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1 INTR ODUCTION

1.1 OBJECTIVES OF THIS DOCUMENT

Thepurposeof this documentis to provide ananalysisof theproblemof job partitioning,con-
sideringasinput the requirementspresentedin the userrequirementdocumentswritten by the
applicationworkpackages(WP8,WP9 andWP10). After analyzingthe userrequirements,we
discusshow thesecouldbeaddressedin theframework of theWP1workloadmanagementsys-
tem.

1.2 APPLICABLE DOCUMENTS AND REFERENCE DOCUMENTS

Applicable documents

References

[R1] WP8 e WP10Document,DataGrid User Requirementsand Specificationsfor the Data-
Grid Project, Version2.1 - September2001. http://datagrid-wp8.web.cern.ch/DataGrid-
WP8/Documents/Workspace/D8.1/D8.1.av2.1.pdf

[R2] WP8 Document, Long Term Specifications of LHC Experiment. Part B,
Version 2.0 - September 2001. http://datagrid-wp8.web.cern.ch/DataGrid-
WP8/Documents/Workspace/D8.1/D8.1.bv2.0.pdf

[R3] WP9 Document,RequirementsSpecification: EO Application Requirementsfor Grid,
Version 1.2 - October 2001. http://tempest.esrin.esa.it/datagrid/docs/docs/DataGrid-
D09.1 200110 12.zip

[R4] WP9 Document, KNMI Detailed Use Cases, Version 1.1 - October 2001.
http://tempest.esrin.esa.it/datagrid/docs/docs/DataGrid-D09.1200110 12.zip

[R5] WP10Document,Requirementsfor grid-awarebiologyapplication, Version3.8- Septem-
ber 2001. http://marianne.in2p3.fr/datagrid/wp10/documents/DataGrid-10-D10.1-0102-3-
8.doc

[R6] WP2 Document,Query Optimization- Use caseworking document, Version3 - April,
2001.http://cern.ch/grid-data-management/docs/qousecasev3.doc

[R7] WP1Document,Job descriptionlanguage. Howto., Version0.1- September2001.

[R8] Reńe Brun & FonsRademakers,DistributedParallel InteractiveData AnalysisUsingthe
PROOFSystem, Proceedingsof Chep2001- September2001.

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

[R10] Condor Team, Condor Version 6.2.2 Manual, University of Wisconsin-Madison.
http://www.cs.wisc.edu/condor/manual/v6.2/
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1.3 DOCUMENT AMENDMENT PROCEDURE

This notemustbe consideredasa working document.Therearestill variousopenissuesthat
mustbeclarified,andmany otheritemshave not beenaddressedyet. Thereforethecontentof
this documentwill changeveryoften,in particularasresultof:

� Feedbacksreceived

� Changes/evolutions/refinementsof userrequirements

� Evolution in theWP1workloadmanagementsystemarchitecture

� Evolution in theDataGridarchitecture

1.4 TERMINOLOGY

Definitions

Glossary

CE ComputingElement
DAG DirectedAcyclic Graph
DAGMan DirectedAcyclic GraphManager
HEP High Energy Physics
JDL JobDescriptionLanguage
LB Logging& Bookkeeping
MPI MessagePassingInterface
MRI MagneticResonanceImage
RB ResourceBroker
SE StorageElement
UI UserInterface
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2 User requirements.

In thissectionweprovideahigh level descriptionof theuserrequirements,concerningtheprob-
lem of job partitioning,as they aredescribedin the userrequirementdocuments([R1], [R2],
[R3], [R4], [R5]) writtenby theapplicationworkpackages(WP8,WP9,WP10).

2.1 WP8: HEP requirements.

In DataGridUserRequirementsandSpecificationsfor theDataGridProject([R1]) andin Long
Term Specificationsof LHC Experiments.Part B ([R2]), HEP applicationsunderlinethatHEP
dataarecharacterizedby independentevents,andthereforethis peculiaritycanbeexploitedby
parallelizingtheanalysisof thesedata:analysisjobscanbedecomposedin many sub-jobs,which
canbeexecutedin parallelover many computingresources.A job in generalcanbepartitioned
in different ways: it is necessaryto querydifferent cataloguesand it is necessaryto interact
with otherGrid servicesto determinehow a job canbe “decomposed”in sub-jobs. An other
distinguishcharacteristicis thatthevarioussub-jobsdon’t needto communicatewith eachother
directly, usingfor exampleaninterprocesscommunicationlayerlikeMPI. For whatconcernsthe
output,in generalit maybenecessaryto transparentlyrecombiningthedistributedoutputsof the
varioussub-jobsinto asinglestream.

2.2 WP9: EO-application requirements.

WP9doesnotexpressparticularrequirementson job partitioningin its UserRequirementDocu-
ment[R4]. They only reportthattheJDL specificationshallbeableto specifythatanapplication
shallrun multiple timesprocessingacollectionof inputfiles.

2.3 WP10: Biology application requirements.

Biologistsof WP10,in theirRequirementsfor Grid-awarebiologyapplications([R5]) document,
expressrequirementsin somewayssimilar to theonesreportedby WP8,for whatconcernsjob
partitioning.For examplein parallel isochromatsimulationavirtual objectis composedof many
isochromats,andsincetheresultingk-spaceis thesummationof thek-spacesobtainedfor each
isochromatseparately, thevariousisochromatscanbedistributedon separatecomputingnodes.
No communicationis neededbetweenthenodesduring thesimulationkernelexecution. Then
the resultsof thevarioussimulations(the differentk-spaces)areretrievedbackfor summation
andfinal reconstruction.

