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ABSTRACTZeroclientsarehardware-baseddeviceswithoutacentralprocessingunit(CPU)thatdeliver
virtualdesktops(VDs)fromremotecomputingsystemstousers.Wemeasuredtheperformanceofapplica-
tionsaccessedthroughzeroclientstostudythefeasibilityofusingthisapproachtoprovideadesktop-pc
experienceacrossanetwork.Performanceevaluationiscomplicatedbecausemonitoringsoftwarecannot
bedownloadedtothezeroclients.Therefore,weintroduceanewmethodologyandmetrictomeasure
zero-clientVDperformancethatisbasedonnetwork-trafficanalysis.Weconductedobjectiveandsubjective
studiestodeterminethesensitivityofapplication-specificmetricstodifferentnetworkconditions.Theresults
showthatthepacketlossrate(PLR)impactszero-clientperformanceforsomeapplicationssuchasvideo
streaming.SubjectivetestsshowedagreaterusersensitivitytothePLRforvideostreamingthanforimage
viewingorSkype.Astrongcorrelationwasfoundbetweentheobjectiveandsubjectivemeasurementsbut
therateatwhichthesemeasurementschangedwithincreasingPLRdiffereddependingontheapplication.

INDEXTERMSEdge-cloud,measurements,objectivestudy,QoE,remotedesktops,subjectivestudy,VDI,
VDImetrics,virtualdesktops,zeroclients.

I.INTRODUCTION

Virtual-Desktop(VD)technologieshavebeengrowing
inpopularityasseveralremotedesktoptools,suchas
VNC, MicrosoftRemote DesktopServices(RDS),and
TeamViewer,havebeendevelopedtosupportthisparadigm.
Remotedesktopclientshavebeenimplementedincustom
ApplicationSpecificIntegratedCircuits(ASICs)orField
ProgrammableGateArrays(FPGAs).Forexample,Teradici
Tera2321,isusedinequipmentcalledzeroclients,which
includeinterfacessuchasUSB,DVI,andHDMIportsto
connectkeyboard,video,mouse(KVM)terminals,andan
Ethernetportfornetworkconnectivity.
Zero-clienthardwarehasprimarilybeendevelopedfor

enterprises,witheachuserbeingsupportedbyoneVirtual
Machine(VM)inanedge-orcommercial-cloudhost.Thus,
zeroclientsareusedinschools,hospitals,libraries,andbusi-
nesses[1]–[4].Zeroclientshavealsobeenusedforhigh-
performancegraphicsapplicationstoallowmultipleusersto
sharethemoreexpensiveprocessingengines[5].Graphics
applicationsfrequentlyexploitco-locationofzeroclients

Theassociateeditorcoordinatingthereviewofthismanuscriptand
approvingitforpublicationwasHaiboWu.

withgraphicsserversconnectedthroughaLAN.Zeroclients
alsoprovidesecureaccessfordata-centermanagement.
Theintroductionofedgecloudorfogcomputingcreatesa

newopportunitytoexpandtherangeofpotentialapplications
forzeroclientsintopersonalorhomecomputing(PC).The
useofzeroclientswithedgecloudsisappealingforthepoten-
tialtoprovidehigh-performancecomputingexperiencesat
favorablecosts.Zero-clientcomputingcouldenablesharing
hardwareandsoftwarelicensingcostsamongmanyusers.
Eachuserorhouseholdwouldonlyrequireazeroclient
havingnetworkaccesstotheedgecloud.Zeroclientsare
lessexpensivethanstandardpersonalcomputers,andthis
hardwarecombinedwithaccesstoedgeserversmaybea
moreaffordableoptionthanaPCforhouseholdswithout
computers.Whileuserscanaccessmanyapplicationsusing
theirmobilephones,writingdocuments,applyingforjobs
andseveralothertasksstillrequirephysicalorvirtualdesktop
computing.1

1AaronSmith,‘‘Lackofbroadbandcanbeakeyobstacle,especially
forjobseekers,’’2015,PewResearch,https://www.pewresearch.org/fact-
tank/2015/12/28/lack-of-broadband-can-be-a-key-obstacle-especially-for-
job-seekers/
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Thinclientshavebeenmarketedasaffordablecomput-
ingplatforms,citingsimilarbenefits[6]–[9].However,con-
sumerthinclientscompromiseperformanceandoffera
lower-qualitycomputingexperienceformultimediausage
[10],[11].Incontrast,zeroclientsaredesignedtodeliver
thefullcomputerperformanceoftheassociatedserverand
canofferhigh-qualitycomputingexperiencesthatinclude
supportforgraphic-intensiveapplications. Moreover,the
zero-clientapproachenhancessecuritybecausezeroclients
neitherrunastandardOSnorexposeaCPUonwhichattack-
erscaninstallmalicioussoftware.However,usingazero
clientrequiresanactive,reliable,andhigh-speednetwork
forinteractionbetweentheserversandthezeroclients.The
requirementforzero-clientconnectivitycanimposeamobil-
itychallengeasnetworkaccessmustbealwaysavailable.
Fortunately,edgecloudcomputingisbeingintroducedpre-
ciselytoprovidereliable,high-speed,low-latencyuser
access,andtheso-called‘‘mobile’’edgecloudsare
plannedtoprovidesimilaraccessforamobilenetworking
environment.
EventhoughVDtechnologieshaveevolvedsignificantly

overthepasttenyears,commercialzeroclientsarestilllim-
itedtobusinessandhealthsectorstoday.Forexample,North
KansasCityHospitaldeployed700zeroclientsallowingstaff
memberstouseanynearby‘‘PC’’inthehospitalthroughout
thedaytoaccesscentrallysecuredmedicaldata,instead
ofhavingonededicatedPCperstaffmember[4].Inthe
healthorbusinesssector,employeestendtouseaspecific
setofapplications.Ontheotherhand,afullPCexperience
isexpectedforresidentialuse.Asedge-cloudcomputing
becomesavailable,itisimportanttounderstandtheviability
forzero-clientuseinthisenvironment,andtocharacterize
thecomputingexperiencethatcanbesupportedfromedge
clouds.
Previouswork[12],[13]onVDperformancewascon-

ductedwithmethodsthatdependonmonitoringtheperfor-
manceattheend-userdevices,whichisnotfeasiblewith
zeroclients.Otherproposedmethodsdependonmonitoring
theperformanceattheserver[14]–[16]bymonitoringCPU
utilization,monitoringthedisplaybuffertodetectifatask
hascompleted,orrunningcommercialPCbenchmarkson
theserver. Monitoringattheserverdoesnotconsiderthe
involvementofthenetworktotransmitthedisplaytothe
end-userdevices.Therehasbeensomeworkonmeasuring
VDperformancebyanalyzingnetworktraffic[13],[15],[17];
however,networktrafficwasanalyzedonlytomeasurevideo
quality.
Thispaperintroducesperformance-measurementmethods

forzeroclientsthatdependonanalyzingthenetworktraffic
betweenthezeroclientandtheserver,andincludesnotonly
video-qualitymeasurements,butalsoresponsivenessasper-
ceivedbytheenduser.Weaddressthefollowingquestions:
(i)Howdowemeasurezero-clientperformancewithoutthe
abilitytorunmonitoringsoftwareontheend-userdevices?
(ii) Whatistheimpactofnetworkconditionsonapplica-
tionperformance?(iii)Doobjectivemeasurementsreflect

userQualityofExperience(QoE)asdeterminedthrough
subjectivemeasurementstudies?
Objectiveandsubjectivemeasurementswereobtainedto

