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Abstract

Whileadvancereservationis an essentialcapability for
co-allocatingseveral resourceson Grid environments,it is
not obvioushow it can co-exist with priority-basedFirst
ComeFirst Servedscheduling, that is widely usedas lo-
cal schedulingpolicy today. To investigatethis problem,
we1) developeda schedulingAPI in Javafor TORQUE, a
variant of OpenPBS,that enablesusers to implementtheir
ownschedulersandreplacetheoriginal schedulingmodule
with them,2) implementeda prototypeschedulermodule
that has advancereservationcapability with the API. We
alsoprovideanexternal interfacefor thereservationcapa-
bility basedon WSRFto enableco-allocationof resources
over theGrid. Usingthis interfacewith thejob submission
modulefrom Globus toolkit 4, users can make reservation
for resourcesandsubmitjobsover theGrid.

Keywords: Grid, Advance Reservation,Scheduling,
Batch QueuingSystem,WebServicesResourceFramework

1 Intr oduction

Oneof thegoalsof Grid computingis to performhuge
computationusing numerousresourcesdistributed on the
network, simultaneously[13]. While therehave beenlots
of experimentalrunswith resourcesfrom severalsites[11],
the resourcesareallocatedby thehumanadministratorvia
phones,e-mails,or faxes. They arejust 'experiments',not
the daily operations.To bring the hugecomputationwith
multi-sitemanagedresourcesinto reality, we reallyneedto
havefully-automatedco-allocationmechanism.

To co-allocatecomputationalresources,advancereser-
vationcapabilityis requiredfor eachlocal resourcesched-

uler. A globalscheduler(oftenmentionedas'SuperSched-
uler') will �nd commonly available timeslot for all the
requiredresourcesand make advancereservation on the
timeslot,makingsurethatall theresourceswill beavailable
for thetime[14]!%

Advancereservation capability is supportedby several
local schedulers.To have advancereservationitself is rela-
tively easy, but theproblemis thateachlocal sitehasits lo-
caluserswhoexpectqueuingandpriority basedscheduling
for their job. We do not know how to make thereservation
basedschedulingandthequeuingbasedoneconsistent.

To studytheproblem,we needa schedulerthat is capa-
ble of advancereservation andcan be modi�ed easily, as
a studytestbed.The problemhereis that thereis no such
schedulerthat is freely available,easilymodi�able andre-
distributable.

Althoughsomecommercialschedulingsystems,suchas
LSF[4] or PBSProfessional[7] provideadvancereservation
capability, they arenot for freeandcannotberedistributed
andmodi�ed. Maui scheduler[5] is a plug-in schedulerfor
OpenPBS[6] or TORQUE[8] thatprovidesvariousfeatures
including advancereservation. The sourcecode for the
scheduleris freely availablebut the modi�ed sourcecode
cannotberedistributed.Furthermore,theinternalarchitec-
ture is not well-de�ned andit is dif�cult for thethird-party
to modify theschedulingpolicy of Maui.

We implementeda schedulingmodulethat enablesad-
vancereservationworking with TORQUE[8], a descendant
of OpenPBS,WedesignedandimplementedaJavaAPI that
abstractstheTORQUE servermodule,andimplementedthe
schedulingmoduleusingtheAPI.

We alsodesignedandimplementedan interfaceto pro-
vide the reservationservicevia network, basingon WSRF
(Web ServicesResourceFramework)[9]. The interface
providesauthenticationandauthorizationbasedon Globus
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Figure 1. Overview of TORQUE.

Toolkit ver. 4[2, 12] andenablesresourcereservationand
job executionon the Grid in securemannerworking with
GRAM, a job submissionframework provided by Globus
Toolkit.

The structureof the rest of paperis as follows. In 2,
we introduceTORQUE local scheduler. In 3, we describe
the designand implementationof the scheduler. In 4, we
discusson the WSRF basedreservation serviceand GT4
GRAM interaction. In 5, we show resultsof preliminary
evaluation. In 6, we concludethe papershowing future
work.

2 Overview of TORQUE

2.1 Ar chitectureof TORQUE

TORQUE is a variant of OpenPBS,an open source
batchschedulingsystem.While theOpenPBSmaintenance
stoppedfor years,TORQUE is still well maintainedby a
company calledCLUSTERRESOURCESINC. Underthe
licenseagreement,sourcemodi�cation andredistributionof
thecodeareallowed.

