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Abstract
In orderto satisfyand maintainServiceLevel Agreementg{SLAs) which demandhigh
network availability andgoodnetwork health,ISPshave startedinstrumentingheir net-
workswith Network MeasuremerninfrastructuregNMIs) thatarecomposeaf dedicated
measuremenseners. Active measurementare frequently usedin NMIs to regularly
monitornetwork healthandanalyzethe experienceof end-useapplicationtraf ¢ travers-
ing the network. However, actve measurementiitiated by measuremergenersneed
to beregulated.Unregulatedactive measurementaf c cancauseanunpredictableneg-
ative impacton the actualapplicationtraf c. Also, runningsimultaneougon icting ac-
tive measurementsn measuremergenerscouldresultin misleadingreportsof network
performanceln this paper we describeour active measurementschedulingframework
called"OnTimeMeasure'thatallows ISPsto regulatethe amountof active measurement
traf ¢ injectedinto the network and also preventscon icts in ongoingactive measure-
mentsbetweenmeasuremengeners. OnTimeMeasureprovides a simple scripting lan-
guageinterfaceto specifyvariousmeasurementquirementsuchasphysicaltopology
of measuremergener clustersperiodicity of the measurementgndpropertiesof mea-
surementools. For a given measuremermequirementscript, OnTimeMeasuraisesan
ef cient heuristicbin-packingalgorithmto generateneasuremertimetablesfor orches-
trating actve measurement®r a network involving multiple measuremergeners,each
hostingmultiple measuremernbols.
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1. Intr oduction

Sincesomeof the early andbasicnetwork protocolsdid not addressnary essentiate-
guirementdor network measurement® their own speci cations,it hasbecomeneces-
saryto have Network MeasuremerninfrastructuregNMIs) in today'snetworks.NMis are
usedto monitorinternettraf ¢ characteristicen anongoingbasissoasto understandhe
interactionsand performancdssuesof variousinternetprotocols.NMlIs supportactive
measuremendatacollection,which requiresinjecting test paclets betweenthe various
network pathsbeingmonitored.The active measuremerdataobtainedprovide network
relatedinformationsuchas:topology availableor bottleneckbandwidth pacletone-way
delay round-tripdelay loss,jitter andreorderingwhich canbe analyzedo reportlevels
of end-to-endhetwork performancendto identify end-to-encperformanceottienecks.
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Figurel: Iperftestresultswith andwithout mutualexclusionof measurements

Traditionally, active measuremertbols suchasPingandTraceroutevereusedto de-
termineround-tripdelaysand network pathtopologyby usingICMP paclets.Recently
active measuremertbolssuchasH.323Beacomn1], MulticastBeacon2] andBGP Bea-
con [3] have beendevelopedthat emulateapplication-speci ctraf ¢ andusethe result-
ing measuremerntf the emulatedrafc to estimatenetwork healthfrom the application
perspectie. Tools suchasPathchaf4] andPathrate[5] have alsobeendevelopedto de-
termineavailablebandwidthandbandwidthcapacityrespectiely in network pathsusing
sophisticateghaclet probingtechniquesMany of theabove active measuremernbolsand
othertools suchasOWAMP [6], Iperf [7] andABWE [8] have beenintegratedinto NMls
[9] [10] [11] [12] usedby ISPsandresearcherto periodically performactive measure-
mentsbetweenra setof measuremergenerslocatedat stratgic pointsin bothacademic
andcommerciahetworks.

Sinceobtainingactive measuremerttatais attheexpenseof consumingietwork band-
width which might be requiredby actualapplicationtraf ¢, active measurementseedto
be regulatedin NMls. Also, the methodologyusedfor performingperiodicactive mea-
surementsieeddo beaddressedarefully. If propercareis nottaken,theresultsof active
measurementsightfalselyindicatetheexistenceof end-to-engerformanceroblemsn
thenetwork whenactuallytheresultsarein uencedby theerrorproneproceduresisedto
collectthe actve measuremerdata.The errorproneproceduresnvolve systemandnet-
work resourcecontentionproblemswhich arisedueto lack of mutualexclusionof active
measurementhatareCPUandchanneintensie.

