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Abstract

While advancereservations an essentiakapability for
co-allocatingseveral resouceson Grid ervironmentsit is
not obvioushow it can co-exist with priority-based Fir st
ComegFirst Servedscheduling that is widely usedas lo-
cal schedulingpolicy today To investigatethis problem,
we 1) developeda schedulingAPl in Javafor TORQUE, a
variant of OpenPBSthat enablesuses to implementheir
ownscedules andreplacetheoriginal schedulingmodule
with them, 2) implementech prototypesdeduler module
that has advancereservationcapability with the API. We
alsoprovide an externalinterfacefor thereservatiorcapa-
bility basedon WSRFto enableco-allocationof resouces
overthe Grid. Usingthis interfacewith the job submission
modulefrom Glohus toolkit 4, uses can male reservation
for resoucesand submitjobsover the Grid.
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1 Intr oduction

Oneof the goalsof Grid computingis to performhuge
computationusing numerousresourcedistributed on the
network, simultaneoushyf13]. While therehave beenlots
of experimentalrunswith resourcedrom severalsites[11,
theresourcesreallocatedby the humanadministratovia
phonesg-mails,or faxes. They arejust 'experiments’,not
the daily operations.To bring the hugecomputationwith
multi-site managedesourcento reality, we really needto
have fully-automatecdco-allocatiormechanism.

To co-allocatecomputationakesourcesadvancereser
vation capabilityis requiredfor eachlocal resourcesched-

uler. A globalschedulefoftenmentionedas'SuperSched-
uler) will nd commonly available timeslot for all the
requiredresourcesand make advanceresenation on the
timeslot,makingsurethatall theresourcesvill beavailable
for thetime[14]!%

Advanceresenation capability is supportedby several
local schedulersTo have advanceresenationitself is rela-
tively easybut the problemis thateachlocal site hasits lo-
caluserswho expectqueuingandpriority basedscheduling
for their job. We do not know how to make the resenation
basedschedulingandthe queuingbasedneconsistent.

To studythe problem,we needa schedulethatis capa-
ble of advanceresenation and can be modi ed easily as
a studytestbed. The problemhereis thatthereis no such
schedulethatis freely available,easilymodi able andre-
distributable.

Althoughsomecommerciakchedulingsystemssuchas
LSF[4] or PBSProfessional[yprovide advanceresenation
capability they arenot for free and cannotbe redistributed
andmodi ed. Maui scheduler[bis a plug-in schedulerfor
OpenPBS[por TORQUE[8] thatprovidesvariousfeatures
including advanceresenation. The sourcecode for the
scheduleiis freely available but the modi ed sourcecode
cannotberedistrituted. Furthermore,theinternalarchitec-
tureis notwell-de ned andit is dif cult for thethird-party
to modify the schedulingpolicy of Maui.

We implementeda schedulingmodulethat enablesad-
vanceresenationworking with TORQUE[8], a descendant
of OpenPBSWe designe@ndimplemented Java API that
abstractshe TORQUE senermodule,andimplementedhe
schedulingnoduleusingthe API.

We alsodesignedandimplementedan interfaceto pro-
vide the resenation servicevia network, basingon WSRF
(Web ServicesResourceFramavork)[9]. The interface
providesauthenticatiorand authorizatiorbasedon Globus



Figure 1. Overview of TORQUE.

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

The structureof the rest of paperis asfollows. In 2,
we introduceTORQUE local scheduler In 3, we describe
the designand implementatiorof the scheduler In 4, we
discusson the WSRF basedresenation serviceand GT4
GRAM interaction. In 5, we show resultsof preliminary
evaluation. In 6, we concludethe papershawving future
work.

2 Overview of TORQUE
2.1 Architecture of TORQUE

TORQUE is a variant of OpenPBS,an open source
batchschedulingsystem While the OpenPBSnaintenance
stoppedfor years, TORQUE is still well maintainedby a
compary called CLUSTERRESOURCESNC. Underthe
licenseagreementsourcemodi cation andredistritution of
the codeareallowed.

