandthe
obsened distributions of requestechumberof proces-
sors,memoryandruntime. Theanalysigncludesdenti-
fying periodsperdayof approximatelystationaryarrival
rate,anddeterminingwhethemresourcaequestistribu-
tions vary amongdifferentmonths,days of the week,
or periodsof theday. Conditionaldistributionsthatcap-
turethekey correlationamongtheworkloadparameters
arealsoprovided. Section5 will provide actualjob run-
time andmemoryusagedistributions,aswell ascorrela-
tions betweenthe usagedistributionsandthe requested
resources.

This sectionandSection5 provide a”roadmapfor cre-
ating a syntheticworkload with characteristicsimilar
to the obsened O2K workload. In other words, the
workload characteristicare presentedn the orderin
which syntheticjob characteristicsouldbe assignedo
asto capturethe key correlationsamongthe distribu-
tions. Sections4.6 and5.3 summarizeéheroadmap.

41 Job Arrival Rate

Figurel shavs the numberof job arrivalseachdaydur-

ing October2000,with the numbersubmittedon each
particularday of the week (e.g., Monday) groupedto-

gether The gure shaws thatthe numberof arrivalsis

typically 350-400per weekdayand 150-200per week-
end day. Occasionallythere are weekdaysthat have
greaterthan500arrivals. Othermonthshave similar ar-

rivalsperday; exceptthat(1) in February2000,thenum-
ber of arrivals per weelend day was closerto 350, (2)

duringthelast2-3weeksof Decembethenumberof ar-

rivalsperweekdayis 150-200,and(3) on holidays(e.g.,
Thanksgving, ChristmasNew Yearsday), the number
of arrivalsis lowerthanatypicalweelendday.

Severalpreviouspaperdave providedtheaveragenum-
ber of jobs that arrive during eachhour on weekdays

, 600
§ 500
5 400
g 300
2 200
3 100

0

Mon  Tue Wed Thur Fri Sat Sun
Figure 1. Number of Jobs Submitted Per Day
(October2000)
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Figure 2. Number of Job Arrivals Each Hour

and weelends on various parallel systems[FeNi95

WLF* 96, HS09§ including a network of worksta-
tions[Gib974. The patternof job arrivalsis very sim-
ilar on eachof thesesystemsother than the Paragon
in [WLF* 96]. Thatis, duringweekdayshereis a peak
arrival periodbetweerBam-6pm.a very low arrival pe-
riod beforeBam,andanintermediaterrival periodafter
6pm, with lessvariationin the numberof job arrivals
per hour during weelends. The previous papershave
notedthe higherarrival ratefrom 8am-6pm but not the
intermediatearrival rate after 6pm. They also do not
commenton whetherthejob arrival patternis similar or

differentacrossdifferentdaysof the week,and do not
examinewhetherotherjob characteristicg¢suchasrun-
time) differ dependingn periodof thedayor dayof the
week(e.g.,Mondayvs Friday).

Plotsof thenumberof jobsthatarrive eachhourfor each
day in the six monthsof O2K workload did not reveal
ary distinctcharacteristic$or ary particulardayduring
the work weekor during the weelend. Figure2 shavs
thatthe arrival patternvariessomevhatfrom oneweek-
day to another(Figure 2 (a-c)) or one weelendday to
another(Figure2(d),(h)), but the averagenumberof ar
rivalseachhouris approximatelthesamewvhethercom-
putedover all Fridays(or otherday of the week)in a
givenmonth(e.g.,Figure2(e)),or over Mondaythrough
Friday in a given week (e.g., Figure 2(f)), or over all
weekdaysn ary givenmonth(e.g.,Figure2(g)).

The gure shows that whenthe averagenumberof ar
rivalsperhouris computedover alarge sample suchas
all weekdaysn a month,threeperiodsof approximately
stationaryaveragearrival rate areidenti ed. Thethree
periodsare labeledpeak, intermediate and low in the

gures. Allowing for statistical uctuations dueto -
nite samplesizesaswell asfor uctuationsdueto occa-
sional systemdowntimes,thesethreeperiodsappearo
be presenduring eachweekdayin the six monthsstud-
ied. Analogouslytwo periods(intermediateandlow) of
approximatelystationaryarrival ratewereidenti ed on
weelenddays,asshavn in the gure.

