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1 INTRODUCTION

1.1 OBJECTIVES OF THIS DOCUMENT

The purposeof this documents to provide an analysisof the problemof job partitioning,con-
sideringasinput the requirementpresentedn the userrequirementdocumentswritten by the
applicationworkpackagegWP8, WP9 and WP10). After analyzingthe userrequirementsye
discusshow thesecould be addresseth the framewvork of the WP1workloadmanagemengys-
tem.

1.2 APPLICABLE DOCUMENTS AND REFERENCE DOCUMENTS

Applicable documents

References

[R1] WP8 e WP10Document,DataGrid User Requiementsand Specificationgor the Data-
Grid Project Version2.1 - Septembei2001. http://datagrid-wp8.webern.ch/DataGrid-
WP8/Documents/\Wkspace/D8.1/D8.1.a2.1.pdf

[R2] WP8 Document, Long Term Specifications of LHC Experiment. Part B,
Version 2.0 - September 2001. http://datagrid-wp8.webern.ch/DataGrid-
WP8/Documents/\Wkspace/D8.1/D8.1.12.0.pdf

[R3] WP9 Document, RequiementsSpecification: EO Application Requiementsfor Grid,
Version 1.2 - October 2001. http://tempest.esrin.esa.idatagrid/docs/docs/DataGrid-
D09.1200110.12.zip

[R4] WP9 Document, KNMI Detailed Use Cases Version 1.1 - October 2001.
http:/tempest.esrin.esa.datagrid/docs/docs/DataGrid-DO2001.10.12.zip

[R5] WP10DocumentRequiementdor grid-aware biology application Version3.8- Septem-
ber 2001. http://marianne.in2p3.fr/datagrid/wp10/documebDetaGrid-10-D10.40102-3-
8.doc

[R6] WP2 Document,Query Optimization- Use caseworking document Version3 - April,
2001.http://cern.ch/grid-data-management/docsjgacasev3.doc

[R7] WP1DocumentJob descriptionlanguage. Howto, Version0.1- Septembe001.

[R8] Reré Brun & FonsRademakrs,DistributedParallel Interactive Data AnalysisUsingthe
PROOF SystemProceedingsf Chep2001- Septembe001.

[R9] TheCondorproject.http://www.cs.wisc.edu/condor

[R10] Condor Team, Condor \ersion 6.2.2 Manual University of Wisconsin-Madison.
http://www.cs.wisc.edu/condor/manual/v6.2/

IST-2000-25182 INTERNAL 6/24



1.3 DOCUMENT AMENDMENT PROCEDURE

This note mustbe consideredas a working document. Thereare still variousopenissuesthat
mustbe clarified, andmary otheritemshave not beenaddresseget. Thereforethe contentof
thisdocumenwill changevery often,in particularasresultof:

e Feedbackseceved
e Changeshelutions/refinementsf userrequirements
e Evolutionin the WP 1workloadmanagemerdystemarchitecture

e Evolutionin the DataGridarchitecture

1.4 TERMINOLOGY

Definitions

Glossary
CE ComputingElement
DAG DirectedAcyclic Graph
DAGMan DirectedAcyclic GraphManager
HEP High Enegy Physics
JDL JobDescriptionLanguage
LB Logging& Bookkeeping
MPI MessagdPassinginterface
MRI MagneticResonancémage
RB ResourcdBroker
SE StorageElement
Ul Userlinterface
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2 Userrequirements.

In this sectionwe provide a high level descriptionof the userrequirementsgoncerninghe prob-
lem of job partitioning, asthey are describedn the userrequirementdocumentq[R1], [R2],
[R3], [R4], [R5]) written by the applicationworkpackage$WP8,WP9,WP10).

2.1 WP8: HEP requirements.

In DataGrid User Requiementsand Specificationgor the DataGrid Project([R1]) andin Long
Term Specification®f LHC Experiments.Part B ([R2]), HEP applicationsunderlinethat HEP
dataarecharacterizedby independenevents,andthereforethis peculiarity canbe exploited by
parallelizingtheanalysisof thesedata:analysigobscanbedecomposeth mary sub-jobswhich
canbe executedn parallelover mary computingresourcesA job in generalcanbe partitioned
in differentways: it is necessaryo query differentcataloguesandit is necessaryo interact
with other Grid servicesto determinehow a job canbe “decomposed’in sub-jobs. An other
distinguishcharacteristigs thatthe varioussub-jobsdon’t needto communicatevith eachother
directly, usingfor exampleaninterprocessommunicatiorlayerlike MPI. For whatconcernghe
output,in generalt maybenecessaryo transparentlyecombininghedistributedoutputsof the
varioussub-jobsinto a singlestream.

2.2 WP9: EO-application requirements.

WP9doesnot expressparticularrequirement®n job partitioningin its UserRequiremenbDocu-
ment[R4]. They only reportthatthe JDL specificatiorshallbeableto specifythatanapplication
shallrun multiple timesprocessing collectionof inputfiles.

2.3 WP10: Biology application requirements.

Biologistsof WP10,in theirRequiementgor Grid-aware biology applicationg[R5]) document,
expressrequirementsn somewayssimilar to the onesreportedby WP8, for whatconcerngob
partitioning.For examplein parallel isochromatsimulationavirtual objectis composeaf mary
isochromatsandsincethe resultingk-spaces the summatiorof the k-spaceobtainedfor each
isochromateparatelythe variousisochromatsanbe distributedon separateomputingnodes.
No communications neededetweenthe nodesduring the simulationkernelexecution. Then
the resultsof the varioussimulations(the differentk-spaceshreretrieved backfor summation
andfinal reconstruction.