An other interestingusecaseis parallel sequenceimplementation, wherefor specificMRI
sequenceslikemulti-sliceimaging,eachnodecouldbein chargeof computingtheimageof one
slice(a2D image).Thereforeit is necessaryto distributeonly apartof theobject,andeachnode
canwork independentlyfrom theothers,with nocommunicationat all betweenthem.

3 Analysisof user requirements.

From the analysisof the UserRequirementDocuments,we cansaythat job partitioningtakes
placewhena job hasto processa largesetof “independentelements”.In thesecasesit maybe
thereforeworth to “decompose”thejob into “smaller” sub-jobs(eachoneresponsibleto process
just a sub-setof theoriginal largesetof “elements”),in orderto reducetheoverall time needed
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to processall these“elements”,andto optimizetheusageof all availableGrid resources.These
independent“elements”can be events(in the caseof HEP applications),isochromats(in the
caseof parallelisochromatsimulation),imagesof slicesthatmustbeprocessed(for someMRI
applications),etc. The distinguishandimportantpeculiarityof the problemis that the various
“elements”areindependent,andthereforethesub-jobsresponsibleto processthemdon’t need
any communicationbetweenthemduringtheir execution.Thevarioussub-jobs,which canrun
simultaneouslyon differentcomputingresources,all run thesameapplication.Usersmayalso
requirethattheoutputdataproducedby thevarioussub-jobsare“recombined”together, through
anotherjob, to asinglestream,which is theactualoutputthatmustbereturnedto theuser.
Usinganotationintroducedin [R6], if theinitial job is describedin theform:

�������	��

���
where

�
is a setof logical files and

�
is a computationthat mustbe appliedto them, the job

partitioningcanbedescribedas:

��
�������������
���
�������������� ��

�"!#���$!����&%'%(%)��

�+*,���$*-���
where

��
���./���0.1�
representsthe 2
354 sub-jobexecutedon thefiles

�0.
, and

�6�87��9�����0!&�&%(%'%:��*,;
.
�0.

can
beasinglelogical file, or asetof logical files.��.

is an “hint” given to the application,which canbe necessaryto specify which “elements”
storedin

�<.
haveto beconsidered(for example

�>=
could“store” acertainnumberof HEPevents,

and
�0=

couldexpresswhichof theseeventsmustbeprocessedby job ? ).
The job

�����
is optionalandrepresentsthe “aggregation” job which in somecasesmustbeexe-

cutedat theend,to recombinetheoutputfilesproducedby thevarioussub-jobs.
More in general,andnotstrictly thinkingaboutpartitioningof theinputdataset,wecansaythat
a job canbepartitionedin sub-jobsif thejob canbedescribedas“composed”by many indepen-
dent steps.For examplea stepcanbetheanalysisof a specificsub-setof events,theprocessing
of a isochromat,theMonteCarlogenerationof aspecificsetof HEPevents(justasub-setof the
wholesetof eventsthatmustbeproducedin thatMonteCarlosimulation),etc. This is a more
generaldefinitionof theproblem,which canbeappliedto awidersetof problems.

Consideringthis generaldefinitionof job partitioning,theproblemis thereforehow to par-
tition the job into the different independentsteps,which can then be executedin parallel by
differentsub-jobs.Thismeans,for example,partitioningtheinputsetof eventsthatmustbepro-
cessedinto subsets(which arethenprocessedin parallelby independentsub-jobs),partitioning
the wholesetof seedsandotherparametersneededfor a Monte Carlo productioninto subsets
(thenusedto generatethevarioussimulatedHEPeventsby differentsub-jobs),etc.
Unfortunatelyat the momentwe think that it is not possibleto find a generalsolution to this
problemfor many differentreasons,suchas:

� Therulesandthecriteriathatmustbeusedwhenpartitioninga job into independentsteps
arenotalwaysthesameandcannotbegeneralized,sincethey areveryapplicationspecific.

� To find thebest(in termof performance)partitioningof a job, someapplicationspecific
hints(notavailableto a possiblegenericsolutionto theproblem)areneeded.

� To determinein which way a job can be decomposed,someapplicationspecificcata-
logues/databasesshouldbe queried,and,sincethesearen’t “standard”Grid services,we
can’t make any assumptionson them(their availability, their specificpurposes,themech-
anismsto interactwith them,etc.).
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� Readingthe userrequirementdocuments,it comesout that applicationsassumethat job
partitioningis veryapplicationspecific,andthereforethey think thatthisproblemmustbe
addressedby their own (seefor examplethePROOFenvironment[R8] andtheproposed
”CMS grid job decompositionservice”[R2]).

As previously discussed,for mostapplicationspartitioninga job meanspartitioningthe input
setof “independentelements”(events,isochromats,etc.) which mustbe processed,into sub-
sets,which can thenbe processedby parallel independentjobs. In the DataGridarchitecture
theseinput “independentelements”arestoredin theinput datafiles thatmustbeprocessed,and
thereforein this scenariothe problemis partitioning the input dataset. In this casealso the
following issuesmustbeunderline:

� Theexisting DataGridarchitectureis file based,andit is not basedon such“independent
elements”,whicharenot “described”in any existingDataGridservices.

� Thereis notageneralrule defininghow the“independentelements”arestoredin theGrid
files. Therefore,for example,a singleGrid logical file canstoremultiple “independent
elements”,and/orasingle“independentelement”canbestoredin multiple logical files.

� A genericGrid servicewhich mapsthe “independentelements”to the Grid logical files
(i.e. ameta-datacatalog)doesnotexist in theDataGridarchitecture.

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

In section5 weproposeadifferentapproachto theproblemof job partitioning,in thecontext
of checkpointablejobs,discussedin section4.

4 Job checkpointing.

Checkpointinga job during its executionmeans“saving” in someway its state,so that the job
executioncanbe suspended,andresumedlater, startingfrom thesamepoint whereit wasfirst
stopped,without theneedto restartthejob from its beginning,andthereforewithout losingthe
computationdoneuntil thatmoment.

