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Abstract
In orderto satisfyandmaintainServiceLevel Agreements(SLAs) which demandhigh
network availability andgoodnetwork health,ISPshave startedinstrumentingtheir net-
workswith Network MeasurementInfrastructures(NMIs) thatarecomposedof dedicated
measurementservers. Active measurementsare frequentlyusedin NMIs to regularly
monitornetwork healthandanalyzetheexperienceof end-userapplicationtraf�c travers-
ing the network. However, active measurementsinitiated by measurementserversneed
to beregulated.Unregulatedactive measurementtraf�c cancauseanunpredictableneg-
ative impacton theactualapplicationtraf�c. Also, runningsimultaneouscon�icting ac-
tivemeasurementsonmeasurementserverscouldresultin misleadingreportsof network
performance.In this paper, we describeour active measurementsschedulingframework
called”OnTimeMeasure”thatallows ISPsto regulatetheamountof active measurement
traf�c injectedinto the network andalsopreventscon�icts in ongoingactive measure-
mentsbetweenmeasurementservers.OnTimeMeasureprovidesa simplescripting lan-
guageinterfaceto specifyvariousmeasurementrequirementssuchasphysicaltopology
of measurementserver clusters,periodicityof themeasurements,andpropertiesof mea-
surementtools.For a given measurementrequirementsscript,OnTimeMeasureusesan
ef�cient heuristicbin-packingalgorithmto generatemeasurementtimetablesfor orches-
tratingactive measurementsfor a network involving multiple measurementservers,each
hostingmultiple measurementtools.
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1. Intr oduction

Sincesomeof theearly andbasicnetwork protocolsdid not addressmany essentialre-
quirementsfor network measurementsin their own speci�cations,it hasbecomeneces-
saryto haveNetwork MeasurementInfrastructures(NMIs) in today'snetworks.NMIs are
usedto monitorInternettraf�c characteristicsonanongoingbasissoasto understandthe
interactionsandperformanceissuesof variousInternetprotocols.NMIs supportactive
measurementdatacollection,which requiresinjecting testpacketsbetweenthe various
network pathsbeingmonitored.Theactive measurementdataobtainedprovide network
relatedinformationsuchas:topology, availableor bottleneckbandwidth,packetone-way
delay, round-tripdelay, loss,jitter andreordering,which canbeanalyzedto reportlevels
of end-to-endnetwork performanceandto identify end-to-endperformancebottlenecks.



Figure1: Iperf testresultswith andwithout mutualexclusionof measurements

Traditionally, active measurementtoolssuchasPingandTraceroutewereusedto de-
termineround-tripdelaysandnetwork pathtopologyby usingICMP packets.Recently,
activemeasurementtoolssuchasH.323Beacon[1], MulticastBeacon[2] andBGPBea-
con [3] have beendevelopedthat emulateapplication-speci�ctraf�c andusethe result-
ing measurementof theemulatedtraf�c to estimatenetwork healthfrom theapplication
perspective.ToolssuchasPathchar[4] andPathrate[5] have alsobeendevelopedto de-
termineavailablebandwidthandbandwidthcapacityrespectively in network pathsusing
sophisticatedpacketprobingtechniques.Many of theaboveactivemeasurementtoolsand
othertoolssuchasOWAMP [6], Iperf [7] andABwE [8] havebeenintegratedinto NMIs
[9] [10] [11] [12] usedby ISPsandresearchersto periodicallyperformactive measure-
mentsbetweena setof measurementserverslocatedat strategic pointsin bothacademic
andcommercialnetworks.

Sinceobtainingactivemeasurementdatais attheexpenseof consumingnetworkband-
width whichmight berequiredby actualapplicationtraf�c, activemeasurementsneedto
be regulatedin NMIs. Also, the methodologyusedfor performingperiodicactive mea-
surementsneedsto beaddressedcarefully. If propercareis not taken,theresultsof active
measurementsmightfalselyindicatetheexistenceof end-to-endperformanceproblemsin
thenetwork whenactuallytheresultsarein�uencedby theerror-proneproceduresusedto
collecttheactivemeasurementdata.Theerror-proneproceduresinvolvesystemandnet-
work resourcecontentionproblemswhich arisedueto lack of mutualexclusionof active
measurementsthatareCPUandchannelintensive.

