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SUMMA RY

Emerging largescaleutili ty computing systemssuchasGrid spromisecomputing and storageto beprovided
to endusersasa utility . Systemmanagement servicesdeployedin the middlewarearea key to enabling this
vision. Util ity Grids provide a challengein terms of scale,dynamism, and heterogeneity of resourcesand
work loads. In this paper, we presenta model basedarchitecture for resourceallocation servicesfor Uti lity
Grids. Theproposed serviceis built in thecontextof interactiveremote desktopsessionworkl oadsand takes
application performanceQoSmodelsinto consideration. Thekey design guidelinesarehierarchical request
structure, application performance models, remote desktop sessionperformance models, site admission
control, multi- variable resource assignment system, and runt ime sessionadmission control. We have also
built a simulation framework that can handle mixed batch and remote desktop sessionrequests, and
have implementedour proposedresource allocation service into the framework. We presentsome results
fr om experimentsdone using the framework. Our proposedarchitecture for resource allocation services
addressestheneedsof emerging uti lity computing systemsand captur es thekeyconceptsand guidelinesfor
building suchservicesin theseenvir onments.
KEY WORDS: ResourceAll ocationService,Grid Computing,RemoteDesktop Sessions,QoS.

1. Introduction

Today's enterprise IT systems are being consolidatedinto centralizeddatacenters for reducing cost
and to improve manageability. Efforts are now being made to increasethe degree of sharing of
these consolidated computing andstoragesystemsand to provide them to the end-userasa utility.
Such systemsare being coined as Util ity Computing Systems or Utility Grids. In such systems,
geographically distributeddatacentersiteshostthesharedIT infrastructure - bladeserversandstorage
servers,which are allocated dynamically and on-demand to the applications of the end-user. These
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2 V.TALWAR ET AL.
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Figure 1. High level conceptualview of the systemsupportingremotedesktopsessions

applicationscould beenterprisethree-tierapplications,batchapplications,andinteractiveapplications.
In this paper, we are particularly interestedin interactive applicationshosted on shared bladeservers
in thedatacenter. Theseapplicationsare thenviewedby theend-userthrough remotedesktop sessions
provided through technologies such as Citrix [1], Microsoft Terminal Servers [2], VNC [11]. The
examples of applications viewed through such sessions belong in the vertical segments of �nancial
services,CAD/CAM applications, andof�ce applicationssuchas MS Word, MS Outlook, MS Excel
etc.Figure 1 shows theconceptual view of suchasystem.

Oneof the fundamental systemmanagement servicesneededin themiddleware to enablethevision
of Utility Grids is aResourceAllocation service.This service is responsible for thedynamicallocation
of a fraction of a computeservers' resourcesin responseto an end-userrequest. Todays' IT systems
typically pre-install, pre-allocate,and reserve the servers and storage resources for end-customers'
applications, leading to over-provisioning and higher costs. On the other hand, a util ity computing
systemenvisionsservers and storageresourcesto besharableacrossend-customers' applicationsand
be allocateddynamicall y asthe needarises. This bringsout the needfor a resourceallocationservice
that hasto considerthe real-timesystemutilization of thebladeservers,andthedynamic requirements
of requestswhile making an allocation decision. The resource allocations mademust further meet
theminimum performancerequirements of thehostedappli cations, while avoiding over provisioning
of resourcesso asto maintain a high systemutili zation. Prior work has looked at building resource
allocationservices for supporting batch applications [9], and three-tier enterprise applications [12].
We would like to addressthe needs of interactive remote desktop sessions which aretypically more
sensitive to performanceneeds. Wemake thefollowing contributions through this paper:

� Architectural designguidelines and detailed description of a resource allocation service for
supporting interactive remote desktop sessions in Utilit y Grids. In summary, the key guidelines
are a hierarchical request structure, application performance models, remote desktop session
performance models, site admission control, multi-variable resource assignment system,and
runtime sessionadmission control.

� Simulation framework that implementsthe resource allocation service and some experimental
resultsfor mixed workloadsobtainedusingthe simulation framework.

Our proposedarchitecture servicesrequestsfor remotedesktop sessions from end-usersdynamically
and allocateson-demand a fraction of a blade server in the datacentersitefor theend-users'request.
The fraction of the resources to be chosenis determined through the dynamic generation of the
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Figure 3. ResourceManagementServer

performancemodel for the requestedremote desktop session. The dynamic generation takes place
using pre-generatedapplication performance models for the applications that would execute within
therequested remotedesktopsession. Theallocation is thusQoSdrivenandadmissioncontrol systems
areusedto enforceQoS.Further, thelow level detailsof thesharing of IT infrastructure is hiddenfrom
theend-userand theend-useris providedwith a virtualizedenvironment with QoSguarantees.

The restof the paper is organized asfollows. In Section2, we present the proposedarchitecture.
Section3 describesthesimulation framework and experiments.WedescribetheImplementationStatus
and RelatedWork in Section 4 andSection5 respectively. We conclude in Section6.