Checkpointinga job from time to time canprevent dataloss,dueto unexpectedproblems
(e.g.failuressuchasmachinecrashes,etc.).This is usefulto increasethereliability, in particular
for long-runningjobs.

Checkpointingcanalso be a useful mechanismif the ResourceBroker decides,for some
reasons,that it is not worth to continuethe executionof a job on a particular resource(for
examplebecausethereareotherjobswith higherpriority which mustbeexecutedfirst, because
that resourceis not too suitablefor that job, andthereforeit is betterto find anotherresource,
etc.).With ajob checkpointingfacility in place,insteadof killing thejob andthereforelosingthe
processingdoneuntil thatmoment,it is possibleto restartthe job, on anotherresourcechosen
by the RB, from the last savedstate.Thesecapabilities(i.e. theRB ableto decideto stopthe
executionof a runningjob) haven’t beenimplementedyet in the ResourceBroker, but we feel
thatamechanismto supportsuchscenarioscanbequiteuseful.

We don’t want to addressheretheclassiccheckpointingproblem,that is saving somewhere
all the informationrelatedto a process(process’s dataandstacksegments,informationabout
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openfiles,pendingsignals,CPUstate,etc.)asit is addressedin otherproject(e.g.Condor[R9]).
Instead,theideais providing userswith a “tri vial” checkpointingservice:throughaproperAPI,
a usercansave, at any momentduring the executionof a job of his, the stateof this job. The
hypothesisis, of course,that the job canbe restartedfrom an “intermediate”(i.e. previously
saved)state.

4.1 Job state.

As describedin section4, theideais thatuserscaninsertin thecodeof their applicationssome
specificfunctioncalls (seesection4.3) to save, from time to time, thestateof their jobs. Many
applications,andin particularmostDataGridapplications,canbeseenas“composed”by a set
of sequentialsteps/iterations.For examplea stepcanrepresenttheprocessingof a MRI image,
the analysisof an HEP event, the processingof a file, etc. In thesecasesit may be worth to
save thestateof thejob aftereachof thesesteps.A checkpointableapplicationmustbeable,of
course,to restartitself from a previously savedstate:usinga specificfunctioncall (seesection
4.3) a previously savedstatecanbe “loaded”, andthe applicationmustbe ableto restartfrom
this “intermediate”state.

In the“tri vial” checkpointingservicethatwe aregoing to provide, a stateis definedby the
user, andit is representedby a list of @ var, valueA pairs.

It is up to theuserto definewhich @ var, valueA pairsmustbesavedasstateof thejob: heis
theonly onewhoknowswhicharetheright ones.They mustallow to representexactlywhatthat
job hasdoneuntil thatmoment,andthey mustbechosenby theuserin sucha way that,relying
on them,thejob canrestartlaterits processingfrom this intermediatestate.

Thehypothesisis alsothata job is representedby asinglestate.

4.2 Job checkpointingscenario.

In this sectionwe describea typical scenariofor job checkpointing,consideringa userperspec-
tive(somediscussionsonarchitecturearepresentedin section6).

Whenausersubmitsacheckpointablejob to theGrid,usingthedg-job-submitcommand,first
of all hemust“declare”thejob ascheckpointable.Thismustbespecifiedin theJDL expression
for thatjob, with aspecificattribute:

�B�$� CED$FHGI��J�KLG<�#M$FL� 2�NPO �"��Q
G
The usercodemust include calls to the API functionsthat we are going to provide, and

thereforeit mustbelinkedwith a specificlibrary.
In hiscode,theuserhasto definewhatis astate,thatis hehasto specifywhich @ var, valueA

pairsareneededto representexactlywhatthatjob hasdoneuntil thatmomentandare“enough”
to restartlatertheprocessingfrom anintermediatestate:this is doneusingthesavevaluefunc-
tion of theAPI (seesection4.3).

Thenthecodemustincludecallsto persistentlysave, from time to time, thestateof thejob:
this is doneusingthesavestatefunction(seesection4.3).

As mentionedin section4.1 many applicationscanbe seenas“composed”by a setof se-
quentialsteps,wherefor examplea stepcanrepresentthe processingof a file, the analysisof
anHEPevent,etc. Thevariousstepscanberepresentedby a main steppersetof iterations,and
theiterationsthroughthevariousstepscanbedoneusinga get next stepfunction(describedin
section4.3). It is usuallyworth to save thestateof 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:

�B�$��R O GSFHTU�87$QV�"��G<QV�#� Q
�"��G<QW!<�XQV�"��G<QWY<�&%&%#%(;

Thecheckpointingframework is usefulwhena job endsin an“abnormal”way, thatis when
it exits beforeit completes,becauseof an“external”problem(e.g.amachinecrash).If (andonly
if) it is clearthattheproblemwas“external” to thejob, thenthejob is automaticallyrescheduled
by theRB(possiblyonaCEdifferentthantheonewheretheproblemhappened)andresubmitted.
If a statefor that job wassavedin its previousexecution,the job doesn’t needto startfrom the
beginning, but it canstart from the “point” correspondingto the last saved state. This means
that,first of all, thelastsavedstateis “loaded”. Thentheuser’scode,usingthis “retrieved” state,
mustbeableto startfrom thepoint correspondingto this intermediatestate(if themain stepper
mechanismis used,it is just necessaryto “jump” to the next iteration,usingthe get next step
function: seesection4.4for anexample).