evaluateapplicationperformancewithzero-clientcomputing.
Objectivemeasurementsweredefinedinthreecategories:
responsetime,videoquality,andaudioquality.Forresponse
time,wedefinedanewmetric,VirtualDesktopDisplay
UpdateTime(VD-DUT),whichdependsonanalyzingthe
networktrafficbetweenaserverandazeroclient.Videoqual-
itywasmeasuredbyanalyzingnetworktraffic,andbycap-
turingtheframerate.Audiowascapturedusingahardware
recordingdeviceconnectedtothezeroclientandthecaptured
audiofilequalitywasevaluated.Thesubjectivemeasurement
studyinvolved115participants.Forboththeobjectiveand
subjectivestudies,fouractivitieswereperformedtoevalu-
ateapplicationperformance:viewing2Dimages,exploring
360-degreeimages,watchingavideo,andparticipatingina
video-conferencecall.
Wefoundthatpacketlossrate(PLR)impactszero-client

performanceforsomeapplicationssuchasvideostreaming.
SubjectivetestsshowedagreaterusersensitivitytoPLRfor
videostreamingthanforimageviewingorSkype.Astrong
correlationwasfoundbetweentheobjectiveandsubjective
measurements,buttherateatwhichthesemeasurements
changedwithincreasingPLRdiffereddependingonthe
application.
Ourmaincontributionsareasfollows:(i)Anewmet-

ric,VirtualDesktopDisplayUpdateTime(VD-DUT),was
definedtomeasurezero-clientresponsiveness.(ii)Wecon-
ductedthefirst,large-scalesubjectivestudyonzero-client
performancewith115participants.(iii) Wequantifiedthe
correlationbetweenobjectiveandsubjectivemetrics.
SectionIIdescribesthezero-clientcomputingapproach

andthechallengesofcollectingmeasurements.SectionIII
describestheobjectiveevaluationapproachincludingmet-
rics,setup,andapplications,andSectionIVdescribesthe
subjectiveevaluationapproach.SectionVpresentsresultsfor
bothobjective-andsubjective-studymetricsandquantifies
correlationbetweenthemetrics.Afterreviewingrelatedwork
inSectionVI,thepaperisconcludedinSectionVII.

II.ZEROCLIENTCOMPUTINGAPPROACH

Fig.1illustratesthezero-clientcomputingapproach.Inthis
approach,virtualdesktopsarehostedoncloudorlocal
machines.Thezeroclientusescustomhardwaretodriveuser
devicessuchasKVMterminals.Thezeroclientrunsremote
desktopprotocolswithencryptionandvideodecoding.Sup-
portingtheseprotocolswithoutageneral-purposeCPUin
userowned-and-operatedendsystemsreducescostswhile
alsoreducingexposuretocyberattacks.
PCoverIP(PCoIP)[18]isahigh-performancedisplay

protocolusedtodeliverVDstoend-userdevices(e.g.,zero
clients).Onlydisplaypixelsanduserinput(e.g.,keyboard
strokesandmouseclicks)aresentoverthenetworkwith
alltheprocessingbeingexecutedonaremotedesktop
server.
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FIGURE1.Zeroclientcomputingapproach.

Asmentionedearlier,measuringapplicationperformance
inthiszero-clientapproachischallengingbecausemonitor-
ingsoftwarecannotbeinstalledandrunonthezeroclient
itself.Also,performancemeasurementattheedgecloud
(i.e.theremotedesktopserver)alonemaynotmaynotsuf-
fice.Forexample,thevSIPstudy[14]usedAppTimerto
measurethetimeneededtoloadanapplicationattheserver.
However,thistimewillnotincludethetimetocompress
displayupdates,thetimetosenddisplayupdatesoverthe
network,thetimeforthezeroclienttoreceive,decode,and
paintthedisplay.Therefore,runningmeasurementsoftware
toolsattheserveralonecouldleadtoinaccurateresults.Since
monitoringapplicationscannotberunonthezeroclient,new
monitoringapproachesareneeded.

III.OBJECTIVEEVALUATIONAPPROACH
Anobjectiveevaluationofthezero-clientcomputingmodel
wasconductedbymeasuringtheperformanceofthesystem
whilerunningdifferentapplications.Userinputwasemu-
latedusingAutoit[19],whichisascriptinglanguageused
toautomateWindowsGUIinputbysimulatingkeystrokes,
mousemovementsandclicks.Measurementswereobtained
fromwithintheedge-cloudhost(server),frompackettraces
betweentheedge-cloudhostandthezeroclient,andby
capturingtheaudiooutputofthezeroclient.

FIGURE2.Experimentalsetup.

A.SETUP

Fig.2showsthesetupusedtorunexperimentsandobtain
measurements.AnASUSSTRIXlaptopwasconfiguredto

operateastheedge-cloudserverwithVMWareESXi6.5.0,
16GBRAM,fourInteli72.80GHzmultithreadingCPUs,
anda1GENetworkInterfaceCard(NIC).TwoVMswere
createdwithintheserver:(i)VM1with Windows10OS,
and(ii)VM2withUbuntu16.04.ThetwoVMswerecon-
nectedviaavirtualswitchwithintheserver.Portmirroring
cannotbeconfiguredwithinanESXivirtualswitch,sowe
configuredthevirtualswitchtooperateinthepromiscuous
modeforpacketcaptureonVM2.toallowVM2toreceive
allpackets.Thisconfigurationsupportedmonitoringandpro-
cessingofVM1-clientnetworktraffic.WeusedtheDellWyse
5030zeroclient,whichsupportsPCoIPandisequippedwith
theTeradiciTERA2321chip.Boththeserverandthezero
clientwereconnectedviaanEthernetswitchwith1Gbps
ports.WeusedaUSBaudiocapturedevicetoobtaintheaudio
outputfromthezeroclient.Theaudiojackfromthezero
clientwasconnectedthroughUSBtoaPC(PC1)running
Audacitytorecordtheaudiofromthezeroclient.

B. METRICS

Differentmetricswereusedtomeasuretheperformanceof
thesystem.Themetricscanbedividedinto3categories:

•ResponseTime(RT)
•VideoQuality(VQ)
•AudioQuality(AQ)

FIGURE3.Networktrafficcapturefromservertotheclientwhenthree
taskswereperformed.

1)RESPONSETIME

We used the slow-motion technique proposed by
Nieh etal.[20]to measurethesystemresponsetime.
The(emulated)userinitiatesasingletaskandthenwaits
fortheservertoperformthetask.Theuserfurtherwaitsfor
theresponsetobereceivedandpaintedonthedisplaybefore
theuserinitiatesanothertask.Thistechniqueallowsforthe
networkpacketsassociatedwitheachtasktobeidentified
withinthetraffictracecapturedbetweentheserverandclient.
Forexample,Fig.3showsthenetworktrafficfromaserver
toazeroclientwitha20-secgapbetweenthefirstandsecond
task,anda40-secgapbetweenthesecondandthethirdtasks.
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Responsetimesarecomputedfromthetimeinstantsof
trafficspikes.RTmetricsinclude:RT-Autoit,RT-Markerand
VD-DUT.
RT-AutoitismeasuredattheVMrunningintheedge-

cloudhostusinganAutoitbuilt-infunctiontodetect
whenataskhascompleted.Forexample,Autoitusesthe
WinWaitActive()functiontodetecttherenderingofa
windowforalaunchedapplication.Thisfunctionlocksthe
executionthreaduntilAutoitdetectsthattheapplication
windowhasappearedonthedisplay. WhenAutoitcalls
theWinWaitActivefunction,itischeckingtheVMframe
bufferattheservertodeterminewhetherornottheapplica-
tionwindowhasappearedonthedisplay.Ourtrafficanalysis
showedthatthismetricdoesnotincludethetimetakento
sendallthedisplayupdatestotheclientandthetimetaken
bytheclienttoprocessanddrawthedisplay.
RT-MarkerismeasuredusingtheVDBench[21]method.