Figure1 illustratestheeffectof schedulingIperf measurementsback-to-backandcon-
currentlyin an isolatedLAN Testbedbetweentwo measurementserverswith WAN em-
ulationby NISTnet[13] in the intermediatepath.To obtainrealisticresults,traf�c of an
H.323Videoconferencingsessionat 768Kbpsdialing speedwasusedascrosstraf�c in
the testbedwhile the active measurementswere being initiated using the Iperf tool. It
canbeobservedin thecaseof concurrentlyschedulingIperf measurements(shown in the
right-half of Figure1), the lack of mutualexclusioncausesincorrectrepresentationof
the intermediatenetwork pathhealthin comparisonto thenetwork pathhealthcorrectly



indicatedby the Iperf measurementsscheduledin a back-to-backfashion(shown in the
left-half of Figure1). In [14], asimilarsetof observationshavebeenpresentedto demon-
stratethe incorrectreportingof bandwidthmeasurementswhenmeasurementprobesare
intentionallymadeto collidewith eachother. Theabovereasoningfor theneedfor mutual
exclusionof measurementscanalsobeextendedin casesof othertoolssuchastheH.323
BeaconandPathchar.

In additionto theneedfor ”correctness”asdescribedin thepreviousparagraph,”ef�-
ciency” of schedulingactivemeasurementsalsoneedstobeaddressedin NMIs. Ef�ciency
refersto thedesigngoalof aschedulerto minimizethetotalscheduletime for facilitating
fastrepetitionof themeasurementschedules.A fasterrepetitionof measurementsched-
ulespermitsmorefrequentprobingto obtainnetwork healthinformationfor any given
network pathin an NMI. A higherfrequency of probingleadsto a betterunderstanding
of theactualperformanceof thenetwork path.

In this paperwe proposea novel schedulingframework thatnot only regulatesbut at
thesametimeenablescorrectandef�cient schedulingof activemeasurementsinitiatedin
NMIs. Theproposedschedulingframeworkcalled”OnTimeMeasure”,whichhasactually
beenimplementedin theNMI wedevelopedto monitorour”The Third FrontierNetwork”
(OARnetNetwork Backbone),consistsof ascriptinglanguageinterfaceandascheduling
engine.Thescriptinglanguageinterfaceprovidesa genericway to specifyvariousmea-
surementrequirementsin a form theschedulerenginecancomprehend.For agivensetof
measurementrequirements,the schedulingenginesolvesthe schedulingproblemusing
a heuristicbin packingalgorithmandautomaticallygeneratesmeasurementstimetables
for aspeci�ednumberof measurementserversandmeasurementtools.Themeasurement
timetablesareusedto activatejobsthatdonotmisreportactivemeasurementresultswhile
still minimizing thetotal scheduletime; i.e.,maximizingthemeasurementrepetitionfre-
quency.

Theremainderof thepaperis organizedasfollows:Section2 detailstherelatedwork
on active measurementscheduling,Section3 discussesthe variousschedulingrequire-
mentsfor activemeasurementsin NMIs, Section4 describestheOnTimeMeasureframe-
work, Section5 presentsthe performanceevaluationof the heuristicbin packingalgo-
rithm usedin OnTimeMeasurein comparisonwith theadhocandround-robinscheduling
schemesandSection6 concludesthepaper.

2. RelatedWork

As describedin Section1, NMIs needto usenetwork measurement”schedulers”while
settingupperiodicor sporadicactivemeasurementsto regulateactive measurementsand
to ef�ciently avoid pitfalls causedby resourcecontentionamongmultiple simultane-
ousmeasurements.NMIs developedto date,however, have not paid muchattentionto
the problemof active measurementsscheduling.Many of the todaysNMIs useadhoc
or round-robincron job scheduling.In adhocscheduling,the cron jobs that initiate ac-
tive measurementsarecon�gured without any considerationsfor avoiding collisionsof
measurementsbetweenmultiplemeasurementservers.Thisapproachresultsin erroneous
measurementresultsthat do not accuratelyre�ect the network conditions.NMIs which



aremoreadvanced,useround-robinschedulingin view of avoidingcollisionsin initiating
active measurements.This approachis not scalablein caseswherethe numberof mea-
surementserversin theNMI increasesover time. NMIs suchas[9] useresourcebroker
schedulingfor every active measurementtool on a measurementserver. Sucha solution
againfails to scalein termsof optimumschedulabilityof measurementsasthenumberof
measurementtoolsandmeasurementserversincrease.