Unfortunatelyit is not so straightforward to “automatically” (by the Grid middleware)un-
derstandwhena job endsin an “abnormal” way. As explainedin section6, only few failure
scenarioscanbeunambiguouslyidentifiedasproblems“external” to the job. In theothercases
theGrid middlewarecanonly reportthat the job hasbeencompletedin a normalway, andthis
couldn’t betrue. If this is thecase(i.e. someproblemsoccurred),theusercanretrieve aninter-
mediatestatefor this job (usuallythe lastsavedone),andresubmitthe job, pointingout that it
muststartusingthis “intermediate”state.

The“retrieving” of a stateof a job (savedduringjob execution)canbedoneusinga dg-get-
job-chkptcommand:

dg-get-job-chkpt @ dg jobID A [-ns statenumber] [-ckpt file path]

Using this command,the userretrieves the last state,or a previous one accordingto the
valueof statenumber(-1 for the last but onesaved state,-2 for the last but two saved state,
etc.)of thejob dg jobID. Thisstateis “stored” in thefile systemof themachinefrom wherethe
commandwasissued,in thefile specifiedby file path (in this file thevaluesof theStateobject
datamembersare“dumped”).

Thisfile shouldthenbespecifiedwhenthejob is resubmitted:

dg-job-submit @ job descriptionfile A [-ckpt file path] [-resourceres id]
[-notify e mail address] [-verbose]

The option -ckpt is thereforeusedto specify the file wherethe initial statethat must be
consideredis “stored” (the onespecifiedwhenthe statewasretrieved usingthe commanddg-
get-job-chkpt).

It is possible,usingthecommanddg-get-job-chkpt, to retrieve a statedifferentthat the last
saved one,sincethe usercould find that the problemin his job wasdueto someerrorsin the
code,andthelastsavedstatefor thejob cannotbeused,sinceit is “affected”by thebuggycode,
while aprevioussavedstateis still correct,andthereforecanbeused.
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4.3 Job checkpointingAPI.

In thecheckpointingframework thatwe areproposing,we candefinethestateof a job through
theuseof anabstractobject:

Object State:
{

// Data Members
Label_t state_id = ‘‘label’’;
VarValueSet var_value_pairs[] =

{‘‘var1’’=‘‘value1’’, ‘‘var2’’=‘‘value2’’, ... };
StepsSet main_stepper =

{‘‘element1’’, ‘‘element2’’, ‘‘element3’’, ... };
Label_t current_step;

// Methods
int save_value(Pair);
int save_state();
string get_string_value(string);
int get_int_value(string);
double get_double_value(string);
State load_state(Label_t);
Label_t get_next_step();
int set_final_state();
bool is_final_state(Label_t);
float get_state_size();
float get_max_state_size();

}

Eachstatehasa namethat identifiesit unambiguously:thefirst datamember(stateid) rep-
resentssuchidentifier, andit is setautomaticallywhentheobjectis created.This label is then
usedby the load statemethod(seebelow).

The var valuepairs datamemberrepresentsthe setof @ var, valueA pairs,that is thevari-
ableswith theirvalues,usedto describethestatusof thejob. Wedon’t putany restrictionsonthe
typesandalsoon thenamesof thevariables.E.g.:

VarValueSet var_value_pairs[] =
{‘‘calibration file’’=‘‘LF:<LFN>’’,
‘‘data_card’’=‘‘XYX’’,
‘‘sum’’=‘‘3212.32’’, ...}

main stepperdefinesthe list of steps/iterationsthat mustbe consideredto processthis job
(to be usedfor thosejobswhich canbe representedby a setof steps).A stepcould represent,
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for example,an HEP event/asetof eventsthat mustbe analyzed,an isochromatthat mustbe
processed,an image’s nameetc. main steppercan be definedas a list of elements,or as a
numericrange.main steppercouldalsobe seenasa list of labelsdefiningsomepointsinside
thecodeof thejob. Sowhena job starts,from a givenstate,it can“jump” to theright label,and
startsits computationfrom thatpoint. E.g.:

StepsSet main_stepper={‘‘file1’’, ‘‘file2’’, ‘‘file3’’}
StepsSet main_stepper={‘‘event1’’, ‘‘event2’’}
StepsSet main_stepper={‘‘label1’’, ‘‘label2’’}
StepsSet main_stepper={1..1000000}

Thelastdatamember(current step) of theobjectrepresentsanelementof themain stepperset;
it representsthecurrentstep(i.e. thestepthatis consideredby thejob at thatmoment).

Themethodsfor this Stateobjectare:

int save value(Pair pair)
Thisfunctionsavesthepairpair in thevar valuepairsdatamember. Theargumentpair is
apairof stringswhichdefinerespectively thenameandthevalueof thevariablethatmust
besavedin the job state.If thevariablealreadyexists, its valueis updated;otherwisethe
variableis addedto thevar valuepairsset.

int save state()
This functionsavespersistentlythecurrentStateobject.

string get string value(string var name)

int get int value(string var name)

doubleget double value(string var name)
Thesefunctionsreturnthevalueof thevariablevar namestoredin thevar valuepair set
with namevar name; they returnrespectively astringvalue,anint valueor adoublevalue.

Stateload state(Label T stateid)
Thisfunction“retrieves”astatefor a job,whoseidentifieris theonespecifiedasargument.

Label t get next step()
This functionreturnsthenext elementof themain stepperset(i.e. thenext stepthatmust
beconsideredby thejob), or “NULL” if thejob is in its laststep.

int set final state()
This functionis usedto specifythat thestateis thelastonefor that job. This methodand
the next one(is final state) areusedin particularin the context of job partitioning (see
section7.2).

bool is final state(Label t stateid)
This functionis usedto checkif thestatespecifiedasargumentis thelastonefor that job
(i.e. it hasbeen“marked” usingtheset final statemethod).

float get state size()
Thismethodreturnsthesizeof thecurrentStateobject.Thisisused(with theget maxstatesize
method)to besurethatthestatecanbepersistentlysaved(seesection7.5).
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float get max state size()
This functionreturnsthemaximumsizeof astatethatcanbepersistentlysaved.