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

4.2 JobInterarrival Times

For thepurposeof determiningnterarrival time distribu-
tions,we considemweekdaypeakperiodsfrom 9am-5pm
because¢he 8-9amand 5-6pmperiodshave averagear
rival ratethatis slightly lowerthanthe otherpeakhours.
For analyzingall otherjob characteristicsthe weekday
peakperiodis de nedto be8am-6pm.

Excludingperiodswhenthe O2K is down, duringeach
period of approximatelystationaryhourly arrival rate,
the coefcient of variation(CV) of the interarrival time
is in the rangeof 1-2. Higher CVs (i.e., CV = 2.5-6)
have beenreportedn othersystemgFeNi95 WLF* 96,
JPF 97, SYZ99 for thedistribution of interarrivaltimes
during12-hourdayandnightperiods(ratherthanduring
periodsof stationaryarrival rate).

We have investigatedseveral modelsfor the obsened
O2Kinterarrival time distributionin eachperiod,includ-
ing theexponentiawith thesamemearinterarrival time,
a two-stagehyperexponentialwith the samemeanand
CV, the Weihull, andthegammadistribution? The t of

2|n eachperiod,the parametersf the two-stagehypereponential
distribution are computedusing the standardalgorithm suchthat the
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thesedistributionsis illustratedfor two differentperiods
in Figure3(a)and(c). The t of thegammadistribution
(notshawn) is similar to the t of the Weibull distribu-
tion. The complemenbf the cumulative distribution is
shavn on alog scaleto moreclearlyshav the t of the
tail of thedistribution.

As shown in the gure, the two-stagehyperexponential
distribution ts the obsened interarrival time distribu-
tion betterthanthe exponentialdistribution, evenduring
periodswhenthe CV is quite closeto 1. In fact,in all
periods(including all peak,intermediateandlow peri-
ods),thetwo-stagenyperexponentialwith the measured
meanandCV hadthebest t for the obseneddistribu-
tion.2 Figure3(b) shavsthatif periodswhenthesystem
is down? (e.g.,the periodduring10:12-11:38anon Jan-
uary 11), arenot eliminatedfrom the measurednterar

productsof the probability andthe meanservicetime for eachstage
areequal[AllI90]. The maximumlikelihood estimatef the Weikull
and gammadistribution parameterswith 95% con dence intenals,
arecomputedusingMatlab[JKK92, Mat].

3The two-stagehyperexponentialwith CV closeto 3 wasfoundto
have agood t for the distribution of all interarrival times, not sepa-
rately measuredver periodsof approximatelystationaryarrival rate,
for the CTC SP/2in [JPFt97]

4Downtimeis oftennotrecordedn thejob logs. Weimplementedh
specialdaemorprocesghattrackssystenmdovntimeonthe O2K since
the O2K job logsdo not containthe down time information.
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rival time distribution, one might erroneouslyconclude
thatthe interarrival times are betterapproximatecdyy a
heavy-taileddistribution suchasthe Paretodistribution.

4.3 Number of Requested Processors

Figure4(a) plots a typical distribution of the numberof
requestegbrocessorsor jobssubmittedduringweekday
peakperiodsin a givenmonth. The distribution is sim-
ilar for othermonthsandfor mostintermediateandlow
periodson weekdaysandweelends® Occasionallydur-
ing one of the intermediateor low arrival rate periods,
the numberof jobs that request32 or 64 processorss
slightly higherthantypical.

As in previous workloads [FeNi95 Hoto9§ Feit9g
WLF* 96, WMKS96, SGS96,Down97], a large frac-
tion (i.e., 30-40%)of the O2K jobs areserial,andmost
jobs requestpower-of-two processors. The distribu-
tion is similar to the log-uniform distribution proposed
in [Down97], exceptthatfewer jobsrequest or 4 pro-
cessorsandasmallbut notinsigni cant fractionof jobs
requestnumbersof processorghat are not a power of

50Onasystenwith restrictecbrocessoavailability during6am-8pm
onweekdaysthefractionof submittedobsthatrequesthemaximum
numberof processorsvas reportedto be signi cantly higher during
otherhours[FeNi95. TheO2K doesnotrestrictbatchjob sizesduring
weekdaypeakperiods.
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two. Thus,a harmonicdistribution constructedo em-
phasizesmallnumbersandpowersof two, asproposed
in [Feit9§q, is a bettercharacterizatiomf the processor
requestonthe O2K.

