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ABSTRACT

The standard'ping” utility provides a momentarymeasurement
of roundtrip time. Sequencesf ping eventsare usedto gather
longerterm statisticsaboutjitter and packetlossin orderto de-
scribe the quality of serviceof a network path. A more fine-
grainedtool is neededto evaluatepathswhich carry interactve
mediastreamsfor collaboratve ervironments. Natural interac-
tion dependson obtaining consistenow-lateng, low-jitter ser
vice, somethingwhich normally requiresseveral ping “takes” to
assessnd even thenonly provides an averagedpicture of qual-
ity of service. We have designeda stream-basedhethodwhich
directly displaysthe critical qualitiesto the ear by continuously
driving a bidirectionalconnectiorto createsoundwaves. The net-
work pathitself becomeghe acousticmediumwhich our probe
setsinto vibration. The granularityof this displaybettermatches
the time-scalef variancethatareimportantin interactve appli-
cations(for example bidirectionalaudiostreamdor long-distance
musicalcollaboratioror high-qualityteleconferenceapplications).
The ear’s acuity for pitch fluctuationandtimbral constang make
thisanunforgiving test.

A relatedsonificationtechniqueas discusseavhichis asonar
like mappingof momentaryping datato musicaltones.Temporal
levels of musicalforeground, middlegroundandbackgroundcan
be heardin the melodiesderived from the dataandcorrespondo
structureghatareof importancan theanalysisof networkperfor
mance.

1. INTRODUCTION

Our studyis concernedvith developingsonically-basedools for
evaluatingnetworkperformance.Thereexists a kind of “music”
in the soundof performancemeasurementdisplayedto the ear
andthis paperdiscussesemporalaspectf listeningto it which,
if exploited, can enhancethe designof a useful evaluationtool.
The overall quality of serviceof a networkconnectionis a man-
ifestationof phenomenant differenttemporallevels, from short-
termjitter of transmissiomateto long-termflux in throughput By
translatingperformancemeasureso soundwith appropriatemap-
pings, we can apply a sensoryapparatugmusical hearing)that
is simultaneously sensitve to varianceand structureover a wide
rangeof time scales.

Techniquedor sonificationof time-seriesdatafall into two
broadclassesTransduction simply playsthedataassoundwaves,
sometimegequiringa transformatiorto makeit perceptible.For

example,seismicdatacanbe spedup to audioratessothatearth-
quakeeventsbecomepercussionones.Parameterized display, on

the otherhand,“plays” an analysisof the databy causingthe an-
alytic resultto drive a sound-generatingiethod. This study has
exploredboth kinds of techniquedor evaluationof network per

formance.As will be seen,our interesthasbeento createquali-

tative andintuitive methodswvhich supplementatherthanreplace
existing quantitatve tools.

SoundWIRE [1] is atransduction-typenethodespeciallyuse-
ful for evaluatingvery fine-graineditter andpacketoss. Thenet-
work itself is usedasa sound-producingnediumasif it werea
clarinet’s air columnor a guitar’s stretchedstring. The resulting
waveformis playedto the listenerin realtime, andthey literally
can“pluck” theinternetconnectiorthatis beingtested.

SoundPing is a parameterizedisplaywhichis appliedto dif-
ferentkinds of analysis.In its mostbasicform, it is aone-forone
displayof theoutputof thestandarging utility *, whichmeasures
momentaryround trip time (RTT) andpacketloss. For eachsuc-
cessfuping event(indicatingthatanechowasreceved),amusical
toneis synthesizedvith a pitchthatis inverselyrelatedto themea-
suredRTT. SinceRTT is thebasisfor severalkindsof higherorder
analysese.g.throughputthemethodcanbe musicallyinflectedto
represenmorethanonedimension.For example jitter is present
in mostRTT series Jittercanbebroughtto thelisteners attention
by applyingits runningvalue(thewindowedstandardieviation of
RTT) to thetonestimbral quality, suchthatstrideng is enhanced
duringa strongjitter episode.