TORQUE hasfollowing 3 modules(�gure1)!%

� PBSServer: Thecentralserver of thewholesystem.
One PBS pool hasjust one PBS Server. This mod-
uletakesjob queuingrequestsfrom usersandmanages
the job queue. It managesthe statusof all the com-
putenodescommunicatingwith thePBSmomoneach
node.

� SchedulerModule: Thismoduleis responsiblefor re-
sourceallocationfor eachjob. This makesa pair with
the PBSServer andoften runson the samemachine
with it. Justlike PBSServer, theschedulermoduleis
justonefor onePBSpool.

When an event occurs, such as job submissionor
job termination,the PBS Server sendstrigger to the
schedulingModule. The schedulingmodulequeries
statusof thejob queueandthenodes,decideswhatjob
run on which node,andordersPBSServer to perform
thedecidedoperation.

� PBSmom: Thismodulemanageseachcomputenode.
It monitorsstatusof thenodeandreportsit to thePBS
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Figure 2. Authentication in TORQUE.

Server. It is alsocapableof job invocationandprocess
managementof thejob.

2.2 User authentication in TORQUE

The PBS Server operatesrespondingrequestsfrom
users.Whenit receivesrequests,properauthenticationhas
to be performed. PBS server authenticationprocessis as
follows.

1. A userexecutesqueuingcommand,suchas'qsub'.

2. The commandprogramconnectsto the PBS Server
with a socket connection,shown connectionA in �g-
ure2. As of this time, theconnectionis NOT authen-
ticated,andtherequestthroughtheconnectionwill be
refused.

3. The commandprogramforks and execs a program
called'pbs iff ' , thathassetuid�ag andownedby root.
It meansthattheprogramwill run with root privilege.
Pbsiff is giventhe�le descriptornumberfor thecon-
nectionA.

4. Pbsiff get theport numberof connectionA, from the
given �le descriptornumber. Then,it get real userid
to know who did invoke theoriginal command.Note
thattheeffective userid will beroot here,but thereal
userid will bekeptastheinvokinguser.

5. Pbsiff connectsto thePBSServerfromprivilegedport
(connectionB in �gure 2) andsendstheport number
andtheusername.

6. PBSServernow cantrustthePbsiff, becauseit comes
from privilegedport, andauthenticatetheuserwho is
on theotherpeeron theconnectionA.

2.3 TORQUE customization

TORQUE schedulermodulecanbeeasilycustomizedto
acertainextentwith asimplecustomizationlanguagecalled
BaSL(BatchSchedulingLanguage).Although BaSL pro-
videsbasicfunctionalitiesto managejob allocationbased
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Figure 3. Overview of the proposed system.

on queueandnodesstatus,thesimplicity of BaSLrestricts
theability. Theschedulermodulealsocanbecustomizedby
writing schedulingroutinein C. While youcandoanything
you wantwith this way, it is really hardto do sincethereis
nowell-de�nedAPI andrequiresdetailedknowledgeof the
implementationof theschedulingmodule.

Anotherpossibilityto customizetheschedulingis to re-
placethe whole schedulermodule. The schedulermodule
and the PBS server communicateeachother with a rela-
tively simple text-basedprotocol. The Maui scheduleris
replacingtheoriginal scheduler, talking theprotocol

We employed the last approachand replacethe whole
schedulerwith our own Java written scheduler. Also, we
implementedan API that provides functionsto get queue
and nodestatusfrom the PBS server and perform opera-
tionson jobs,to make it easyto implementandtry possible
schedulingpolicies.

3 Design and Implementation of Scheduler
Module

3.1 The proposedsystem

We de�ne an API to implementschedulingpolicies in
Java,andimplementaschedulingmodulethatis capableof
advancereservation, with the API. The Schedulermodule
maintainsreservation table to managereservation entries.
EachreservationentrykeepsauniquereservationID, reser-
vationstarttime, endtime, numberof nodes,andreserved
nodes.

While job managementcommandssuchasqsubcommu-
nicatewith PBSServer, reservationrelatedcommandshave
to communicatewith theschedulingmodule.For thecom-
munication,we implementedan interfaceusingJava RMI
on theschedulingmodule.Figure3 shows theoverview of
thesystem.