2. Ar chitecture

The systemmodel we considerin this paper is a single datacenter site. A datacenter site consists
of blade servers (henceforth also referred to as compute nodes), storage servers, and a resource
management server. Ourproposedresourceallocation servicecomponentsareresident on the resource
management serverand thebladeserveraswould beexplainedin Section 2.1and Section2.2. Figure2
showsthe�o w diagramof thesequenceof stepsexecutedin thesystem.Theend-userssubmit requests
for remotedesktop sessionsto theResourceManagement Server. Theresourcemanagement serverthen
allocatesa fractionof a blade server's resourcesto theuser's requestfor the remotedesktop session.
A request to start the remote desktop session is thendispatched to the allocatedblade server. Once
thesession is started, theuser interactively starts applicationsthrough theestablishedremotedesktop
session connection. This is shown asmiddle level requestsin Figure 2. Thesemiddle level requests
go through a Session AdmissionControl Systemat thebladeserver. Oncetheapplications are started,
the userinteractswith thoseapplications through an appli cation speci�c workload. We thus have a
hierarchical requeststructure in thesystem, top level requests, middle level requests,and application
speci�c workload, as illustratedin Figure2.
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4 V.TALWAR ET AL.

2.1. ResourceManagementServer

Figure3 shows thearchitecture for theresourcemanagementserver. It hostsa repository consisting of
application performance models,resourcemodels, and the real time util izationdataof bladeservers.
Therearetwo queues,anInput Queueholds theusers'requestswhen they �rst enter the system;and
a Pending Queue holds requeststhat could not be assigned a blade server that meetsthe requests'
performancerequirements.The requestsin the Pending Queue wait till there is suf�cien t releaseof
resourcesby thebladeserversthatwould meetthe requests' performancerequirements.The resource
models capture the staticcharacteristicsof the blade serverse.g., the server hardware platform, the
maximum CPU and memory capacity etc. On selecting a requestfrom the Input Queue, the set of
blade servers satisfying the users' preference of static characteristicsare obtained through a match
of the users'preferenceswith thosein the resourcemodels.Subsequently, a `remote desktopsession`
performance model for the requested remote desktop sessionis dynamically generatedbasedon the
list of applicationsdesiredin thatsession. This stepusesthe application performancemodelsfrom the
repository. The Site Admission Control Systemand the ResourceAssignment Systemthen make their
decisionsusing thegeneratedmodel.Wedescribe these in subsequent subsections.

2.1.1. Application PerformanceModel

The application performancemodel describestheresourcerequirementsof the application for it to be
able to perform at an acceptable QoS level. Such a model is key to our proposedresource allocation
service. Such models would be built of�ine by the system administrators and populated into the
repository. We are interestedin building such models for interactive appli cations hostedon blade
serversand viewedin a thin client setting using remotedesktop sessions as shown in Figure1. Below,
we describe brie�y how to build suchmodels. Subsequently, we give a formal representation for the
model.

Application pro�li ng is thebasisfor building application performancemodels.Application pro�ling
is done by executing the appli cation in isolation on a standard platform, and then applying a
characteristic workloadto theapplication. Theresourceconsumption of theapplicationis continuously
monitoredover theentire period of execution. Statistical techniquesarethenapplied to thetracedata
to determine a desired resource requirement value that should be allocatedto the application for
acceptable performance. There hasbeenprior work in this area,most of which hasbeen studied in
the context of batchand e-commerceapplications [15]. The pro�ling of interactive applications in a
thin client setting present additional challenges. Firstly, the execution of an interactive application is
primarily in�uencedby end-userbehavior. This userbehavior needsto bemodeledfor the application
beingpro�led and subsequently, asyntheticworkloadneedsto begeneratedconforming to themodeled
user behavior. The work being done in this area e.g., [8, 6, 7] typically proposethe useof states to
capture userinteractions,and theuseof Markov chains to model probabilistic transitions.Additional
problemspresentedby thin client systems is (i) the needto alsomeasure userperceived performance
on theclient for accuratelatency measurements,and(ii) theneedto consider theresourceconsumption
of theremote display server in addition to that of the application. We do not go much further into the
detailsof the methodology of building the application performance modelsand keepour focus in this
paperto architectural principles.Thereader is referred to relatedworks citedabove andalsoin works
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RESOURCE ALLOCATION FORREMOTE DESKTOPSESSIONSIN UTILIT Y GRIDS 5

of [10, 14, 3] which describe themeasurement of the resourceconsumption of interactive applications
in a thin client setting.

Throughout the paper, we represent the application performance model of an application ���

using ����� ���	��

����
�����
�������

������� , where ���


����
���� represent the desiredCPU utilization (in
cycles/second), desired network bandwidth, and desired storage bandwidth respectively for the
application. ����� representstheacceptable network latency betweentheend-users'thin client and the
bladeserver, � � � representstheacceptable storagelatency betweenthebladeserverandremotestorage
node.