NMIs usedin applicationssuchasNetwork WeatherService(NWS) [15] usetoken-
passingmechanismsfor activemeasurementsscheduling.SinceNWS utilize activemea-
surementsto forecastnetwork performanceusingtime-seriesmodels,the token passing
mechanismsarerequiredto maintainconsistency in periodicityof activemeasurementsin
additionto ensuringmutualexclusionof measurementsbetweenmultiple measurement
servers;only a server in possessionof a token is permittedto initiate measurementsto
all the other measurementservers in the NMI. Suchtoken-passingschemesare better
in termsof scalabilityin comparisonwith theround-robinandresourcebroker schemes
whenthenumberof measurementserversincrease.However, thetoken-passingschemes
arenot scalableandcanbecomecomplex andunreliable,whentherearemultiple tools
oneachmeasurementserverandwheneachof thesetoolsneedsto besynchronizedusing
tokenswith multiple measurementtoolsof othermeasurementservers.

3. SchedulingRequirementsfor ActiveMeasurements

In addition to the consistency in periodicity andmutualexclusionof measurementsas
requiredin applicationssuchasNWS, therearemany otherrequirementsthatneedto be
consideredwhile designingmeasurementschedulers.Thefollowing subsectionsdescribe
the requirements,which have not beenwell-addressedandin somecasesnot-addressed
at all, by theexistingschedulingschemesmentionedin Section2.

3.1 Frequencyof ScheduledMeasurements

In order to be able to forecastnetwork healthor to capturesigni�cant network health
disordereventsor to regulatethe amountof active measurementsin thenetwork, a cer-
tain frequency of an active measurementtaskmayneedto besetbetweenmeasurement
servers.E.g.aPingtestmayberequiredto runonceevery5 minuteswhereasanIperf test
mayberequiredto runonceeveryhour. Hence,theschedulermustschedulevariousmea-
surementssuchthata requirementof �x edperiodicityof activemeasurementsis satis�ed
betweena setof measurementservers

3.2 On-demandtestsScheduling

In additionto theregularlyscheduledtestsin thenetwork, theremaybetimeswhencus-
tomizedon-demandtestsmightneedto beinitiatedbetweencertainmeasurementservers
without disruptingthe regularly scheduledtests.For example,if testsof H.323Beacon
usingG.711codechave beensetupasregularly scheduledtestsbetweentwo measure-
mentservers,a certainauthorizednetwork engineermight needto initiate a specialized
testof theH.323Beaconwith G.723codecbetweenthesametwo measurementservers.
Suchsporadicactive measurementrequestsmayneedto behandledby theschedulerto



Figure2: MeasurementClusterTopologies-(a)Full-Mesh(b) Tree(c) Hybrid

make online schedulingdecisionsthat affect the overall measurementscheduleof the
measurementservers.

3.3 Measurement-ClusterTopologybasedScheduling

For thetargetnetwork thatneedsto bemonitored,we canspecifystrategic measurement
sitesformingdifferentmeasurement-clustertopologiessuchasfull-mesh,treeandhybrid
topologies.Figures2(a) - 2(c) show the full-mesh,treeandhybrid measurementcluster
topologiesrespectively. A full-meshtopologyinvolvestestingfrom ameasurementserver
at a siteto everyothermeasurementserverat otherremotesites;a treetopologyinvolves
testingbetweenmeasurementservers in neighboringsitesonly and a hybrid topology
involvessupportingsubsetsof measurementserversthatneedfull-meshandtreetopology
typemeasurements.The topologyspeci�cationdeterminesthesetof measurementsthat
the measurementschedulerhasto schedule.Consequently, the schedulingmechanism
needsto be designedso as to accommodateany genericspeci�cationof measurement-
clustertopology.

3.4 Adherenceto MeasurementLevel Agreements

Sinceidentifyingend-to-endperformancebottleneckscouldinvolveanalyzingdataalong
network pathsof multiple ISPs,we can envisage”measurementfederations”in which
many ISPsparticipatein inter-domainmeasurementsbasedon someMeasurementLevel
Agreements(MLAs) for reapingthemutualbene�tsof performingend-to-endpathmea-
surements.MLAs couldspecifythatonly a certainpercentage(1 - 5) % or only a certain
numberof bits persecond(1-2) Mbpsof thenetwork bandwidthin ISPbackbonescould
beusedfor measurementtraf�c thatcanensurethatactualapplicationtraf�c is not seri-
ouslyaffectedby measurementtraf�c � . Thus,whenactivemeasurementsin anetwork or
betweennetworks arerequiredto adhereto MLAs, a schedulermustbe ableto accord-
ingly generatemeasurementschedules.