Thismethodrequiresthatamarkerpacket(aUDPpacketto
apredefinedport)besent. WhenAutoitdetectsthatthe
taskhasbeenperformed,anothermarkerpacketissentto
indicatetheendofthetask.Fromthecollectednetworktrace,
RT-Markerisobtainedbycomputingthetimebetween
thetwomarkerpackets.Sincethereisbackgroundtraffic
betweentheedge-cloudandzeroclienttosupportthepro-
tocol,weneedathreshold(τ)toidentifytheendofadisplay
update.
TocomputeVD-DUT,ournewlydefinedmetric,instead

ofrelyingonanend-markerpacket,ourmethodfindsthelast
displayupdatepacketinthetraffictrace.
Example:Fig.3showsthenetworktraffictracefroma

servertoaclientwhentheAutoitscriptinstructsthe
serverto:(i)sleepfor20sec,(ii)sendastart-markerpacket,
(iii)load GIMPapplication(whichisaphotoeditor),
(iv)sendanend-markerpacket,(v)sleepfor20sec,(vi)
sendaend-markerpacket,(vii)triggerthe‘‘Open’’dialog
box,(viii)sendanend-markerpacket,(ix)sleepfor20sec,
(x)selectapicturefortheGIMPapplication,(xi)sendastart-
markerpacket,(xii)triggerthe‘‘open’’buttontoloadthe
picture,(xiii)sendanend-markerpacket,and(xiv)sleepfor
20sec.Fig.3showsthat,fortask1(loadingGIMP),evenafter
theend-markerpacketwassent,morepacketsweresentfrom
theservertotheclient.Hence,weusedasimpleheuristic
todecidewhichpacketswerepartofthedisplayupdateand
shouldbeconsideredwhencomputingVD-DUT.
Todetermineanappropriatevalueforτ,weexaminedthe

networktrafficfromtheservertotheclient.Wefoundtwo
typesofpackets:(i)periodic,smallPCoIPcommunication
packets,and(ii)displayupdatepackets.Tounderstandthe
characteristicsofthesmallperiodicpackets,wecharacterize
thetrafficfromtheservertotheclientunderidlecondition.
Fig.4showsa10-minsnippetofacollectedpackettrace

showingpacketssentfromtheservertotheclientunderidle
condition.Thehorizontallineintheplotrepresentssmall
continuous110-bytepacketssentwithashortinter-arrival
time(ontheorderofhundredsofmilliseconds).Onthe
otherhand,eachverticallinerepresentstwolargerpackets

FIGURE4.Packetsizefromtheservertotheclientunderidlecondition
withnodisplayupdates.

(ofsize200-600bytes)sentback-to-backapproximately
every1minute(thetwopacketsoverlapintheplot).Inthe
illustrated10-minpackettrace,therewere1417packetsof
size110bytes,andonly20packetswithasizelargerthan
110bytes.Therefore,ourheuristicassumesthatanypacket
withasizegreaterthan110bytescouldbeadisplayupdate
packet.
Thethresholdτwasbasedonthetimeintervalbetween

arrivalsofpackets withasizegreaterthan110bytes.
Iftheinter-arrivaltimebetweentwoconsecutive,larger-than-
110bytespackets(piandpi+1)isgreaterthan500ms,then
thepi+1packetisnotpartofthedisplayupdateandVD-DUT
isdeterminedfromthetimeatwhichthestart-markerpacket
wassenttothetimeatwhichpacketpiwassent.
Wechose500msasourthresholdafterexaminingthe

inter-arrivaltimebetweenthelargepackets(>110-byte)in
manycapturedpackettracesbetweentheedge-cloudhostand
thezeroclient.Weknowthatlargepacketssentbetweenthe
start-andend-markerpacketsweretask-relatedpacketssince
weonlysendastart-markerpacketafterperformingatask
ontheVMrunningintheedge-cloudhost. Wefoundthe
meaninter-arrivaltimebetweentheselargedisplayupdate
packetswas5ms,the99thpercentilewas175ms,andthe
maximuminter-arrivaltimewas490ms.Sincetheinter-
arrivaltimebetweenthelargepacketsunderidlecondition
wasapproximately1min,wechoseanumberlargerthan
490msbutsmallerthan1min.Specificallywechose500ms.
Toconductasensitivityanalysis,weredidtheanalysiswith
1sec,butfoundthesameresults.
VD-DUThasitslimitationsinmeasuringthedisplaytime

becauseitdoesnotconsider:(i)thetimefromausermouse
clickuntilthepacketcarryingthemouseclickissentbythe
zeroclient,(ii)thetimetakenforthemouseclicktoreach
theserver,and(iii)thetimethezeroclienttakestoreceive,
decode,andpaintthedisplaywiththeupdatereceivedfrom
theserver.Thesecondtimecomponentcanbeconsideredby
addinghalfazero-client-to-serverRoundTripTime(RTT)to

94572 VOLUME7,2019



F.Alalietal.:MethodsforObjectiveandSubjectiveEvaluationofZero-ClientComputing

VD-DUT.However,thefirstandthirdtimecomponentsare
difficulttomeasurebecausethezeroclienthasnogeneral-
purposeCPUonwhichtorunmonitoringsoftware.
VD-DUTcanbebrokendownintotheserverprocessing

time(orRT-Autoit),transmissiontime,andretransmission
timeasshownin(1).Ttransiscomputedbydividingthetotal
display-updatesizebythelinkrate.

VD-DUT=Tproc+Ttrans+Tretrans (1)

2)VQ

Tomeasurevideoquality,weusedtwometrics:(i)received
PCoIPframespersecond(recv-PCoIP-fps),and(ii)video
qualitymeasuredwiththeslow-mo-VQapproach(2)devel-
opedbyNiehetal.[20].Theframerateisagoodrepre-
sentationofvideoqualitybecausePCoIPadjustsfpsbased
onnetworkconditions.TeradicioffersatoolcalledSession
StatisticsViewer(SSV)tomeasurereceivedfpsdata,but
thistoolworkswithonlyPCoIP.Ontheotherhand,slow-
mo-VQcanbeusedmorebroadly,asitisindependentof
theremotedesktopprotocol.Thisslow-mo-VQmetricis
computedbyanalyzingnetworktraffic,wherePin(2)rep-
resentsthetestedvideo.Slow-mo-VQcomparestheslow-
motionvideototheregular-speedvideotoquantifyhowmany
framesweredropped,ornottransmitted,byexaminingthe
totalbytestransferredandthetimerequiredtoplaythevideo.
Avideoisfirstplayedbackat1fpsandanetworktraceis
captured.Thevideoisthenreplayedatregularspeed.The
videoplaybackatthelowfpsrateisusedtoestablisha
referencedata-transferrate(totaldatatransferreddividedby
thetotalplaybacktime),whichcorrespondstoaperfectvideo
playbackwithnodroppedframes.Thisrateisthencompared
withthedata-transferrateoftheregular-speedvideo.

slow-mo-VQ

=

DataTransferred(P)/PlaybackTime(P)
IdealFPS(P)

DataTransferred(slow-mo)/PlaybackTime(slow-mo)
IdealFPS(slow-mo)

(2)

3)AQ

Asurveyonperceptualqualityassessmentforaudio/visual
services[22]showedthatvideoisthedominantfactorin
determiningtheQualityofExperience(QoE)ofstreamed
videos,whileinavideo-conferencecall,thedominantfactor
isaudioquality.Therefore,forvideoplaybacktesting,only
thevideoqualitywasmeasured,andforvideo-conference-
calltestingonlyaudioqualitywasconsideredwhenmeasur-
ingtheperformance.
To measureaudioquality, weusedthreeobjective

audio/speechevaluation metrics:(i) WeightedSpectral
Slope(WSS)[23],(ii)Log-LikelihoodRatio(LLR)[24],
and(iii) Virtual Speech Quality Objective Listener,
(ViSQOL)[25];allofwhicharesignal-based,full-reference
metrics.WSSandLLRwerenotdevelopedwithVoIPasa
target;ontheotherhand,ViSQOLwasdesignedtobeagen-
eralobjectivespeechqualitymetricforVoIP.ViSQOLwas
developedasanalternativetocommercial,industry-standard

speechquality metrics:PerceptualEvaluationofSpeech
QualityPESQ[26]andPerceptual ObjectiveListening
Quality(POLQ)[27].Both WSSandLLRmeasurethe
distancebetweenthereferencesignalandthedegradedsig-
nal.ViSQOLusestheNeurogramSimilarityIndexMeasure
(NISIM)todeterminethesimilaritybetweenthetwosignals,
whichisthenmappedtoavaluewithintherangeof1to5.