4.4 Exampleson job checkpointing.

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

#include <api.h>

/* This job analyze some events calculating the total
number 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’’)
else sum = 0;

while ((event = jobstate.get_next_step()) != NULL) {
col = calculate_collision(event);
sum = sum + col;
<other processing for this event>
print("The last event has generated " + col + " collisions");
print("The total number of collisions is " + sum);
/* save an intermediate state */
jobstate.save_value(‘‘collision’’, sum);
jobstate.save_state();

}
jobstate.set_final_state();
jobstate.save_state();

In this example,first of all a Stateobject (jobstate) is instantiated. This meansthat the
last previously saved stateis retrieved (the datamembersare initialized). Note that a saved
stateis alwaysavailable,sinceit is assumedthat, whena job is created,a statefor this job is
automaticallycreated,just initializing themain stepperdatamember, usingthevaluespecified
in theJobStepsattributeof theJDL expression(seesection6 for moredetails).Supposingthat,
for thisspecificexample,thejob hasto analyze1000000events,in theJDL for this job is would
havebeenspecified:

JobSteps={1..1000000};

andthereforemain stepperwasinitializedas:
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StepsSet main_stepper={1..1000000}

For thisparticularexampleweassumethatthestateis representedby thenumberof collisions
foundsofar.

Thenthenumberof collisionsfoundsofar is updatedwith thevaluereadfrom the“retrieved”
state,or initialized as0, if this valueis not available.

Thenfor eachiteration,definedby thewhile loop(i.e. for eacheventthatmustbeprocessed)
the numberof collisions is found, andaddedto the numberof collisions found so far. Some
otherprocessingregardingthat event areperformedaswell. At the endof 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
iterationthatmustbeconsidered(i.e. to thenext eventthatmustbeprocessed,in this particular
example).

Thereforeif the job doesn’t endin a “normal” way, it canbe resumedlater. In fact, when
the job restartsits execution,the last saved stateis automaticallyretrieved,andthenusingthe
functionget next iterator it is possible“to jump” to thenext eventto analyze.

After thelastiterationtheset finale statemethodis used,to 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 sequentialinstructionsets( @ instructionset1 A , @ instructionset
2 A , . . . , @ instructionset n A ). After eachstepthe “label” (representedby the variablestep)
of the next stepis storedin the jobstateobject,which is thenpersistentlysaved by calling the
savestatemethod.As first instruction,thevalueof thestepvariableis readfrom thelastsaved
stateautomaticallyretrieved (is available), to seewherethe computationmuststart. Note the
set final statecall just beforesaving thefinal stateof thejob:

State jobstate;
int step = jobstate.get_int_value( "step" );

switch( step )
{

case 1:
/*

<Instruction set 1>;
jobstate.save_value( "step", 2);
jobstate.save_state();

*/
case 2:

/*
<Instruction set 2>;
jobstate.save_value( "step", 3);
jobstate.save_state();

*/
[...]
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case n:
/*
<Instruction set n>;
jobstate.set_final_state();
jobstate.save_state();

*/
}

5 Job partitioning .

As reportedin section3, we don’t think thata genericservice,suitablefor all applicationsand
for all environmentsableto “decompose”a job in sub-jobs,canbe implemented.Instead,we
think that the APIs introducedin section4.3 for the checkpointingproblem,canbe exploited
alsoin thecontext of job partitioning.

As we have alreadymentioned,the ideais that theprocessingof a job shouldbedescribed
asa setof independentsteps/iterations.The goal is to exploit this characteristic,considering
different,simultaneous,independentsub-jobs,eachonetakingcareof a stepor of a sub-setof
steps,and which can be executedin parallel. The “partial” results(that is the resultsof the
varioussub-jobs)canberepresentedby job states(the“final” job statesof thevarioussub-jobs),
asdefinedin section4.1,andwhichcanthenbe“merged” togetherby a “job aggregator”.

We want to stressagainthat thehypothesisis, of course,that thevariousstepsareindepen-
dent,andthereforecanbe“processed”in parallelby differentindependentjobs.

5.1 Job partitioning scenario.

Whena usersubmitsa partitionablejob to the Grid, first of all he must “declare” the job as
partitionable.This is doneusingaspecificJDL attribute:

�B�$� CED$FHGZ�	[\�9] O�2
O�2 � N �"��Q
G
Thenin theJDL file thecharacteristicsandtherequirementsof thepartitionablejob mustbe

specified,asusual. Usercanalsospecify, in the JDL file, the “job aggregator”, that is the job
which is responsibleto collectand“merge” togethertheresultsfor thevarioussub-jobsin which
theoriginal job is beingpartitioned.

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

For whatconcernsthepartitionablejob, thisis specifiedusingtheusualattributes(executable,
stdin, stdout, stderr, Requirements, Rank, InputSandbox. etc.), apartfrom the OutputSandbox
attribute,which is not “applicable”here.If somefileshave to be“transferred”from thesub-jobs
to thejob aggregator, they have to besavedin astorageelement,andtheidentifiersof thesefiles
canbeprovidedto thejob aggregatorvia specific @ var, valueA pairsin thesub-jobs’states.

Thentheusermustspecifywhich aretheindependentsteps/iterationswhich “compose”the
partitionablejob. This is donevia aspecificJDL attribute:

�B�$��R O GSF^T_�`7$G<QVG&abG NPO �>�XG<QVG&abG N^O !$�#%&%&%�G<Q
G&abG N^Odc ;
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As describedin section6.2,the“weights” for theelementsof theJobStepslist canbespeci-
fiedaswell:

R O GSF^e6G 2�f K O �`70gZG 2�f K O ��� gZG 2�f K O !#�&%&%#%Sg_G 2
f K Odc ;
asan“hint” to “help” thepartitioningprocess,responsibleto partitionthelist JobStepscom-

posedby N elementsin to
a

sub-lists. If the userdoesn’t specify this attribute, then all the
elementsareconsideredwith thesameweight.