2.1.2. RemoteDesktop SessionPerformanceModel

A remotedesktopsession performancemodel describesthe resourcerequirementfor a remotedesktop
session. Sucha model is generated dynamically for every userrequest.A remote desktopsession,
for the purposesof modeling, is viewed as consisting of a remote display server and one or more
application processes.For example, a VNC remote desktopsession[11] would consist of a VNC
remote display server and all the applications running in the context of this VNC desktopsession.
Theseapplications are startedinteractively by the end-user and they execute in the context of the
remotedesktop session on the blade server. All of these applicationsshare theresourcesallocatedto
theremotedesktopsessionin which they execute.Wenext describea framework for building a remote
desktopsession performancemodel.

A performancemodel of a remote desktop sessionisbuilt by leveraging theperformancemodelsof
theapplications which would execute in its context. This list of applications is obtaineddynamically
throughtheusers'requestor it would beinferredbasedon theusers' pro� le[3]. Onobtaining this list of
applications,we readin the individual application performancemodels for theseapplications from the
repository. At thetimeof generation of theremotedesktop session model,wedo not howeverknow the
execution order of these applications.The users' requestand/or users' pro�le only gives us the li st of
applicationsdesiredduring the session. Theusercould interactively starttheseapplicationsin various
possible execution orders at runtime. The end-user may further decide at run-time to start several
instancesof eachapplication. Thus, theexecution order of applications, andnumberof instancesfor
eachapplication is a run-time decisionnot known at the time of generation of the remote desktop
session performancemodelat theResourceManagementServer. However, the remotedesktop session
performancemodel depends on such execution orders.Onesolution to address this problem would be
for the userto specify the execution ordersandinstancesfor the desiredapplications in her request.
However, this may not be a very good solution since the user may �nd it dif �cu lt to determine such
execution orders at the time of submissionof her request.Moreover, sincewe enable interactivity, the
user would like to choose the order and number of instancesat runtime. We proposesome models
for determining the execution ordersof the applications. One of thesemodelsof execution orders is
then selectedfor ausers' request by apolicy decision, andthenthesystemgeneratesthecorresponding
remotedesktop sessionperformancemodel using thatexecution order. Wedescribebelow and illustrate
in Figure 4 some of these execution order models and their corresponding remote desktopsession
performancemodels. We consider  applications, �

�

�!"�$# to  , in a users' remote desktop session

and the remote desktopsession performance model to be representedas
%"&('*)�+�&�,-&/.�01+2)43

�5�6�7�98�:�;�<4=?>2@1
���8�:�;�<A=?>B@C
��58�:
;�<4=?>2@C

���ED�FHGJI�KML?NC

����D2FJGHI�KOL?N1� .
The notationsareexplainedin Figure5.
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Figure4. Modeling Execution Orders

Symbol Meaning
����� � � � � 	

AggregateCPUutilization in cycles/secondfor theremotedesktopsession

��
��� � ��� � 	

Acceptablenetwork latency for theremotedesktopsession

���� � � ��� � 	

Acceptablestoragelatency for theremotedesktopsession
�
��� � � � � 	

Aggregatenetwork bandwidthfor theremotedesktopsession
�
�

DynamicEnd-to-endnetwork bandwidthbetweenthecomputenode
andtheusers'submissionnodehostingthedisplay(for remotedisplaytraf�c)

��
 �

End-to-endnetwork latency betweenthecomputenode
andtheusers'submissionnodehostingthedisplay

�
�

Totalnetwork bandwidthfor thecomputenode
�

CPUProcessorspeed
� ��� � ��� � 	

Aggregatestoragebandwidthfor theremotedesktopsession
� �

DynamicEnd-to-endstoragebandwidthbetweenthecomputenode
andthe�le serverhostingtheusers'data(for remotestoragetraf�c)

��
��

End-to-endstoragelatency betweenthecomputenode
andthe�le serverhostingtheusers'data

�
�

Total storagebandwidthfor thecomputenode
���

MaximumThresholdpercentagesetfor theCPUUtilization
on thecomputenodeeg. 80%

���

Max Thresholdpercentagesetfor theNetwork Utilization
on thecomputenode

���

Max Thresholdpercentagesetfor theStorageUtilization
on thecomputenode

���

CurrentCPUpercentageutilization
�

�

Currentnetwork bandwidthpercentageutilization
�

�

Currentstoragebandwidthpercentageutilization

Figure5. Notations

(a) Simultaneous execution of an instance of each desired appli cation. In this case,the aggregate
resource requirements for the remote desktop sessionis modeled as the sum of the individual
requirements
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� aretheextraoverheadsthatis accountedfor dueto otherprocessese.g.,monitoring
softwareetc.,thatmayrunwithin theremotedesktopsession at runtime.The latency requirementsfor
theremotedesktop sessionis takenasthe minimum of thosefor theindividual application sessions.
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(b) Sequential executionof the applications. In this case,theaggregateresourcerequirements for the
remotedesktop sessionis modeled asthe maximumof theindividual requirements
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The latency requirementsfor the remote desktop session is taken as the minimum of thosefor the
individualapplicationsessions.
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(c) Mixed Casewhen some applications are executedsimultaneously, and some others are executed
sequentially. In this case,the resource requirement is either modeled as a value basedon history
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RESOURCE ALLOCATION FORREMOTE DESKTOPSESSIONSIN UTILIT Y GRIDS 7

based prediction betweenthe two extremes of simultaneous execution and sequential execution, or
it is negotiatedwith the end-user.
(d) Unknown Pro�les of the appli cations. This would be the case when the applications are being
executed for the � rst time, and the systemis completely unaware of the resource requirements.In
this case,the resourcerequirements for theremotedesktop session could bemodeled assuming worst
caserequirements(suchasrequiring themaximum permissibleresourcesonanode), or theusercould
specify the requirements.