EachO2K job is allocatedits numberof requestegro-
cessorsintil it terminatesFigures4(b) and(c) shav that
ahighfractionof jobsutilize over80%requestegroces-
sors,including jobs that request32-64 processorsjobs
that have dominantactualruntimes,andjobs that have
dominantprocessodemand(PxT). This leadsto high
total utilization of allocatedprocessor®n the O2K, as
will beshavnin Figurel6(c).

4.4 Requested Memory

Thenormalizedequestednemoryfor ajobis de nedas
theamountof requestednemorydividedby thenumber
of processorsequestedFiguress(a)- (c) shav thatthe
distribution of normalizedor total requestednemoryis

very similar during differentmonthsand during differ-

ent periodsof the weekdayP It is alsovery similar for

differentdaysof the weekandduring weelend periods
(not shawvn). Notethatonly a very small fraction (i.e.,

<1%) of jobs eachmonthrequestthe maximumof 25

GB (or previously 16 GB) of memory

6 Jobssubmittedduring weekdayintermediateperiodsreques256
MB to 1 GB of memoryslightly moreoften,and2-4 GB slightly less
often, but the weekdaypeakdistribution is still afairly goodapproxi-
mationfor theintermediateperiod.
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of Requested Memory

Figure6 shavsthattherequesteagnemory(asmeasured
by the mean,or the 20th, 50th or 80th percentile)has
a signi cant correlationwith the requestechumberof
processorsSpeci cally, total requesteanemoryis pos-
itively correlatedwith the requestechumberof proces-
sors,while normalizedrequestednemoryis negatively
correlatedthe requestechumberof processors.To our
knowledge, the correlationshetweentheseparameters
of previous workloadshave not beeninvestigated.The
curvesshawvn in the gure were obsened for both the
January- March 2000 and October- December2000
workloads.

Basedonthecurvesin Figure6(b), Figure7 providesthe
measuredonditionaldistributionsof requestegnemory
for four differentrangesf therequestesiumberof pro-
cessorswhich canbe usedto creatememoryrequests
thathave the obseredcorrelationwith job parallelism.

Recallfrom Table 1 thatthe averagememoryavailable
per processoron the O2K is either 256 MB or 512
MB, dependingon the host. As shawn in Figures5(a)
and6(a), 35-40%of all jobs have normalizedrequested
memorygreaterthan 256 MB; furthermorel5-20% of
all jobsand50% of the sequentiajobs have normalized
requestednemorygreatetthan0.5GB. In contrastjn an
SP/2systemwheremorethan80%of thenodeshad128
MB of memory 85% of thejobsrequestedhis smallest
possiblenormalizedmemory[Hoto9§.
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45 Requested Runtime

To ourknowledge previouspapershave notreportecthe
distribution of requestedob runtime, althoughthis pa-
rameteris usedby mary job schedulingolicies.

Figure8 shaws thedistribution of requesteduntimefor
jobs submittedduring weekdaypeakperiods,and Fig-
ure9 compareshedistributionsof requesteduntimefor
jobssubmittedduringdifferentperiodsof approximately
stationaryarrival rate. Generalbbsenationsaboutthese
distributionsincludethe following.

e A large fraction of jobs requestthe default runtime
for thejob class(i.e., 5, 50,200,0r 400hours).These
requesteduntimeshave no specialmeaningfor the
currentscheduleron the O2K, exceptthat jobs that
requesupto 5 hoursof runtimeareeligibleto runon
the threehoststhat have higher priority for jobs that
requestdedicatechost.

e Nearly all other jobs requestsome'round' number
suchasl, 2,10, 20, or 300hours,with approximately
uniform frequency for eachsuchrequesteduntime
betweera pair of defaultvalues.

e The distribution of requesteduntime is similar for
jobs submittedin differentmonths,althougha some-
what larger fraction of jobs request50 - 400 hours
during OctoberthroughDecembe2000.

e The distribution of requesteduntime is similar for
differentdaysof the week. Over eachthree month

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

e Allowing for statistical variationsin nite sample
sizes, the distribution of requestedruntime is very
similarfor jobssubmittedduringdifferentdaysof the
week,anddifferentweekdayarrival rateperiods.The
distributions during weelend intermediateand low
periods,notshovnin the gure, arealsosimilar.