The schedulingmoduleallocatesand returnsa unique
ID for each reservation request. User speci�es the
timeslot when a job should be executed by speci-
fying the reservation ID as an optional argument to
the submit command. The speci�ed reservation ID
is stored as an extra attribute of the job and passed

public interface PBSInterface{
void setSocket(Socket socket);
Socket getSocket();
void authenticateUser(String userName,

int localPort);
void disconnect();
ServerStatus statusServer();
BatchReplyStatusNode statusNode();
BatchReplyStatusQueue statusQueue();
BatchReplyStatusSelect selectStatus(

String queueName);
void runJob (String jobId,

String destination);
void runJob (String jobId,

Collection<NodeInfo> nodes);
void deleteJob(String jobId);
void holdJob (String jobId,

HoldJobType holdType);
void rerunJob (String jobId);
void modifyJob(String jobId,

String attr,
String value);

}

Figure 4. PBSInterface .

to the schedulermodulealong with the job, like follows.
qsub -W x=rsvid:XXXXXXX

Theschedulermodulelooksupthereservationtimetable
with the ID andwhenit �nds that the reservationtime has
comeit allocatesreservednodesto the job andexecutethe
job.

Thereservationtimetablehastobepersistent,sinceit has
to survive crashesandrebootsof the PBSheadnode. We
useanobjectdatabasewritten in Java,calleddb4objects[1].
Thanksto thesimpleinterfaceprovidedby db4objects,im-
plementationwasreallyeasy, comparedwith writing it with
JDBCandRDB.

3.2 Overview of the SchedulingAPI

To make it easyto implementsschedulingpolicieswith
Java, we provide an API. In �gure 4, we show the primal
interfaceof theAPI, PBSInterface.This interfaceis anab-
stractionof thePBSserverandprovidesmethodsto getin-
formationfrom PBSServers,suchasnodeandqueuestatus,
andmethodsto operatejobs,suchasjob execution,removal
and stop. Figure 5 shows a simple FIFO schedulerwith
the API, demonstratingthe easinessof implementationof
schedulingpolicy with theAPI.

3.3 CommandLine Interface for reservation

Table1 showscommandto handlereservation.Thecom-
mandsare implementedasshell scriptsthat invoke corre-
spondingJava programs.TheJava programscommunicate
with theschedulingmodulewith JavaRMI(RemoteMethod
Invocation). The schedulingmodule has to authenticate
the userwho invoke the commands.We enabledthis by
implementingcustomizedServerSocketandSocket classes
andmodifying theRMI SocketFactory. For authentication
mechanism,weemployedthetechniquedescribedin 2.2.



public class SimpleFifoScheduler {
public static void main(String[] args) {

// start scheduling server
PBSServerConfig servConf =

new PBSServerConfig();
ScheduleStarter starter =

new ScheduleStarter(servConf);
PBSInterface pbs = new TorqueImpl();
// get scheduling order, and run
ScheduleOrder order;
PBSSchedulerCommandType cmd =

PBSSchedulerCommandType.NULL;
do {

order = starter.waitOrder();
Socket socket = order.getPBSServerSocket();
pbs.setSocket(socket);
cmd = order.getSchedulerCommand();
if (cmd.mustRunSchedule()) {

try {
schedule(pbs);

} catch (PBSException e) {}
}
socket.close();

} while (cmd!=PBSSchedulerCommandType.QUIT);
}
private static void schedule(PBSInterface pbs)

throws PBSException {
ServerStatus server = pbs.statusServer();
if (!server.isReadyToUse() ||

server.getQueuedJobs() == 0)
return; // no jobs to schedule

Collection<NodeStatus> nodes =
pbs.statusNode().getAllStatus();

for (QueueStatus queue : pbs.statusQueue()) {
if (!queue.isReadyToRun() ||

queue.getQueuedJobs() == 0)
continue; // no jobs to run

for (JobStatus job :
pbs.selectStatus(queue.getName())) {

if (!job.isReadyToRun())
continue; // cannot run now

for (NodeStatus node : nodes) {
if (!job.isRunnableOn(node))

continue; // node is down
String jobId = job.getJobId();
String destination = node.getName();
pbs.modifyJob(jobId, "comment",

"Job started on " + new Date());
pbs.runJob(jobId, destination);
return;

}
}

}
}

}

Figure 5. A Simple FIFO Scheduler imple­
mented in the Proposed API.