An otherinterestingusecaseis parallel sequencemplementationwherefor specificMRI
sequencebk e multi-sliceimaging,eachnodecouldbein chageof computingtheimageof one
slice(a2D image).Thereforet is necessaryo distributeonly apartof theobject,andeachnode
canwork independenthfrom the others,with no communicatiorat all betweerthem.

3 Analysis of userrequirements.

From the analysisof the UserRequiremenDocumentswe cansaythatjob partitioningtakes
placewhena job hasto processa large setof “independentlements”.In thesecasest may be
thereforeworthto “decompose’thejob into “smaller” sub-jobgeachoneresponsibld¢o process
justa sub-sebf the original large setof “elements”),in orderto reducethe overall time needed
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to processll these'elements”,andto optimizethe usageof all available Grid resourcesThese
independentelements”can be events(in the caseof HEP applications),isochromatgin the
caseof parallelisochromatimulation),imagesof slicesthat mustbe processedfor someMRI
applications).etc. The distinguishandimportantpeculiarity of the problemis thatthe various
“elements”areindependentandthereforethe sub-jobsresponsibléo processhemdon't need
any communicatiorbetweernthemduringtheir execution. The varioussub-jobswhich canrun
simultaneouslhon differentcomputingresourcesall run the sameapplication. Usersmay also
requirethatthe outputdataproducedoy thevarioussub-jobsare“recombined”togetherthrough
anotherjob, to asinglestreamwhichis the actualoutputthatmustbereturneco theuser
Usinga notationintroducedn [R6], if theinitial job is describedn theform:

Job = ¢(F)

where F' is a setof logical files and ¢ is a computationthat mustbe appliedto them, the job
partitioningcanbedescribeds:

c(F) = cag(c(an, f1), c(az, f2), ..clan, fn))
wherec(a;, ;) representshei’® sub-jobexecutedonthefiles f;, andF = { fi, f, ...fx}. fi can
beasinglelogicalfile, or asetof logicalfiles.
a; is an “hint” given to the application,which canbe necessaryo specify which “elements”
storedin f; haveto beconsideredfor examplef; could“store” a certainnumberof HEP events,
anda, couldexpresswhich of theseeventsmustbe processedby job j).
Thejob ¢,, is optionalandrepresentshe “aggregation” job which in somecaseanustbe exe-
cutedattheend,to recombinehe outputfiles producedoy the varioussub-jobs.
Morein generalandnotstrictly thinking aboutpartitioningof theinput dataset,we cansaythat
ajob canbepartitionedin sub-jobsf thejob canbedescribeds“composedby mary indepen-
dent steps.For examplea stepcanbethe analysisof a specificsub-sebf events,the processing
of aisochromatthe Monte Carlogeneratiorof a specificsetof HEP events(just a sub-sebf the
whole setof eventsthatmustbe producedn that Monte Carlo simulation),etc. This is amore
generaldefinition of the problem,which canbe appliedto a wider setof problems.

Consideringthis generaldefinition of job partitioning,the problemis thereforehow to par
tition the job into the differentindependensteps,which canthen be executedin parallel by
differentsub-jobs.This meansfor example partitioningtheinput setof eventsthatmustbe pro-
cessednto subsetgwhich arethenprocessedh parallelby independensub-jobs) partitioning
the whole setof seedsand otherparametersieededor a Monte Carlo productioninto subsets
(thenusedto generatehe varioussimulatedHEP eventsby differentsub-jobs) etc.
Unfortunatelyat the momentwe think thatit is not possibleto find a generalsolutionto this
problemfor mary differentreasonssuchas:

e Therulesandthecriteriathatmustbe usedwhenpartitioninga job into independensteps
arenotalwaysthesameandcannotbegeneralizedsincethey areveryapplicationspecific.

e To find the best(in term of performance)partitioningof a job, someapplicationspecific
hints (not availableto a possiblegenericsolutionto the problem)areneeded.

e To determinein which way a job can be decomposedsomeapplicationspecific cata-
logues/databaseshouldbe queried,and, sincethesearent “standard”Grid serviceswe
cant make arny assumption®n them(their availability, their specificpurposesthe mech-
anismgo interactwith them,etc.).
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e Readingthe userrequirementdocumentsijt comesout that applicationsassumehat job
partitioningis very applicationspecific,andthereforethey think thatthis problemmustbe
addressedby their own (seefor examplethe PROOF ervironment[R8] andthe proposed
"CMS grid job decompositiorservice”[R2]).

As previously discussedfor mostapplicationspartitioning a job meanspartitioningthe input
setof “independentlements”(events,isochromatsgtc.) which mustbe processedinto sub-
sets,which canthenbe processedy parallelindependenjobs. In the DataGridarchitecture
theseinput “independentlements’arestoredin theinput datafiles thatmustbe processedand
thereforein this scenariothe problemis partitioning the input dataset. In this casealsothe
following issuesmustbe underline:

e Theexisting DataGridarchitectures file basedandit is not basedon such“independent
elements”which arenot“described”in ary existing DataGridservices.

e Thereis notagenerakule defininghow the“independentlements’arestoredin the Grid
files. Therefore,for example,a single Grid logical file canstoremultiple “independent
elements” and/ora single“independentlement’canbe storedin multiple logicalfiles.

e A genericGrid servicewhich mapsthe “independentlements™o the Grid logical files
(i.e. ameta-dataatalog)doesnot exist in the DataGridarchitecture.

Thereforewe do not think that a generalsolutionto the problemof job partitioningcanbe
found,sinceit is too strictly tied with applications.

In section5 we proposea differentapproactio the problemof job partitioning,in thecontext
of checkpointablgobs,discussedn sectior4.

4 Job checkpointing.

Checkpointinga job duringits executionmeans'saving” in someway its state,sothatthe job
executioncanbe suspendedandresumedater, startingfrom the samepoint whereit wasfirst
stoppedwithout the needto restartthe job from its beginning, andthereforewithout losing the
computatiordoneuntil thatmoment.