Analysis of the distribution of requestedruntime for
eachrange of requestedorocessorgaired with each
rangeof requestedmemory revealsfour distributions
(namedA through D) that are conditionedon the re-
guestedprocessorsand requestedmemory as shovn
in Figure 10. The distributions are provided in Fig-
ure 11. Althoughthe rangesof processoand memory
requestsverwhicheachconditionaldistributionapplies
arecomple, the similaritiesbetweenFigures10(a)and
(b) arealsosigni cant. Thatis, therecurrencef thedis-
tributionsin thetwo differentthree-monttperiodssug-
geststhattheidenti ed distributionsaremeaningful.

The conditionaldistributions canbe usedto generatea
syntheticrequesteduntime after determiningthe pro-
cessorandmemoryrequestsDistribution A hasa high
fractionof jobsthatrequestessthanor equalto 5 hours
of runtime,andsmallerfractionsthatrequestL0, 20, or
50 hours.Distribution B hassigni cant fractionsof jobs
that requests hours, 50 hours,and non-defult values
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smallerthan 50 hours; a smaller fraction request200
hours. Distribution C has signi cant fractions of re-
guestsfor 5, 50, and 200 hours,and a smallerbut no-
ticeablefraction thatreques®00 hours. Distribution D

hasthe highestfractionsof jobs that requestl-5 hours
and400hours. Sincemostjobsrequesiessthan2 GB

of memory andsincedistribution A hasa signi cantly

lower averagerequestedruntime than distributions B

andC, jobsthatrequesgreatethanl6processorhavea
signi cantly lower averagerequesteduntimethanjobs
thatrequesfewer processorskor example,the average
requesteduntimeis approximatelyten hourslarger for

serialjobsthanthatfor the 64-processojobs.

4.6 Summary of Requested Resources

Theprocedurdor creatinga synthetioworkloadthatap-
proximatesthe resourcerequestof the O2K weekday
peakworkloadscanbe summarizedsfollows:

¢ Jobinterarrival timeshave atwo-stagehyperexponen-
tial distribution, with meanapproximatelyequalto
two minutesandCV in therangeof 1-2.

e Requestechumber of processorshas a specialized
harmonicdistribution thatemphasizepowersof two
andsmallnumbersasshaown in Figure4(a).

e The distributions of requestednemory conditioned
on the requestechumberof processorsare givenin
Figure?.

e The requesteduntime distributions, conditionedon
both the requestednumber of processorsand re-
questednemory aregivenin Figures10- 11. These
specializeddistributions have signi cant probability
massat 5, 50, 200, and/or400 hours,and relatively
uniform probabilityfor roundnumbershetweerthese
values asillustratedin Figure8.

To createa syntheticworkloadfor intermediateandlow
arrival rateperiods pnly themeaninterarrvaltimeneeds
to be modi ed. Arrival ratesfor the non-peakarrival
periodsareprovidedin Figure?2.
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Figure 11. The Distribution Functions

5 Execution Characteristics

Sectionsb.1 and 5.2 provide the distributions of actual
job runtimeandmemoryusageyespectiely. Relation-
shipsamongthesequantitiesand the job resourcere-
guestdor processoranemory andruntimearealsopro-
vided. Overall averageutilization of allocatedmemory
per monthis comparedagainstoverall averageutiliza-
tion of allocatedprocessorger month. Distribution of
processoutilization wasanalyzedn Section4.3. Sec-
tion 5.3 summarizeshe executioncharacteristics.

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 workload studiesreport

on the correlationbetweenactualruntime and number
of requestegrocessorgFeNi95 WLF* 96, Hoto9q as

well asthedistribution of theratio of actualto requested
runtime [FeWe98], but not on the correlationbetween
requesteduntimeandtheratio of actualruntimeto re-

guesteduntime.

5.1.1 Distribution of Actual Runtime
Figuresl2(a)and(b) shav thatthedistribution of actual
runtimeon the O2K is similar for jobs submittedduring
weekdaypeakperiodsin differentmonthsandfor jobs
submittedduringnon-pealarrival rateperiods although
thecoefcient of variation(CV) is slightly lowerfor jobs
submittedduring low arrival rateperiods. The distribu-
tion is also similar for jobs submittedduring different
daysof theweek(notshawn).

The CV of the overall runtimedistribution for the O2K
workloadsis approximatelyequalto 3; aruntimeCV in
the rangeof 2-5 hasbeenreportedfor several previous
parallelworkloads[FeNi95 WLF* 96, Gib974.