TORQUE hasfollowing 3 modules( gurel)!%

PBS Server: The centralsener of thewhole system.
One PBS pool hasjust one PBS Sener. This mod-
uletakesjob queuingrequestérom usersandmanages
the job queue. It manageghe statusof all the com-
putenodescommunicatingvith thePBSmomon each
node.

SchedulerModule: Thismoduleis responsibldor re-

sourceallocationfor eachjob. This makesa pair with

the PBS Sener and often runs on the samemachine
with it. Justlike PBS Sener, the schedulemoduleis

justonefor onePBSpool.

When an event occurs, such as job submissionor

job termination,the PBS Sener sendstrigger to the
schedulingModule. The schedulingmodule queries
statusof thejob queueandthenodesdecidesvhatjob

run on which node,andordersPBS Sener to perform
thedecidedoperation.

PBSmom: Thismodulemanagegachcomputenode.
It monitorsstatusof thenodeandreportsit to thePBS

e

I

Figure 2. Authentication in TORQUE.
Sener. It is alsocapableof job invocationandprocess
managemenaf thejob.

2.2 Userauthenticationin TORQUE

The PBS Sener operatesrespondingrequestsfrom
users.Whenit recevvesrequestsproperauthenticatiorhas
to be performed. PBS sener authenticatiorprocesss as
follows.

1. A userexecutegqueuingcommandsuchas'qsub’.

2. The commandprogramconnectsto the PBS Sener
with a soclet connectionshavn connectiorA in g-
ure2. As of thistime, the connectioris NOT authen-
ticated,andtherequesthroughthe connectiorwill be
refused.

3. The commandprogramforks and execs a program
called'pbs.iff', thathassetuid ag andownedby root.
It meanghatthe programwill runwith root privilege.
Pbsiff is giventhe le descriptomumberfor the con-
nectionA.

4. Pbsiff getthe port numberof connectiorA, from the
given le descriptomumber Then,it getreal userid
to know who did invoke the original command.Note
thatthe effective userid will beroot here,but thereal
userid will bekeptastheinvoking user

5. Pbsiff connectdothePBSSenerfrom privilegedport
(connectionB in gure 2) andsendsthe port number
andtheusername.

6. PBSSenernow cantrustthe Pbsiff, becausé comes
from privilegedport, andauthenticatéhe userwho is
ontheotherpeerontheconnectiorA.

2.3 TORQUE customization

TORQUE schedulemodulecanbeeasilycustomizedo
acertainextentwith asimplecustomizatiofanguagealled
BaSL(BatchSchedulingLanguage). Although BaSL pro-
vides basicfunctionalitiesto managejob allocationbased



Figure 3. Overview of the proposed system.

on queueandnodesstatus the simplicity of BaSL restricts
theability. Theschedulemodulealsocanbecustomizedy
writing schedulingoutinein C. While you cando anything
youwantwith this way; it is really hardto do sincethereis
nowell-de ned API andrequiresdetailedknowledgeof the
implementatiorof the schedulingnodule.

Anotherpossibilityto customizethe schedulings to re-
placethe whole schedulemodule. The schedulemodule
andthe PBS sener communicateeachother with a rela-
tively simple text-basedprotocol. The Maui scheduleris
replacingthe original schedulertalking the protocol

We employed the last approachand replacethe whole
schedulemith our own Java written scheduler Also, we
implementedan API that providesfunctionsto get queue
and node statusfrom the PBS sener 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 implementschedulingpoliciesin
Java, andimplementa schedulingnodulethatis capableof
adwanceresenation, with the API. The Schedulemodule
maintainsresenation table to manageresenation entries.
EachresenationentrykeepsauniqueresenationID, reser
vation starttime, endtime, numberof nodes,andresened
nodes.

While job managemerdtommandsuchasgsubcommu-
nicatewith PBSSener, resenationrelatedcommand$ave
to communicatevith the schedulingmodule. For the com-
munication,we implementedan interfaceusing Java RMI
on the schedulingnodule. Figure 3 shows the overview of
thesystem.