� Sincemostactive measurementtoolshave optionsto specifypacket sizesandbandwidthusageof a measure-
menttest,simplecalculationscanbeusedto determinehow muchof a network's bandwidthwill beusedby a
givensetof active measurements,overacertainperiodof time.



4. OnTimeMeasure Framework

In this section,we describeour active measurementsschedulingframework, which we
call ”OnTimeMeasure”that cansystematicallyandmoreef�ciently addressthe various
schedulingrequirementsdiscussedin Section3, in comparisonto otherexisting active
measurementsschedulingschemes.

4.1 Heuristic Bin Packing Algorithm

Terminology:
MeasurementTasksandJobs- A measurementtaskTi consistsof a sequenceof jobs
J i

Sx � Sy
; J i

Sx � Sz
; J i

Sy � Sx
; ::: that need to be executedperiodically betweenmeasure-

mentserversx,y,z,...for ncyclesbetweenastarttimetstar t andanendtimetend , suchthat-

tend > tstar t + n� (1)

where� is de�ned as ”cycle time”, which is describedin the next subsection.To bet-
ter understandthe above de�nition of tasksand jobs, consideran exampleof a mea-
surementtask as follows- Given a cycle time of 120 minutes,let task T1 involve run-
ning a full-meshIperf testbetween3 measurementservers:S1, S2 andS3. Consequently,
J 1

S1 � S2
; J 1

S1 � S3
; J 1

S2 � S1
; J 1

S2 � S3
; J 1

S3 � S1
; J 1

S3 � S2
representthe correspondingjobs of

T1, whichgetinitiatedonceevery120minutes.

CycleTime- ”Cycle time” � parameteris thetime-window duringwhich,a complete
roundof all scheduledjobs areexecuted;i.e., it' s the time within which oneuniqueset
of all themeasurementjobsthatwerescheduledbetweenall themeasurementserversare
performedusingtheappropriatetoolsspeci�ed in themeasurementrequirementspeci�-
cations.Cycletime is theparameterthatdictatesthe”ef�ciency” designgoalof a sched-
uler asdescribedin Section1. Largerthenumberof measurementserversor tools in the
measurementrequirementspeci�cations,larger is thecycle time. Also, shorterthecycle
time,themorefrequentlywecanobtainnetworkhealthinformationfor any givennetwork
path,which resultsin a betterunderstandingof theperformanceof thenetwork pathsin
anNMI. Hence,thegoalof anef�cient schedulermustbeto minimizethecycle time as
muchaspossible.

SchedulerBin - A schedulerbin correspondsto atimefractionof thecycletimewithin
which measurementjobsarepacked.Theconceptof a bin is usefulin applyingdifferent
heuristicbin packingalgorithmswheremultiple jobscanbescheduledwithin a bin in an
overlappedfashion.Thecriterionfor overlappingjobswithin thesametime frameor bin,
for agivensetof measurementserversandmeasurementtools,is basedonthestructureof
the”Tool Con�ict Graph”and”Link Con�ict Graph”,bothof whichareexplainedin the
following subsections.In comparisonto the jobs scheduledusingheuristicbin packing
algorithms,jobs scheduledusing round-robinbin schemesare orderedsequentiallyin
timewithout any overlapof jobs.

Tool Con�ict Graph- A Tool Con�ict Graph,createdfor a givensetof measurement
tools,is usedfor makingschedulingdecisionsin theprocessof executionof ourheuristic
bin packingalgorithm.This graphindicatesif any two tools shouldor shouldn't be run
with mutualexclusiononagivenmeasurementserver. Thereasonfor ensuringmutualex-



Figure3: Tool Con�ict Graphfor tools
in Table1

Figure 4: Link Con�ict Graph for a
tree-typemeasurementclustertopology

Task# MeasurementTool CPU Intensive Channel Intensive

T1 Iperf Yes Yes

T2 H.323Beacon No Yes

T3 Pathchar Yes No

T4 Ping No No

Table 1 MeasurementToolsCPUandChannelResourceConsumptions

clusion(asdiscussedin Section1) is to avoid ”CPU” and”Channel”resourcecontention
wheninitiating testsfrom measurementtoolsthatare-eitherCPUor channelintensiveor
arebothCPUandchannelintensive.