Figurelillustratestheeffect of schedulingperf measurementsack-to-backandcon-
currentlyin anisolatedLAN Testbedetweerntwo measuremergenerswith WAN em-
ulationby NISTnet[13] in theintermediatgath. To obtainrealisticresultstrafc of an
H.323Videoconferencingessiorat 768Kbpsdialing speedwvasusedascrosstrafc in
the testbedwhile the active measurementwere beinginitiated using the Iperf tool. It
canbeobsenredin the caseof concurrentlyschedulingperf measurementshawvn in the
right-half of Figure 1), the lack of mutual exclusion causedncorrectrepresentatiomf
theintermediatenetwork pathhealthin comparisorto the network pathhealthcorrectly



indicatedby the Iperf measurementscheduledn a back-to-backashion(shawvn in the
left-half of Figurel). In [14], asimilar setof obsenationshave beenpresentedo demon-
stratethe incorrectreportingof bandwidthmeasurementwhenmeasurementrobesare
intentionallymadeto collidewith eachother Theaborvereasonindor theneedfor mutual
exclusionof measurementsanalsobeextendedn casef othertoolssuchasthe H.323
BeacormandPathchar

In additionto the needfor "correctness’asdescribedn the previousparagraph’ef -
cieng/” of schedulingactive measurementisoneeddo beaddresseth NMls. Ef ciency
refersto thedesigngoal of ascheduleto minimizethetotal scheduldime for facilitating
fastrepetitionof the measuremergchedulesA fasterrepetitionof measuremergched-
ules permitsmore frequentprobingto obtain network healthinformationfor any given
network pathin anNMI. A higherfrequeng of probingleadsto a betterunderstanding
of theactualperformancef the network path.

In this paperwe proposea novel schedulingramework that not only regulatesbut at
thesametime enable<orrectandef cient schedulingpf active measurementsitiatedin
NMls. Theproposedchedulingrameawvork called”OnTimeMeasure"whichhasactually
beenmplementedn theNMI we developedo monitorour”The Third FrontierNetwork”
(OARnetNetwork Backbone)gonsistof ascriptinglanguagenterfaceanda scheduling
engine.The scriptinglanguagenterfaceprovidesa genericway to specifyvariousmea-
surementequirementén aform thescheduleenginecancomprehendkror a givensetof
measurementequirementsthe schedulingenginesolvesthe schedulingproblemusing
a heuristicbin packingalgorithmandautomaticallygeneratesneasurementsmetables
for aspeci ed numberof measuremergenersandmeasuremeribols. Themeasurement
timetablesareusedto activatejobsthatdo not misreporiactive measuremenesultswhile
still minimizing thetotal scheduldime;i.e., maximizingthe measuremernepetitionfre-
queng.

Theremaindeiof the paperis organizedasfollows: Section2 detailsthe relatedwork
on active measuremengcheduling Section3 discusseshe variousschedulingrequire-
mentsfor active measurements NMIs, Sectiond4 describeshe OnTimeMeasurdrame-
work, Section5 presentghe performancesvaluationof the heuristicbin packingalgo-
rithm usedin OnTimeMeasuren comparisorwith theadhocandround-robinscheduling
schemesndSection6 concludeghepaper

2. RelatedWork

As describedn Sectionl, NMIs needto usenetwork measuremeritschedulers'while
settingup periodicor sporadicactive measurement® regulateactive measuremenisnd
to efciently avoid pitfalls causedby resourcecontentionamongmultiple simultane-
ous measurement\MIs developedto date,however, have not paid much attentionto
the problemof active measurementscheduling.Many of the todaysNMIs useadhoc
or round-robincron job scheduling.In adhocschedulingthe cron jobs thatinitiate ac-
tive measurementare con gured without any considerationdor avoiding collisions of
measurementsetweermultiple measuremergeners.This approactresultsin erroneous
measurementesultsthat do not accuratelyre ect the network conditions.NMIs which



aremoreadvanceduseround-robinschedulingn view of avoiding collisionsin initiating
active measurement§.his approachs not scalablein caseswvherethe numberof mea-
suremensenersin the NMI increase®ver time. NMIs suchas[9] useresourcebroker
schedulingfor every active measuremertbol on a measuremergener. Sucha solution
againfailsto scalein termsof optimumschedulabilityof measurementssthe numberof
measuremertbolsandmeasuremergenersincrease.