Plots of the complemenbf the runtimedistribution on
a log-log scale (not shown) reveal that the obsened
distributions of runtime are not heavy tailed, in con-
trast to the processruntimes obsered on Unix sys-
tems[HoD097 anda hypotheticaimodelof paralleljob
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runtimesin [HarcOJ. The two-stagehypereponential
distributionhasbeenusedio modeltheobsenedruntime
distributionin a previous parallelworkload[Feit9§. As

shavn in Figure12(c),the Weibull distribution provides
asigni cantly better t for actualruntimesonthe O2K.”

The gammadistribution (not shovn) doesnot t thetail

of the obseneddistribution. Sincethe obsened distri-

butionis approximatelypiecaviselinearin thelogarithm
of theobsenedactualruntime,a piecaviselog-uniform
distribution as proposedn [DoFe99 ts the obsened
distribution nearlyaswell asthe Weibull distribution.

Similar results are obtainedfor modeling the distri-
bution of total processingtime (i.e., total number of
cpu hours rather than total runtime) per job. That
is, the Weibull and pieceavise log-uniform distributions
closelyapproximatethe obsened distribution, whereas
the gamma, two-stage hyperexponential, and heavy-

"The hyperaxponential distribution shavn in the gure matches
only the rst two momentsof the obsered distribution. Using the
algorithmin [JPFF97]to t ahyperErlanglistribution to theobsered
O2K runtimedistribution, resultsin a two-stagenypereponentialdis-
tribution that matchesthe rst threenon-centramomentsof the ob-
sened data, but this distribution hasa slightly worse t to the full
distribution thanthe t of the hyperexponentialdistribution shavn in
the gure. Notethatif alinearscaleis usedfor thex axisin the gure
the hypereponentialdistribution will appeato be moreaccurate.

tailed Paretodistributionsdo not.

Plots of the averageand percentilesof the actualrun-
time for eachrangeof requestegrocessorgomittedto
consere space)eveal thatthereis no appreciablecor
relationbetweerthe actualruntimeandrequestechum-
ber of processorsin contrastto previous workloadson
an iPSC/860[FeNi95, a Paragon[WLF* 96], and an
SP/2[Hoto9q.

5.1.2 Actual vs. Requested Runtime

Figure 12(d) and Figures13(a)-(c) shav that thereis
a large discrepang betweenactualand requestedun-
time for mostjobs. For example,approximatelyl10%
of the st, mt, andlt jobs (which requestover 5, 50, or
200 hours of runtime, respectiely) 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 lessthan
20% of their requesteduntime, and 50% of the jobs
that requestdefault runtimeshave actual runtime less
than 10-12% of their requestedruntime. In contrast,
Feitelsonand Weil [FeWe9q reportedthat the ratio of
the actualto requesteduntime on an SP/2rangesuni-
formly from 0-99%. [FeWe98] alsosimulatedthe SP/2
job tracewith accuraterequesteduntimesandshaved
that the averageof the job turnaroundtime divided by
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actualruntime(i.e., the meanslowndown) improved for
a non-preemptie schedulersimilar to the currentO2K
scheduler Similarly, meanturnaroundtime and mean
slowdown for jobson the O2K might beimprovedif re-
guesteduntimescouldbe speci ed moreaccurately

A key questionis how to generateactual runtimesin
a syntheticworkload if requesteduntimesare gener
ated as discussedn Section4.5. The percentilesin
Figure 13(a) were computedfor the default requested
runtimes(i.e., 5,50,200,and400 hours),eachrangebe-
tweenthedefaults,andthefollowing rangesf requested
runtime(R): R=1minute,1 min. < R < 10min.,10min
< R < 5hrs8. This gure shavsthattheratio of actual
to requesteduntimeis statisticallysomavhathigherfor
jobsthatrequesgreaterthan5 hoursof runtimebut not
oneof thedefaultvaluesthanfor jobsthatrequesbneof
the default values.Figure13(b) shavs thatthe distribu-
tion for the former cateyory of runtimerequestss sim-
ilar for eachnumberof requestegrocessorsip to 32,
but hasa muchhigher ftieth percentilef therequested
numberof processorss greateithan32. A similargraph
(not shavn) shaws thatthe distribution for jobsthatre-
guest hoursof runtimeis similarfor eachnumberof re-
guestegrocessorgreatethanl6. For eachcategory of
requesteduntime and requestechumberof processors
thathasa similar distribution of theratio of actualto re-
guesteduntime,we plottedthedistributionasafunction
of requestednemory asillustratedin Figure 13(c) for
requesteduntime equalto 5 hoursand requestedro-
cessorgreaterthan16. In Figure 13(c)the distribution
is differentfor requesteanemorygreaterthan4 GB; in
all othercasesthedistributionis notsigni cantly sensi-
tive to therequesteanemory