Table 1 shows measurementtools that either consumeor don't consumeCPU and
channelresourcesbasedonthemeasurementtechniqueusedin agiventool.For example,
Pathchardoesnotconsumesigni�cant channelresourcesatany givenpointof time,since
it usesa seriesof ICMP packetsfor probing.However, Pathcharusescomplex statistical
analysisbasedon theICMP packet responsesanddetermines:Latency andbandwidthof
eachlink in the path,distribution of queuetimesat intermediatehopsalonga pathand
theprobabilitythatapacket is dropped.In our testsinvolving Pathchar, wehaveobserved
that thecalculationsinvolving thereportingof theabove measurementmetricsconsume
signi�cant CPUresources.

Figure3 shows the tool con�ict graphfor the measurementtools listed in Table1.
An ”edge” connectingtwo tasksimpliesmutualexclusionhasto beensuredin executing
the two taskson a givenmeasurementserver; i.e., an Iperf measurementtaskcannotbe
concurrentlyscheduledalongwith an H.323 Beaconmeasurementtask.However, it is
acceptableif anIperf measurementtaskis concurrentlyscheduledalongwith aPingtask.
A tool thathasanedgeto any othertool is consideredto haveanedgeto itself.

Link Con�ict Graph- A Link Con�ict Graphalsousesa similar ”edge-based”mutual
exclusionconceptseenin theTool Con�ict Graph,except,thedecisionof ensuringmutual
exclusionis doneat thelink level whenschedulingmeasurementsbetweentwo measure-
mentserversversusthedecisionthat is madeat a singlemeasurementserver level in the
caseof aTool Con�ict Graph.For example,theLink Con�ict Graphshown in Figure4 for
a tree-typeclustertopologyof measurementserversimplies that- if a measurementtask



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

hasbeenscheduledbetweenS1andS3(S1-S3),thefollowing measurementtasks:S3-S1,
S1-S2andS2-S1,cannotbe concurrentlyscheduledin the time framewithin which the
S1-S3taskis beingexecuted.However, eitherof themeasurementtasks:S2-S4or S4-S2
will beallowedin thesametime frameastheS1-S3measurementtask.
Methodology:
Figures5(a)-(c)show theactive measurementjobsschedulingby theadhoc,roundrobin
and heuristicbin packingschemesrespectively for the measurementcluster topology
shown in Figure4. For simplicity in explanation,we assumein Figures5(a)-(c)thatjobs
of only onemeasurementtask T1, which is both CPU and Channelintensive, needto
scheduledbetweenthemeasurementserversS1,S2,S3andS4.

As shown in Figure5(a), in the adhocpackingschemeswherethereareno consid-
erationsfor mutualexclusionof measurements,jobs arerandomlyscheduledleadingto
collisionsin thebinspresentin betweenthe t1 andt3 time frame.Figure5(b) shows the
samesetof jobsbeingscheduledusingtheroundrobin packingscheme,soasto ensure
mutualexclusionbetweenthe measurements.The jobs aresequentiallyplacedwithout
any overlapof jobsin any time frame.

In Figure5(c),thejobsof measurementtaskT1 havebeenscheduledusingtheheuristic
bin packingscheme,soasto ensuremutualexclusionbetweenthemeasurements.A job
is placedin a bin even if thereis a job thathasalreadybeenscheduledin thesamebin
on the conditionthat thereis no ”edge” presentin both the tool con�ict graphandlink
con�ict graphinvolving thetwo jobs.As seenin Figure5(c), jobsJS4 � S2 andJS2 � S4 are
scheduledin the sametime frameasthe jobs JS3 � S1 andJS1 � S3 sinceboth S2 andS4
don't haveedgesto S1andS3.

� 1, � 2 and� 3 shown in Figures5(a)- (c) representthecycletimesobtainedby schedul-
ing the jobs usingthe adhocpackingscheme,roundrobin packingschemeandheuris-
tic bin packingscheme,respectively. Although,we canobserve that the adhocpacking



schemeperformsbestin termsof cycle time comparedto the roundrobin andheuristic
bin packingschemes(� 1 < � 2 < � 3), the adhocpackingschemeis inef�cient sinceit
resultsin erroneousmeasurementresults.Also, it is obvious from Figures5(a)-(c) that
the roundrobin packingschemethoughachievesmutualexclusionof measurements,it
is inef�cient in termsof minimizing thecycle time in comparisonwith theheuristicbin
packingscheme.Hence,theheuristicbin packingschemeprovidesanef�cient approach
to measurementjobs schedulingin termsof both correctnessof measurementsand in
termsof minimizing thecycle time for any givensetof measurementschedulingrequire-
ments.