NMIls usedin applicationssuchasNetwork WeatherService(NWS) [15] usetoken-
passingnechanisméor actve measurementschedulingSinceNWS utilize active mea-
surementgo forecastnetwork performanceaisingtime-seriesnodels,the token passing
mechanismarerequiredto maintainconsisteng in periodicityof actve measuremenis
additionto ensuringmutual exclusionof measurementsetweenmultiple measurement
seners;only a sener in possessiomf a tokenis permittedto initiate measurements
all the other measuremensenersin the NMI. Suchtoken-passingschemesare better
in termsof scalabilityin comparisorwith the round-robinandresourcebroker schemes
whenthe numberof measuremerdenersincreaseHowever, thetoken-passingchemes
arenot scalableand canbecomecomplex andunreliable, whenthereare multiple tools
oneachmeasuremergenerandwheneachof thesetoolsneeddo besynchronizedising
tokenswith multiple measuremertbolsof othermeasuremergeners.

3. SchedulingRequirementsfor Active Measurements

In additionto the consisteng in periodicity and mutual exclusion of measurementas
requiredin applicationssuchasNWS, therearemary otherrequirementshatneedto be
consideredvhile designingmeasuremergchedulersThefollowing subsectionslescribe
the requirementswhich have not beenwell-addresse@ndin somecasesot-addressed
atall, by theexisting schedulingschemesnentionedn Section2.

3.1 Frequencyof ScheduledMeasurements

In orderto be able to forecastnetwork healthor to capturesigni cant network health
disordereventsor to regulatethe amountof actve measurementi the network, a cer
tain frequeng of an active measuremertaskmay needto be setbetweermeasurement
seners.E.g.aPingtestmayberequiredto run onceevery 5 minuteswhereasanlperf test
mayberequiredto run onceevery hour. Hence the schedulemustschedulezariousmea-
surementsuchthatarequirementf x edperiodicity of actve measurements satis ed
betweera setof measuremergeners

3.2 On-demandtestsScheduling

In additionto theregularly scheduledestsin the network, theremay betimeswhencus-
tomizedon-demandestsmight needto beinitiatedbetweercertainmeasuremerdeners
without disruptingthe regularly scheduledests.For example,if testsof H.323 Beacon
using G.711codechave beensetupasregularly scheduledestsbetweentwo measure-
mentseners,a certainauthorizednetwork engineemight needto initiate a specialized
testof the H.323Beaconwith G.723codecbetweerthe sametwo measuremergeners.
Suchsporadicactive measurementequestsnay needto be handledby the scheduleto
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Figure2: MeasurementlusterTopologies<{a) Full-Mesh(b) Tree(c) Hybrid

male online schedulingdecisionsthat affect the overall measuremenscheduleof the
measuremergeners.

3.3 Measurement-Cluster TopologybasedScheduling

For thetarmgetnetwork thatneedsto be monitored we canspecifystratgic measurement
sitesforming differentmeasurement-clustéspologiessuchasfull-mesh,treeandhybrid
topologies.Figures2(a)- 2(c) shawv the full-mesh,treeand hybrid measurementluster
topologiegespectrely. A full-meshtopologyinvolvestestingfrom ameasuremergener
atasiteto every othermeasuremergener at otherremotesites;a treetopologyinvolves
testingbetweenmeasuremensenersin neighboringsitesonly and a hybrid topology
involvessupportingsubset®f measuremergenersthatneedfull-meshandtreetopology
type measurementd.he topologyspeci cationdetermineghe setof measurementdhat
the measuremenschedulethasto schedule Consequentlythe schedulingmechanism
needsto be designedso asto accommodat@rny genericspeci cation of measurement-
clustertopology

3.4 Adherenceto MeasurementLevel Agreements

Sinceidentifying end-to-encperformancéottlenecksouldinvolve analyzingdataalong
network pathsof multiple ISPs,we can ervisage"measuremenfederations”in which
mary ISPsparticipaten inter-domainmeasurementsasecdn someMeasuremeritevel
Agreement§MLAs) for reapingthe mutualbene tsof performingend-to-enchbathmea-
surementsMLAs could specifythatonly a certainpercentagél - 5) % or only a certain
numberof bits persecond1-2) Mbps of the network bandwidthin ISP backbonegould
be usedfor measuremerttaf ¢ thatcanensurehatactualapplicationtraf c is not seri-
ouslyaffectedby measuremeritafc . Thus,whenactive measuremenig anetwork or
betweemetworks arerequiredto adhereto MLAs, a schedulemustbe ableto accord-
ingly generateneasuremergchedules.