2.1.3. Site Admission Control System

The Site Admission Control systemusesthe remote desktop session models for admission control
decisions. This systemis responsible for determining if a blade server with its current resource
utilization valuescanmeettheresourceandlatency requirements for a givenremotedesktop session.
The resourceassignment heuristics arethenapplied to only those resourcesthatsatisfy the admission
control test. TheSite AdmissionControl systemtakes asinput: RemoteDesktop Session performance
model for the requestedlist of applications,blade servers that satisfythecoarsegrain static resource
requirements for theuser's request,and the real timeresourceutilizationvaluesof thenodes.Below is
theadmission criterion. Please refer to Figure 5 for thenotations.

�������
���
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� �
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The expressionson theleft side of thecomparison operatorrepresentthe currently availableresources
on the computenode (bladeserver) and thoseon the right side of the comparisonoperator represent
theresourcerequirement for theremotedesktop session. The admission checkis thus to compare that
thecurrently available resourceson thecompute node cansatisfytherequiredvaluesfor therequested
remotedesktop session. Note that due to the heterogeneity in the hardware platforms e.g., CPU, we
have to normalizethe valuesof thequantities before comparisone.g., CPU utilization is expressedin
cycles/second.

2.1.4. ResourceAssignment System

The Resource Assignment systemis responsible for assigning one of theblade serverswhich satisfy
thesiteadmissioncheck, to the users' request.It takesinto consideration the remote desktop session
performancemodel, and aims to minimize the wait time for requests.The wait time in this section
refers to the time it takes for the blade server to be assigned to a usersincereceiving the request.
Unli ke batchjob submissions,a userafter submitting therequest for remote desktop session typically
waitsfor thebladeserver to beallocatedto him immediately. In our system, thewait time is dependent
on (is thesummationof) thewait timein theInput Queue� , thewait timein thePending Queue waiting

!

InputQueueis thequeueintowhich therequestsareplacedastheyarrive into theUtil ity System.
"

Pending Queueis the wait queueinto which requestsgo if all the eligible blade servers for a request do not have enough
available resourcesto satisfy theSiteAdmissionControl performancecriterion test.
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8 V.TALWAR ET AL.

for resourcesto become available, and processing overheadof the admission control and assignment
algorithms. We allow for priorities to be assigned to requests basedon the pro�le of the user. The
requests would be picked from the Input Queue basedon priority, thus reducing the wait time for
higher priority requestsin the Input Queue.

Multi-Variable BestFit Algorithm
Figure 6 presents the pseudo code for a multiple variable best �t algorithm that takes resource
requirement heuristics into consideration for resource assignment. Note that at this point only those
blade servers are being considered which satisfy the Site AdmissionControl test.Also, for the use
casescenarios being considered by us, each request requires only a single blade server. However,
asmentionedearlier, we allow resourcesharing i.e there could be multiple remote desktop sessions
allocatedon the sameblade server simultaneously. A BestFit algorithm for assigning blade servers
to remote desktop sessions would always try to pack up bins tightly thus reducing the possible
fragmentation. This would enable us to assign more sessions onto the blade serversandshould help
in reducing the wait time for the requestsin the Pending Queue.We therefore considera Best Fit
algorithm for resourceassignment. However, we have to considermultiple variables in the algorithm
- CPU,network bandwidth, and storagebandwidth. For a particular remote desktop session, one or
more of these resourcesmay be a bottleneckresource. We introduce weight functionscorresponding
to eachof these�ne grain resources andadjust theweight assignment accordingly for the bottleneck
resourcevariables.For example, for CAD designsessions, the CPUwould be the bottleneckresource
variable andwe should give more weightage to CPU utilization values for such sessions. Similarly
for �n ancialtransaction applications,thestoragebandwidthwould bethebottleneckresourcevariable,
and for of�ce applications, the network latency would be the bottleneck resource variable. Further,
thealgorithm determinesthedifferencebetweenthe available andrequired resource utilizations, and
assignsthe weight functions as inverselyproportional to thesedeltavalues.Thus, it doesweighted
best �tting along multiple dimensions.The weightsareassigned for the different parameters/variables
asfunctions, and we pick thecomputenodethat hasthe highestaggregateweight across dimensions.
The resourceandlatency requirementsusedfor theremotedesktopsessionsin the algorithm arethose
obtained from the remotedesktop sessionperformancemodeldescribedin Section 2.1.2.