Basedon theseconsiderationskigure 14 providesdis-
tributionsof theratio of actualto requesteduntimecon-
ditionedontherequesteduntime,requesteghrocessors,
andrequestednemory Recallthat actualruntime can
exceedrequesteduntime by onehour beforethe job is

8The value of eachpercentilefor eachrangeof runtimeis plotted
againstheaveragerequesteduntimein therange.

killed. Theresultsn Figurel4(a)shav thatasigni cant
fraction of the jobs that requestone minute of runtime
exceedtheir request. The resultsin Figure 14(b) shav
thatasigni cant fractionof thejobsthatrequesbt hours
of runtimearetunedto runfor exactly 5 hours.

A syntheticworkloadgeneratocanusethedistributions
providedin Figure 14 to generatehe actualruntimeas
a fraction of requesteduntime after requesteduntime
andnumberof processorfiave beengenerated.

5.2 Memory Usage

For eachjob the JMD logsrecordthe job's peakmem-
ory usageduring each30 secondnterval of runtime. A

smallpercentagé.e.,0-4%)of thejobsthathave atleast
oneminuteof actualruntimeduringeachmonthdo not
have JMD log informationaboutactualcpu and mem-
ory usagethesejobsarenotincludedin the analysisof

memoryusagecharacteristicn this section.

The peakmemoryusedby the job is the maximum of
these30-secongbeakvalues.Theaveragememoryused
by the job is computedasthe averageof the 30-second
peakvalues. The normalized peakmemoryusedis de-
ned to betheratio of thepeakmemoryuseddividedby
the numberof processorsequestedThe peak(or aver-
age)memory efficiency is de ned astheratio of peak(or
average)memoryusedto memoryrequested.

Figure15 shavsthatthereis somevariability in thedis-
tributionsof peakmemoryusageover differentmonths
andover differentarrival rateperiods.In particular jobs
submittedduring intermediatearrival rate periodstend
to have somavhatlower peakmemoryusage.In there-
mainderof this sectionwe focuson further characteriz-
ing representatie peakmemoryusagefor jobs submit-
ted duringweekdaypeakarrival rateperiodsin October
throughDecembe2000. Parameter®f the representa-
tive distributionsfor theseperiodscould be adjustedto
re ect theobsenedvariationsfor differentmonthsor for
theintermediaterrival rateperiod.

Similar to previous workloads[Feit97, SSN99, Fig-
urel15(a)shovsthatalargefraction(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 processar On
the other hand,anothersigni cant fraction (about5%)
of the jobs on the O2K have normalizedpeakmemory
usagegreaterthanl GB perprocessar

Figure 16 shaws that thereis a large discrepang be-
tweenrequestednemoryand memoryutilized per job.
In particular Figuresl6(a)and(b) shav thattherespec-
tive ratio of averageor peakmemoryusageto the re-
guestednemoryis distributedfairly uniformly overeach
10%rangefrom 10-100%,and15-20%o0f thejobshave
peakmemoryusagehigherthan their requestednem-
ory. A similar resultwas reportedfor a CM-5 work-
load in [Feit97]. Figure 16(c) shavs that the average
memoryef ciency varieshetweerd0-55%from month
to month, which is signi cantly lower than the time-
averageutilization of the requestegbrocessorsAs with
the large errorsin requesteduntime on the O2K, jobs
might be schedulednoreef ciently if memoryrequests
weremoreaccurate.

Peakmemoryusageis an importantjob characteristic
in that it de nes the amountof memorythat mustbe
allocatedto the job (in a sharedmemory systemsuch
at the O2K) in orderto guaranteehat the job doesnt
experienceary memoryinterferenceduring execution.
To further characterizgeakmemoryusagefor the pur-

poseof creatingsyntheticworkloads, we analyzethe

correlationshetweerpeakmemoryef ciency andother

job characteristics. To that end, Figure 17 plots the

percentilesof the peakmemoryefciency per job, for

rangesof requestednumber of processorsrequested
memory andactualruntime.