Parameterizedisplayswhich are useful for intuitive, real-
time, “read-outs”of networkconditioncanalsobeusedto “graph”
statisticsfrom archves. Several researclprojects[3][4][5] have
collectedenormousguantitiesof world-wide Internetping data,
which is a bit like taking weatherdataover the entire networked
planet. To ascertairlong-termtrends,“zoomed’listeningis pos-
sible that revealslong-termstructure. For instance,daily pings
can be playedback at a fast, but still musical, tempo suchthat
oneyear’s worth of ping datais compressedo aboutoneminute.
Spring break vacationson college campusesecomeevident as
events.

2. QUICK PRIMER ON IP NETWORKING

Datais exchangedetweemetworksockets Oneof thetasksof a
computers operatingsystemis to answemrequestsrom processes

linternetControl MessageProtocol(ICMP) Ping[2]

ICADO1-1



Proceedings of the 2001 International Conference on Auditory Display, Espoo, Finland, July 29- August 1, 2001

'
\\\A //
2) EEEENDS

N
VAT T AVAY A A

Figure 1: 1) Transferof large blocks of dataor 2) transmission
of real-timesignalsinvolves packetizingthe datainto a seriesof
datagrams no largerthanthe network'sMTU.

to pipe datainto and out of the network. After being granted
a socket,a processpassesnternet protocol (IP) formatteddata
packetsor datagramsasfastaspossibleto the receving socket.
If the amountof datais larger thanfits into the network’s maxi-
mumtransferunit (MTU), it will automaticallybe split into mul-
tiple datagramsvhich aresentin a sequenceln the caseof real-
time signals the processnsteadtransmitsregularly-spacegack-
etscontainingmediasuchasteleconferencelata. In eithercase,
therewill bea streamof datagramsentover the networkpathas
shavn in Figurel. Thetravel time thatit takesfor a givenportion
of datato berecevedwill depencbnseveralfactors:operatingsys-
temload, path,networkprotocolchoice,buffering, networktype,
networktopology networkdifficulties,etc.—all of whichinteract,
oftenin acomple manner

Ping is a specialcommandusedto testconnectity between
two computerg“hosts”) andgainanideaof the travel time. The
RTT it reportsindicatesthe time it takesfor a ping messagda
specially-formatteddatagram)o completea trip from the hosts
networkinterfaceto the tametinterfaceandback. A hostmay be
askedto ping its own networksubsystenby targetingthe special
IP hostname,“localhost(available on most systems). Typically,
thiswill reportafastRTT < 30us. Externalhostswill show ping
timesin arangeof 0.1 — 1000ms. Whatmakesthe differenceis,
of course theinterveningnetwork. Its extent (numberof subnets
andtheir qualities)governsthelateng andcanbebrokeninto two
ranges- local areanetworks(LAN) whichareusuallymuchlower
lateny, < 1ms, andwide areanetworks(WAN) whosepathstran-
sit networksexternal to an organization. Theseadministratvely
separatsggmentsmaydiffer in termsof availablehardwareband-
width, policies,andcongestion.

Statisticson packetloss, RTT min / max and RTT average
aregatheredby automaticallyissuinga seriesof pings, typically
sentat one-secondhtervals. Traceroute is arelatedutility thatre-
portstheapproximatdransittime acrossndividual sgmentson a
givenpath.Therelay pointsthataretraversedarecalled“routers;
computerghatcooperateo passdatabetweerinterconnectedet-
works.

Next-generatiometworksarecapableof supportinganew class
of bidirectionalapplications.Examplesncludeteleconferencing,
telemanipulationwith haptic feedback,and remotemusical col-
laboration.Experimentshave beenperformedon streaminghigh-
quality signalssuchasreal-timeHDTV andprofessionaluncom-
pressedaudio[6]. However, glitch-freetransmissiorover WAN is
still difficult whencongestioroccurs. Policiesand protocolsare
beingdesignedvhich will ensurgoroperQoS.We have testedour
methodsn trials for two of them.