The schedulingmodule allocatesand returnsa unique
ID for each resenation request. User species the
timeslot when a job should be executed by speci-
fying the reseration ID as an optional argument to
the submit command. The specied resenation 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
BatchReplyStatusNode
BatchReplyStatusQueue
BatchReplyStatusSelect

statusServer();
statusNode();
statusQueue();
selectStatus(

String  queueName);
void runJob (String jobld,
String  destination);
void runJob (String jobld,
Collection<Nodelnfo> nodes);

void deleteJob(String jobld);
void holdJob (Strin jobld,
HoldJobType holdType);

void rerunJob  (String jobld);
void modifyJob(String jobld,
String  attr,
String  value);

Figure 4. PBSinterface .

to the schedulermodule along with the job, like follows.

gsub -W x=rsvid:XXXXXXX |

Theschedulemodulelooksuptheresenationtimetable
with the ID andwhenit nds thattheresenationtime has
comeit allocatesesenednodesto the job andexecutethe
job.

Theresenationtimetablehasto bepersistentsinceit has
to survive crashesaandrebootsof the PBS headnode. We
useanobjectdatabasevrittenin Java, calleddb4objects[]
Thanksto the simpleinterfaceprovided by db4objectsim-
plementatiorwasreally easy comparedvith 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 the API, PBSInterfice. This interfaceis anab-
stractionof the PBSsenerandprovidesmethodgo getin-
formationfrom PBSSeners,suchasnodeandqueuestatus,
andmethoddo operatgobs,suchasjob execution removal
and stop. Figure5 shows a simple FIFO schedulemwith
the API, demonstratinghe easines®f implementatiorof
schedulingpolicy with the API.

3.3 CommandLine Interface for resewation

Tablel shavscommando handleresenation. Thecom-
mandsare implementedas shell scriptsthat invoke corre-
spondingJava programs.The Java programscommunicate
with theschedulingnodulewith JavaRMI(RemoteMethod
Invocation). The schedulingmodule hasto authenticate
the userwho invoke the commands. We enabledthis by
implementingcustomizedSenerSocletandSoclet classes
andmodifying the RMI SocletFactory For authentication
mechanismye employedthetechniquedescribedn 2.2.



public class SimpleFifoScheduler

public  static void  main(String[] args) {
/I start  scheduling  server
PBSServerConfig servConf =
new PBSServerConflg()
ScheduIeStarter star =

ScheduleStarter(seeronf)

PBSInterface pbs = new Torquelmpl()

/I get scheduling order, and run
ScheduleOrder  order;
PBSScheduIerCommandqu_e cmd =
g P{BSScheduIerCOmmand ype.NULL;
o
order = starterwaltOrder()
Socket socket = ordergetPBSServerSocket()
pbs.setSocket(socket);
cmd = order.getSchedulerCommand();

if (cmd.mustRunSchedule()) {
tn

y
schedule(pbs);
} catch (PBSException e) {}

socket. closeé
} while (cmd!=PBSSchedulerCommandType.QUIT);

private  static void schedule(PBSinterface pbs)
throws PBSException
ServerStatus server = pbs.statusServer();
if (!server.isReadyToUse()
server.getQueuedJobs() == 0)
return; /I no jobs to schedule
Collection<NodeStatus> =
pbs.statusNode(). getAIIStatus()
for (QueueStatus queue : pbs.statusQueue()) {
if  (lqueue.isReadyToRun() 1|
queue.getQueuedJobs() == 0)
continue; / no jobs to run
for (JobStatus job :
pbs. seIectStatus(queue getName())) {
if  (Yjob.isReadyToRun())
continue; /I cannot run now
(NodeStatus node : nodes) {
(Yjob.isRunnableOn(node))
continue; node is down

String  jobld = job.getJobld();
String  destination = node.getName();
pbs.modifyJob(jobld, "comment”,

"Job started on " + new Date());
pbs.runJob(jobld, 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 advanceresenation interface. We
designedand implementeda interface basedon WSRF
(Web ServiceResourcd-ramavork) with Globus Toolkit 4
(GT4),thatis adefactostandardn Grid.