FIGURE5.Applicationautomationprocess.

C.APPLICATIONAUTOMATION

Fig.5showshowdifferentcomponentswereusedtoauto-
mateandexecutetheexperiments,andhowthesecomponents
interactedwitheachother.VM1hasfivemaincomponents:
(i)Autoitscript,whichemulatesdifferentuseractivities,
(ii)theapplication,whichisbeingtestedandcontrolled
viaanAutoitscript,(iii)Clumsy[28],whichisanet-
workemulationtoolusedtochangethenetworkconditions
withintheVM,(iv)Putty,toallowVM1toremotelyaccess
VM2andinitiatethenetworktrafficmonitoringscript,and
(v)PCoIPagent,whichisusedtoenabletheremotedesktop
access.
Fouractivitieswereconsideredfortheperformanceevalu-

ationstudy:2DimageviewingviaWindowsPhotos,video
playbackviaMPlayer,360-degreeimageexplorationvia
Chrome,andvideo-conferencecallviaSkype.Fivepacket
lossrate(PLR)valuesof0%,0.5%3%,5%,and10%were
usedfortheevaluation.

1)2DIMAGEVIEWINGAND360-DEGREE

IMAGEEXPLORING

Eachactivity wasautomatedbyanAutoitscriptas
follows:(i)InstructClumsytochangethenetworkcon-
figuration.Clumsyleverages Windows WinDivertpackage
thatallowsuser-layerapplicationstomanipulatesentand
receivednetworkpackets.(ii)InitiatetcpdumpatVM2via
ansshconnectionwithPutty.(iii)SendaUDPstart-marker
packet.(iv)Instructtheapplicationtoperformaspecifictask
(e.g.,openanimageorplayavideo),andwaitforaWindows
systemcalltoprovideasignalwhenthetaskcompletes
execution.(v)Sendanend-markerpacket.(vi)StopsClumsy.
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(vii)StoppacketcaptureatVM2viaPutty.(viii)Initiatean
analysisscriptatVM2toparsethecapturedpackettrace,
computethetotalnumberofbytessentonPCoIP,compute
VD-DUT,andsavetheresults.
For2Dimageviewing,siximageswereusedwithahigh

resolutionbetween1024×1545to5719×3803,andunique
pixels2intherange309K-877K.Duringthistest,allimages
wereopenedinordertopre-loadthedataintotheRAMbefore
takingmeasurements.Ineachrun,allsiximageswereviewed
sequentiallywitha20-secinter-imagegap.Eachrunwas
repeated70times,thegeometricmeanofVD-DUTandtotal
sentbytesofthesiximageswerecomputed,andthenthe
arithmeticmeanvalueswerecomputedacrossruns.
Forthe360-degreeimageexplorationapplication,weused

aweb-hosted360-degreeimagetooltoexploreimages,
insteadofrunningatoollocallyontheedge-cloudserver.Our
edge-cloudhostisnotequippedwithvirtualizationsup-
portfortheGPU,andhencetheapplicationperformance
waspoor.Sinceourgoalisnottoevaluatethecomputing
resourcesoftheedgecloud,butrathertoevaluatethezero-
clientapproach,weusedacommercial-cloud360-degree
imageviewingapplication.Threeimageswereexploredvia
Pano2VRrunningonawebserver.3Ineachrun,foreach
image,theAutoitscriptwouldopenanewtabinaChrome
webbrowser,visittheimageURL,drag-and-droptochange
thescene,andzoom-inandzoom-out.A20-secgapwas
introducedaftereverytwotasks.Thissequencewasrepeated
90times.Foreachrun,VD-DUTwascomputedforeachtask
performedoneachimage,thegeometricmeanofVD-DUT
forallimagesacrossalltaskswascomputedforeachrun,and
thenthearithmeticmeanwascomputedacrossruns.

2)VIDEO

Toobtainvideomeasurements,thefollowingstepswerefol-
lowed:(i)atVM1,theAutoitscriptinitiatestcpdumpat
VM2,(ii)playsavideoviaMPlayerat1fpsrate,(iii)after
thevideoplayoutcompletes,thescriptlogsthetimethat
wastakentoplaythevideoandstopstcpdumpatVM2,
(iv)configuresthenetworkwithClumsy,(v)initiatestcp-
dumpatVM2,(vi)startsSSVatVM1tocapturefps,
(vii)startsthevideoattheregularfpsrate,(viii)afterthe
videoplayoutcompletes,thescriptlogsthetimethatwas
takentoplaythevideoandstopstcpdumpatVM2,and
(ix)executestheanalysisscriptatVM2toparsethecol-
lectedpackettracesbyextractingtotalbytesforthetwo
playoutsequencesandusesthisdatatocomputevideoquality
slow-mo-VQ(2).Steps(iv-viii)arerepeatedfordifferent
networkconditions.Eachrunwasrepeated75timesand

2IntheRGBcolormodel,thecolorofeverypixelinanimageisdefined
byaparticularcombinationofpurered,green,andbluecolorvalues.The
numberofuniquepixelsinanimageiscomputedbyfindingthenumber
ofuniquecombinationsofRGBvalues.PCoIPreusesrepeatedpixelsatthe
clienttoreducethenumberofbytessentbytheserver,i.e.,thelargerthe
numberofuniquepixels,thehigherthenumberofbytessentfromtheserver
totheclient.ThenumberofuniquepixelswasdeterminedusingaLinuxtool
calledmagick.
3https://rodedwards.com/interactive-files/Chatsworth_House/index.html

meanvalueswerecomputed.A36-secvideofromtheani-
matedmovie‘‘Zootopia’’with23.9fpsratewasused.

3)SKYPE

EvaluatingSkypeperformanceinvolvesmetricsthatdonot
requirecollectingnetworkpackettraces.Theaudioreceived
ontheAUXjackofthezeroclientwascapturedandprocessed
tomeasurecallaudioquality.AUSBaudiocapturedevice
wasusedtocapturetheaudiooutputofthezeroclient.The
capturedaudiowasforwardedtoPC1whichrunsAudacity
torecordtheaudio.
AQmetricsrequirecomparingtherecordedaudiofiletoa

referencefile.Toobtainareferencefile,aSkypecallbetween
twoPCswasperformed.AnaudiofilewasfedtoSkypeat
onePC,andtheaudiooutputofthesecondPCwasrecorded.
Therecordedaudiofilerepresentedthereferenceaudio.The
abovestepswererepeatedfourtimeswithtwoaudiofileswith
maleandfemalespeakersfromITU-P.862conformancedata
(u_am1s03andu_af1s02).Eachaudiofilewasrecorded
twicetoaccountforthevariabilityofSkypecalls.Fourref-
erenceaudiofileswereobtainedfromtheaboveexperiment
andwereusedasthereferencetocomputetheaudioqual-
itymetrics(u_af1s02_f_ref1,u_af1s02_f_ref2,
u_am1s03_m_ref1,andu_am1s03_m_ref2).
Thefollowingstepsweretakentoconductthezeroclient