Figure17(a)shavs thatthe peakmemaoryef ciency per
job is fairly insensitve to the requestechumberof pro-
cessorsAn implication of this resultis that peakmem-
ory usageis positively correlatedwith the numberof
requestedorocessorssince requestednemoryand re-
guestedprocessorsare positively correlated(see Fig-
ure 6(b)). Similarly, thereis a negative correlationbe-
tweenthe normalizedpeakmemoryusageandthe num-
ber of requestecrocessorg(seeFigure6(a)). In con-
trast, in the CM-5 [Feit97] workload, the jobs with a
largernumberof processoraotonly usealargeramount
of memory but also a larger amountof perprocessor
memory

Figurel17(b)shavsthatthedistribution of peakmemory
efciency is signi cantly differentfor jobsthatrequest
fewerthan128MB of memorythanfor jobsthatrequest
morethan128 MB of memory Fromthis gure, not-
ing thatvery few jobsrequesB3-64MB of memoryand
thatthe80-percentilevaluefor thesememoryrequestss
unreliablebasedon the small numberof jobs, we parti-
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tion the jobs into threeclassesaccordingto their mem-
ory requesti.e., < 32MB, 33-128MB, and> 128 MB)

and provide the percentilesof peakmemoryef ciency
asafunctionof actualjob runtimefor eachclassin Fig-
uresl17(c)- (e)?

Notethatall jobsthathaveruntimeunderoneminuteuse

a very small fraction of their memoryrequest;in fact,
nearlyall suchjobsuselessthan64 MB of memory

Thedistribution of peakmemoryusedasafractionof re-
guestednemoryis very similar for runtimegreaterthan
10 minutesandmemoryrequesgreatethan32 MB, ex-

9The rangesof actualruntime over which the percentilesin Fig-
urel7(c)-(e)arecomputedare: 0-1 minute,1-10minutes,10-100min-
utes,1.7-17hours,17-170hours,andabove 170 hours.

ceptfor jobswith memoryrequesbf 33-128MB andac-

tual runtimein the rangeof 1,000-10,000ninutes(i.e.,

approximatelyl 7-170hours). Thus,Figure 18 provides
the requisitedistributions for generatingpeakmemory
asa fractionof memoryrequestedfterrequesteanem-
ory andactualruntimehave beengenerate@dsdescribed
earlierin this paper

5.3 Summary of Execution Characteristics
To generateactualruntime and peakmemoryusageto
completea syntheticworkloadthat is representatie of
the O2K weekdaypeak arrival rate workloads, these
characteristicareobtainedrom thedistributionsin Fig-
ure 14 and 18, respectiely. Processoutilization can
also be generatedrom the distribution in Figure 4(b).
To createa syntheticworkload for intermediatearrival



Table 6. Largest Jobs Each Month

Demand/Demand All Job Size
Avg Avg Avg Avg
Month #Jobs | Processor | Memory | Processors | Memory | Actual Processor
Demand | Demand | Requested | Requested | Runtime | Demand
(GB) (hours) | (PxT 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

Mar2000| 15 15.6% 11.0% 36.1 6.6 209.5 6944

Oct2000| 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)

rate periods,the peakmemoryusagemight be adjusted
slightly asshavn in Figure15(c). Low arrival rateperi-
odshave approximatelythe samedistributionsof actual
runtime and peakmemory usageas weekdaypeakar
rival rateperiods.

Note that, dependingon the purposeof the synthetic
workload,ary of the characteristicshatarenot needed
canbeignored.

6 ThelLargest Jobs Each Month

This sectionprovides characteristicef the fteen jobs
that have the largestprocessodemand(i.e., the prod-
uctof thenumberof requestegrocessorandtheactual
runtimeof thejob) eachmonth.

Table6 summarizeshetotal processoandmemoryde-
mand,andthe averagejob size of theselargestjobs for
eachmonth. Figure 19 provides more detailedchar
acteristicsof the largestjobs in December2000, a re-

centmonthin which the averageprocessodemandper
largestjob is high.