WSRFis a standardbeing speci ed in OASIS, one of
theinternationalstandardodiesin the Web Serviceseld.
While Web Servicesdoesnot have statusin general WSRF
introducestatusas 'resources’of services. GT4 provides
not only WSRF implementationbut also several compo-
nentsimplementecbn WSRE including GRAM servicefor
invoking jobs,andMDS servicefor gatheringandpublish-
ing information.
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Figure 6. Integration with GT4.

We implementedresenation service basedon WSRF
with GT4. Usingthe serviceandGRAM mentionedabore,
we enabledauthenticatedand authorizedresenation and
executionof jobsontheGrid.

4.1 The designof the resewvation servicebasedon
WSRF

We implementedtwo services,one is PBSReseration
that standsfor oneresenation,and PBSReserationFacto-
ryService,that createsthe PBSReseration, basedon the
factory servicedesignpattern,that is commonly usedin
WSRE Table2 shawvs operationdor theseservices.

The PBSReserationFactoryServiceds a factory service
thathasjust oneoperation; createPBSReseation' to cre-
ate the PBSReseration service and return the reference
to the service(EPR: End Point Reference).Note that al-
thoughthe operationtakes parameterso make resenation
andstoresit to the PBSReseration service, it just creates
theserviceanddoesnot actuallymake resenation.

The PBSReseration servicehas4 operationsthat are
correspondso theresenationcommandshaown in table1l,
and actually invokesthe commandson the sener. These
operationsdo not have output. All the outcomedrom the
invocationof commandswill be re ected to the resource
propertiesshovn below.

Table 3 shaws resourcepropertiesfor the PBSResra-
tion. Whenoperationsareinvoked on a PBSReseration,
correspondingesenationcommandswill be performedon
the sener side. The commandswill updatethe resource
propertiesvhenthey nish.

4.2 Authentication and authorization for the
resewvation service

Theresenationservicehasto identify theuserwhomade
requestindmaphim/herinto alocal user We implemented
this so that it is compliantwith the GT4 GRAM service;
i.e. we usePKI baseX.509 certi cate to authenticatehe



Table 1. Reservation Commands.

CommandName | Function | Input | Output
pbsresere malke reseration [-R SCHEDULERHOST] -sSTART_TIME RESER/ATION.D
-eEND_TIME -n NUM_OF_NODES
pbsrsvcancel cancelreseration [-R SCHEDULERHOST] -r RESER/ATION.D
pbsrsvmodify modify reseration [-R SCHEDULERHOST] -r RESER/ATION.D
[-s START_TIME] [-e END_TIME]
[-n NUM_OF_NODES]
pbsrsvstatus shaw reserationstatus | [-R SCHEDULERHOST] [-r RESER/ATIOND ] | RESER/ATION_STATUS
Table 2. Reservation operations.
OperatiofName | Function Input | Output
PBSResemtionFactorySenge
createPBSResation | createPBSResemtion service | start/endime, No. of Nodes | EPRof the createdservice
PBSResemtion
resere male reseration N/A N/A
getStatus renev the status N/A N/A
cancel cancelreseration N/A N/A
modify modify reseration start/endime, No. of Nodes | N/A

Table 3. Resource property of PBSReserva-
tion.

Prop.Name | Meaning
StartTime Reseration StartTime
EndTime ReserationEnd Time
NodeNum No. of Resered Nodes
Caller DistinguishedNameontheCert.
LocalUsername| Localusernameonthesite
Resereld Reseration|D
ResultStatus Commandresult
ResultStdout Commandstdout
ResultStderr Commandstdin
IsBusy Commanckexec. status

incominguserandmapthedistinguishechameon certinto
localuserusinga mapping le, calledgrid-map le.

4.3 Working with GRAM

GRAM is ajob submissiorinterfaceprovidedby Globus
toolkit. GRAM usesmodulescalled JobManagerghatis
writtenin Perl,to submita job into backendbatchqueuing
systemsuchasTORQUE.