Checkpointinga job from time to time can prevent dataloss, dueto unexpectedproblems
(e.g.failuressuchasmachinecrashesetc.). Thisis usefulto increasdhereliability, in particular
for long-runningjobs.

Checkpointingcan also be a useful mechanisnif the ResourceBroker decides,for some
reasonsthat it is not worth to continuethe executionof a job on a particularresource(for
examplebecausehereareotherjobswith higherpriority which mustbe executedfirst, because
thatresourcds not too suitablefor thatjob, andthereforeit is betterto find an otherresource,
etc.). With ajob checkpointingacility in place insteadof killing thejob andtherefordosingthe
processingloneuntil that moment,it is possibleto restartthe job, on an otherresourcechosen
by the RB, from the last saved state. Thesecapabilities(i.e. the RB ableto decideto stopthe
executionof a runningjob) haven't beenimplementedyet in the ResourceBroker, but we feel
thata mechanisnto supportsuchscenarioxanbe quite useful.

We don't wantto addresserethe classiccheckpointingoroblem,thatis saving somevhere
all the informationrelatedto a procesqprocesss dataand stacksegments,information about
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openfiles, pendingsignals,CPUstate etc.) asit is addresseth otherproject(e.g. Condor[R9]).
Insteadtheideais providing userswith a“trivial” checkpointingservice:througha properAPI,
a usercansave, at any momentduring the executionof a job of his, the stateof this job. The
hypothesiss, of course,thatthe job canbe restartedrom an “intermediate”(i.e. previously
saved)state.

4.1 Job state.

As describedn section4, theideais thatuserscaninsertin the codeof their applicationssome
specificfunctioncalls (seesection4.3) to save, from time to time, the stateof their jobs. Many
applicationsandin particularmostDataGridapplicationscanbe seenas“composed’by a set
of sequentiakteps/iterationskor examplea stepcanrepresenthe processingf a MRI image,
the analysisof an HEP event, the processingof a file, etc. In thesecasest may be worth to
save the stateof the job aftereachof thesesteps.A checkpointabl@pplicationmustbe able,of
course to restartitself from a previously saved state: usinga specificfunction call (seesection
4.3) a previously saved statecanbe “loaded”, andthe applicationmustbe ableto restartfrom
this “intermediate”state.

In the “trivial” checkpointingservicethatwe aregoingto provide, a stateis definedby the
user andit is representedly alist of <var, value> pairs.

It is up to theuserto definewhich <var, value> pairsmustbe savzedasstateof thejob: heis
theonly onewho knowswhich aretheright ones.They mustallow to represenéxactly whatthat
job hasdoneuntil thatmoment,andthey mustbe choserby the userin suchaway that, relying
onthem,thejob canrestartiaterits processindgrom this intermediatestate.

Thehypothesiss alsothatajob is representedly a singlestate.

4.2 Job checkpointing scenario.

In this sectionwe describeatypical scenaridor job checkpointingconsideringa userperspec-
tive (somediscussion®n architecturearepresentedh section6).

Whenausersubmitsacheckpointablgob to the Grid, usingthedg-job-submitommandfirst
of all hemust“declare”’thejob ascheckpointableThis mustbe specifiedn the JDL expression
for thatjob, with a specificattribute:

JobType = Checkpointable

The usercodemustinclude calls to the API functionsthat we are going to provide, and
thereforeit mustbe linkedwith a specificlibrary.

In his code theuserhasto definewhatis a state thatis he hasto specifywhich <var, value>
pairsareneededo represenexactly whatthatjob hasdoneuntil thatmomentandare“enough”
to restartlaterthe processingrom anintermediatestate:this is doneusingthe savevaluefunc-
tion of the API (seesection4.3).

Thenthe codemustincludecallsto persistentlysare, from time to time, the stateof the job:
thisis doneusingthe savestatefunction (seesection4.3).

As mentionedin section4.1 mary applicationscanbe seenas“composed’by a setof se-
guentialsteps,wherefor examplea stepcanrepresenthe processingf a file, the analysisof
anHEP event, etc. Thevariousstepscanberepresentetly a main steppersetof iterations,and
theiterationsthroughthe variousstepscanbe doneusinga get.next_stepfunction (describedn
section4.3). It is usuallyworth to save the stateof thejob aftereachstep.
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If the userwantsto exploit the get. next_stepfunction, to iteratebetweenthe varioussteps,
he mustdefinethe contentof main stepper This is donein the JDL expressionwith a proper
attribute:

JobSteps = {labely, labely, labels, . . .}

The checkpointingramework is usefulwhenajob endsin an“abnormal”’way, thatis when
it exits beforeit completesbecaus®f an“external”problem(e.g.amachinecrash).If (andonly
if) it is clearthatthe problemwas“external”to thejob, thenthejob is automaticallyrescheduled
by theRB (possiblyona CE differentthantheonewheretheproblemhappenedandresubmitted.
If astatefor thatjob wassasedin its previous execution,the job doesnt needto startfrom the
beginning, but it canstartfrom the “point” correspondingo the last saved state. This means
that,first of all, thelastsavedstateis “loaded”. Thentheusers code,usingthis “retrieved” state,
mustbe ableto startfrom the point correspondindo this intermediatestate(if the main_stepper
mechanismis used,it is just necessaryo “jump” to the next iteration, usingthe get next_step
function: seesection4.4for anexample).