Skypeexperiment:(i)aSkypecallwasinitiatedfromPC1
(Fig.2)toVM1intheedge-cloudhost.(ii)A master
AutoitscriptwasexecutedonVM1.(iii)The master
scriptstartsbyconfiguringthenetworkusingClumsy,then
connectstoPC1viaMicrosoftRDP.(iv)Themasterscript
thenstartsanotherAutoitscript(play-and-recordscript)
atPC1,(v)ThescriptatPC1startsrecordingbyrunning
AudacityandtheninstantlyfeedsanaudiofiletotheSkype
call(u_am1s03oru_af1s02).(vi)Aftertheaudiofile
ends,theAutoitscriptatPC1stopsrecording,exports
therecordedaudioasawavfile,andanalyzesthecollected
audiofilebycomputingtheAQmetrics.Eachrunconsists
ofrepeatingtheabovestepsfivetimesforeachnetwork
condition.Fiverunswereexecutedbeforechangingthenet-
workconditiontogivePCoIPenoughtimetoadapttothe
networkchanges.Theexperimentwasrepeated50timesfor
eachaudiofile(u_am1s03andu_af1s02),andthetwo
correspondingreferenceswereusedineachruntocompute
theAQmetrics.

IV.SUBJECTIVEEVALUATIONAPPROACH

Weconductedstudiestoevaluateusers’subjectiveexpe-
rienceswiththezero-clientcomputingapproach,andto
quantifytherelationshipbetweenobjectiveandsubjective
measurements.Atotalof115participants(66malesand
49females)attheUniversityofVirginiacompletedthe
subjectivestudyinthefallof2018.Participantsratedtheir
experiencesusingtheMeanOpinionScore(MOS)witha
5-point AbsoluteCategoryRating(ACR)scalefollow-
ingITU-TRecommendationP.800andP800.1[29],[30].
Eachparticipant wasaskedtoassessthe Qualityof
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Experience(QoE)foreachapplicationonascalefrom1(bad)
to5(excellent).Thesameapplicationswereusedtoevaluate
performanceinboththeobjectiveandsubjectivestudies.

A.SETUP

Twotestingstations(cubicles)wereconfiguredwithidentical
keyboards,mice,andmonitors(DellLCD)with1680×1050
resolution.AWyse5030zeroclientwasusedinonecubicle,
andanLGCBV42-BPCoIPzeroclientwasusedinthe
other.BothzeroclientsareequippedwiththesameTeradici
TERA2321PCoIPprocessor.
Thearrangementforthisstudywassimilartothatusedfor

theobjectivestudyshowninFig.2.Thisstudyincludesan
additionalVM(VM3)withthesameconfigurationasVM1.
Also,theLGPCoIPzeroclientwasconnectedtothephysical
Ethernetswitchshowninthesetup.VM2wasnotusedto
collectpackettracesduringthissubjectivestudy.Subjective
andobjectiveexperimentswereexecutedduringdifferent
timeperiodsusingthesamearrangement.

B. METHODOLOGY

Uponarrival,eachparticipantwasseatedinoneofthecubi-
clesanddirectedtoclickonanapplicationiconlocatedin
themiddleoftheDesktop.Thisapplicationiconexecuted
ourmasterscript,whichtheninitiatedthetestapplications
andcollecteduserinput.Participantsfirstreadtheinformed
consentagreementand,iftheyagreedtotheterms,they
weredirectedtoashortsurveythatcapturedinformation
abouttheirexperience.Theactualteststartedbyaskingthe
participanttoexecutemultipleactivitiesinsequence.
Fourapplications(eachwithmultipleactivities)wereused

toevaluatetheexperience:(i)imageviewingviaWindows
Photos,(ii)360-degreeimageexplorationviaChrome,
(iii)videoplaybackviaWindowsMovies&TV,and(iv)a
video-conferencecallviaSkype.Thefirsttwoapplications
wereusedtocollectdatarelatedtotheresponsivenessof
thesystem.Theothertwoapplicationscollecteddatarelated
toaudioandvideoqualities.Duringeachactivity,PLRwas
changedtotesttheperformanceunderdifferentnetworkcon-
ditionsasemulatedbyClumsy.

1)IMAGEVIEWING

Eachparticipantwasaskedtoviewthesamesiximages
thatwereusedintheobjectivestudy,andratethequality
ofeachimagewithoutconsideringtheimagecontent.Each
participantwasaskedtolookateachoftheimagesthreetimes
withthePLRchangedforeachoftheviews.

2)360-DEGREEIMAGEEXPLORATION

Eachparticipantwasaskedtoexplorethree360-degree
images.Every15secondsduringtheexploration,awindow
appearedaskingtheparticipanttoratetheresponsiveness
ofthesystemandthequalityoftheimages.AnewPLR
valuewasconfiguredbeforeeachimagewaspresentedfor
exploration.

3) WATCHINGAVIDEO

Eachparticipantwasaskedtowatcha36-secvideothree
timeswiththePLRchangedforeachiteration.Eachpar-
ticipantwasaskedtorateeachviewingiterationbasedon
thequalityofthevideoandaudiowithoutconsideringthe
content.

4)SKYPE

Eachparticipantwasaskedtojoina2-minvideocallvia
Skypewithoneoftworesearchassistants.Every40seconds
duringthecall,awindowappearedaskingtheparticipantto
ratethecallquality.Callvariabilitywaslimitedduringthetest
bylocatingtheresearchassistantreceivingthecallalways
inthesameroom,usingthesamelaptopandconnectedto
thesamenetwork. Wecontrolledthecallconversationby
askingtheparticipanttoplaythe‘‘20questions’’game.The
participantwouldthinkofapersonoritem,andtheresearch
assistantwouldbeallowedtoaskupto20questionsto
identifythepersonoritem.Wechosethisinteractioninstead
ofusingawrittenscriptbecausewewantedtheparticipant
tofocusonthecallqualityratherthanreadingascript.The
researchassistantaskedthequestionstotheparticipantto
ensurethattheparticipantwaslisteningandpayingattention
totheaudioquality.
Uponcompletionofeachapplicationtest,theparticipant

wasinvitedtocontinuewiththenextapplicationoropt
out.Thus,participantshadtheoptionofratingtheirexperi-
encesforone,two,orthreeapplications.Theactivitieswere
automatedusinganAutoitscript.Participantinteraction
withthestudypersonnelwasnotnecessary,andthishelped
toreduceanyinfluenceofstudypersonneloverparticipant
ratings.Theautomationalsomaintainedtestconsistency
andcontrolledthetestingtime.Theautomationscriptper-
formsthefollowingtasks:(i)showstheparticipantadialog
boxtodescribetheactivity,(ii)runsthetestapplication
(e.g.,visitsthe360-degreeimageURL,oropensthedirec-
torythatincludesthe2Dimagesthatneedtobeexplored),
(iii)interruptsthetestatspecifictimeintervalstoaskabout
userexperience,and(iv)changesthenetworkconfiguration.

C.DATAANALYSISAPPROACH

MOSvaluesforeachcombinationofapplicationandPLR
valuewerecomputedandarereportedinSec.V-B.Tostudy
thesubjectivemeasurements,weconductedapairwiset-test
tocheckiftheMOSvaluesacrossdifferentPLRvaluesare
significantlydifferent.Thet-testcanrejectthenullhypothe-
sisthatthereisnodifferencebetweenthemeanvalues(MOS)
acrossPLR.
Becauseoftherepeatedmeasuresrequiredinourstudy,

wherethesamesubjectratestheexperienceunderdiffer-
entnetworkconditions,asubjectdependencyisexpected.
Thesubjectdependencyintheresultsoccurredbecause
eachparticipantprovidedexperienceratingsfor3PLR
values;thesubjectmighthaveratedtheexperiencewith
a3%PLRwhilerecallingthepreviousexperiencewith
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a0%PLRbaseline.Toaccountforthissubjectdependency
inourstudy,weperformedfurtheranalysisusingaLinear
MixedeffectModel(LMM).LMMhastwotypesofeffects:
fixedandrandom.WeusedPLRasourfixedeffectandthe
subjectasourrandomeffect(QoE∼PLR+subject).Wecon-
ductedTukey’sHonestlySignificantDifference(HSD)testto
checkifthedifferencesbetweenthegroups(PLR)weresig-
nificant.HSDadjuststhep-valuebasedonthetotalnumber
ofpairwisecomparisons.Itisveryconservativewithrespect
toTypeIerror(rejectingthenullhypothesiswhenitistrue).
WeusedRpackage‘‘lme4’’version1.1-19tofitthedatato
LMM.