4.2 SystemImplementation

OnTimeMeasurehasbeendesignedfrom our experienceof designinganactivemeasure-
mentsschedulerfor an end-to-endnetwork performancemeasurementtestbedspanning
campus,regional and nationalacademicbackbonenetwork paths.We initially imple-
menteda roundrobin schedulingschemefor our measurementtestbed.Whenwe started
expandingour testbedinto an NMI for our Third FrontierNetwork (OARnet Network
Backbone),we realizedthe round-robinschemewasinef�cient. This led to our design
andconsequentimplementationof OnTimeMeasurein our NMI which is explainedin
detail in thefollowing subsections.
Preliminary Implementation:
We initially developeda preliminaryversionof OnTimeMeasurefor a pilot testbed[12]
we built as part of the Third Frontier Network MeasurementProjectwhich hasbeen
fundedby the Ohio Boardof Regents.Our pilot testbedconsistsof pathsinterconnect-
ing TheOhio StateUniversity, Universityof CincinatiandNorth CarolinaStateUniver-
sity campuses.The pilot testbedhasbeenbuilt to studyempirical end-to-endnetwork
performancebottlenecksin campus,regionalandnationalacademicbackbonenetworks.
Eachmeasurementsitehastwo measurementserversconnectedto theroutersat strategic
pointsin thenetwork. CDMA timesourceshavebeendeployedateachof thesites,mak-
ing themStratum-1Network Time Protocol(NTP) Servers,for obtainingpreciseglobal
clocksynchronizationfor one-waydelaymeasurements.Eachof themeasurementservers
is equippedwith a network measurementtoolkit that comprisesof many open-source
measurementtools.Our preliminaryversionof OnTimeMeasureconsistedof a ”central
scheduler”thatgeneratesmeasurement”timetables”for eachof themeasurementservers
in the pilot testbedto orchestrateactive measurementsinitiated betweenthe measure-
mentservers.The timetablefor eachmeasurementserver speci�es the timesat which a
cron job executesa particulartool teston themeasurementserver. Detailedexplanation
of thework�o w of thepreliminaryimplementationof our schedulingframework canbe
obtainedfrom [12].
RevisedImplementation Ar chitecture:
Thereweremany limitationsin thedesignof ourpreliminaryversionof OnTimeMeasure.
Therewasnomechanismto systematicallyspecifyschedulingrequirementsin termsperi-
odicity or measurementclustertopologyor MLAs thatneededto beincorporatedinto the
schedulingdecisionprocess.This causeda lack of �e xibility in thedesignof thesched-
uler to automaticallyaddressvariousrequirementssuchasfrequency andconsistency of



Figure6: OnTimeMeasureFramework.

periodicity of active measurementsin the testbedpaths.Also, therewasno supportfor
incorporatingon-demandtestsinto thetimetables.

Towardsaddressingthe above limitations, we extendedthe OnTimeMeasureframe-
work with a ”Scripting LanguageInterface”andthe”Heuristic Bin PackingAlgorithm”,
describedin Section4.1, to generatethemeasurementtimetablesasshown in Figure6.
Thescriptinglanguageinterfaceprovidesagenericandautomatedwayto specifyvarious
measurementrequirementssuchasperiodicity information,measurementclustertopol-
ogy, MLAs andany on-demandtests.Themeasurementrequirementsspeci�cationscol-
lectedusingthescriptinglanguageinterfaceareusedby theheuristicbin packingalgo-
rithm in determiningtimetablesfor eachof themeasurementserversin thenetwork being
monitored.Theheuristicbin packingalgorithmis partof the”CentralSchedulerModule”
(CSM) that residesin the ”Central DatabaseandAnalysisBeacon”server asshown in
Figure6. Therolesof the”CentralDatabaseandAnalysisBeacon”server areto get the
input speci�cationof active measurements,centrallyschedulethe speci�ed active mea-
surements,collect all the measurementdatafrom the measurementserversandalso to
analyze,summarizeandvisualizethecollectedmeasurementdatain real-time.
Scripting LanguageInterface:
We have developeda simplescriptinglanguagethat canbe usedfor writing scheduler-
input con�guration scripts.We have also developeda script-interpreterthat parsesthe
schedulerinput con�guration scriptsto organizethe variousmeasurementrequirement
speci�cationssuchas:measurementserver topologydescription,measurementtoolsde-



Figure7: Samplescheduler-inputcon�gurationscriptto specifyactivemeasurementre-
quirements

scriptions,periodicity desiredfor the measurementtasks,MLAs and on-demandmea-
surementtasksrelatedinformation.