Unfortunatelyit is not so straightforward to “automatically” (by the Grid middlewvare)un-
derstandwvhena job endsin an “abnormal” way. As explainedin section6, only few failure
scenariocanbe unambiguouslydentifiedasproblems‘external” to the job. In the othercases
the Grid middlewarecanonly reportthatthe job hasbeencompletedn a normalway, andthis
couldnt betrue. If thisis the case(i.e. someproblemsoccurred) the usercanretrieve aninter-
mediatestatefor this job (usuallythe last saved one),andresubmitthe job, pointing out that it
muststartusingthis “intermediate”state.

The*“retrieving” of a stateof ajob (savedduringjob execution)canbe doneusinga dg-get-
job-chkptcommand:

dg-get-job-chkpt < dg joblID > [-ns statenumbet [-ckpt file_path]

Using this command,the userretrieves the last state,or a previous one accordingto the
value of statenumber(-1 for the last but one saved state,-2 for the last but two saved state,
etc.) of thejob dg joblID. This stateis “stored” in thefile systemof the machinefrom wherethe
commandwvasissued,in thefile specifiedby file_path (in this file the valuesof the Stateobject
datamembersare“dumped”).

Thisfile shouldthenbe specifiedwhenthejob is resubmitted:

dg-job-submit < job_descriptionfile > [-ckpt file_path [-resourceresid]
[-notify e_mail_addres$ [-verbose]

The option -ckpt is thereforeusedto specify the file wherethe initial statethat mustbe
considereds “stored” (the one specifiedwhenthe statewasretrieved usingthe commanddg-
get-job-dkp).

It is possible,usingthe commanddg-get-job-dikpt, to retrieve a statedifferentthatthe last
saved one, sincethe usercould find that the problemin his job wasdueto someerrorsin the
code,andthelastsaredstatefor thejob cannotbeused sinceit is “affected”by thebuggycode,
while a previous savedstateis still correct,andthereforecanbeused.
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4.3 Job checkpointing API.

In the checkpointingramenork thatwe areproposingwe candefinethe stateof a job through
theuseof anabstracbbject:

oj ect State:
{
/| Data Menbers
Label t state id = *'‘label’’;
Var Val ueSet var _val ue pairs[] =
{*‘varl ' ="‘*valuel ', *‘var2 ’'="‘value2’’, ... };
St epsSet mai n_st epper =
{*“elemrentl’’, ‘‘elenment2’’, ‘‘elenment3’, ... };
Label t current_step;

/'l Met hods

int save_val ue(Pair);

int save state();

string get _string _val ue(string);
int get _int_value(string);
doubl e get doubl e_val ue(string);
State | oad_state(Label t);
Label t get next step();

int set _final _state();

bool is final _state(Label t);

fl oat get _state_size();

float get nax_state size();

Eachstatehasa hamethatidentifiesit unambiguouslythefirst datamember(stateid) rep-
resentssuchidentifier, andit is setautomaticallywhenthe objectis created.This labelis then
usedby theload_statemethod(seebelow).

The var_value pairs datamemberrepresentshe setof <var, value> pairs,thatis the vari-
ableswith theirvaluesusedto describehe statusof thejob. We don't putary restrictionsonthe
typesandalsoon the namesof thevariables E.g.:

Var Val ueSet var _val ue pairs[] =

{**calibration file '=""*LF. <LFN>"",
‘‘data_card ' ="' XYX ',
“fsum’="*3212.32"", ...}

main.stepperdefinesthe list of steps/iterationshat mustbe consideredo procesghis job
(to be usedfor thosejobs which canbe representedby a setof steps).A stepcould represent,
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for example,an HEP event/asetof eventsthat mustbe analyzed,anisochromatthat mustbe
processedan images nameetc. mainsteppercan be definedas a list of elements,or asa
numericrange. main steppercould alsobe seenasa list of labelsdefiningsomepointsinside
thecodeof thejob. Sowhena job starts from a givenstate,it can“jump” to theright label,and
startsits computatiorfrom thatpoint. E.qg.:

StepsSet main_stepper={‘‘filel’’, *‘file2’’, "‘file3d '}
St epsSet nmi n_stepper={‘‘eventl ', ‘‘event2’ '’}
St epsSet nmain_stepper={‘‘labell ', *‘label2 "’}

St epsSet nmmi n_st epper={1.. 1000000}

Thelastdatamember(current step of the objectrepresentanelemeniof the main.stepperset;
it representshe currentstep(i.e. the stepthatis consideredy thejob atthatmoment).

Themethoddor this Stateobjectare:

int save_value(Pair pair)
Thisfunctionsaresthepair pair in thevar_value pairs datamember Theagumentpair is
apair of stringswhich definerespectrely the nameandthe valueof thevariablethatmust
be saredin the job state.If thevariablealreadyexists, its valueis updatedptherwisethe
variableis addedo thevar_value pairs set.

int save_state()
This functionsavespersistentiythe currentStateobject.

string get.string_value(string var_name)
int get.int_value(string var_name)

double get. double_value(string var_name)
Thesefunctionsreturnthe valueof the variablevar_namestoredin the var_value pair set
with namevar_name they returnrespectrely astringvalue,anint valueor adoublevalue.

Stateload_state(LabelT stateid)
Thisfunction“retrieves”astatefor ajob, whoseidentifieris theonespecifiedasargument.

Label_t get.next_step()
This functionreturnsthe next elementof the main.stepperset(i.e. the next stepthatmust
beconsideredy thejob), or “NULL” if thejobisin its laststep.

int setfinal_state()
This functionis usedto specifythatthe stateis the lastonefor thatjob. This methodand
the next one (is_final_statg are usedin particularin the context of job partitioning (see
section7.2).

bool is_final _state(Labelt stateid)
This functionis usedto checkif the statespecifiedasargumentis thelastonefor thatjob
(i.e. it hasbeen"marked” usingthe setfinal_statemethod).

float get state size()
Thismethodreturnghesizeof thecurrentStateobject. Thisis used(with theget max statesize
method)}to be surethatthe statecanbe persistentlysared (seesection?.5).
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float get max_state size()
This functionreturnsthe maximumsizeof a statethatcanbe persistentlysaved.