3. FINE-GRAINED LISTENING: SOUNDWIRE

Our transductionrmethodis a utility for fine-grainedlisteningto

packetflow on the orderof < 100us. (the granularityof anau-
dio frame). We create“sound waves on the Internetfrom real-
time echoes’asan easy-to-usegasy-to-understanelaluationfor

quality of service(QoS).Usersof themostdemandingnteractie,

real-time applications(suchas high-quality audio collaboration)
canonly operatewithin alow-lateng, low-jitter QoServironment
that the standardping utility is too coarseto verify. Our version
implementsthe SoundWIREtechniquewith the samefeaturesas
ping, with optionsfor packetsize'flood-rate” (i.e., audiosample
rate),andstart/ stoptiming.

SoundWIREusesphysicalmodelingsynthesig7]. Delayunit
generatorsvhich aretypical building blocks of “lumped circuit”
modelsare replacedby the network paths delay For example,
it becomeghe loop delay in the well-known Karplus-Strongal-
gorithm[8]. As afirst experiment,we have developeda plucked
network-string. Whenthe string loop (the recirculatingnetwork
audio stream)is excited, the pitch of the resultingwave corre-
spondsto the inverseof the (instantaneousRTT. The resulting
waveis directlytransducedo theaudiooutput.Becaus¢hestream
is driving thenetworkataudioratege.g.,from 8kHzto 96,000kHz),
fine-graineditter is heardasfluctuationsof theloop’s pitch. With
longer network delays, SoundWIREproducesactual echoes(or
very long strings);with shorterdelays,it sounddike a pitchedin-
strument.

Thefirst testinvolvedaQoSpolicy thatwe couldenable dis-
ablewhile sendingtheaudioround-tripbetweerthe SC2000con-
ferencein DallasandStanford Figure?2. In orderto simulatenet-
work congestionfour routerswereaddedo the edgesof thewide
areanetwork (Abilene), two at eachlocation (labeledSND-GW /
Q-GW andEdge/ Access),andartificial traffic wasinjectedinto
theprivatesggmentbetweereachpair. We usedUDP, aprotocolin
which lost packetsare not retransmittecandwhich relies heavily
onQosSfor consistenperformanceA schemeo prioritize packets
accordingto source/ destinationaddressesvasimplementedso
thatour audiotraffic couldtakethe “carpoollane’ With the QoS
policy disabledthosepacketsveresubjectto networkcongestion
resultingin loss,delayandobviousaudioglitches.With thepolicy
enabledthe audiodatareceved priority queueingat the routers,
andthe audiowasascleanasif it hadbeenstreamedhroughan
uncongestedetwork.[q

A secondpngoingtestinvolvesSoundWIREandTCR a pro-
tocol which guaranteeslatawill arrive intact (througha scheme
thatre-transmitonesthatarelost). TCPis “network-friendly” be-
causeit backsoff its re-transmissiomundercongestionhowever,
this behavior canresultin intolerably late arrivals for interactve
real-timeapplications. TCP-RTM [9] is designedo reducethis
lateny undernetworkload andmakethe overall QoS acceptable
without changedo routerpolicies.

4. LONGER EVENTS: SOUNDPING

Parameterizedlisplaycanmapfew or several dimensiondor ary
of several performancemeasuresvhich are of interestin moni-
toring networks. SoundPingis basedon the standardping and
translatests outputto musicalparameters.
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Figure2: Schematiadiagramof networkpathbetweenCCRMA, Stanfordand SC2000 Dallasfor audio-basedestingof a QoS method.
Artificial traffic wasinjectedbetweerpairsof routersat the network’s edge.With the QoSmethod consistenaudiodelivery waspossible
underheary congestionlUsersof thisfirst long-haulSoundWIREdeploymentxperiencecta. 150ms.RTT lateng. Futureversionsof the
utility will becloserto theactualnetworklateng (ontheorderof 50ms.for the samepath).
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4.1. RTT, AverageRTT

SoundPingynthesizeatonefor eachreal-timeping eventor data
pointin anarchive. Roundtrip time (R) is mappednverselyto
pitch (f), anda scalingconstantt is appliedto the RTT of wide-
areanetworksto raisethe pitchesto the samerangeproducedby
fasterlocal-areanetworks:

1 : R<b5ms

1
f:E, where s:{ 1 RS 5ms (2)

We have foundthata usefulvalueof & is 0.025.