Figure7 illustratestheformatof a samplescheduler-inputcon�gurationscript.Using
a ”servers” tag,anend-usercanspecifythemeasurementserversfor whichmeasurement
timetablesneedto begenerated.A ”cluster” tagindicatesthemeasurementclustertopol-
ogyfor all themeasurementserversthatincludedetailsof speci�c interconnectionsof the
topology. A ”task#” tagis usedto describetool-speci�c informationthat is usedfor both
generatingthe measurementtimetablesandfor initiating the testsappropriately. Multi-
ple tasknumberscanbe createdfor a singletool that hasmultiple switch options.Just
specifyinga taskin a con�guration script doesnot suf�ce inclusionof the taskinto the
measurementtimetables;the task also needsto be includedin either the ”periodic” or
”ondemand”tagsalongwith startandendtimesfor the initiating multiple jobs of that
particulartask.An ”mla” tag is alsopart of the scriptinglanguagesyntaxwhere,infor-
mationregardingbandwidthlimits allowedfor consumptioncanbespeci�edfor each/all
tasks.



5. PerformanceEvaluation

In this section,we evaluatetheperformanceof theheuristicbin packingschemein com-
parisonwith theadhocpackingandthe roundrobin packingschemes.Collision Rateis
usedasametricto comparethecorrectnessof measurementsperformedusingtheheuris-
tic bin packingscheme,with theadhocpackingscheme.Collision Rateprovidesan es-
timateof thenumberof incorrectmeasurementscauseddueto lack of mutualexclusion
betweenasetof measurementsinitiatedwith atool whichis either/bothCPUandChannel
intensive.CycleTimeEconomyis usedasametricto comparethesavingsobtainedin the
overall cycle time usingthe heuristicbin packingschemeover the roundrobin packing
scheme.

5.1 Collision Rate

Figure 8: Pathchar measurementre-
sults when running Pathcharand Iperf
measurementswith andwithout mutual
exclusion

Figure 9: Iperf UDP Throughputmea-
surementresultswhenrunningtwo Iperf
m easurementswith andwithoutmutual
exclusion

The resultsplotted in Figure 8 have beenobtainedby initiating Pathcharand Iperf
measurementsin thesame”LAN testbedwith WAN emulation”describedin Section1.
A total of 40 Pathchartestswere initiated during a test period.The �rst 20 teststhat
took about2 hoursto complete,involvedinitiating Pathchartestsaloneensuringmutual
exclusionbetweensuccessivetestsusingtheheuristicbin packingschemefor thetestbed.
The resultsthus obtainedas shown in Figure8 are consistentwith the actualnetwork
conditionsaffectedby the crosstraf�c. The next 20 tests,which also took 2 hoursto
complete,involvedrandomlyinitiating Iperf testsin conjunctionwith Pathchartestsusing
the adhocpackingscheme.We observe that in this particularsetof randomtests,15 of
the 20 tests(75%) resultedin collisions.Given the almostideal conditionsin our LAN
testbedfor sucha rateof collisions,we believe that the misrepresentationof the actual
network conditionscould be evenmorepronouncedin the real Internetwherethereare
morevariablesthatcouldskew thecorrectnessof activemeasurements.

Figure9 shows theUDP throughputresultsobtainedfrom initiating 40 Iperf testsin



Figure10: Iperf Jittermeasurementre-
sults when running two Iperf mea-
surementswith andwithout mutualex-
clusion

Figure11: Comparisonof CycleTimes
for RoundRobinPackingandHeuristic
Bin PackingSchemesfor the full-mesh
andtreemeasurementclustertopologies

thesameLAN testbedwith WAN emulationthathada crosstraf�c of a 768KbpsH.323
Videoconferencingsession.Figure10 shows thecorrespondingjitter valuesreportedfor
theabove40Iperf tests.The�rst 20teststhattookabout10minutesto complete,involved
initiating Iperf testsaloneby ensuringmutualexclusionbetweensuccessive testsusing
the heuristicbin packingscheme.The next 20 tests,which alsotook about10 minutes
to complete,involvedrandomlyinitiating Iperf testsin conjunctionwith the otherIperf
tests,by usingtheadhocpackingscheme.Weobservethatin thisparticularsetof random
tests,the interferencecausedby con�icting testsresultedin 70%and85.71%erroneous
measurementsof UDPthroughputandjitter, respectively.

