
MASSIVE TRACKING ON HETEROGENEOUSPLATFORMS

E. McIntosh,F. Schmidt,CERN,1211Geneva23,Switzerland
FlorentdeDinechinLIP, ENS,46alléed'Italie, 69364Lyoncedex 07,France

Abstract

The LHC@homeprojectusespublic resourcecomput-
ing to simulate circulating protons in the future Large
HadronCollider (LHC). As the motion of the simulated
particlesmaybecomechaotic,checkingtheintegrity of the
computationdistributedover a heterogeneousnetwork re-
quirestotally identical�oating–point behaviour, regardless
of thetypeof computersused.Thispaperreviewstheprob-
lemsencounteredandthepracticalsolutions.

INTRODUCTION

At CERN, the structuresand priorities of the installed
computingfacilities have always beendominatedby the
needsof the experiments. This is still true today with
the developmentof the LCG, the Worldwide LHC Com-
puting Grid. In 1992,however, the PaRCclusterof IBM
workstationswasestablishedto meettheneedsof theengi-
neeringcommunity, andthenin 1997whentheLHC Ma-
chineAdvisory Committeerecommendeda signi�cant in-
creasein trackingstudies,aninformal NumericalAcceler-
ator Project(NAP), was establishedto provide dedicated
computingcapacity. The�rst installationwasa tenproces-
sor Digital TurboLaserwith 800 CUs, 1 later augmented
by ten Digital workstationsto provide more than double
the capacity. More recently, in line with industry trends
andCERNInformationTechnologypolicy, this wasall re-
placedby sixty–four 2.4GHzdual processorPCs,provid-
ing over 50,000CUs,andoperatedon a fair sharebasisas
partof thecentralLinux batchservice.

A typical LHC DynamicAperturestudycananalyse5
anglesin phasespace,60 randomrepresentationsof the
magneticerrorscalledseeds,andacertainnumberof phase
spaceamplituderanges;eachcasetracking30particlepairs
for 105 turns. Sucha studyrequiresa few thousandinde-
pendentjobs of approximatelytwo hoursCPU each,and
canthusnormallybecompletedin a matterof days.

Half of the NAP capacitywas then allocatedto Beam
Collimation studiesbut at the sametime therewasa de-
sireto performa tunescanwith beamto beaminteractions
for one million turns. This would requiresomesix mil-
lion CPUhoursandwasclearlynot feasibleontheexisting
cluster[1].

1A CU, CERN Unit, is de�ned asthe singleCPU power of an IBM
370/168or Digital VAX 8600computeron a setof four physicsbench-
markprograms.

THE CPSSPROJECT

TheCERNPhysicsScreenSaversystem(CPSS)[2] was
establishedto use the unusedCPU cycles of the some
5,000 WINDOWS desktopPC's at CERN, a CERN in-
vestmentof severalmillion dollars.Assuminga very con-
servative 50% idle time and 50% powered on, this dis-
tributedcomputingpowercouldprovideanorderof magni-
tudeincreasein theavailableCPUcapacity. TheSixTrack
program[3] hasmodestinput/outputrequirementsof less
than1MB/6MB (50KB/2MB whencompressed)andhasa
working set/memoryrequirementof 32/65MBandwasan
almostidealapplicationfor distribution over a network; it
is portableandpart of the SPECFP2000benchmarksuite
[4].

A.Wagnerof CERN provided a WEB applicationcon-
taining the job repository, a lightweight screensaver for
WINDOWS and a set of PERL routines callable from
LINUX, for task group creation,task submission,result
retrieval and statusenquiry (seeFigure 1). A SixTrack
Checkpoint/Restartfacility was introducedto allow fre-
quentinstantaneousscreensaverinterruptionswithoutcom-
promisingtheef�ciency of long termruns.First testswere
carriedoutusingaCompaqFortrancompiler, theonly For-
trancompileravailableonWINDOWSat CERN.After re-
solving a couple of minor issuesby dummying out the
CERN Library graphicspackageand removing the Line-
Feedsin theWINDOWS text �les, the�rst majorobstacle
was found to be the processingof NaNsandInfs, which
wasup to 1000timesslower thannormal. As testingand
branchingarerelatively expensive operationscomparedto
arithmetic,theapplicationcheckedonly onceper turn for
lost particlesand the codewas modi�ed to checkat ev-
eryelementof a turn. SeveralhundredCERNusersvolun-
teeredtheirdesktopsanda�rst 1500taskstudywascarried
out successfully, with theresultsfor theaverageDA being
within 3 partsin a thousandof theLinux batchresults.In-
vestigationof thedifferencesfound thatabout1000of 60
million input parameterswerebeingconvertedwith a one
unit in thelastplace(ULP) differencebetweenWINDOWS
XP andWINDOWS2000.Purchase,installationandusage
of the Lahey–FujistuFortran95 lf95 compilerasusedon
Linux removedthis problem. Furthertestingthenseemed
to show identicalresultsfrom Linux andWINDOWS.This
shouldperhapsnotbesurprisingsincecompilerscoulduse
thesamecodegenerationon eithersystem,apartfrom the
systeminterfacecalls. The manufacturer”strivesfor this
compatibility” but it is not guaranteed.This wasa major
stepforward; up to this point a studywasalwayscarried
outoncompletelycompatibleprocessorsandsystems[5].