2.2. RuntimeSystem

Figure7 showstheruntimeresourceallocation systemcomponentsresident on thebladeserver. Unlike
traditional batch applications, end-users can interactively start applications throughout the lif ecycle
of the remote desktop session. This requires the resource allocation service to also have runtime
components. A SessionAdmission Control system exists at the blade server for every executing
remote desktop session.Once the remote desktop session is started, the sessionadmission control
systemreceives the middle level requestsfrom the end-user for starting new applications. It is then
responsible for determining whether the resources that are allocatedto a remote desktopsession
could accommodate the new application's resource and latency requirements without violating the
resource guaranteesof existing applications within the remotedesktop session. The Site Admission
Control system makesan admission decisionfor the remote desktop session assuming the resource
requirements speci�ed in the remote desktopsessionperformancemodel described in Section 2.1.1.
However, oncetheremote desktop sessionis startedon the bladeserver, theend-usercan interactively
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RESOURCE ALLOCATION FORREMOTE DESKTOPSESSIONSIN UTILIT Y GRIDS 9

1. For each compute node which satisfies the Site Admission Control test

     a. Determine the free CPU cycles, network bandwidth, and storage bandwidth available on

         this  compute node for a users’ request.

     b. Determine the delta values between the available resources from step a., and the desired

         resources for the requested remote desktop session. These delta values are denoted as


C
delta
, 
N
delta 
, 
S
delta 
, 
NL
delta 
, 
SL
delta
.

     c. We now assign the following weights:


W
C 
= f( 
C
delta
, Compute Intensiveness)

W
N
 = f( 
N
delta
, Average expected display data size)

W
S
 = f( 
S
delta
, Data intensiveness)

W
NL
 = f( 
NL
delta
, Interactiveness)

W
SL
 = f( 
SL
delta
, Data intensiveness)


         The weights ( 
W
C
, 
W
N
, 
W
S
, 
W
NL
, 
W
SL
) are inversely proportional to the first parameter

         (
C
delta
, 
N
delta 
, 
S
delta 
, 
NL
delta 
, 
SL
delta
) and directly proportional to the second parameter

         ( Compute  intensiveness, Average expected display data size, Data intensiveness,

            Interactiveness, Data intensiveness ) respectively.

    d.  The effective wieight of this compute node for the currently considered assignment is


W
effective
 = 
W
C 
+ 
W
N 
+ 
W
S 
+ 
W
NL 
+ 
W
SL

2.  Pick the compute node with the maximum assigned weight 
              W
effective
    for this

     request.  In case of equally ranked compute nodes, we pick the one with the least load

     where load is defined in terms of CPU utilization


Figure6. Pseudocode for multi-variablebest� t
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start the applications in an execution order different from that considered while building the remote
desktopsessionperformancemodel.Shemayalsostart several instancesof theappli cations. Hence,we
needtoperform aSessionAdmission Control checkatthebladeservertocheck dynamicallyif thereare
enough resourcesavailablefor theapplication without violating the resourceavailabilit y for currently
running applications. If the execution order andapplication instancesduring runtime arealways as
derivedusing themodel in Section2.1.1, thenthesessionadmissioncontrol test would alwayssucceed.
However, this may not happen in reality especially with the Mixed casein the model generation
methodology, andhencetheSession AdmissionControl systemis neededto enforceadmissioncontrol
during runtime.
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where

� �

,
�

� ,
�

� are the CPU,network, andstorageutil izationrespectively due to other processes,
e.g., monitoring softwareetc., running within that remote desktop session. Theexpressionson the left
side of the comparison operator in the equations above representthe resource requirementsfor the
remotedesktop ascaptured by the remote desktop sessionperformance models.The expressions on
theright sideof the comparison operator represent the actualresourceutili zationby thecurrent set of
applications andthe requestednew application. The admissioncheck is thus to compare that, if the
given application is admitted, then the total resourcesallocatedfor the remote desktop session can
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10 V.TALWAR ET AL.

continue to satisfy the resourcerequirementsof all thecurrently running applicationsaswell asthatof
therequestedapplication.

3. Simulation

In this section, we�rst describeour simulation framework. Subsequently, wedescribe theexperiments
conductedusing the simulatorandthe obtained results.