FIGURE6.ResponseTimebreakoutforimageviewing.RT-Autoitand
RT-Markerplotsoverlap.

V.RESULTS

A.OBJECTIVEEVALUATIONRESULTS

1)IMAGEVIEWING

Fig.6showsthemeanofthedifferentRTmetrics. When
thepacketlossrateincreases,themostsignificantimpact
onVD-DUT.BothRT-MarkerandRT-Autoitremainunaf-
fectedbypacketlossratebecauseboththesetimersare
basedonmonitoringtheserverframebuffer,whichmeans
networkactivitiesdonotimpactthesetimers.RT-Autoit
andRT-Markerwillbeaffectedbytheprocessingtimeon
theserver,e.g.,ifmanyapplicationssharetheVMCPU
resources,thenRT-AutoitandRT-Markerarelikelytobe
higher.
Sinceprocessingtime(RT-Autoit)andtransmissiondelay

(Ttrans)areunaffectedbyPLR,using(1),weconcludethatthe
increaseinVD-DUTisduetoanincreaseinretransmission
time.Thistimealsoincludesthetimeforprocessingpackets
attheclientsinceretransmissionsrequireparticipationof
bothendsoftheprotocol.
WhileVD-DUTincreaseswithPLR,thetotalnumber

ofsentbytesdecreases.Ifthetotalbytesdecreases,one
wouldexpectVD-DUTtodecreaseasfewerpacketsaresent.

FIGURE7.360-degreeimageexploring.

FIGURE8.SkypeAQmeasurementsobtainedviathreedifferentmetrics.

However,VD-DUTincreasesbecauseoftheextratime
requiredtoretransmitlostpackets.Also,thetotalnumber
oftransmittedbytesdecreasesduetoPCoIPdecreasingthe
displayresolutionwhendetectingahighpacketlossrate.
Therefore,userswouldnoticeanincreaseindisplayupdate
timeandadecreaseindisplayresolutionathighpacketloss
rates.

2)360-DEGREEIMAGEEXPLORING

Fig.7showsmeanvaluesofVD-DUTanddisplayupdate
size.Similartothe2Dimageviewingapplication,VD-DUT
increaseswithpacketlossrate.However,therateofincrease
waslowerwhencomparedto2Dimageviewing(9.1%
increaseratebetween0to10%packetlossrateforthe
360-degreeimages,whilefor2Dimages,theincreaserate
was46.7%).Thisbehaviorcouldbeduetothenatureofthe
360imagesinwhichthedisplayischangingrapidly;hence
PCoIPisnottakingtimetoretransmitthelostpackets,aswith
the2Dimages.Inthelattercase,thedisplaystaysunchanged
forsometime.
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3)SKYPE

Fig.8showsSkypeperformancemeasuredusingdifferent
AQmetrics.Ingeneral,AQmetricsvaluesdecreasewith
increasingPLR. WhenPLRincreasedfrom0%to10%,
VisQOLdroppedby47.04%,WSSincreasedby4.59%,and
LLRby7.65%.AtPLRof0%,ViSQOLwascomputed
tobe3.2,whichisapproximatelytheaveragevaluesince
ViSQOLisdesignedtorangebetween1and5.Thisindicates
thatvideo-conferencecallsviazeroclientshaveanaverage
qualityunderevenidealnetworkconditions.

FIGURE9.VideoqualityacrossdifferentPLR.

4)VIDEO

Fig.9showsthevideoqualitymeasuredviaslow-mo-VQand
recv-PCoIP-fpsrates,wherebothmetricsdecreaseasPLR
wasincreased.AtPLRvalue3%andhigher,thechanges
inrecv-PCoIP-fpsandslow-mo-VQweresmallerthanwhen
PLRwasincreasedfrom0to3%Videoqualitydroppedwhen
PLRwaschangedfrom0%to10%atarateof64.4%for
recv-PCoIP-fpsand71.8%forslow-mo-VQ.At0%PLR,
thevideoqualityreached20.75recv-PCoIP-fpsrate,which
islessthantheoriginalvideorate(23.9),andslow-mo-
VQachieved70%.Theamountofreceiveddatadecreased
to6MBwithaPLRsettingof10%(networktrafficcap-
turedafterpacketsweredroppedbythenetworkemulator).
Thedecreasedvolumeofreceiveddataimpliesthatsome
framesweredroppedorpartiallydropped(whenafew
pixelsaredropped,frameconstructionbecomesdifficult).
Suchframe/pixeldropsexplainthelowrecv-PCoIP-fpsrate
of7.4at10%PLR.

B.SUBJECTIVEEVALUATIONRESULTS

Table1showsthetotalnumberofcollectedQoEvalues
correspondingtoeachtestedPLRcase.The0%PLRcase
hasahighernumberofcollectedQoEvaluesbecauseboth
stationshad0%PLRasaninitialcondition,whereasthetests
atotherPLRvaluesweredividedbetweenthetwostations.
TheminimumnumberofcollectedQoEvaluesis24(ITU
recommendsthataminimumof15participantsarerequired
toevaluateimagequalityonascreen[31]).

TABLE1.TotalnumberofcollectedQoEvaluesforeachactivityand
packetlossratevalue.

FIGURE10.MOSvaluesofdifferentapplicationswith95%confidence
interval.

1) MOSANALYSIS

Fig.10showsMOSvaluesfordifferentapplicationswith
95%confidenceintervals(CI).Imageviewingistheonly
applicationthatachievedMOSvaluehigherthan4with0%
PLR(MOS=4.43).EvenwiththehighPLRof10%,image
viewingMOSvaluedidnotdropbelow3.Thisindicatesthat
participantswerelesssensitivetodecreased-resolution,still
images.For360-degreeimages,MOSwithanidealnetwork
condition(0%PLR)hadalowerrating(MOS=3.31)when
comparedto2Dimageviewing.Thehighestdroprateof
MOSoccurredwhenPLRincreasedfrom0to3%.After3%
PLR,MOSvaluecontinuedtodecreasebutatalowerrate.
ForSkype,itisinterestingtonotethatevenwiththe

veryhighPLRvalueof10%, MOSvaluedidnotdrop
below1.Thiscouldbedueto:(i)participantsexpecting
video-conferencecallstohavepoorquality,and(ii)audio
qualitybeingthedominantfactorwhenevaluatingvideo-
conferencecallsasshownbyapreviousstudy[22].More
bandwidthisassignedtotheaudiochannelduringvideo-
conferencecalls,andtheimpactof10%PLRwasnotashigh
asweexpected.
TheMOSforvideoplaybackshowedthemostdramatic

decreaseto1.58with3%PLR.Videoapplicationsrequire
largerdatatransfersbecausethedisplaychangesrapidly;the
objectivemeasurementsshowedthatthevideoplayouthad
thehighestnumberofsentbytesamongthetestedapplica-
tions.Therefore,videoplaybackshouldbethemostsensi-
tiveapplicationtoPLRwhencomparedtotheothertested
applications.WedidnotcollectQoEvaluesbeyond3%PLR
becausetheMOSvaluehadalreadydroppedtoalowvalue
of1.58.
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TABLE2.T-testpairwisep-valuefordifferentapplications.