4.4 Exampleson job checkpointing

We presentherea very simple pseudo-codexampleto describehow the APIs introducedin
section4.3 canbeused.

#i ncl ude <api . h>

/* This job anal yze sone events cal culating the total
nunmber of collisions which occur in these events */

Label t event;
State jobstate;

if (jobstate.get _int_value(‘‘collision "))
then sum = jobstate.get _int_value('‘collision )
el se sum = 0;

while ((event = jobstate.get next step()) != NULL) {
col = calculate collision(event);
sum = sum + col ;
<ot her processing for this event>
print("The | ast event has generated " + col + " collisions");
print("The total nunber of collisions is " + sum;
/* save an internediate state */
j obst at e. save_val ue(*'‘collision’’, sum;
j obst at e. save_state();

jobstate.set final _state();
j obst at e. save_state();

In this example, first of all a Stateobject (jobstatg is instantiated. This meansthat the
last previously saved stateis retrieved (the datamembersare initialized). Note that a saved
stateis alwaysavailable, sinceit is assumedhat, whena job is created a statefor this job is
automaticallycreatedjust initializing the main.stepperdatamembey usingthe value specified
in the JobStepsattribute of the IDL expression(seesection6 for moredetails). Supposinghat,
for this specificexample,thejob hasto analyze1000000events,in the JDL for thisjob is would
have beenspecified:

JobSt eps={1..1000000};

andthereforemain.stepperwasinitialized as:
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St epsSet nmi n_st epper={1..1000000}

For this particularexamplewe assumehatthestateis representetly thenumberof collisions
foundsofar.

Thenthenumberof collisionsfoundsofaris updatedvith thevaluereadfrom the“retrieved”
state,or initialized asO, if thisvalueis notavailable.

Thenfor eachiteration,definedby thewhile loop (i.e. for eacheventthatmustbe processed)
the numberof collisionsis found, and addedto the numberof collisionsfound so far. Some
otherprocessingegardingthat event are performedaswell. At the end of every iterationthe
stateof the job (in this examplerepresentedby the numberof collisionsfound) is persistently
saved usingthe savestatefunction. The function get next_iterator is used“to go” to the next
iterationthatmustbe consideredi.e. to the next eventthatmustbe processedn this particular
example).

Thereforeif the job doesnt endin a “normal” way, it canbe resumedater. In fact, when
the job restartsts execution,the last saved stateis automaticallyretrieved, andthenusingthe
functionget.next_iterator it is possible‘to jump” to the next eventto analyze.

After thelastiterationthe setfinale statemethodis used o specifythatthis is thefinal state
for thejob.

In the following example,on the contrary we don't rely on main.stepper The application
is “composed’by a setof n sequentiainstructionsets(<instructionset1>, <instructionset
2>, ..., <instructionsetn>). After eachstepthe “label” (representedby the variablestep
of the next stepis storedin the jobstateobject, which is then persistentlysared by calling the
savestatemethod.As first instruction,the valueof the stepvariableis readfrom the lastsaved
stateautomaticallyretrieved (is available),to seewherethe computationmuststart. Note the
setfinal_statecall just beforesaving thefinal stateof thejob:

State jobstate;
int step = jobstate.get _int_value( "step" );

switch( step )
{
case 1:
/*
<Instruction set 1>;
j obst at e. save_val ue( "step", 2);
j obst at e. save_state();
*/
case 2:
/*
<Instruction set 2>;
j obst at e. save_val ue( "step", 3);
j obst at e. save_state();
*/
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case n:
/-k
<Instruction set n>;
j obstate.set final _state();
j obst at e. save_state();
*/

5 Job partitioning .

As reportedin section3, we don't think thata genericservice,suitablefor all applicationsand
for all environmentsableto “decompose’ajob in sub-jobs,canbeimplemented.Instead,we
think thatthe APlIs introducedin section4.3 for the checkpointingproblem,canbe exploited
alsoin the contet of job partitioning.

As we have alreadymentionedtheideais thatthe processingf a job shouldbe described
asa setof independentsteps/iterationsThe goalis to exploit this characteristicconsidering
different,simultaneousindependensub-jobs,eachonetaking careof a stepor of a sub-seiwf
steps,and which can be executedin parallel. The “partial” results(that is the resultsof the
varioussub-jobs)canberepresentedly job stateqthe“final” job statesof thevarioussub-jobs),
asdefinedin sectiord.1,andwhich canthenbe“merged”togetherby a“job aggreator”.

We wantto stressagainthatthe hypothesigs, of course thatthe variousstepsareindepen-
dent,andthereforecanbe“processed’in parallelby differentindependenjobs.

5.1 Job partitioning scenario.

When a usersubmitsa partitionablejob to the Grid, first of all he must“declare” the job as
partitionable.Thisis doneusinga specificJDL attribute:

JobType = Partitionable

Thenin theJDL file the characteristicandtherequirement®f the partitionablgob mustbe
specified,asusual. Usercanalsospecify in the JDL file, the “job aggreator”, thatis the job
whichis responsibleo collectand“merge” togethettheresultsfor the varioussub-jobsn which
theoriginaljob is beingpartitioned.

In thesameway, a“pre-job”, thatis ajob whichmustbeexecutedeforethevarioussub-jobs,
canbespecifiedaswell.

For whatconcernghepartitionablgob, thisis specifiedusingtheusualattributes(executable
stdin, stdout stderr, Requiements Rank InputSandbox etc.), apartfrom the OutputSandbox
attribute,whichis not“applicable”here.If somefiles have to be“transferred”from the sub-jobs
to thejob aggreator, they have to be savedin a storageelementandtheidentifiersof thesefiles
canbe providedto thejob aggreatorvia specific<var, value> pairsin the sub-jobs’states.