4 WSRF basedinterface for advance reser-
vation

To enable co-allocation over several sites, we have
to have an inter-site advancereservation interface. We
designedand implementeda interface basedon WSRF
(WebServiceResourceFramework) with GlobusToolkit 4
(GT4), thatis a defactostandardin Grid.

WSRF is a standardbeing speci�ed in OASIS, one of
theinternationalstandardbodiesin theWebServices�eld.
While WebServicesdoesnothavestatusin general,WSRF
introducestatusas 'resources'of services. GT4 provides
not only WSRF implementationbut also several compo-
nentsimplementedonWSRF, includingGRAM servicefor
invoking jobs,andMDS servicefor gatheringandpublish-
ing information.
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Figure 6. Integration with GT4.

We implementedreservation servicebasedon WSRF
with GT4. UsingtheserviceandGRAM mentionedabove,
we enabledauthenticatedand authorizedreservation and
executionof jobson theGrid.

4.1 The designof the reservation servicebasedon
WSRF

We implementedtwo services,one is PBSReservation
that standsfor onereservation,andPBSReservationFacto-
ryService,that createsthe PBSReservation, basedon the
factory servicedesignpattern,that is commonlyusedin
WSRF. Table2 showsoperationsfor theseservices.

The PBSReservationFactoryServiceis a factoryservice
thathasjust oneoperation;'createPBSReservation' to cre-
ate the PBSReservation serviceand return the reference
to the service(EPR:End Point Reference).Note that al-
thoughtheoperationtakesparametersto make reservation
andstoresit to the PBSReservation service,it just creates
theserviceanddoesnotactuallymakereservation.

The PBSReservation servicehas4 operations,that are
correspondsto thereservationcommandsshown in table1,
andactually, invokesthe commandson the server. These
operationsdo not have output. All the outcomesfrom the
invocationof commandswill be re�ected to the resource
propertiesshown below.

Table 3 shows resourcepropertiesfor the PBSResrva-
tion. Whenoperationsare invoked on a PBSReservation,
correspondingreservationcommandswill beperformedon
the server side. The commandswill updatethe resource
propertieswhenthey �nish.

4.2 Authentication and authorization for the
reservation service

Thereservationservicehasto identify theuserwhomade
requestandmaphim/herinto a localuser. We implemented
this so that it is compliantwith the GT4 GRAM service;
i.e. we usePKI baseX.509 certi�cate to authenticatethe



Table 1. Reservation Commands.
CommandName Function Input Output

pbs reserve make reservation [-R SCHEDULERHOST] -sSTART TIME RESERVATION ID
-e END TIME -n NUM OF NODES

pbs rsvcancel cancelreservation [-R SCHEDULERHOST] -r RESERVATION ID
pbs rsvmodify modify reservation [-R SCHEDULERHOST] -r RESERVATION ID

[-s START TIME] [-e END TIME]
[-n NUM OF NODES]

pbs rsvstatus show reservationstatus [-R SCHEDULERHOST] [-r RESERVATION ID ] RESERVATION STATUS

Table 2. Reservation operations.

OperationName Function Input Output

PBSReservationFactoryService
createPBSReservation createPBSReservationservice start/endtime,No. of Nodes EPRof thecreatedservice

PBSReservation
reserve make reservation N/A N/A
getStatus renew thestatus N/A N/A
cancel cancelreservation N/A N/A
modify modify reservation start/endtime,No. of Nodes N/A

Table 3. Resour ce proper ty of PBSReser va­
tion.

Prop.Name Meaning

StartTime ReservationStartTime
EndTime ReservationEndTime
NodeNum No. of ReservedNodes
Caller DistinguishedNameon theCert.
LocalUsername Localusernameon thesite
ReserveId ReservationID
ResultStatus CommandResult
ResultStdout Commandstdout
ResultStderr Commandstdin
IsBusy Commandexec.status

incominguserandmapthedistinguishednameoncert into
localuserusinga mapping�le, calledgrid-map�le.

4.3 Working with GRAM

GRAM is ajob submissioninterfaceprovidedby Globus
toolkit. GRAM usesmodulescalledJobManagersthat is
written in Perl,to submita job into backendbatchqueuing
system,suchasTORQUE.