For most months,the 15 largestjobs accountfor 10-
15% of the total processoandmemorydemandor the
month.Also for mostmonths theseargestjobshave an
averageof over 200 hoursof actualruntimeandandav-
eragedemandof 7000-8000processohours,while the
respectie averagesover all jobsin the monthly work-
loadis atleastan orderof magnitudesmaller

As shown in Figure 19(b) and (d), the top three jobs
in December2000 had run times of 300-400hourson
32-64 processors.Although two of the largestjobs in
DecembeR000hadvery low processouitilization, Fig-
ure 19(f) shaws that mary of the largestjobs achieve
nearly 100% utilization of their requestedorocessors.
For the other ve monthsanalyzed,(1) 2-7 jobs per
month have approximatelyl00% processouutilization,
and(2) 2-5 jobs per monthhave under509% utilization,
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Figure 20. Job Arrival Times For the Fifteen Largest Jobs in the Other Months

of which atotal of threejobshave utilizationunder10%.

As shawvn in Figure19(c)the largestjobsrequestkither
the maximummemory (16-25 GB), or under4 GB of
memory Peakmemoryusagedivided by memoryre-
guestedFigurel9(g))tendsto besomavhathigher(i.e.,
60-100%for mostof thelargestjobs)thanfor thework-
load asawhole. On the otherhand,a few of the largest
jobshave peakmemoryef ciency under20%.

Figures19(h)and20 show that mostof the largestjobs
of eachmontharrive during weekdaypeakarrival rate
hours.However, duringOctober2000a signi cant frac-
tion of thetop jobsweresubmittedduringweekdaylow
arrival ratehours(i.e., midnightto 4am).

7 Conclusions

This paperhasprovided a characterizatiorof the large
production parallel workload submittedto the NCSA
O2K over two threemonthperiods. This characteriza-
tion is more completethan previous parallel workload
characterizationis thatnew characteristicareprovided
(e.g.,distributions of requesteduntime, processorlnd
memory utilizations, distribution of requestednemory
over more e xible rangeof possiblerequests)correla-
tionsamongthe characteristicaremorefully explored,
and conditionaldistributions are provided for generat-
ing syntheticworkloadsthat include the obsened cor-
relationsin the O2K workload. Anotherkey difference
in this analysisascomparedvith prior work is thatjob
characteristicare provided for jobs that are submitted
during periodsof approximatelystationaryjob arrival
rate. From thesecharacteristicsve determinedhatthe
jobssubmittedn differentmonthsor in differentarrival
rateperiodsarestatisticallyvery similar. Theroadmaps
for generatingsimilar syntheticworkloadsare summa-
rizedin Sections4.6and5.3.

Interestingcharacteristicsf the O2K workloadinclude:
(a) the fteen largestjobsin atypical monthhave aver-

agerunningtime of over 200 hoursandusean average
of 4000-8000processohours,(b) mostrequestedun-

times are default values(i.e., 5,50,200,0r 400 hours),
(c) whetheror not a default runtimeis requestedover
half the jobs have actualruntime lessthan 20% of the

requestedralue,and(d) overall utilization of allocated
processorss approximately80% whereasoverall uti-
lization of allocatedmemoryis closerto 50%.

Someof the O2K workload characteristicghat 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 characteristicgluring peri-
ods of stationarity Otherdifferenceqe.g.,longerrun-
timesandlarger memoryrequestspre mostlikely due
to generaltrendsin productionparallel systems. Still
other differenceg(e.g., lack of correlationbetweenre-
guestedruntime and requestechumber of processors,
or the large numberof jobs with very inaccuratere-
guesteduntime) may eitherbe dueto the trendtoward
morewidespreadiseof parallel/distriutedcomputing,
or mayinsteadbere ective of the O2K usageandervi-
ronment.Characterizationf furthermodernproduction
parallel/distrituted computingworkloadsare neededo
distinguishthe trendsfrom the environment-speci cre-
sults.

Topics for future researchinclude (1) analysisof the
workloadcharacteristicef thejobssubmittedduringthe
occasionahigh-loaddays(i.e., the daysthat have over
500arrivalsratherthanthe moretypical 350arrivals),to
determinewhethersuchjobs have differentcharacteris-
ticsthanthejobssubmittedduringtypicalweekdaypeak
periods,(2) a moredetailedanalysisof whetherstatisti-
cal uctuationsin nite samplesizesaccountsfor the
small uctuations obsened amongdaily and monthly
workloadson the O2K, (3) analysisof the characteris-
tics of thejobsthatrequestledicatedime onthe NCSA
02K hosts, (4) investigationof the feasibility of more
accuraterequestedruntimes, and the impact of more
accuraterequesteduntimeson the performanceof the
O2K schedulingpolicy, and(5) analysisof (future) pro-
duction workloadson clustersof workstationsand for
morewidely distributedcomputingresources.
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