For what concernsthe job aggregator and the pre-job, they are describedin the JDL ex-
pressionspecifyingtheir attributeswithin respectively the PreJob attributeandthe Aggregator
attribute,e.g.:

JobType = Partitionable;
Executable = ...;
JobSteps = ...;
StepWeight = ...;
Requirements = ...;
...
...
Prejob =
[
Executable = ...
Requirements = ...;
...
...

Aggregator =
[
Executable = ...
Requirements = ...;
...
...

];

Oncethe userhassubmittedthe job, using the usualdg-job-submitcommand,a specific
serviceis thenresponsibleto partition the list specifiedasJobStepsin theJDL expressioninto
sub-lists,eachonethencorrespondingto a sub-job(in section6.2 it is discussedhow this could
bedone).

At thispointaDAG is created(i.e. thecorrespondingJDL expressionfor theDAG is created)
andsubmittedto theGrid. TheresultingDAG will look likeastheonerepresentedin figure5.1.[h�

representsthepre-job.
Ri�j�

,
R-�9!

, . . . ,
Ri��k

representthesub-jobsin which the“original”
partionablejob hasbeen“decomposed”,while l �

representsthejob aggregator.
Thecodefor thepartitionablejob shouldrely on thecheckpointingAPI describedin section

4.3. In particularat theendof its computation,eachsub-jobmust save its state,by calling the
savestatemethod.

Whenall sub-jobshave completedtheir computation(andeachof themhassaved its final
state)usingthe WP1 DAGMan mechanisms,the schedulingandthe submissionof the job ag-
gregatoris automaticallytriggered.
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PreJob

AggregatorJob

SJ1 SJ2 SJ3 SJm

Figure1: DAG createdfor apartitionablejobs

The job aggregatorwill “load” (usingthe load statefunction) thefinal statesof thevarious
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-jobs(seesection5.2).

5.2 Example of job aggregator.

In this sectionweshow thepseudo-codeof apossiblejob aggregator:

#include <api.h>

State AggState;
Label_t SubJobId;

while (SubJobId = AggState.get_next_step()) {
State tmpstate ( AggState.load_state((SubJobId)));

if (tmpstate.is_final_state())
then {

// the next instruction uses
// tmpstate.get_{int, double, string}_value() functions
processing_state(tmpstate);

}
else {

print(‘‘Error: at least one sub-job didn’t save its final
state’’);
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exit(1);
}

}

print_overall_result();

First of all an objectState(AggState) for the aggregator job is instantiated.Thereforeits
initial stateis retrieved,andthe main stepperdatamemberis initialized with the identifiersof
thefinal statesof thevarioussub-jobs,whichwerespecifiedasJobStepsin theJDL expression.

Thenthesesub-jobs’statesareretrieved(usingthe load statefunction). If theretrievedstate
is the final one (this is checked using the is final statemethod)then the @ var, valueA pairs
associatedto it arein someway processed,to “produce” the overall resultof the partitionable
initial job. Otherwisethejob aggregatoris aborted.

6 Ar chitectureand technicalaspects.

In this sectionwe describehow theproposedcheckpointingandpartitioningframeworkscould
be implemented,in thecontext of theexisting architectureof theWP1WorkloadManagement
System.Wefirst discussaboutcommonaspects,while in subsections6.1and6.2itemsconcern-
ing only respectively job checkpointingandjob partitioningarepresented.

Fromthedescriptiongivenin sections4 and5, it is clearthatthemainfunctionalitythatmust
beprovided is thepossibility to persistentlysave thestateof a job, andto retrieve a previously
savedstate.

For this purposetheLB servicecanbeused,addingoneor morenew “fields” for eachentry
(i.e. for eachjob) to storeits states.

TheLB service,for eachjob, shouldalsoincludeasnew attributes:

� whenthelaststatefor this job hasbeensaved

� acounter, usedto avoid infinite resubmissions(seesection6.1)

As describedin section4.2,multiplestatesfor thesamejob canbekeptin theLB server: for
eachjob its last N statesarepersistentlystored(where N is a configurableparameterof theLB
server) in a cyclic way (whena new statemustbesaved,andtherearen’t freeslotsfor that job,
theoldeststatefor thatjob is overwritten).

When the function savestate is called from a user’s job, the various @ var, valueA pairs
correspondingto theStateobjectdatamembers,aresavedin theLB server. In theLB server, the
attributewhich specifieswhenthelaststatewassavedis updatedaswell. Moreover thecounter
(usedto avoid infinite resubmissions)is resetto 0.

As introducedin section4.4, a stateis not createdonly whena savestateis issued:when
a job is submittedto the Grid, and thereforewhenan entry for this job is createdin the LB
service,an“empty” stateobjectfor this job is “automatically”createdaswell. Themain stepper
datamemberof this Stateobject is initialized with the valueof JobStepsspecifiedin the JDL
expression,while var valuepairs is initialized asemptyset.
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Whena Stateobject is instantiatedin a user’s job, the last saved statefor this job (which
exists for sure,since,asexplainedabove, an initial stateis createdwhenthe job is submitted)
mustbeautomaticallyretrieved.For this purposetheLB server is contacted:if thecounterused
to avoid infinite resubmissionshasreachedacertain(configurable)threshold,thentheoperation
fails; otherwisethecounteris updated(adding1).

A similar scenariohappenswhenthe load statemethodis issued:thelastsavedstatefor the
requiredjob is retrieved.