Anotherparameteof interestis to accumulat@naverageRTT
valueover a time window. Useful mappingsinclude makingthe
ping tempo(T") attime n. directly dependnthe averageRTT:

Tln+ 1] =T[n] + Toffset + cRavg, (2)

whereT, 5. IS @ minimum interval betweenpingsandc is a
scalarontheaverage.

4.2. PacketLoss

For avarietyof reasonsevenwell-functioningwide areanetworks
incur a certainamountof packetloss. Packetscanbe droppeddue
to errorsin routing dynamics(router congestion route changes)
or possibleequipmentmalfunction. Pinglossis expressedasthe
percentagef testpacketssentbut not echoed.Values< 5% are
notuncommonrandaffect the choiceof protocolfor agivenappli-
cation,e.g. TCPfor guaranteedielivery or UDP for datathatcan
toleratedropoutgbut whichneedo avoid theaddedl CPoverhead
andlateng).

The simplestsonificationof loss usesthe methodabore in
which lost packetsaresimply musicalrests(non-e/ents).

4.3. Jitter

Variancein RTT, or jitter, is expressedasthe percenttandardie-
viation of asequencef RTT values.Low jitter alongwith known

RTT bounds(minimumandmaximumvalues)have directbearing
on the specificationof playback buffers for real-timesignals.The
applications buffer lengthmustbe long enoughto copewith late
arrivals, so that uninterruptedsignalsare deliveredto mediade-
vices (suchasthe audio DAC). Timbre parametemappingsfor

example,canbeusedto highlightlevel of jitter.

4.4, Other Measures— Futur e Work

Sonificationof somefurther performancaneasuresrebeingim-
plementedn SoundPingsfinal form.

4.4.1. Asymmetry

Obtainingone-waytrip time is difficult becauset requirespre-
cisesynchronizatiorof both hosts. An externalreferencesuchas
GPSis neededo reachmillisecond-level accurag. In thefuture,
we hopeto testa sonificationmethodin which a pluckedstring
tone,with its pitch soundingthe RTT, choosests pluck position
accordingto the directionalasymmetry A perfectly symmetric
path would have the timbral characterof a perfectly mid-string
pluck (which is missingthe fundamental).The familiar changing
timbreoftenheardonstringedinstrumentsvould provide areveal-
ing display

NETWORK TYPE | delay(ms.) | freq(Hz.) | PERCEPT
localhost .025 40k ultrapitch
LAN .25 4k pitch
WAN (1) 25 40 pitch
WAN (2) 50 20 infrapitch
WAN (3) 100 10 vibrato
WAN (4) 200- 1000 5-1 rhythm

Tablel: RTT vs. musicalrates,1) within WestCoast,USA next-
generatiorbackbones?) SC200Qo Stanford 6], 3) national-scale
next-generation4) commoditylnternet

4.4.2. Throughput

Maximum transferrate (expressedn bits-persecondanbe cal-
culatedindirectly from RTT andpacketossrate:

/
Rate < MSS * L

= RTT ~ /p

where Rate is the transferrate or throughput,A/SS' is the max-
imum segmentsize (fixed for eachinternetpath, typically 1460
bytes),andp is the packetlossrate[10]. An improved, but more
comple, form of the abore formulawhich takesinto accountad-
ditionalinformationaboutTCR is foundin [11]. Throughputgcal-
culatedas a running parametercan be mappedin a numberof
ways.Pluck strengthor amplitudeseemgoodchoicesor ourfinal
design.

®)

4.4.3. Traceroute

Thetraversingof datathroughmultiple routerscanberepresented
asa “ping chord” We will usetracerouteand ping statisticsto
createmultiple pitchesfor eachevent. As the sggmenttimesvary,
sowill thechordconstituents.