Sincemostactive measuremertbols have optionsto specifypaclet sizesandbandwidthusageof a measure-
menttest,simplecalculationscanbe usedto determinehow muchof a network's bandwidthwill be usedby a
givensetof actve measurementsyer a certainperiodof time.



4. OnTimeMeasure Framework

In this section,we describeour active measurementschedulingframework, which we
call "OnTimeMeasure'that can systematicallyand more ef ciently addresghe various
schedulingrequirementsliscussedn Section3, in comparisorto other existing active
measurementschedulingschemes.

4.1 Heuristic Bin Packing Algorithm

Terminology:

MeasuemenflasksandJobs- A measuremertaskT; consistof asequencef jobs
J§, 5,305, 5,398, s, thatneedto be executedperiodically betweenmeasure-
mentsenersx,y;z,...for n cyclesbetweerastarttimetsy,  andanendtimetenq , Suchthat-

tend > tsart + N (1)
where is de ned as”cycle time”, which is describedn the next subsectionTo bet-
ter understandhe above de nition of tasksand jobs, consideran example of a mea-
surementask as follows- Given a cycle time of 120 minutes,let task T, involve run-
ning a full-meshlperf testbetweer3 measuremergenersS;, S, andSs. Consequently
I3, 5,198, 5198, 398, s.198, 5,338, s, representhe correspondingobs of
T1, which getinitiated onceevery 120 minutes.

CycleTime-  "Cycletime” parameters thetime-windav duringwhich, acomplete
roundof all scheduledobs are executed;i.e., it's the time within which one uniqueset
of all themeasuremerjbbsthatwerescheduledetweerall the measuremergenersare
performedusingthe appropriateools speci ed in the measuremeniequiremenspeci -

cations.Cycletime is the parametethatdictatesthe”ef ciency” designgoalof a sched-
uler asdescribedn Sectionl. Largerthe numberof measuremergenersor toolsin the
measuremenequiremenspeci cations,largeris the cycle time. Also, shorterthe cycle
time,themorefrequentlywe canobtainnetwork healthinformationfor arny givennetwork

path,which resultsin a betterunderstandin@f the performanceof the network pathsin

anNMI. Hence the goalof anef cient schedulemustbeto minimizethe cycle time as
muchaspossible.

SdedulerBin- A schedulebin correspondso atime fractionof thecycle time within

which measuremerjbbsarepacled. The conceptof a bin is usefulin applyingdifferent
heuristichin packingalgorithmswheremultiple jobs canbe scheduledvithin abinin an
overlappedashion.Thecriterionfor overlappingjobswithin the sametime frameor bin,

for agivensetof measuremergenersandmeasuremenbols,is basednthestructureof

the”Tool Con ict Graph”and”Link Con ict Graph”,bothof which areexplainedin the
following subsectionsln comparisorto the jobs scheduledusing heuristicbin packing
algorithms,jobs scheduledusing round-robinbin schemesare orderedsequentiallyin

time without ary overlapof jobs.

Tool Conict Graph- A Tool Con ict Graph,createdor a givensetof measurement
tools,is usedfor makingschedulinglecisiondn the proces®f executionof our heuristic
bin packingalgorithm.This graphindicatesif any two tools shouldor shouldnt be run
with mutualexclusiononagivenmeasuremergener. Thereasorfor ensuringnutualex-
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Figure3: Tool Con ict Graphfortools  Figure 4: Link Conict Graph for a
in Tablel tree-typemeasurementlustertopology

Task# MeasurementTool CPU Intensive Channellntensive

T1 Iperf Yes Yes
T2 H.323Beacon No Yes
T3 Pathchar Yes No
T4 Ping No No

Table1 Measurementools CPUandChanneResource&Consumptions

clusion(asdiscussedn Sectionl) is to avoid "CPU” and”Channel”resourcecontention
wheninitiating testsfrom measuremertbolsthatare-eitherCPU or channeintensie or
arebothCPUandchanneintensie.