3.1. Simulation Framework

We have built a simulation framework for the utility systemthat can handle mixed (heterogeneous)
batchand remote desktop session requests, and have implemented our proposedresource allocation
service into the framework. We have not at the moment implementedthe sessionadmission control
systeminto thesimulator and assume that the application requestsarrive during runtime in thesame
execution order as assumed at the Resource Management Server. Eachblade server is modeled as
having two network interfaces- one for the display traf� c for interactive sessions to the end-user's
thin client, and the other for storage traf�c to � le servers.We also model the end-to-end network
bandwidth and latency betweenthe bladeserver and the end-user submission nodes,aswell as the
end-to-end storage bandwidth and latency betweenthe blade servers and the �le servers. For both
batchand interactive requests, we assume in the current implementation that the requestsarepicked
from the Input Queues as First Come First Served (FCFS) semanticswith no priorities The batch
requestsareassignedbladeserversusing aLeastLoadedalgorithm,andtherequestsfor remotedesktop
sessions are assigned blade servers using the Multi-Variable Best Fit algorithm as described in the
earlier section. Thesiteadmission control systemimplementationfor aremotedesktopsessionrequest
checksfor performance criterion described in Section 2.1.3. For a batch request,we check if there
is a minimum required threshold CPU utilization available on a bladeserver. During the simulation,
the CPU utilization allocated to a batch request is guaranteed to be atleastthe minimum threshold,
and is allowed to exceedtheminimum threshold only in case of available CPUcycles. The resource
utilizations for the remote desktop sessionsare always guaranteed to be equal to that of the value
decidedthrough theresource requirement modeling of theremote desktopsession.

Our simulator is implemented in Java. The static information about the datacenter resourcesare
stored in an LDAP directory, and the dynamic end-to-end information is stored as an in-memory
table. We use pools of worker threads to parallelize the scheduling taskswithin thesimulator. Using
our simulator, one can design and perform various interesting experimentssome of which are: (i)
Evaluating thetradeoffsof variousresourcesharing strategiesamong mixedworkloads,(ii) Evaluating
theproposedresourceallocation strategy for interactive remotedesktop session workloadswith naive
solutionsthat do not useperformancemodelsand/or admission control, (iii) Evaluating the trade offs
among various weight assignments in the resource assignment system, (iv) Evaluating the resource
allocationstrategiesunderinaccurateapplication performancemodels.

3.2. Experim entsand Results

We have performed experimentsto evaluatethe tradeoff of throughput and wait time for a mixed
workloadconsisting of batch and interactive sessionworkload. The comparison is among the useof a
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RESOURCEALL OCATION FORREMOTE DESKTOPSESSIONSIN UTILITY GRIDS 11

End-to-end End-to-end Durationin wall
Requesttype CPUUtilization network b/w storageb/w clock time

for displaytraf�c
Heavy Remote 15%guaranteedon

DesktopSession a 2 GHzmachine 15Mbps 150Mbps 6 hours
Light Remote 10%guaranteedon

DesktopSession a 2 GHzmachine 10Mbps 100Mbps 1 hour
Minimum threshold 4 hoursat 35%

Heavy BatchJob of 35% ona2 GHz 0 Mbps 300Mbps CPUUtilization on
machine a2 GHzmachine

Minimum threshold 3 hoursat5 %
Light BatchJob of 5 % ona2 GHz 0 Mbps 100Mbps CPUUtilization on

machine a2 GHzmachine

Figure8. Applicationand RemoteDesktopSession

RemoteDesktop Arrival Ratefor Arrival Ratefor
ExperimentType Interactive BatchJob Interactive BatchJob

SessionRequests Requests SessionRequests Requests
Poissondistribution; Poissondistribution;

DayTime Heavy Remote lastrequestarrives requestsarrive
Experiment DesktopSession Light BatchJob at 6 hoursinto throughoutthe
(12 hours) requestsonly requestsonly theexperiment 12hourexperiment

Poissondistribution; All requestsarrive
Night Time Light Remote requestsarrive in a batchat the
Experiment DesktopSession Heavy BatchJob througoutthe beginningof
(12 hours) requestsonly requestsonly 12hourexperiment experiment(Bursty

arrival at time0
of theexperiment)

Figure 9. Requestdescription
PerformanceModels for theexperiments

completely sharedresource sharing strategy, with thatof anosharing strategy. Below, wedescribe the
experimental setupand resultsin detail.

3.2.1. Experimental Setup

The experiments wereconducted for a datacenterof size 100 compute nodes.Each of the compute
nodeshave a 2GHz processorspeed,100 Mbpsnetwork interconnectfor displaytraf� c, anda 1 Gbps
interconnect for storagetraf� c. The dynamic end-to-endbandwidth to the end-user locations for the
display traf�c varies from 50-100Mbps, and the latency variesfrom 10-40 units. The dynamic end-
to-endstorage bandwidth to the � le servers is 500 Mbps, andthe latency variesfrom 5-20 units. We
conductedtwo setsof experiments - onefor a setof requestsfor day time activity, andtheother for a
setof requests for night time activity. We assumein this setof simulationsthateachrequestis always
assigned only a single compute node for both batch requests and remote desktop sessionrequests.
We classify the requestsfor remote desktop interactive sessions and batch jobs as `Heavy Remote
Desktop Session', `Light Remote Desktop Session', `Heavy BatchJob', and `Light BatchJob'. The
characteristics of eachof these sessions is shown in Figure 8. The `Heavy RemoteDesktop Session'
correspondsto aremotedesktopsession running, for example, aCPU intensiveinteractiveCAD design
application, while a `Light Remote Desktop Session' corresponds to running, for example, of� ce
applications. A `Heavy Batch Job' for example corresponds to running applications suchas heavy
weight structural analysis simulations, while `Light BatchJob' corresponds to running applications
suchascompiling programs. The resource util ization for remote desktop sessions in Figure 8 is the
aggregatevaluesasdiscussedin the remote desktop session model in Section2.1.2. The acceptable
latencies are greaterthan the available end-to-end latency values.During the day time, we expect
the setof requeststo consist predominantly of `Heavy Remote Desktop Session' and `Light Batch
Job' requests.During the night time, we expectthesetof requeststo consistpredominantly of `Light
RemoteDesktop Session' and `Heavy BatchJob' requests.Basedonthis,wegenerateseparate12hour
syntheticrequestsfor theday andnight time asshown in Figure 9. Pleasenote that theseare top level
requests in thecontext of thediscussionin Section2.
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100 batch