2)T-TESTANALYSIS

Table2showsthep-valueforapairwiset-testconductedon
thedifferentPLRvaluesacrosseachapplicationwithacutoff
of0.05.Highlightedtablecellshavep-values<0.05indi-
catingasignificantdifferencebetweenthetwoPLRvalues.
Forimageviewing,wecannotrejectthenullhypothesisfor
theconsecutivepairs(0,0.5),(3,5),and(5,10). Wecould
alsoseeinFig.10thatthedecreaseratewaslow,i.e.,MOS
valueswereclose.Theseresultswereexpectedconsidering
theactivityofbrowsingthroughstillimages.Participants
couldsenseadifferencebetweennopacketloss(0%)and
packetloss(3,5,or10%),buttheycouldnotnecessarilysense
adifferenceinperformanceforPLRvalueshigherthan0%.
Incontrast,fortheinteractiveSkypeapplication,thet-

testsamongthegroupsofPLRshowedmoresignificant
differences.Bycomparing0,0.5,3,and5%lossratevalues,
wecannotconcludethatparticipantsnoticedadifferencein
theperformance.However,withthehigherPLRof10%,
wecanconcludethattheQoEratingwassignificantlydif-
ferentwhencomparedtothelowerPLRof0,0.5,3and
5%.Theresultsfrom360-degreeimageexplorationallow
fortherejectionofthenullhypothesisonlywhencomparing
0%PLRtotheotherPLRvalues,andwecanconcludethat
theparticipantshadabetterexperiencewithnopacketloss
ratewhencomparedtoanytestedPLRcase.Fig.10supports
theseresultsastheQoEmeanvalues(MOS)of3,5,and
10%PLR,areclose.Ontheotherhand,thevideoplaybackt-
testresultsshowedasignificantdifferencebetweentheQoE
valuesacrossthedifferentPLRcaseswithaverylowp-value
between0and3%(1.18e-19).

3)LMMWITHHSDTESTANALYSIS

Fordifferentapplications,Fig.11showsthe95%CIof
thedifferencebetweenthemeanvaluesforeachPLRpair.

FIGURE11.Pairwise95%confidenceintervalofthedifferencebetween
everytwomeanvaluesacrossPLRusingaLinearMixed-effectModel
withHSDtest.

ThemeanvalueswereobtainedusingtheLMM,andCIlines
werecomputedbyapplyinganHSDtestbetweenthemean
valuesforeachgroup(PLRcase).Intheplots,ifCIincludes
zerowithinitsrange,thenwecannotconcludethatthetwo
meansarestaticallysignificantlydifferentbecausethereisa
chancethatthedifferencebetweenthetwomeanvaluesof
aPLRpairiszero.Fig.11showsmoreconservativeresults
comparedtothet-testresultsreportedinTable2.Forthe
videoapplication,theHSDtestonthefittedLMMshowed
similarresultstothet-testsuchthatthereweresignificant
differencesbetweenthemeanacrossallPLRpairs.Forthe
otherthreeapplications,therewerestaticallysignificantdif-
ferencesbetweenthemeanvalueswhenPLRwas0%and
whenPLRwasgreaterthan0%.Eventhoughfortheother
PLRpairs,wecannotrejectthenullhypothesis,Fig.11shows
thatthedifferencebetweenMOSvaluesacrossmanypairwise
PLRgroupsisnear-marginalsignificance(forsomeCI,only
asmallpartofthelinecrossed0).

4)SUBJECTIVEANDOBJECTIVECORRELATION

Tostudythecorrelationbetweentheobjective(VD-DUT,
VQ,AQ)andsubjectiveMOSvalues,weusedPearson’scor-
relationcoefficient(r).Forthetestedapplications,rvalues
werefoundtobeasfollows:imageviewing(r=−0.990),
360-degreeimageexploration(r= −0.733),Skype-LLR
(r=−0.963),Skype-WSS(r=−0.946),Skype-ViSQOL
(r=0.974),video-recv-PCoIP-fps(r=0.987),video-slow-
mo-VQ(r=0.986).Theseresultsimplystrongcorrelations
betweentheobjectivemetricsandthesubjectiveMOSvalues.
However,theratesofincrease/decreaseintheobjectiveand
thecorrespondingsubjectivemetricweredifferentwhenPLR
increased.
Table3showstheslopeofalinearmodelforeachappli-

cationandmethod(LMMwasusedtofitthesubjective
results).Forimageviewing,bothobjectiveandsubjective
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TABLE3.Theslopeoffittedlinearmodelsofeachapplicationforboth
objectiveandsubjectivemeasurements.

metricshaveapproximatelythesameabsolutelineslope
indicatingthatPLRimpactedbothmetricsatthesamerate.
ForSkype,subjectivemeasurements,ViSQOL,and WSS
haveapproximatelythesameincrease/decreaseratecaused
byPLRincrease.Ontheotherhand,LLRhasasmallerslope
value,indicatingaminimumimpactofPLRonperformance
(i.e.,LLRunderestimatedtheeffectofPLRwhencompared
tothesubjectiveresults).For360-degreeimageexploration,
thesubjectivemetric(MOS)decreasedfasterthantherateat
whichtheobjectivemetric(VD-DUT)increasedindicatinga
differentimpactbyPLR(i.e.,thesubjectivemetricwasmore
sensitivetoPLRchangeswhencomparedtotheobjective
metric(VD-DUT)).Forthevideoanalysis,weonlyusedthe
objectivedatapointscollectedatPLRof0,0.5,and3%since
weonlycollectedsubjectivedataatthesethreePLRvalues.
Comparingtheobjectiverecv-PCoIP-fpsandslow-mo-VQto
thesubjectiveQoEresults,thesubjectivemetricdecreased
whenPLRincreasedataratehigherthantherateofdecrease
ofslow-mo-VQ,andataratelowerthantherateofdecrease
ofrecv-PCoIP-fps.Inconclusion,objectivemetricsshowed
adecreasingtrendasPLRwasincreased(whichmatchesthe
subjectiveresults);someobjectivemetricsunderestimated
whileothersoverestimatedtheimpactofPLRonperfor-
mance.

VI.RELATEDWORK
Manystudieshavebeenconductedonobjectivemeasure-
mentstoquantifyvirtualdesktopperformanceand/orto
evaluatenewsolutionsforvirtualdesktops.Niehetal.[20]
proposedamethodologytomeasuretheperformanceofthin
clientsviaslow-motiontechniquesbasedonmonitoringnet-
worktraffic.Packettracesarecollectedinanidealenviron-
mentasabaselineandthencomparedagainstpackettraces
collectedunderdifferentnetworkconditionsandserverloads.
Slow-motiontechniqueshavebeenusedbyotherresearchers
aswell[13],[15],[17],[21],[32].
VDBench[21]isathin-clientbenchmarkingtoolthat

usesslow-motiontechniques.Realisticloadsof multiple
applicationsweregeneratedtocomparedifferentremote
desktopprotocolsbymeasuringvideoqualityandappli-
cationresponsetimeundervariousserverloadsandnet-
workconditions(round-triptimeandpacketlossrate).
CloudRank-V[33]isanotherbenchmarkingtoolthatuses
networktracestofindresponsetime(latency).Amethod

togeneratecomplexworkloadswasproposedbymixing
nineapplications,andthemaximumnumberofVMsthe
servercanexecutebeforeuserperformancedegradationis
noticeablewasdetermined.Ourobjectivestudyissimilarto
VDBenchandCloudRank-V,wherewemeasuredresponse
timebasedonanalyzingnetworktrafficbydefiningourown
metricVD-DUT(VDBenchresponsetimeisbasedonwhen
theactionisperformedattheserverside,andtheCloudRank-
Vthresholdtodefinestartandendofdisplayupdateswasnot
listedinthepaper).Tothebestofourknowledge,oursisthe
firststudyonvirtualdesktopsaccessedthroughzeroclientsas
priorstudiesusedthinclientsorothercomputingplatforms.
VNCPlya[34]andDeskBench[12]areVDbenchmark-