Table 1 shavs measuremerntiools that either consumeor don‘t consumeCPU and
channefresourcebasednthemeasuremeriechniqueausedin agiventool. For example,
Pathchardoesnot consumesigni cant channekesourcesitary givenpointof time, since
it usesa seriesof ICMP pacletsfor probing.However, Pathcharusescomplex statistical
analysisbasedon the ICMP pacletresponseanddeterminestatengy andbandwidthof
eachlink in the path,distribution of queuetimesat intermediatenopsalonga pathand
the probabilitythata pacletis droppedIn ourtestsinvolving Pathchaywe have obsened
thatthe calculationgnvolving the reportingof the abore measurementnetricsconsume
signi cant CPUresources.

Figure 3 shaws the tool con ict graphfor the measurementools listed in Table 1.
An "edge” connectingwo tasksimplies mutualexclusionhasto be ensuredn executing
the two taskson a givenmeasuremergener; i.e., an Iperf measuremenask cannotbe
concurrentlyscheduledalongwith an H.323 Beaconmeasurementiask. However, it is
acceptabléf anlperf measuremenaskis concurrentlyschedule@longwith a Pingtask.
A tool thathasanedgeto ary othertool is consideredo have anedgeto itself.

Link Conict Graph- A Link Con ict Graphalsousesa similar "edge-basedmutual
exclusionconcepseernin the Tool Con ict Graph,except.thedecisionof ensuringmutual
exclusionis doneatthelink level whenschedulingneasurementsetweertwo measure-
mentsenersversusthe decisionthatis madeat a singlemeasuremergener level in the
caseof aTool Con ict Graph.Forexample theLink Con ict Graphshavnin Figure4 for
atree-typeclustertopologyof measuremergenersimpliesthat-if a measuremertask



Figure 5: Active MeasurementsSchedulingSchemega) Adhoc Packing (b) Round
RobinPacking(c) HeuristicBin Packing

hasbeenscheduledetweerS1andS3(S1-S3)thefollowing measuremertasks:S3-S1,
S1-S2and S2-S1,cannotbe concurrentlyscheduledn the time framewithin which the
S1-S3taskis beingexecuted However, eitherof the measuremertasks:S2-S4or S4-S2
will beallowedin thesametime frameasthe S1-S3measuremertask.

Methodology:

Figuresb(a)-(c)showv the active measuremerjbbs schedulingoy the adhoc,roundrobin
and heuristicbin packing schemegespectiely for the measurementlustertopology
shavn in Figure4. For simplicity in explanation,we assumen Figures5(a)-(c)thatjobs
of only one measurementask T1, which is both CPU and Channelintensive, needto
scheduledetweerthemeasuremergenersS1,S2,S3andS4.

As shavn in Figure5(a), in the adhocpackingschemeavherethereare no consid-
erationsfor mutualexclusionof measurementgpbs arerandomlyscheduledeadingto
collisionsin the bins presenin betweerthet; andt; time frame.Figure5(b) shavs the
samesetof jobsbeingscheduledisingthe roundrobin packingschemesoasto ensure
mutual exclusion betweenthe measurementshe jobs are sequentiallyplacedwithout
ary overlapof jobsin ary time frame.

In Figure5(c),thejobsof measuremenaskT; havebeenscheduledisingtheheuristic
bin packingschemeso asto ensuremutualexclusionbetweerthe measurement# job
is placedin a bin evenif thereis a job that hasalreadybeenscheduledn the samebin
on the conditionthat thereis no "edge” presentin both the tool con ict graphandlink
con ict graphinvolving thetwo jobs.As seenin Figure5(c),jobsJs, s, andJs, s, are
scheduledn the sametime frameasthe jobsJs, s, andJs, s, sinceboth S2andS4
don't have edgedo S1andS3.

1, 2and 3 shovnin Figures(a)- (c) representhecycletimesobtainedby schedul-
ing the jobs usingthe adhocpackingschemeyoundrobin packingschemeand heuris-
tic bin packingschemerespectiely. Although, we canobsenre that the adhocpacking



schemeperformsbestin termsof cycle time comparedo the roundrobin andheuristic
bin packingschemeg 1 < » < 3), the adhocpackingschemeis inef cient sinceit

resultsin erroneousneasurementesults.Also, it is obvious from Figures5(a)-(c)that
the roundrobin packingschemethoughachiezes mutual exclusion of measurementst,

is inef cient in termsof minimizing the cycle time in comparisorwith the heuristicbin

packingschemeHence the heuristichin packingschemeprovidesanef cient approach
to measuremenjobs schedulingin termsof both correctnes®f measurementandin

termsof minimizing thecycle time for ary givensetof measuremergchedulingequire-
ments.