Whena job completesits execution,its last N statesarekept in theLB server, in orderto let
theuserretrievethemlater. They arepurgedfrom theLB server justafteracertain(configurable
in theLB server) 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” waybecauseof an“external”problemto thejob itself, thejob mustbeautomaticallyresub-
mitted.Unfortunatelyit is notstraightforwardto understandwhensuchfailures,“external” to the
job, happen.For example,no assumptionscanbedoneon theexit codeof thejob to understand
if it completedits executionin theexpectedway. Only theuser, checkingtheexit codeof his job,
checkingtheoutputand/orlog files, etc. canunderstandif the job terminatedasexpected.For
the time being,just two differentfailurescanbeunambiguously“detected”asdueto problems
externalto thejob:

� Theremoteresourcewheretheexecutionwastakingplacecan’t becontactedanymore(i.e.
aGlobusdownsignalis detected).In thiscasethejob is consideredasfailed,it is removed
from thejob queue,andthereforeit shouldbeautomaticallyresubmitted,startingfrom its
lastsavedstate(if any).

� In thecurrentimplementation,a userjob is “wrapped” in a scriptwhich is responsibleto
transfertheInputSandboxfiles, to run theuserjob, andthento copy backtheoutputfiles
of theOutputSandbox.If it is detectedthatnot all thesestepshaven’t beendone,it means
thatsomethingfailed,andthereforethejob shouldbeautomaticallyresubmitted.

Whenit is detectedthat a checkpointablejob failed for a problemexternalto the job, then
theRB performsagainthematchmakingfor this job, possiblychoosingastargetresourcea CE
differentthattheonewherethefailurehappened.Thejob is thensubmittedto thechosen(by the
RB) CE, usingthesamedg-job-id. So,whenthe job startsits execution,whena Stateobjectis
instantiated,thelastsavedstatefor that job is automatically“loaded”,andthejob canrestartits
executionfrom thepoint correspondingto thisstate.

As mentionedin section6, to avoid infinite resubmissions,a counteris used:in this way it
is possibleto checkhow many timesthe job restartsits executionfrom the samestate. If this
counterexceedsa certainthreshold,thejob is cancelled.

To be able to resubmita job which failed for somereasons,but which isn’t automatically
resubmitted(becausetheproblemwhich occurredto the job couldn’t bedetectedas“external”
problemto the job, or becausethe problemwas“internal” to the job) the usercanfirst of all
retrieve thelast(or apreviousone)savedstatefor thejob , andthenresubmitthejob, specifying
thatthe“retrieved” statemustbeconsideredasinitial state(seesection4.2).

Thejob stateretrieval canbeperformedusingthedg-get-job-chkptcommand.
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The retrieved state(representedby a file wherethe various @ var, value A pairshave been
“dumped”) canthenbe specifiedto resubmitthe job (as -chkpt argumentof the dg-job-submit
command,asexplainedin section4.2). In this case,in theLB server thespecifiedstatewill be
storedasinitial statefor this job (andthereforeit will be“loaded”by thejob whenaStateobject
will beinstantiated).

6.2 Job partitioning .

Whenapartitionablejob is submitted,asdiscussedin section5.1,thefirst problemis to partition
theJobStepslist in to sub-lists,eachonecorrespondingto asub-job.

The strategies,the policies,the parametersthat should/couldbe taken into accountin such
partitioningcanbevarious,andwill be investigatedto find which arethe bestapproaches.As
a startingpoint, just asa proof of conceptfor thewholeframework, we proposeto partitionthe
JobStepslist in

a
sub-lists,where

a
representsthe total numberof availableCPUsfor all the

CEssatisfyingthe requirementsfor this job. How to optimize the partition of the N elements
of the JobStepslist into

a
sub-listsis not trivial, sincethe Grid doesn’t know anything about

thecomplexity, the time taken to processa singleelement(thesetimescanbedifferentfor the
differentelementsof theJobStepslist, etc.).A “hint” couldbegivenby theuser, to helptheGrid
middlewarein performinga “good” partitioning:asreportedin section5.1, theusercanspecify
in theJDL expressionalist of “weights” for thevariouselementsof theJobStepslist. Thiscanbe
donevia anew JDL attribute,which is a list of N numbers:thefirst elementof this list represents
theweightfor thefirst elementof theJobStepslist, etc.E.g.:

R O GSFHe8G 2
f K O �`7"m<n��#m<o�pq��r+�&%&%&%:;
If theuserdoesn’t specifythis attribute, thenall theelementsareconsideredwith thesame

weight,soa simplepartitioningwill bedone:eachsub-listwill have ck elements.
Otherpossibleapproachesandalgorithmswill beinvestigatedin thefuture.

Thenext stepis thedefinitionof a DAG, composedby
atsur

nodes:
a

nodesrepresenting
the

a
sub-jobs(which canbeexecutedin parallel)and2 othernodes,representingthepre-job

(which is executedbeforethe
a

sub-jobs),andthejob aggregator(which canstartits execution
whentheother

a
sub-jobshaveterminatedtheir run). DefiningtheDAG meanscreatingits JDL

expression,wherethenodesandthe dependenciesbetweenthemaredescribed,andwherethe
JDL for eachsinglenodeis specified.