To submita job at thereservationtime, the'qsub' com-
mandhasto receive the reservation ID from the upstream
module. To enablethis, we usedGRAM RSL extension
mechanismthatprovidesa genericway to passextra infor-
mationto theJobManager. 1!%

We leveraged this extension mechanism and
slightly modi�ed the Job Manager for TORQUE, so

1As of now, the latestreleaseof the Globus Toolkit (4.0.2)doesnot
includesthis capabilityandadministratorshave to install updatepackages
to have this. It will beincludedin thenext release.

that it takes RSL with extension entry shown be-
low and pass the reservation ID to 'qsub' command.
<extensions>

<schedulerAttrs name="reservationID">
xxxxxxxxxx

</schedulerAttrs>
</extensions>

4.4 Advance reservation and execution via GT4
container

Thefollowing shows thestepsto executea job with ad-
vancereservation.

1. A client createsa PBSReservation serviceproviding
reservation timeframeandnumberof nodes,andgets
anEPRfor theservice.

2. Theclient invokesoperation'reserve' on theEPR.

3. The client gets resourcepropertiesfrom the EPR to
makesurethatthereservationsuccessfullycompleted.

4. Theclient getsreservationID from theReservationID
resourceproperty. reservationID.

5. Theclient submitsa job usingGRAM client program
with anRSL thatembedthereservationID in it.

5 Preliminary Evaluation

As a basicdataof theproposedschedulerandthereser-
vationservice,weconductedameasurementfor somebasic
reservation operationswith 1) direct accessthroughcom-
mandline programs,2) indirect accessvia the reservation
service.Notethat thereservationserviceis usingthecom-
mandline programsbehindthescene.



Table 4. Reservation operations latenc y.
reserve [s] cancel[s]

DirectAccess 0.78 0.68
Via GT4container 1.7 1.3

Thetestingset-upis asfollows. We useda PCwith dual
PentiumIII 1.4 GHz, 2Gbytes.All the participatingcom-
ponents;serviceclient, servicecontainer, PBSscheduling
module,areall onthePC.Wemeasuredtimespentto make
reservation,andcancelit.

Table4 shows theresultof themeasurement.Evenwith
thedirect access,it takesalmostonesecond.We have in-
vestigatedthereasonandfoundthatmostof timeis spentto
load(andJIT compile)Java library modules.

Thereservationservicewith GT4containeris posingex-
trahalf to onesecond.This is dueto theauthenticationand
authorizationby thecontainer.

The implication of thesenumbersvariesdependingon
theusageof theservice.It mightbeconsideredfastenough
for one-shotreservation. It might be too slow if the co-
allocationprotocolrequiresmultiple reserve/cancelopera-
tionsoneachresource.

6 Conclusions

We have designedandimplementeda schedulermodule
asa testbedto studyschedulingpoliciesbasedon queuing
basedsystemwith advancereservation. We provide easy
to useAPI for theschedulermoduleandimplementedad-
vancereservationcapability. Furthermore,we designedan
externalinterfacefor advancereservationbasedon WSRF
with GT4,thatenabledreservationbasedjob submissionon
aGrid, coordinatedwith GT4GRAM.

Thefollowingsareour futurework.

� Grid Engine support: We arenow implementinga
versionthat works with GridEngine[3]. The goal for
this is that oneschedulingpolicy written in Java API
workswith bothTORQUE andGridEngine.

� Study of schedulingpolicy: In thecurrentimplemen-
tation,thereservedjobsarealwayshave higherprior-
ity thantheusualjobs, i.e. whenthereservation time
comes,thejobsalreadyrunningon thereservednodes
will be just preempted.And thereis no priority con-
ceptfor makingreservation. All thereservationsfrom
valid userswill beacceptedin FirstComeFirstServed
base. It meansoneusercanoccupy all the resources
foreverby makingabunchof reservations.Obviously,
this is notacceptablefor therealusage.We will study
this issueto �nd acceptableallocationpolicy for users
andadministrators.

� Deployment and Operation in the real envir on-
ment: Weareplanningto deploy this frameworkwith
oursuperscheduler[14] on thePRAGMA[10] testbed
to provide inter cite co-allocationfor them. With the
feedbackfrom realoperationexperience,we will im-
provethesoftwareandschedulingpolicy.
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