jobs on


dedicated

100 nodes


200 batch

jobs on


dedicated

100 nodes


500 ‘Heavy’ Interactive

Remote Desktop Sessions


on dedicated 100 nodes


Throughput:

Finish Time in


minutes

728
 730
 716


Max Waiting time

(minutes)
 0
 0
 0


100 batch jobs and 500

‘Heavy’ Interactive Remote


Desktop Sessions on

100 shared nodes


200 batch jobs and 500

‘Heavy’ Interactive Remote


Desktop Sessions on

100 shared nodes


Throughput:

Finish Time in


minutes


728 
(Batch jobs) 
and

722 
(Interactive Sessions)


730 
(Batch Jobs)  
and

724 
(Interactive Sessions)


Max Waiting

time (minutes)
 6
 11


Day Time experiment with

No Resource Sharing among mixed workloads


Day Time experiment with

Complete Resource Sharing among mixed workloads


Figure10. Results for DayTime experiments

30 ‘Light’ Interactive

Remote Desktop Sessions


on dedicated 100 nodes


200 ‘Light’ Interactive

Remote Desktop


Sessions on dedicated

100 nodes


500 Batch Jobs

on dedicated


100 nodes


Throughput:

Finish Time in


minutes

65
 779
 622


Night Time experiment with

No Resource Sharing among mixed workloads


        30 ‘Light’ Interactive Remote

    Desktop Sessions and 500 batch

           jobs on 100 shared nodes


       200 ‘Light’ Interactive Remote

   Desktop Sessions and 500 batch

          jobs on 100 shared nodes


Throughput:

Finish Time in


minutes


65 
(Interactive Sessions) 
and

660 
(Batch Jobs)


779 
(Interactive Sessions)
 and

688 
(Batch Jobs)


Night Time experiment with

Complete Resource Sharing among mixed workloads


Figure11. Resultsfor Night Time experiments

3.2.2. Results and Discussion

We �r st describe the resultsfor the Day Time experiment which consisted of 500 `Heavy Remote
Desktop Session' requests.We varied the number of `Light Batch Job' requestsin thesystem.Figure
10 shows the �n ish time (Throughput) of the systemwith 100 and 200 `Light BatchJob' requests
and 500 `Heavy RemoteDesktop Session' requests. We seethat the �n ish time for the `Light Batch'
jobs is unaffectedwhenthe two sets of requestsare combinedon thesame setof compute nodes.The
�nish time for the `Heavy RemoteDesktop' sessions degradesby 0.8% and 1.1% with theaddition of
100 and200 `Light Batch' jobs in thesystemrespectively compared to executing the`Heavy Remote
Desktop Session' requestson a separatesetof compute nodeswith no `Light Batch' jobs. As a result,
the �nish time goes up by only 6 and 8 minutesrespectively and is only slightly above 12 hours.
Figure10 also showsthemaximumwait time in thePending Queuefor therequestswith 100, and 200
`Light BatchJob' requests in addition to the 500 `Heavy InteractionSession' requests� . We seethat
themaximum Wait time for the requestsincreasesfrom 6 to 11 minutes with addition of 100 and 200
`Light BatchJob' requests.Thus, with 100additonal requestsof 'L ight Batch' jobs,aclientasking for
aremotedesktop interactivesession mayhaveto wait upto6 minutesbeforebeingallocatedaresource
for interactiveuse.Wealsoranadditionalexperimentsandincreasedthenumberof ' Light BatchJobs'
in the sytem to upto 2000 keeping 500 'Heavy RemoteDesktop Sesions'. We found that even with
2000 'Lig ht BatchJobs' in the system, the �nish time for Heavy Remote Desktop Sessionsdegrades
by 8.9% (� nish time is 780 minutes).However, the maximum wait time for the requestsgoesto 67
minutes.The maximum wait time startsto degrade beyond 20 minuteswith greaterthan700 'Light
BatchJobs'. The 95 percentile valuefor theWait Time wasfound to be 0 for upto 700 'Light Batch

�

In thesimulations, therewas no wait time for the requests in the Input Queueand we ignore the processingoverheadof the
admissioncontrol andresourceassignment algorithms. Hence, thewait timepresented hereis that incurredif therequestsdonot
satisfy theSiteAdmissionControl test andhencego to thePendingQueue.
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RESOURCEALL OCATION FORREMOTE DESKTOPSESSIONSIN UTILITY GRIDS 13

Jobs' and 54 minutesfor 2000 'Lig ht BatchJobs' . With theaddition of upto 700 'Light Batch' jobs,
the number of requeststhat waited in the Pending Queuewasthus less than 5% of the requests.A
SitePolicy decision could restrictthe allowednumberof ' Light BatchJobs' in the systemtaking into
considerationtheacceptabledegradationin thewaiting time and �nish time for the requests.