5.2 CycleTime Economy

Figure11showsthesimulationresultsfor cycle timesobtained,with increasein thenum-
berof measurementservers,by usingtheroundrobinandheuristicbin packingschemes.
For theabove simulation,jobsof 3 toolswereusedfor scheduling.All the3 toolswere
assumedto bebothCPUandChannelintensive with job executiontimesof 5 minutes,5
minutesand20minutes,respectively. A bin sizeof 20minuteswaschosensoasto �t the
largestof thejobsto bescheduled.

We canobserve thatsigni�cant savingswereobtainedin cycle time for thefull-mesh
clustertopologymeasurementsthat requiren(n-1)measurements,by usingtheheuristic
bin packingschemeinsteadof the roundrobin packingscheme;n beingthe numberof
measurementservers.However, the savings in cycle time for the tree clustertopology
measurements,thoughwerenoticeable,werenotassigni�cant asin thecaseof full-mesh
clustertopologymeasurements.Simulationsfor hybrid clustertopologymeasurements
werein accordancewith theresultsobtainedfor the full-meshandtreeclustertopology
measurements.For ahybridclustertopologywith adominantnumberof full-meshcluster
measurementnodes,the savings in cycle time were signi�cant. Whereas,for a hybrid
clustertopologywith a dominantnumberof treeclustermeasurementnodes,thesavings
in cycle timewererelatively less.



Figure 12: Effectsof variousbin sizes
ontheCycleTimesfor theHeuristicBin
PackingScheme

Figure 13: Effects of increasein the
number of measurementtools on the
CycleTimesfor theHeuristicBin Pack-
ing Scheme

Figure12 shows thesimulationresultsobtainedfor thesamesetof 3 toolsscheduled
ona full-meshmeasurementclustertopology, with varyingbin sizes.It canbenotedthat
choosinganoptimumbin size,basedon theexecutiontimesof the jobsto bescheduled,
canfurther increasethe savings in cycle time; i.e., choosinga bin sizeof 20, 40 or 60
resultsin a much lesscycle time than choosinga bin size of 35. The above result as
shown in Figure12 is true irrespective of thenumberof measurementserversfor which
measurementjobsneedto scheduled.It shouldbenotedthat theoptimumbin sizefor a
givensetof jobsdependson theindividualexecutiontimesof thejobs.

Figure13 shows thesimulationresultsobtainedfor a full-meshmeasurementcluster
topology, with a �x edbin sizeof 20andwith anincreasingnumberof tools.We cannote
that in both theroundrobin andheuristicpackingcases,asthenumberof measurement
tools increasefor a givennumberof measurementservers,thecycle time increasehasa
trend;The cycle time increaseis almostexponentialin thecaseof roundrobin packing
schemewhereasthe cycle time increaseis almostlinear in the caseof the heuristicbin
packingscheme.

6. Conclusionand Future Work

In this paper, we detailedthevariousmotivationsandschedulingissuesconcernedwith
using active measurementsin NMIs. We discussedvariousschedulingschemes,being
usedin existing NMIs, and their limitations. To addressour identi�ed limitations, we
proposeda novel active measurementsschedulingframework called”OnTimeMeasure”.
Lastly, we showed how a scriptinglanguageinterfaceanda heuristicbin packingalgo-
rithm canbeusedto addressactive measurementsschedulingrequirementsin a system-
atic, lesserror-proneandef�cient fashionfor a network involving multiple measurement
servers,eachhostingmultiple measurementtools.

We arecurrentlyinvestigatingtechniquessuchasdistributedhierarchicalscheduling
to extendour our heuristicbin packingalgorithmto function in a distributedscheduler
environment.Further, we areplanningon integratingtechniquessuchassharedprivate



keys and MD5 cryptographicchecksumsinto the distributedschedulingframework of
OnTimeMeasure.Such security techniqueswill be particularly suitable for inter-ISP
measurementsandhave the potentialto prevent abuseof NMI federationsby network
intruders.
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