4.2 Systemimplementation

OnTimeMeasuréasbeendesignedrom our experienceof designinganactive measure-
mentsschedulefor an end-to-endhetwork performanceneasuremertestbedspanning
campus,regional and national academicbackbonenetwork paths.We initially imple-
menteda roundrobin schedulingschemeor our measuremertestbed Whenwe started
expandingour testbedinto an NMI for our Third Frontier Network (OARnet Network
Backbone)we realizedthe round-robinschemewasinef cient. This led to our design
and consequenimplementationof OnTimeMeasuren our NMI which is explainedin
detailin thefollowing subsections.

Preliminary Implementation:

We initially developeda preliminaryversionof OnTimeMeasurdor a pilot testbed12]
we built as part of the Third Frontier Network MeasuremenProjectwhich hasbeen
fundedby the Ohio Board of Regents.Our pilot testbedconsistsof pathsinterconnect-
ing The Ohio StateUniversity, University of CincinatiandNorth CarolinaStateUniver-
sity campusesThe pilot testbedhasbeenbuilt to study empirical end-to-endnetwork
performancéottlenecksn campusregionalandnationalacademidackbonenetworks.
Eachmeasuremertite hastwo measuremergenersconnectedo theroutersat stratejic
pointsin the network. CDMA time sourceshave beendeployedat eachof the sites,mak-
ing them Stratum-1Network Time Protocol(NTP) Seners,for obtainingpreciseglobal
clocksynchronizatiorior one-waydelaymeasurementg&achof themeasuremergeners
is equippedwith a network measurementoolkit that comprisesof mary open-source
measuremerntbols. Our preliminaryversionof OnTimeMeasureconsistedof a "central
scheduler'thatgeneratesneasuremeritimetables”for eachof the measuremerdeners
in the pilot testbedto orchestrateactive measurementsitiated betweenthe measure-
mentseners. Thetimetablefor eachmeasuremergener speci esthe timesat which a
cronjob executesa particulartool teston the measuremergener. Detailedexplanation
of thework o w of the preliminaryimplementatiorof our schedulingiramework canbe
obtainedfrom [12].

RevisedImplementation Ar chitecture:

Thereweremary limitationsin thedesignof our preliminaryversionof OnTimeMeasure.
Therewasnomechanisnto systematicallyspecifyschedulingequirementin termsperi-
odicity or measuremerdlustertopologyor MLAs thatneededo beincorporatednto the
schedulingdecisionprocessThis caused lack of e xibility in the designof the sched-
uler to automaticallyaddreswariousrequirementsuchasfrequeny andconsisteng of



Figure6: OnTimeMeasurd-rameavork.

periodicity of active measurements the testbedpaths.Also, therewas no supportfor
incorporatingon-demandestsinto thetimetables.

Towardsaddressinghe above limitations, we extendedthe OnTimeMeasurdrame-
work with a”Scripting Languagénterface”andthe "Heuristic Bin PackingAlgorithm”,
describedn Section4.1,to generatehe measuremenimetablesasshovn in Figure6.
Thescriptinglanguagenterfaceprovidesa genericandautomatedvay to specifyvarious
measurementequirementsuchas periodicity information, measurementlustertopol-
ogy, MLAs andary on-demandests.The measuremermnequirementspeci cationscol-
lectedusingthe scriptinglanguagenterfaceare usedby the heuristichin packingalgo-
rithm in determiningimetabledor eachof themeasuremergenersin thenetwork being
monitored.Theheuristichin packingalgorithmis partof the”CentralScheduleModule”
(CSM) that residesin the "Central Databaseand Analysis Beacon”sener asshavn in
Figure6. Therolesof the"Central Databaseand AnalysisBeacon”sener areto getthe
input speci cation of actve measurementgentrally schedulethe speci ed active mea-
surementscollect all the measuremendatafrom the measuremergenersandalsoto
analyze summarizeandvisualizethe collectedmeasuremerdatain real-time.
Scripting Languagelnterface:

We have developeda simple scripting languagethat canbe usedfor writing scheduler
input con guration scripts.We have also developeda script-interpretetthat parsesthe
schedulerinput con guration scriptsto organizethe variousmeasurementequirement
speci cationssuchas: measuremergener topology descriptionmeasuremertbols de-



Figure 7: Sampleschedulefinputcon gurationscriptto specifyactve measuremente-
quirements

scriptions,periodicity desiredfor the measurementasks,MLAs and on-demandnea-
surementasksrelatedinformation.