Suitably encourageda 300,000task study of 1000an-



Figure1: An overview of theCPSSTaskGroupsduringtheearlydevelopment

glesfor 105 turnswasinitiated in orderto prove the long
term ef�ciency and reliability of CPSSwhile generating
someuseful resultswith respectto the resultingDA and
initial angle [6]. In parallel, testing of the more time–
consumingand�oating–point intensive beam–beamcases
commenced.Onceagainafew tasksperthousandgavedif-
ferentresultsafteramillion turns.Thiswasquicklydiscov-
eredto bea differencebetween32–bitand64–bitsystems
(Intel IA–32 and Intel IA–64/AMD Athlon 64). Having
veri�ed identicalinitial conditions,ensuringthat thesame
acceleratorwasbeingsimulated,exhaustiveanalysistraced
backto theturnwherethedifference�rst arose,andthento
the relevantstepwithin the turn, to the relevantstatement
in the step,and�nally to the actual�oating–point opera-
tion itself. Theanalysisrequiredcomparisonof theactual
binaryrepresentationsof the�oating–point numbersin or-
derto �nd the�rst occurrenceof a differenceassmallas1
ULP. Computinga singleparticletrajectoryrequiresfrom
ten to a few hundred�oating–point operationsfor eachof
tenthousandstepsin a singleturn,andevenif thesmallest
differenceis quickly magni�ed the dif�culty is in �nding
the initial difference.In this casethetriggerwastheeval-
uationof an exponentialfunction, aswasquickly proven
with a testprogramof a few linesusingtheexactargument
in question.A similar differencewastracedto thenatural
logarithm function. Indeed,in most systemsthesefunc-
tions usex86 machineinstructionssuchas fyl2xp1 and
fyl2x , whosemicrocodeimplementationgivedifferentre-
sultsondifferentprocessors,for reasonsexposedbelow.

At this point we consideredabandoningthegoal of ex-
act resultsreproducibility and restrictinga speci�c study
to eitheronly 32–bit, or only 64–bit, systems.Given the
gradualintroductionof thenew extremelypowerful 64–bit
systems,but alsothehugenumberof existing 32–bit sys-
tems, it seemedthat they would co–exist for quite some
yearsto come. It still seemedvery desirableto be ableto
useeithertypeindifferently.

FLOATING–POINT ARITHMETIC

Floating–pointportability, or rather the lack of it, has
beenwell studiedand debatedfor many years; see,for
example,Goldberg [7], with the Priestsupplement[8], or
Belding[9].

For our applicationwe limit the de�nition of heteroge-
neousto any Intel Pentiumor compatiblePC,at leastfor
the time being. The IEEE 754–1985standard,to which
almost all modernprocessorsconform, ”speci�es basic
and extended�oating–point number formats; add, sub-
tract, multiply, divide, squareroot, remainder, and com-
pareoperations;conversionsbetweenintegerand�oating–
pointformats;conversionsbetweendifferent�oating–point
formats;conversionsbetweenbasic–format�oating–point
numbersand decimal strings; and �oating–point excep-
tions and their handling,including nonnumbers”.Of the
optionscoveredby the standardwe consideronly double
precisionarithmetic,with roundingto thenearestevenrep-
resentablenumber.