ingtoolsthatmeasureapplicationresponsetimebymon-
itoringthestatusofthedisplaybuffer. Whenaspecific
taskisperformed(e.g.,openingatexteditor),thedisplay
bufferiscapturedandusedasareference.Tomeasurethe
responsetime,thetoolperformsthesamespecifictask,and
thenkeepscomparingthetest-casedisplaybuffertothe
referencedisplaybufferuntiltheymatch(DeskBenchuses
ahashfunctionofthedisplaybufferinsteadoftheimage
itself).Pandeyetal.[35]proposedaframeworktofacilitate
VDbenchmarkingandallowadaptationtochangesinVDI
softwarearchitecture.Songetal.[13]presentedFastDesk,
aremotedesktopsystemformultipletenants,whichwas
evaluatedbymeasuringCPUutilization,responsetimeand
videoqualityfordifferentapplications.However,allthisprior
workreliedonrunningsoftwareontheclienttomonitorthe
displaybufferorcapturemouseclicks,whichisnotfeasible
inazero-clientsetup.
Suietal.[14]evaluatedtheirproposedvirtualscheduler

forinteractiveperformance(vSIP)attheserversidewith-
outconsideringtheremotedesktopprotocolortheclient
end-device.Theevaluationmetricsincludedvideoquality
measuredbytherateofdroppedframesattheserverside,
coldandwarmlaunchtimeofapplications,andweb-page
loadingtime.Server-sidemeasurementswerealsousedinthe
Zhouetal.study[16].Ourgoalistoevaluatetheend-user
perceivedperformance;thus,server-sidemeasurementsalone
arenotsufficient.
Somestudiesfocusedonlyonvideoqualityanddeveloped

measurementmethods[15],[16],[32],[36],[37].Forexam-
ple,LaineandHakala[36]useddisplayedimageframes,
theframerateandplaydurationasperformancemetrics.
Yuetal.[32]usedamodifiedslow-motionvideoquality
metric.
Subjectiveassessmentshavebeenusedtomeasureuser

qualityofexperience[14],[38]–[44].Thenumberofpar-
ticipantsontheassessmentsvariedbetween10to40,and
MeanOpinionScore(MOS)wasuwebsedtoevaluatethe
performance.Thesestudiesfocusedonlyonthequalityof
videoorgamingexperience[45];otherapplicationsinaddi-
tiontovideowereconsideredinoursubjectivestudy.
Casasetal.[46]undertookasubjectivestudy with

52participantstomeasureQoEusingCitrixtechnologies.
Eachparticipantperformedseveraltasks(textediting,drag
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anddrop,scrolldown,andwebbrowsing)andevaluatedthe
experienceusing MOSunderdifferentRTTs.Theauthors
characterizedtrafficbycollectingpackettraces,measuredthe
responsetime,andcomparedtheresponsetimewhenusing
Citrixwithresponsetimewhenrunningtheapplicationson
adesktop.OurpaperissimilartotheCasasetal.paperas
differentapplicationswereconsidered.However,ourstudy
focusedonzero-clientperformance,andinadditiontothe
subjectivestudy,weconductedacorrelationstudyofsub-
jectiveandobjectiveresults.Also,weconductedaSkype
subjectiveconversation-opiniontestonVDsspecificallywith
thezero-clientsetup.
IntheVDpilotstudy[47],VDperformancewasevaluated

with38participantswhoassessedapplicationQoEincom-
parisontoperformanceinaphysicaldesktop.Fiveapplica-
tionswereevaluated;theparticipantsusedtheirowndevices
toaccesstheVDsoveraWANconnection.Incontrast,our
studyfocusedonzero-clientperformanceandalsoquantified
theimpactofthenetworkonQoEviasubjectiveandobjective
studies.
PriorworkonsubjectiveVoiceoverIP(VoIP)performance

evaluationwasconductedwithaudioorvideofilesfedinto
thecall,withoutinteractionwithapersonontheothersideof
thecall[48]–[52].Thistestisdefinedasthelisteningquality
test[29].Thisapproachalowerdegreeofrealismwhen
comparedtothemore-complexconversation-opiniontest.
Veryfewstudieshavebeenconductedusingtheconversation-
opiniontest.Forexample,CanoandCerdan[53]conducted
asubjectivestudyofSkypeperformancewithrealcalls,but
withadifferentpurposeofcomparingmultipleVoIPapplica-
tions.Khitmohetal.[54]andDaengsietal.[55]performed
subjectivestudiesonVoIPservicewhereeverytwosubjects
hada3-5minuteconversationinacontrolledlaboratorysetup
todevelopamodelforVoIPqualityevaluationfortheThai
language.

VII.CONCLUSIONS

Objectiveandsubjectivemeasurementswereobtainedto
evaluatezero-clientperformanceinwhichfouractivitieswere
performed:(i)imageviewing,(ii)360-degreeimageexplo-
ration,(iii)videoplayback,and(iv)video-conferencecalling.
Manyobjectivemetricswereused:VirtualDesktopDisplay
UpdateTime(VD-DUT),AudioQuality(AQ)metrics,and
VideoQuality(VQ)metrics.VD-DUT,ournewlydefined
metric,ismeasuredbyanalyzingthenetworktrafficbetween
thezeroclientandtheedgecloud,andwasusedtomeasure
systemresponsivenessforthefirsttwoactivities.Method-
ologiestomeasureAQandVQwerealsodescribed,and
experimentswereconductedtomeasurethevideoquality
ofaplaybackapplicationandtheaudioqualityofaSkype
call.Thefirstlarge-scalesubjectivestudyonzero-clientper-
formancewasconductedattheUniversityofVirginiawith
115participants,inwhichMeanOpinionScorevalueswere
collectedandanalyzed.Networkconditionswerealtereddur-
ingtheobjectiveandsubjectivestudiesbyincreasingthe
packetlossrate(PLR).

ThePLRimpactonthezero-clientperformancevaried
basedontheapplication.Byanalyzingtheobjectivemea-
surements,wefoundthatVD-DUTincreasedandbothAQ
andVQdecreasedwhenPLRincreased,asexpected.The
video-playoutapplicationexperiencedthehighestimpact
frompacketlossesasthevideoquality(measuredbyrecv-
PCoIP-fps)decreasedby71.8%whenthePLRwaschanged
from0%to10%.Statisticalanalysisconductedonthesub-
jectivemeasurementsshowedthattheMOSvaluesat0.5%
PLRandhigherwerenotstatisticallysignificantlydifferent,
implyingthatthesubjectsinterpretedthequalityat0.5%
PLRandhigherinasimilarway.Videoplayoutwasthe
exception,whereMOSvaluesacrossdifferentPLRswere
significantlydifferentandtheimpactofpacketlossonquality
ofexperiencewasthehighestasMOSdroppedfrom3.53
(at0%PLR)to1.58(at3%),decreasingatarateof55.2%.
Astrongcorrelationbetweentheobjectiveandsubjective
measurementswasfoundbuttherateatwhichtheobjective
andsubjectivemeasurementschangedwithincreasingPLR
differeddependingontheapplication.
Weplantoextendthisworkbyexecutingascalabil-

itystudyusingournewlyproposedmetric,inwhichboth
networkandcomputingresourcesareconsidered.Asmall
experimentalstudyisrequiredtofirstcharacterizeandmodel
thenetworktrafficandcomputing-resourceusage.Asub-
sequentsimulationstudycanbecarriedouttoquantify
scalability.
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