Figure7 illustratesthe formatof a samplescheduleiinput con guration script. Using
a"seners”tag,anend-usecanspecifythe measuremergenersfor which measurement
timetablemeedto begeneratedA "cluster” tagindicatesthe measuremertlustertopol-
ogyfor all themeasuremergenersthatincludedetailsof speci c interconnectionsf the
topology A "task#” tagis usedto describeool-speci c informationthatis usedfor both
generatinghe measurementimetablesandfor initiating the testsappropriately Multi-
ple tasknumberscan be createdfor a singletool that hasmultiple switch options.Just
specifyinga taskin a con guration scriptdoesnot sufce inclusionof thetaskinto the
measurementimetables;the task also needsto be includedin eitherthe "periodic” or
"ondemand”tagsalongwith startand endtimesfor the initiating multiple jobs of that
particulartask.An "mla” tagis alsopart of the scriptinglanguagesyntaxwhere,infor-
mationregardingbandwidthlimits allowedfor consumptiorcanbe speci edfor each/all
tasks.



5. PerformanceEvaluation

In this section,we evaluatethe performancef the heuristicbin packingschemén com-
parisonwith the adhocpackingandthe roundrobin packingschemesCollision Rateis
usedasametricto comparethe correctnessf measuremeniserformedusingthe heuris-
tic bin packingschemewith the adhocpackingschemeCollision Rateprovidesan es-
timate of the numberof incorrectmeasurementsauseddueto lack of mutualexclusion
betweerasetof measuremenisitiatedwith atool whichis either/bothCPUandChannel
intensive. Cycle Time Economyis usedasametricto comparehesavingsobtainedn the
overall cycle time usingthe heuristicbin packingschemeover the roundrobin packing
scheme.

5.1 Collision Rate

Figure 8: Pathchar measuremente-  Figure 9: Iperf UDP Throughputmea-
sults when running Pathcharand Iperf ~ surementesultsvhenrunningtwo Iperf
measurementwith andwithout mutual ~ m easurementwith andwithout mutual
exclusion exclusion

The resultsplottedin Figure 8 have beenobtainedby initiating Pathcharand Iperf
measurement® the same’LAN testbedwith WAN emulation”describedn Sectionl.
A total of 40 Pathchartestswere initiated during a testperiod. The rst 20 teststhat
took about2 hoursto completenvolvedinitiating Pathchartestsaloneensuringmutual
exclusionbetweersuccessie testsusingthe heuristichin packingschemdor thetestbed.
The resultsthus obtainedas shavn in Figure 8 are consistentwith the actualnetwork
conditionsaffectedby the crosstraf c. The next 20 tests,which alsotook 2 hoursto
completejnvolvedrandomlyinitiating Iperf testsin conjunctionwith Pathchatestsusing
the adhocpackingschemeWe obsenre thatin this particularsetof randomtests,15 of
the 20 tests(75%) resultedin collisions. Given the almostideal conditionsin our LAN
testbedfor sucha rate of collisions,we believe thatthe misrepresentationf the actual
network conditionscould be even more pronouncedn the real Internetwherethereare
morevariableghatcouldskew the correctnessf actve measurements.

Figure9 shavs the UDP throughputresultsobtainedfrom initiating 40 Iperf testsin



Figure10: IperfJittermeasuremene-  Figurell: Comparisorof CycleTimes
sults when running two Iperf mea- for RoundRobin PackingandHeuristic
surementswith andwithout mutualex-  Bin PackingSchemedor the full-mesh
clusion andtreemeasuremerdiustertopologies

thesamelLAN testbedwvith WAN emulationthathada crosstraf c of a 768 KbpsH.323
VideoconferencingessionFigure 10 shavs the correspondingitter valuesreportedfor
theabove40lperftestsThe rst 20teststhattookaboutlO minutesto completejnvolved
initiating Iperf testsaloneby ensuringmutual exclusion betweensuccessie testsusing
the heuristicbin packingschemeThe next 20 tests,which alsotook about10 minutes
to complete,involved randomlyinitiating Iperf testsin conjunctionwith the otherlperf
tests by usingtheadhocpackingschemeWe obsenrethatin this particularsetof random
tests,the interferencecauseddy con icting testsresultedin 70% and85.71%erroneous
measurementsf UDP throughputandjitter, respectiely.