Supposingthatin theJDL expressionof the“original” partitionablejob it wasspecified:

������R O GSF^T_�`7$G<QV���XG<QW!<�XG<Q'Y&�XG<Q'v0�XG<Q'w#;
andthis lists is partitionedin 2 sub-lists:

7$G<Q
���XG<QW!#;
7$G<Q'Y<�XG<Q'v<�XG<Q'w&;

aDAG with 2 sub-jobsandin caseapre-jobandanaggregatorjob will becreated.
In theJDL expressionfor thefirst sub-jobit will bespecified,besidestheotherparameters

(Executable, Requirements, etc.):

�B�$� CED$FHGI��J�KLG<�#M$FL� 2�NPO �"��Q
G
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�B�$��R O GSF^TU�87$G<Q
��� G<QW!#;
TheJDL expressionfor thesecondsub-jobwill bethesamethattheonefor thefirst sub-job,

apartfrom theJobStepsattribute,whichwill be:

�B�$��R O GSFHTU�87$G<QWY<�XG<Q(v<�XG<QWw&;
In the JDL expressionof the job aggregator, asJobStepsthe list of identifiersfor the final

statesof thetwo sub-jobswill bespecified:

������R O GSF^T_�87�T O � O G 2/x ���XT O � O G 2/x !&;
ThentheDAG is submittedto theRB. Thehypothesisis, of course,thatthematchmakingis

performedfor eachnodeof theDAG,andthereforein generalthevariousnodescanbesubmitted
to differentCEs(“lazy” scheduling). Thevarioussub-jobsmustsave their final state,usingthe
savestatecall. Whenall the sub-jobshave completedtheir execution,andthey all have saved
theirfinal state,thejob aggregatorcanstartits execution(this is triggeredby theWP1DAGMan
mechanisms).This job will have to “retrieve” thefinal statesof thevarioussub-jobs(specified
in main stepperof its initial state).This is doneusingthe load statemethod.

Thejob aggregatorwill thenperformsomeprocessingto collect togethertheresults(repre-
sentedby thefinal states)of thevarioussub-jobs.

7 Issues.

In this sectionwe discussaboutsomeissuesthatshouldbe investigatedor betterclarified. For
someof themapossiblesolutionis presented.

7.1 Specificationof JobSteps for the job aggregator.

As reportedin section6.2,in theJDL for thejob aggregator, asJobStepsattributethefinal states
of thevarioussub-jobsmustbespecified.Theproblemis how to definethesefinal statesof these
sub-jobs. As representedin the pseudo-codeof the examplein section5.2, the get next step
methodgoesthroughthese“values”,andarethenusedto loadthestatesof thesub-jobs(using
the load statemethod).Thereforethesevaluesrepresenttheidentifierof thestatesthatmustbe
retrieved.

A possibleapproachis to useasstateidentifier the dg-job-id of a job. Therefore,with the
hypothesisthat,whentheDAG is built, thedg-job-idof thevarioussub-jobsis known (couldbe
@ DAGId A .1, @ DAGId A .2, ..., where @ DAGId A is thegroupIdfor the“initial” checkpointable
job submittedby theuser),thentheJobStepsattributefor thejob aggregatorcanbedefined.

7.2 How to be sure that the sub-jobshavesaved their final state.

Theaggregatorjob muststartwhenall thesub-jobshave completedtheir execution.Moreover
all thesesub-jobsmusthavesavedtheir final statein theLB server.

The startof the job aggregator just after the completionof all sub-jobsis managedby the
WP1DAGManmechanisms,andthereforethis is not anissue.

The checkto control if all the sub-jobshave saved their final statescanbedoneby the job
aggregator, by usingthe is final statemethod,assumingthatin thecodeof thesub-jobsthefinal
statehasbeen“identified” usingtheset final statemethod.
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Usingthis approachit is alsopossibleto “manage”scenarioswherethejob aggregatormust
berunevenif onejob failed,or lessthany %of sub-jobsfailed,or thereareothersuchconditions:
it is upto thejob aggregatorto performthecheck,anddecideif it hasto “collect” theintermediate
results(theresultsof thesub-jobswho terminatedtheir execution),or if it hasto stop.

7.3 Job aggregatornot specified.

If thejob aggregatoris notspecifiedfor apartitionablejob, theusershouldin any casebeallowed
to retrievethelaststatefor thevarioussub-jobs,thatis hemustbeallowedto issueadg-get-job-
chkpt, specifyingasdg-job-id the identifier of the partitionablejob returnedwhenthe job was
submitted.This meansthat,giventhedg-job-id for the “original” partitionablejob, thesystem
mustbeableto know thedg-job-idof thevarioussub-jobs1.

7.4 How to avoid that all sub-jobsaresubmitted to the sameCE.

As reportedin section6.2,thematchmakingis performedfor eachnodeof theDAG. Thenodes
associatedto the

a
sub-jobsall have the sameCE requirements,datarequirementsandrank.

Sincethematchmakingfor these
a

sub-jobsis donepracticallyat thesametime, it is likely that
theRB will choosethesameCEfor all thesesub-jobs,sincetheCEs’attributeEstimatedTraver-
salTime usedasdefault rank is going to be the samein the matchmakingof all thesesub-jobs
(sincethis processis donemoreor lessat thesametime). Somemechanismsmustthereforebe
implementedto evenlydistributethesub-jobsbetweenall theavailableprocessorsfor all theCEs
suitablefor thesesub-jobs(this problemis not specificto checkpointablejobs,but it is an issue
alsowhena “bunch”of jobswith thesamerequirementsaresubmittedat thesametime).

7.5 Problemssaving largesizestates.

As reportedabove, jobs’ statesaresavedin theLB server, whenthesavestatemethodis called.
Problemscould occur if a large sizestatehasto be saved (e.g. the availablespacein the LB
servercanbelimited, etc.): in caseof failure,thesavestatemethodwill returnapropererror.

Usercancheck,beforeissuingthe savestatefunction,what is the sizeof the currentstate
usingtheget statesizemethod,andthemaximumstatesizethatcanbesavedin theLB server
usingtheget maxstatesizemethod(seesection4.3).

1This meansto beableto getthedg-job-idof thevariousnodesgiventhedg-job-idof thewholeDAG
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