We now describe the resultsfor the Night Time experiment which consistedof 500 `Heavy Batch
Job' requests.Wevariedthenumberof `Light RemoteDesktopSession' requestsin thesystem.Figure
11 showsthe� nish time(Throughput) of thesystemwith 30 and 200 `Light RemoteDesktopSession'
requests and 500 `Heavy Batch Job' requests.We seethat the � nish time for the `Light Remote
Desktop' sessionsis unaffectedwhenthetwo requestsarecombined on thesamesetof computenodes.
The �nish time for the `Heavy Batch' jobsdegradesby 6.1% and10.6% with theaddition of 30 and
200`Light RemoteDesktop' sessionsin thesystemrespectively, comparedto executing the request on
a separatesetof computenodeswith no `Light Remote Desktop' sessions.As a result, the �nish time
goesup by 38 and66 minutes respectively. Weexpectthenumberof `Light RemoteDesktop' sessions
in thesystemto be fairly low during night time and do not expectit to go much beyond 30 sessions.
The casefor 200 `Light Remote Desktop' sessions thusrepresents a very extremecase,however even
then we seethat the �nish time for the `Heavy Batch' jobs is within acceptablelimits andthe �n ish
timefor thesystemis still within the12 hour period. Wealsoranadditional experimentsandincreased
thenumberof 'L ight Remote Desktop Sessions' in thesystemto 2000, while keeping the number of
'Heavy BatchJobs' in the systemto 500. We found thatthe�nish time for theHeavy BatchJobswith
2000 'Light Remote Desktop Sessions' degrades by 15.75% (�n ish time is 720 minutes).

In summary, theresults show that for a reasonable setof requests,a single systemof bladeservers
is able to handle a particular classof mixedheterogeneousDayTime and NightTime requests of batch
and interactive session requestswithout a very signi�cant degradationin overall performance for the
system.Sucha systemwould thusbemore cost effective thanbuilding separategrids for those batch
jobs and interactive sessionsrespectively. As future work, we would be conducting moreexperiments
for other classesof requestsand more heterogeneousdatacenters to seetheperformanceeffect.
4. Implementation Status

In addition to the simulator, we have alsobuilt a proof-of-concept implementation for theconceptual
architecture shown in Figure 1. More details of this are described within reference [13]. In the
implementation, we support Grid authentication, createdynamic accounts, as well as dynamically
provision remotedesktop sessions on the assignednodes.A simple site level scheduler hasalsobeen
built that performs resource discovery for static resource attributes using an LDAP-baseddirectory
server. Thescheduler supportsbest �t, �r st �t and randomresourceassignment.Oncearemotedesktop
session starts, the user is presented with a restricted access-controlled environment, and the users'
persistent data is dynamically mounted onto the allocateddynamic account. As part of future work
exploration, we would also be implementing someof the more advancedresourceallocationfeatures
describedin thepaper.

5. Related Work

Most of the existing work on resource allocation in Grids have addressedthe needs of batch
applications [9]. There hasalsobeen prior work done on load balancing for parallel computers, web
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14 V.TALWAR ET AL.

servers,user login sessions, and some recent work on 3-tier commercial applications [12]. Project
NOW from Berkeley [5] proposesanetwork of workstationsasacomputing infrastructure.TheNOW
architecture aimsto provide a single clusterfor computing purposesand providesa global software
and hardware layer. Comparedto theserelatedworks,we addresstheneedsof resourceallocation for
interactivesessions,andour global computing model considersautility environmentprovided through
a datacenterin an enterprise.

6. Conclusions

Our proposedarchitecture is addressing the needsof supporting remote desktop sessions in emerging
Utility Grids. The architectureservesasa conceptual guide for building resource allocation services
in such systems. The key features is that it enables virtualization, uses application performance
models, generatesthe remote desktop session performance model dynamically as a composition of
individual application performance models, uses dynamic real-timeutilization values for dynamic
resourceallocation, andsupports theresourceallocationneedsfor remotedesktopsessionsthroughout
its lifecycle including at runtime. We have also built a simulation framework andhave implemented
theresourceallocation architecture into it. Various experimentsare possible usingtheframework. We
showedsome resultson tradeoffs among resourcesharing strategiesfor mixedworkloadof batchand
interactiveremotedesktop sessions. As futurework, wewould bedoing moreexperimental evaluation.
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