5.2 Cycle Time Economy

Figurellshownsthesimulationresultsfor cycletimesobtainedwith increaseén thenum-
berof measuremergeners,by usingtheroundrobin andheuristicbin packingschemes.
For the above simulation,jobs of 3 tools wereusedfor schedulingAll the 3 toolswere
assumedo be both CPU andChannelntensive with job executiontimesof 5 minutes,5
minutesand20 minutes respectiely. A bin sizeof 20 minuteswaschosersoasto t the
largestof thejobsto be scheduled.

We canobsene thatsigni cant savings wereobtainedin cycle time for the full-mesh
clustertopology measurementthat requiren(n-1) measurementdyy usingthe heuristic
bin packingschemensteadof the roundrobin packingschemen beingthe numberof
measuremengeners. However, the savings in cycle time for the tree clustertopology
measurementshoughwerenoticeablewerenotassigni cant asin the caseof full-mesh
clustertopology measurementsSimulationsfor hybrid clustertopology measurements
werein accordancevith the resultsobtainedfor the full-meshandtreeclustertopology
measurement&or ahybrid clustertopologywith adominaninumberof full-meshcluster
measurementodes,the saszings in cycle time were signi cant. Whereasfor a hybrid
clustertopologywith a dominantnumberof treeclustermeasurememodesthe savings
in cycletime wererelatively less.



Figure 12: Effectsof variousbin sizes  Figure 13: Effects of increasein the

ontheCycleTimesfor theHeuristicBin ~ number of measurementools on the

PackingScheme CycleTimesfor the HeuristicBin Pack-
ing Scheme

Figure12 shows the simulationresultsobtainedfor the samesetof 3 tools scheduled
on afull-meshmeasuremertlustertopology with varyingbin sizes.It canbe notedthat
choosingan optimumbin size,basedon the executiontimesof the jobsto be scheduled,
canfurther increasethe savings in cycle time; i.e., choosinga bin size of 20, 40 or 60
resultsin a much lesscycle time than choosinga bin size of 35. The above resultas
shavn in Figure12is trueirrespectve of the numberof measuremerdgenersfor which
measuremerjbbs needto scheduledlt shouldbe notedthatthe optimumbin sizefor a
givensetof jobsdepend®n theindividual executiontimesof thejobs.

Figure 13 shavs the simulationresultsobtainedfor a full-meshmeasurementluster
topology with a x edbin sizeof 20 andwith anincreasinghumberof tools.We cannote
thatin boththe roundrobin andheuristicpackingcasesasthe numberof measurement
toolsincreasdor a givennumberof measuremergeners,the cycle time increasehasa
trend; The cycle time increasds almostexponentialin the caseof roundrobin packing
schemeawhereaghe cycle time increaseis almostlinearin the caseof the heuristicbin
packingscheme.

6. Conclusionand Future Work

In this paper we detailedthe variousmotivationsand schedulingssuesconcernedvith
using actve measurements NMIs. We discussedsarious schedulingschemesbeing
usedin existing NMIs, andtheir limitations. To addressour identi ed limitations, we
proposed novel active measurementschedulingramework called”OnTimeMeasure”.
Lastly, we shaved how a scriptinglanguagenterfaceanda heuristicbin packingalgo-
rithm canbe usedto addressactive measurementschedulingrequirementsn a system-
atic, lesserrorproneandef cient fashionfor a network involving multiple measurement
seners,eachhostingmultiple measuremertbols.

We arecurrentlyinvestigatingtechniquesuchasdistributed hierarchicalscheduling
to extend our our heuristicbin packingalgorithmto functionin a distributed scheduler
ervironment.Further we are planningon integratingtechniquesuchas sharedprivate



keys and MD5 cryptographicchecksumsnto the distributed schedulingframework of
OnTimeMeasure . Such security techniqueswill be particularly suitablefor interISP
measurementand have the potentialto prevent abuse of NMI federationsby network
intruders.
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