However this standardis incompleteandopento inter-
pretation. Strict compliancetendsto con�ict with perfor-
manceandthereforetendsto loseout in acompetitivemar-
ket. It also needsto be consideredin the context of the
relevantprogramminglanguagestandard.For instancethe
Fortranstandardde�nes a uniqueorderof evaluationonly
for a fully parenthesizedexpression,soportability mayre-
quire somecoderewriting. It will also requiresomeex-
plicit controlof thecompiler. In our case,we usethe lf95
compilerwhichalwaysdisablesextendedprecision, andin
addition we specify the compiler option – –tp ”generate
Pentiumcode” so that architecture-speci�cfeaturessuch
asSSE2or 3DNow will not be used. Finally, the current
standarddoesnot cover elementaryfunctionssuchasexp,
log, andthe trigonometricfunctions. In the following the
exp functionwill beusedasanexample.



THE CRLIBM SOLUTION

The problemof providing the correctly roundedfunc-
tion resultsis known asthe”TableMaker's Dilemma”. If
we considerthe caseof roundingto nearest,the problem
ariseswhenthe function resultlies very closeto themid–
pointof two adjacent�oating–pointnumbers,androunding
an approximationto f(x) may not give the sameresultas
roundingf(x) itself [10]. As a pathologicalcasefor double
precisionexp with a 53 bit mantissa,we usethe example
of [11] wherein binarynotation

x = 1:[52]1� 2� 53

wherethe numberin squarebracketsdenotesthe number
of consecutive occurrencesof the following digit. In this
notation

exp(x) = 1:[51]001[104]1010101:::
andthecorrectlyroundedto nearestdoubleprecisionresult
is

exp(x) = 1:[51]01
In this particularexampleeven a quadrupleprecisionap-
proximation,correctto within 1 quadULP (113 bit man-
tissa)maydeliveroneof threeresults:

1:[51]010[58]00
1:[51]001[59]11
1:[51]001[58]10

but roundingthelastresultwill giveanincorrectanswer.
Software libraries exist that increasethe working pre-

cision until correct roundingcan be decided. A WWW
searchdiscoveredseveral suchlibraries for doublepreci-
sion results.Giventhatour aim wasreproducibilityof re-
sults, ratherthan precisionper se, this may seema very
extremesolution. Its advantageis that all theselibraries
will alwaysagreeto the last bit, so choosingoneof these
alsoensuresthatany of theotherswould do instead.

The�rst of theselibrarieswasIBM libultim [13], which
is nolongersupported.MPFR[12] is anarbitraryprecision
library, and is thereforeextremely slow comparedto the
default libm of Linux (seeTable1). Thecrlibm[14] library
from ENS-Lyon is well-supported,is proventheoretically
to deliver thecorrectlyroundedresult,anddoessowith a
modestdecreasein performancewith respectto a standard
libm[14]. Lately, SUNhasalsobeendevelopingacorrectly
roundedlibm calledlibmcr.

Average Maximum

libm 365 5528

crlibm 432 41484

mpfr 23299 204736

Table1: Relativetimingsfor theexp functiononaPentium
4 Xeon,with gcc3.3

To illustratethe scopeandmagnitudeof the portability
issue,weuseoneof our testprograms.A simpletestof the
exp function, usingg77 andlibm, with onemillion argu-
mentsbetween-0.5 and0.5, found5 differencesIA–32 to

IA–64, 7 differencesIA–32 to AMD64, and2 differences
betweentheIA–64 andtheAMD64. All differencesareof
1 ULP in theseandfollowing results.Comparinglibm and
crlibm we �nd that libm deliversthecorrectlyroundedre-
sult in all but 304casesprovidedExtendedPrecisionis en-
abled;if not, thereare134,623caseswith incorrectround-
ing. Similarly, but usingthe lf95 compilerandlibrary we
�nd 7 differencesIA–32 to IA–64, 7 differencesIA–32
to AMD64, and4 differencesbetweenthe IA–64 andthe
AMD64. The sametestprogramusingcrlibm, andcom-
piled with � ve different compilers,gave identical results
on thethreearchitectures.

Thecrlibm library in 2004providedexp, log, log10,sin,
cos,tan,atan,sinh,andcoshfunctions2 in the four stan-
dardroundingmodes.A few simpleeditorscriptssuf�ced
to changeall SixTrackfunctioncallsto their crlibm equiv-
alentfor roundto nearest,exp to exp rn, sin to sin rn, etc.

With the modi�ed SixTrack, all numericaldifferences
in our testsnow disappearedeven in the most demand-
ing beam–beamcase,whichmakemultiplecallsto exp and
log in eachbeam–beaminteraction.The1000anglestudy
wasrestartedwith thenew versionandall taskswererunat
leasttwice. Theonly numericaldifferencesfoundweredue
to failing processors;two desktopmachinesandonebatch
processorin theComputingCenter.