5. TIME SCALES

Our earsare sensitve to structuresacrossa wide rangeof time
scales. Coincidentally LAN and WAN RTT valuesfall directly
within the gamutcorrespondingo pitch and rhythm. Table 1
shaws the rangeof thesetemporalcorrespondencesNote that
the fastestping times approximatethe typical audio samplerate
of 44.1kHz.

Listeningto music, we are simultaneouslyexperiencingdif-
ferenttemporallevels, from short-termphenomendo long-term
structures.A similar layeringis reportedin a modelfor mapping
spatialfeaturedo differenttime scalesf auditorydisplayin [12].
We will shaw thatthe roughclassificationschemewhich wasre-
portedis alsorelevantfor thefeaturedn the presentemporaldata.

Onecanimaginea patternof SoundPingonesin a hypotheti-
cally perfectnetwork: the “melody” would be monotonouslycon-
stant. Oppositeto this, one canimaginean extremely poor net-
work whosepingsarerandom. From the graphsin Figure 3, we
canseethat actualnetworktestslie betweentheseextremes. In
general,things are well-behaed, but never constantand fit the
classof “ambienttime — percevedasalwayspresent. Occasional
isolatedoutliersoccurandfit the classof “eventtime — perceved
asirregularly spacedingularevents: Also, asin e),faster‘rhyth-
mic time— percevedaschangeso eventsinsideauditorystreams.
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Figure 3: MeasuredRTT seriesfrom pinging localhost(left) anda LAN host (right) at differentrates(full flood, 100us, 10ms, 1s ).
Temporallayers‘zoomin” goingup.
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Additionally, we seethe presencef very fastjitter in a) or “spec-
tral time — percevedasvariationsin timbre (and/orlocalization):
And sometimesbroadshiftsof regimeswhicharecloserto formal
eventsof musicasshowvn in ¢) andd).

Importantstructuregremaskedrom view by choosingliffer-
enttemporalperspecties. Thelarge,regular, discontinuitiesof e)
aremissingfrom slower samplingsof the samepath. Throughlis-
teningexperiencespnelearnsto discernthe differencedbetween
operatingsystems(which affect how pings are serviced)and to
detectsystemioadvariationandnetworkcongestion.

As thedesignevolveswe intendto offer a utility with achoice
of granularityfrom fine to coarsethat will be ableto “encode”a
combinationof simultaneousemporallayers. The rosterof cues
underlyinginstrumentalidentity suggestpossibilitiesin addition
to thoseof pitch andrhythmwhich we're alreadyusing:

Fastetthanthepitch period,ultrapitchphenomenancludeape-
riodicity, upperpartials,stochasticomponentsandfrom the point
of view of thelistener the arrival timesof differentradiationan-
gles. Thesequalitiesbelongto the instrumentandacousticchain
(the playing/listening/recordingrvironment) and are not under
consciousontrolof theperformernthoughsomeof thesearemod-
ulatedin apitch-synchronouway [13] andsomearemodulatedas
nuance®f performancg14]).

Infrapitchphenomendncludesubharmonicsattacktypes,vi-
bratoandothermodulationsandshadingsf dynamiclevel. While
thesearestill qualitiesthatgive strongcuesto instrumentidentity,
someare underthe players control as a “byproduct” of expres-
sion. They sene asstrongcuesto style andthe qualitiesof an
individual performer andaswith pitch andultrapitchlayersthese
qualitiesareextremelyaudible.

Longerstill arethe fixed qualitiesof aninstrument:choiceof
reed,formantstructure etc. which arechoicesmadeaheacdf time
by the player theinstrumentbuilder (or the sounddesigner).

Themostelaboratexperimentwe have performedyetin terms
of SoundPingparametridisplayis amusicandartinstallationen-
titted “Ping” [15][16]. The gallery viewersexperiencea continu-
ousmonitoringof RTT from hostswhich they canselector which
the piececyclesthrough. A rich variety of melodiesandrhythms
resultfrom combinationof up to four simultaneougarmgets,each
of whichis receving andsoundingtwo streamf pingsin stereo.
Shadingsof instrumentalquality andtonal harmoty follow jitter
andaverageRTT.
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