Thenthe usermustspecifywhich aretheindependensteps/iterationsvhich “compose”the
partitionablgob. Thisis donevia a specificJDL attribute:

JobSteps = {element, elements, . . .element, }
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As describedn section6.2,the “weights” for the elementf the JobStepdist canbe speci-
fiedaswell:

StepW eight = {weight,, weights, . .. weight,}

asan“hint” to “help” the partitioningprocessresponsible¢o partitionthelist JobStepsom-
posedby n elementsin to m sub-lists. If the userdoesnt specify this attribute, thenall the
elementsareconsideredvith the sameweight.

For what concernsthe job aggreyator and the pre-job, they are describedin the JDL ex-
pressionspecifyingtheir attributeswithin respectrely the PreJob attribute andthe Aggregator
attribute,e.g.:

JobType = Partitionabl e;
Executable = .. .;
JobSteps = ...;
StepWeight = ...;

Requi renments = ...;

Prejob =

[

Execut abl e = .
Requi renent s c

Aggregator =

[
Executable = ...
Requi renent s ce

o

Oncethe userhassubmittedthe job, using the usual dg-job-submitcommand,a specific
serviceis thenresponsibldo partitionthe list specifiedasJobStepsn the JDL expressioninto
sub-lists,eachonethencorrespondingo a sub-job(in section6.2it is discussedhow this could
bedone).

At thispointaDAG is createdi.e. thecorrespondingDL expressiorfor the DAG is created)
andsubmittedo the Grid. TheresultingDAG will look like astheonerepresenteh figure5.1.

PJ representthepre-job S.J;, S.Js, ..., SJ,, representhesub-jobsn whichthe*“original”
partionablgob hasbeen“‘decomposed’while A.J representshejob aggreator

The codefor the partitionablgob shouldrely onthe checkpointingAPI describedn section
4.3. In particularat the endof its computationeachsub-jobmust save its state,by calling the
savestatemethod.

Whenall sub-jobshave completedtheir computation(and eachof themhassavedits final
state)usingthe WP1 DAGMan mechanismsthe schedulingandthe submissiorof the job ag-
gregatoris automaticallytriggered.
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AggregatorJob

Figurel: DAG createdor apartitionablgobs

Thejob aggregatorwill “load” (usingthe load statefunction)thefinal statesof the various
sub-jobs(specifiedin the JobStepsattribute of its JDL expression,andthereforestoredin the
main.stepperof its initial state)andwill “collect” and/or“merge” togetherthe resultsof the
varioussub-jobgseesection5.2).

5.2 Example of job aggregator.

In this sectionwe show the pseudo-codef a possiblgob aggreyator:

#i ncl ude <api . h>

St ate AggSt at e;
Label t SubJobl d;

whil e (SubJobld = AggState.get _next _step()) {
State tnpstate ( AggState.load_state((SubJobld)));

if (tnpstate.is_final_state())

t hen {
/'l the next instruction uses
/1l tnpstate.get {int, double, string} _value() functions
processi ng_state(tnpstate);
}

el se {
print(‘“Error: at |east one sub-job didn't save its final

state’’);
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exit(1);

}

print_overall _result();

First of all an object State(AggState for the aggreatorjob is instantiated. Thereforeits
initial stateis retrieved, andthe main.stepperdatamemberis initialized with the identifiersof
thefinal statesof the varioussub-jobswhich werespecifiedasJobStepsn the JDL expression.

Thenthesesub-jobs’statesareretrieved (usingthe load_statefunction). If theretrievedstate
is the final one (this is checled using the is_final_state method)then the <var, value> pairs
associatedo it arein someway processedto “produce” the overall resultof the partitionable
initial job. Otherwisethe job aggreatoris aborted.

6 Architectureand technical aspects.

In this sectionwe describehow the proposedtheckpointingand partitioningframevorks could
be implementedjn the context of the existing architectureof the WP 1 Workload Management
System.We first discussaboutcommonaspectsyhile in subsection$.1and6.2itemsconcern-
ing only respectiely job checkpointingandjob partitioningarepresented.

Fromthedescriptiongivenin sectionst and5, it is clearthatthemainfunctionalitythatmust
be providedis the possibility to persistentlysave the stateof a job, andto retrieve a previously
savedstate.

For this purposethe LB servicecanbe used,addingoneor morenew “fields” for eachentry
(i.e. for eachjob) to storeits states.

ThelLB service for eachjob, shouldalsoincludeasnew attributes:

¢ whenthelaststatefor this job hasbeensaved

e acounterusedto avoid infinite resubmissiongseesection6.1)

As describedn section4.2, multiple statedor thesamegob canbekeptin the LB sener: for
eachjob its lastn statesare persistentlystored(wheren is a configurableparameteof the LB
sener)in acyclic way (whena new statemustbe saved, andtherearent free slotsfor thatjob,
theoldeststatefor thatjob is overwritten).

When the function savestateis called from a users job, the various <var, value> pairs
correspondindo the Stateobjectdatamembersaresavedin theLB sener. In theLB sener, the
attribute which specifiesvhenthe laststatewassavedis updatedaswell. Moreover the counter
(usedto avoid infinite resubmissiond} resetto 0.

As introducedin section4.4, a stateis not createdonly whena savestateis issued:when
a job is submittedto the Grid, and thereforewhen an entry for this job is createdin the LB
service an“empty” stateobjectfor thisjob is “automatically”createdaswell. Themain.stepper
datamemberof this Stateobjectis initialized with the value of JobStepsspecifiedin the JDL
expressionwhile var_value pairsis initialized asemptyset.
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When a Stateobjectis instantiatedn a users job, the last saved statefor this job (which
exists for sure,since,asexplainedabove, aninitial stateis createdwhenthe job is submitted)
mustbe automaticallyretrieved. For this purposehe LB seneris contactedif the counterused
to avoid infinite resubmissionkasreached certain(configurablehreshold thenthe operation
fails; otherwisethe counteris updatedaddingl).