In summary, in orderto generatetwo executablesgiving
identicalresultsfor Linux andfor Windows,thetasklist is
asfollows:

� Changeall elementaryfunction calls to the crlibm
equivalent

� Downloadandcompilecrlibm with portableoptions3

� Usethe Lahey–FujitsuFortran95 compilerwith Ex-
tendedPrecisiondisabledby default.

� Generatecodefor any Pentiumwith – –tp.

� Makea staticallylinkedexecutable.

After runningoveronemillion 105 and106 turn jobs,most
of themat leasttwo or threetimes,we arecon�dent (al-
thoughwe cannotprove it) thatany numericaldifferences
aredueto hardwarefailuresor overclockedprocessors.

LHC@HOME

During this period of development,CERN colleagues
set up a single Berkeley Open Infrastructurefor Net-
work Computing (BOINC) server [15], a successorto
SETI@home,andsuggestedusingSixTrackasa pilot ap-
plication. SixTrackwasmodi�ed to call theBOINC inter-
faceroutines,and to returnonly the resultssummary�le

2The functionsasin, acos,and atan2were implementedin termsof
atan,which providedportable,but not necessarilycorrectlyrounded,re-
sults.

3On Windows it is necessaryto useeitherFujitsuC includedwith the
lf95 compileror gccandCYGWIN astherearedif�culties with Microsoft
C and”long long” variables



of lessthan10KB to ensurescalabilitywith thelargenum-
ber of clientsanticipated.The BOINC systemwassetup
to run eachtask at leastthreetimes and to validateonly
resultsfor which two of themare identical. More recent
versionsof BOINC includea new featurecalled”Homo-
geneousRedundancy” [16] which providesa generalsolu-
tion for divergentapplicationslike SixTrackby replicating
tasksonly oncompatiblehardware.Oursolutionallowsus
to useany Pentiumor compatiblehardwareandto obtain
identicalresults.

After successfullycompletingthe initial tests,the gen-
eral public were invited to sign up to the LHC@home
project,SixTrack underBOINC, andover 30,000people
worldwide have subscribedup to 60,000machines.Over
the last yearsometwo thirds of the 600,000jobs for the
LHC tunescanhave beencompleted.This representsan
estimated300CPUyears,or 3 yearsdedicatedusageof the
NAP cluster. It shouldbe emphasisedthat onepart–time
fellow is responsiblefor managingthework in reasonable
batchesof ten to twenty thousandjobs. The LHC@home
subscribers,to whom we are extremely grateful, tend to
bemotivatedby theallocationof BOINC credits,andmay
well losemotivation,during the periodsof resultanalysis
andthepreparationof futureruns.

While detailedstatisticsarenot availableat thepresent
time, lessthan 3% of resultsare rejectedby the BOINC
quorum. This is comparablewith the statisticsavailable
from otherBOINC projects. We arecon�dent that these
resultscomefrom failing computers,network transmission
problems,or otherdatacorruption.Only BOINC validated
resultsarereturnedto theenduser.

CONCLUSIONS

It is now possiblefor an AcceleratorPhysicistto make
LHC Trackingstudieswith SixTrackon theCERN Batch
System,onBOINC,onCPSS(andsoontheGRID) by sim-
ply settingthe runtimeenvironmentparameter”platform”
to oneof theaboveandmakingacrontableentryof a four
line scriptto returnresults.A studymayuseall of thesys-
temsin parallelor ondifferentsubsetsof thework to speed
up completionof the study. This ten to hundredfoldin-
creasein computingcapacityhasbeenprovidedwith anex-
tremelymodesthardwareinvestment(a WWW PC server
andbackupfor CPSSandtwo PCserversfor BOINC) and
a small manpower investmentin the server management.
Themaincostis not somuchin modifying theapplication
but in testingandverifying theresultreproducibilitywhich
is our primarygoal. It is particularlyimportantto applica-
tionsrunningin a distributedenvironmentin that it allows
theutilisationof any availableprocessoron which theap-
plicationhasbeenvalidated.

We believe that the methodologycan be extendedto
otherproprietaryIEEE 754compliantprocessors,suchas
theApple Macintosh,SUN,or IBM Power PC.Theincor-
porationof the necessaryparenthesesto ensurea unique
orderof evaluationin arithmeticassignmentsshouldpro-

vide identicalresults,atany level of optimisation,andwith
any Fortran77/95compliantcompiler. Thesametechnique
couldbeappliedto any C++C99standardcompliantappli-
cation.
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