To submita job atthe resenationtime, the'gsub' com-
mandhasto receve the resenation ID from the upstream
module. To enablethis, we usedGRAM RSL extension
mechanisnthatprovidesa genericway to passextrainfor-
mationto the JobManager 1%

We leveraged this extension mechanism and
slightly modied the Job Manager for TORQUE, so

1As of now, the latestreleaseof the Globus Toolkit (4.0.2) doesnot

includesthis capabilityandadministratordiave to install updatepackages
to havethis. It will beincludedin thenext release.

that it takes RSL with extension entry showvn be-

low and passthe resenation ID to 'gqsub' command.

<extensions>
<schedulerAttrs
SHXXXXXXKXXXK

</schedulerAttrs>
</extensions>

name="reservation|D">

4.4 Advanceresewnation and executionvia GT4
container

The following shows the stepsto executea job with ad-
vanceresenation.

1. A client createsa PBSReseration serviceproviding
resenationtimeframeandnumberof nodes,andgets
anEPRfor theservice.

2. Theclientinvokesoperation'resere' onthe EPR.

3. The client getsresourcepropertiesfrom the EPR to
male surethattheresenationsuccessfullcompleted.

4. TheclientgetsresenationID from the ReserationID
resourceproperty resenation|D.

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

5 Preliminary Evaluation

As a basicdataof the proposedscheduleandthereser
vationservice we conductechmeasuremerfor somebasic
resenation operationswith 1) direct accesghroughcom-
mandline programs._2) indirect accessvia the resenation
service.Note thattheresenation serviceis usingthe com-
mandline programsbehindthe scene.



Table 4. Reservation operations latency.
| resere[s] [ cancells]
DirectAccess 0.78 0.68
Via GT4 container 1.7 1.3

Thetestingset-upis asfollows. We useda PCwith dual
Pentiumlll 1.4 GHz, 2Gbytes. All the participatingcom-
ponents;serviceclient, servicecontainey PBS scheduling
module,areall onthe PC.We measuredime spentto make
resenation,andcancelit.

Table4 shows theresultof the measuremen&venwith
the directaccessit takesalmostone second.We have in-
vestigatedhereasorandfoundthatmostof timeis spento
load (andJIT compile)Javalibrary modules.

Theresenationservicewith GT4 containelis posingex-
tra half to onesecond Thisis dueto theauthenticatiorand
authorizatiorby the container

The implication of thesenumbersvariesdependingon
theusageof the service.lt mightbeconsideredastenough
for one-shotresenation. It might be too slow if the co-
allocationprotocolrequiresmultiple resene/cancebpera-
tionson eachresource.

6 Conclusions

We have designedandimplementeda schedulemodule
asatestbedo studyschedulingpoliciesbasedon queuing
basedsystemwith advanceresenation. We provide easy
to useAPI for the schedulemoduleandimplementedad-
vanceresenation capability Furthermorewe designedan
externalinterfacefor advanceresenationbasedon WSRF
with GT4,thatenabledesenationbasedob submissioron
aGrid, coordinatedvith GT4 GRAM.

Thefollowingsareour futurework.

Grid Engine support: We arenow implementinga
versionthat works with GridEngine[3. The goal for
this is that one schedulingpolicy written in Java API
workswith both TORQUE andGridEngine.

Study of schedulingpolicy: In thecurrentimplemen-
tation, the reseredjobs arealwayshave higherprior-
ity thanthe usualjobs,i.e. whentheresenationtime
comesthejobsalreadyrunningontheresenednodes
will be just preempted.And thereis no priority con-
ceptfor makingresenation. All theresenationsfrom
valid userswill beacceptedn First ComeFirst Sened
base. It meansoneusercanoccupy all the resources
foreverby makinga bunchof resenations.Obviously,
thisis notacceptabldor therealusage We will study
thisissueto nd acceptablallocationpolicy for users
andadministrators.

Deployment and Operation in the real environ-

ment: We areplanningto deploy this framewvork with

our superschedulef14] onthe PRAGMA[10] testbed
to provide inter cite co-allocationfor them. With the
feedbackirom real operationexperiencewe will im-

prove the softwareandschedulingpolicy.
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