A similar scenarichappensvhentheload statemethodis issued:thelastsaved statefor the
requiredjob is retrieved.

Whena job completedts execution,its lastn statesarekeptin the LB sener, in orderto let
theuserretrieve themlater. They arepurgedfrom theLB senerjustafteracertain(configurable
in the LB sener)time (e.g.1 month)afterjob completion.

6.1 Job checkpointing

As introducedin section4.2, whenit is foundthata job didn’t completeits executionin a “nor-
mal” way becaus@f an“external”’ problemto thejob itself, thejob mustbe automaticallyresub-
mitted. Unfortunatelyit is notstraightforvardto understanadvhensuchfailures,“external”to the
job, happenFor example,no assumptionsanbe doneon the exit codeof thejob to understand
if it completedts executionin theexpectedwvay. Only theuser checkingtheexit codeof hisjob,
checkingthe outputand/orlog files, etc. canunderstandf thejob terminatedasexpected.For
the time being,just two differentfailurescanbe unambiguouslydetected’asdueto problems
externalto thejob:

e Theremoteresourcavheretheexecutionwastakingplacecant becontactedanymore(i.e.
aGlobusdownsignalis detected)In this casethejob is considereasfailed, it is removed
from thejob queue andthereforeit shouldbe automaticallyresubmittedstartingfrom its
lastsavedstate(if ary).

¢ In the currentimplementationa userjob is “wrapped”in a scriptwhich is responsibldo
transferthe InputSandboxiles, to run the userjob, andthento copy backthe outputfiles
of the OutputSandboxif it is detectedhatnot all thesestepshaven't beendone,it means
thatsomethingailed,andthereforethe job shouldbe automaticallyresubmitted.

Whenit is detectedhat a checkpointablgob failed for a problemexternalto the job, then
the RB performsagainthe matchmakingor this job, possiblychoosingastametresourcea CE
differentthattheonewherethefailurehappenedThejob is thensubmittedo thechosenby the
RB) CE, usingthe samedg-job-id So,whenthejob startsits execution,whena Stateobjectis
instantiatedthe lastsaved statefor thatjob is automatically‘loaded”, andthejob canrestartits
executionfrom the point correspondindo this state.

As mentionedn section6, to avoid infinite resubmissionsa counteris used:in this way it
is possibleto checkhow mary timesthe job restartsts executionfrom the samestate. If this
counterexceedsa certainthresholdthejob is cancelled.

To be ableto resubmita job which failed for somereasonsput which isn’t automatically
resubmittedbecausehe problemwhich occurredto the job couldnt be detectedas“external”
problemto the job, or becausdhe problemwas “internal” to the job) the usercanfirst of all
retrieve thelast(or a previousone)savedstatefor thejob , andthenresubmitthejob, specifying
thatthe“retrieved” statemustbe consideredsinitial state(seesectiord.2).

Thejob stateretrieval canbe performedusingthe dg-get-job-ckptcommand.
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The retrieved state(representedby a file wherethe various<var, value > pairshave been
“dumped”) canthenbe specifiedto resubmitthe job (as-chkptargumentof the dg-job-submit
commandasexplainedin section4.2). In this case,n the LB senerthe specifiedstatewill be
storedasinitial statefor thisjob (andthereforeit will be“loaded” by thejob whena Stateobject
will beinstantiated).

6.2 Job partitioning .

Whena partitionablgob is submitted asdiscussedh section5.1,thefirst problemis to partition
the JobStepdist in to sub-lists,eachonecorrespondingo a sub-job

The strata@yies, the policies, the parametershat should/couldbe taken into accountin such
partitioningcanbe various,andwill beinvestigatedo find which arethe bestapproachesAs
a startingpoint, just asa proof of conceptfor the whole frameawork, we proposeto partitionthe
JobStepdist in m sub-lists,wherem representshe total numberof available CPUsfor all the
CEssatisfyingthe requirementdor this job. How to optimize the partition of the n elements
of the JobStepdist into m sub-listsis not trivial, sincethe Grid doesnt know arnything about
the compl«ity, the time takento processa single element(thesetimescanbe differentfor the
differentelementf theJobStepdist, etc.). A “hint” couldbegivenby theuser to helpthe Grid
middlewarein performinga “good” partitioning: asreportedn section5.1, theusercanspecify
in theJDL expressioralist of “weights” for thevariouselement®of theJobStepdist. Thiscanbe
donevia anew JDL attribute,whichis alist of n numbersthefirst elemenbf thislist represents
theweightfor thefirst elementof the JobStepdist, etc. E.qg.:

StepWeight = {10,134, 2,...}

If the userdoesnt specifythis attribute, thenall the elementsare consideredvith the same
weight,soasimplepartitioningwill bedone:eachsub-listwill have - elements.
Otherpossibleapproacheandalgorithmswill beinvestigatedn thefuture.

The next stepis the definitionof a DAG, composedy m + 2 nodes:m nodesrepresenting
the m sub-jobs(which canbe executedin parallel)and2 othernodes,representinghe pre-job
(whichis executedbeforethe m sub-jobs)andthe job aggregator(which canstartits execution
whentheotherm sub-jobshave terminatedheirrun). Definingthe DAG mean<reatingits JDL
expressionwherethe nodesandthe dependenciebetweenthemare describedandwherethe
JDL for eachsinglenodeis specified.

Supposinghatin the JDL expressiorof the“original” partitionablgob it wasspecified:

JobSteps = {ely, els, el3, ely, el }
andthislistsis partitionedin 2 sub-lists:

{6[1, 6l2}
{els, ely, els}

a DAG with 2 sub-jobsandin casea pre-jobandanaggreatorjob will becreated.
In the IDL expressiorfor the first sub-jobit will be specified besideghe otherparameters
(ExecutableRequiementsetc.):

JobType = Checkpointable
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JobSteps = {ely, els}

TheJDL expressiorfor thesecondsub-jobwill bethe samethatthe onefor thefirst sub-job,
apartfrom the JobStepsttribute, which will be:

JobSteps = {els, ely, els}

In the JIDL expressionof the job aggreator as JobStepghe list of identifiersfor the final
statesf thetwo sub-jobswill be specified:

JobSteps = {stateid,, stateids}

Thenthe DAG is submittedto the RB. The hypothesigs, of course thatthe matchmakings
performedor eachnodeof the DAG, andthereforan generathevariousnodescanbe submitted
to differentCEs(“lazy” scheduling. Thevarioussub-jobsmustsave their final state,usingthe
savestatecall. Whenall the sub-jobshave completedtheir execution,andthey all have saved
theirfinal state the job aggreatorcanstartits execution(thisis triggeredby the WP1 DAGMan
mechanisms)This job will have to “retrieve” thefinal statesof the varioussub-jobs(specified
in main.stepperof its initial state).Thisis doneusingtheload_statemethod.

Thejob aggrgatorwill thenperformsomeprocessingo collecttogetherthe results(repre-
sentedoy thefinal states)pf the varioussub-jobs.

/ Issues.

In this sectionwe discussaboutsomeissueshat shouldbe investigatecr betterclarified. For
someof thema possiblesolutionis presented.

7.1 Specificationof JobSteps for the job aggregator.

As reportedn section6.2,in the JDL for thejob aggreator asJobStepattributethefinal states
of thevarioussub-jobsmustbespecified.Theproblemis how to definethesefinal statef these
sub-jobs. As representedn the pseudo-cod@f the examplein section5.2, the get.next_step
methodgoesthroughthese‘values”,andarethenusedto load the statesof the sub-jobs(using
theload statemethod).Thereforethesevaluesrepresentheidentifier of the stategshatmustbe
retrieved.

A possibleapproachs to useas stateidentifier the dg-job-id of a job. Therefore with the
hypothesighat,whenthe DAG is built, the dg-job-id of thevarioussub-jobss known (couldbe
<DAGId>.1, <DAGId>.2, ..., where<DAGId> is the groupldfor the“initial” checkpointable
job submittedby the user),thenthe JobStepsttribute for thejob aggreatorcanbe defined.

7.2 How to be surethat the sub-jobshave savedtheir final state.

The aggregatorjob muststartwhenall the sub-jobshave completedtheir execution. Moreover
all thesesub-jobsmusthave saredtheirfinal statein the LB sener.

The startof the job aggreatorjust after the completionof all sub-jobsis managedy the
WP1DAGManmechanismsandthereforethisis notanissue.

The checkto controlif all the sub-jobshave saved their final statescanbe doneby the job
aggreator by usingtheis_final_statemethod assuminghatin the codeof the sub-jobsthefinal
statehasbeen‘identified” usingthe setfinal_statemethod.
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Usingthis approacht is alsopossibleto “manage”scenariosvherethe job aggrgatormust
berunevenif onejob failed,or lessthanz % of sub-jobgailed,or thereareothersuchconditions:
it isuptothejob aggregatorto performthecheck,anddecidef it hasto “collect” theintermediate
results(theresultsof the sub-jobswho terminatedheir execution),or if it hasto stop.

7.3 Job aggregator not specified.

If thejob aggreatoris notspecifiedor a partitionablgob, theusershouldin any casebeallowed
to retrieve the laststatefor the varioussub-jobsthatis hemustbeallowedto issuea dg-get-job-
chkpt specifyingasdg-job-id the identifier of the partitionablejob returnedwhenthe job was
submitted. This meanghat, giventhe dg-job-id for the “original” partitionablejob, the system
mustbe ableto know the dg-job-id of the varioussub-jobs.

7.4 How to avoid that all sub-jobsare submitted to the sameCE.

As reportedn section6.2,the matchmakings performedfor eachnodeof the DAG. Thenodes
associatedo the m sub-jobsall have the sameCE requirementsdatarequirementsand rank.
Sincethe matchmakindgor thesem sub-jobds donepracticallyatthe sametime, it is likely that
theRB will choosehesameCE for all thesesub-jobssincethe CEs’ attribute EstimatedTaver

salTime usedasdefault rankis going to be the samein the matchmakingof all thesesub-jobs
(sincethis processs donemoreor lessat the sametime). Somemechanismsnustthereforebe
implementedo evenlydistributethe sub-jobsbetweerall theavailableprocessorfor all theCEs
suitablefor thesesub-jobs(this problemis not specificto checkpointablgobs, but it is anissue
alsowhena“bunch” of jobswith the samerequirementsaresubmittedat the sametime).

7.5 Problemssaving largesizestates.

As reportedabore, jobs’ statesaresavedin the LB sener, whenthe savestatemethodis called.
Problemscould occurif a large size statehasto be saved (e.g. the available spacein the LB
sener canbelimited, etc.): in caseof failure,the savestatemethodwill returnapropererror.

Usercancheck,beforeissuingthe savestatefunction, whatis the size of the currentstate
usingthe get statesizemethod,andthe maximumstatesizethatcanbe savedin the LB sener
usingthe get max state sizemethod(seesection4.3).

1This meango beableto getthe dg-job-id of the variousnodesgiventhe dg-job-id of thewhole DAG
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