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Abstract— In a packet network, the terms “band-
width” or “thr oughput” often characterize the amount
of data that the network can transfer per unit of time.
Bandwidth estimation is of interest to users wishing to
optimize end-to-endtransport performance,overlay net-
work routing, and peer-to-peer �le distribution. Tech-
niques for accurate bandwidth estimation are also im-
portant for traf�c engineering and capacity planning
support. Existing bandwidth estimation tools measure
oneor more of thr eerelatedmetrics: capacity, available
bandwidth, and bulk transfer capacity(BTC). Curr ently
available bandwidth estimation toolsemploya variety of
strategiesto measure thesemetrics. In this surveywere-
view the recentbandwidth estimation literatur efocusing
on underlying techniquesand methodologiesas well as
opensourcebandwidth measurementtools.

I . INTRODUCTION

In physical layer communications,the term band-
width relatesto the spectralwidth of electromagnetic
signalsor to thepropagationcharacteristicsof commu-
nicationsystems.In the context of datanetworks, the
termbandwidthquanti�es thedataratethata network
link or a network pathcantransfer. In this article we
focuson estimationof bandwidthmetricsin this latter
datanetwork context.

Theconceptof bandwidthis centralto digital com-
munications,andspeci�cally to packet networks,asit
relatesto the amountof data that a link or network
path can deliver per unit of time. For many data-
intensive applications,suchas �le transfersor multi-
mediastreaming,thebandwidthavailableto theappli-
cationdirectly impactsapplicationperformance.Even
interactive applications,which are usually more sen-
sitive to lower latency ratherthan higher throughput,
canbene�t fromthelowerend-to-enddelaysassociated
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with highbandwidthlinks andlow packet transmission
latencies.

Bandwidth is also a key factor in several network
technologies. Several applicationscan bene�t from
knowing bandwidth characteristicsof their network
paths. For example, peer-to-peer applicationsform
their dynamicuser-level networks basedon available
bandwidthbetweenpeers.Overlaynetworks cancon-
�gure their routing tablesbasedon the bandwidthof
overlay links. Network providers leaselinks to cus-
tomersand usually charge basedon bandwidthpur-
chased. Service-Level-Agreements(SLAs) between
providersandcustomersoften de�ne servicein terms
of availablebandwidthatkey interconnection(network
boundary)points. Carriersplan capacityupgradesin
their network basedon the rate of growth of band-
width utilization of their users. Bandwidth is also a
key conceptin contentdistribution networks, intelli-
gent routing systems,end-to-endadmissioncontrol,
andvideo/audiostreaming.

The term bandwidthis often impreciselyappliedto
a variety of throughput-relatedconcepts. In this pa-
perwede�ne speci�c bandwidth-relatedmetrics,high-
lighting thescopeandrelevanceof each.Speci�cally,
we �rst differentiatebetweenthe bandwidthof a link
and the bandwidthof a sequenceof successive links,
or end-to-endpath. Second,we differentiatebetween
the maximumpossiblebandwidththat a link or path
can deliver (“capacity”), the maximumunusedband-
widthata link or path(“availablebandwidth”),andthe
achievablethroughputof a bulk-transferTCPconnec-
tion (“Bulk-Transfer-Capacity”). All thesemetricsare
importantsincedifferentaspectsof bandwidtharerel-
evantfor differentapplications.

An important issue is how to measure these
bandwidth-relatedmetricson a network link or on an
end-to-endpath. A network managerwith adminis-
trative accessto the router or switch connectedto a
link of interestcanmeasuresomebandwidthmetrics
directly. Speci�cally, anetwork administratorcansim-
ply readinformationassociatedwith therouter/switch
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(e.g.,con�gurationparameters,nominalbit rateof the
link, averageutilization, bytesor packets transmitted
oversometimeperiod)usingtheSNMPnetwork man-
agementprotocol. However, suchaccessis typically
availableonly to administratorsandnot to endusers.
End users,on the other hand, can only estimatethe
bandwidthof links or pathsfrom end-to-endmeasure-
ments,without any informationfrom network routers.
Even network administratorssometimesneedto de-
terminethe bandwidthfrom hostsundertheir control
to hostsoutsidetheir infrastructures,andso they also
rely on end-to-endmeasurements.This paperfocuses
onend-to-endbandwidthmeasurementtechniquesper-
formed by the end hostsof a path without requiring
administrative accessto intermediateroutersalongthe
path.

Differences in terminology often obscure what
methodologyis suitablefor measuringwhich metric.
While all bandwidthestimationtools attemptto iden-
tify “bottlenecks” it is not always clear how to map
thisvaguenotionof bandwidthto speci�c performance
metrics. In fact in somecasesit is not clearwhether
a particularmethodologyactuallymeasuresthe band-
width metric it claimsto measure.Additionally, tools
employing similar methodologiesmay yield signi�-
cantly different results. This paper clari�es which
metriceachbandwidthmeasurementmethodologyes-
timates. We then presenta taxonomyof major pub-
licly available bandwidthmeasurementtools, includ-
ing pathchar, pchar, nettimer, pathrate, andpathload,
commentingon their unique characteristics. Some
bandwidthestimationtoolsarealsoavailablecommer-
cially, suchasAppareNet[1]. However the measure-
mentmethodologyof commercialtools is not openly
known. Thereforewe refrainfrom classifyingthemto-
getherwith publicly availabletools.

The restof this paperis structuredasfollows. Sec-
tion � II de�nes key bandwidth-relatedmetrics. The
mostprevalentmeasurementmethodologiesfor thees-
timationof thesemetricsaredescribedin Section � III.
Section� IV presentsataxonomyof existingbandwidth
measurementtools.Wesummarizein Section� V.

II . BANDWIDTH-RELATED METRICS

In this sectionwe introducethreebandwidthmet-
rics: capacity, availablebandwidth,andBulk-Transfer-
Capacity(BTC). The �rst two arede�ned both for in-
dividual links andend-to-endpaths,while the BTC is
usuallyde�ned only for anend-to-endpath.

In the following discussionwe distinguishbetween

links atthedatalink layer(“layer-2”) andlinks attheIP
layer(“layer-3”). We call theformersegmentsandthe
latterhops. A segmentnormallycorrespondsto aphys-
ical point-to-pointlink, a virtual circuit, or to a shared
accesslocal areanetwork (e.g., an Ethernetcollision
domain,or anFDDI ring). In contrast,a hopmaycon-
sistof a sequenceof oneor moresegments,connected
throughswitches,bridges,or otherlayer-2 devices.We
de�ne anend-to-endpath � from anIP host � (source)
to anotherhost � (sink) as the sequenceof hopsthat
connect� to � .

A. Capacity

A layer-2 link, or segment, can normally transfer
dataat a constantbit rate, which is the transmission
rateof thesegment. For instance,this rateis 10Mbps
on a 10BaseTEthernetsegment,and1.544Mbpson a
T1 segment.Thetransmissionrateof asegmentis lim-
ited by both thephysicalbandwidthof theunderlying
propagationmediumaswell asits electronicor optical
transmitter/receiver hardware.

At the IP layer a hop deliversa lower rate than its
nominaltransmissionratedueto theoverheadof layer-
2 encapsulationandframing.Speci�cally, supposethat
the nominalcapacityof a segmentis ����� . The trans-
missiontime for anIP packet of size 	

��
 bytesis
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where �
��� is the total layer-2 overhead(in bytes)

neededto encapsulatethe IP packet. So the capacity
����
 of thatsegmentat theIP layeris
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Note that the IP layer capacitydependson the size
of the IP packet relative to the layer-2 overhead.For
the10BaseTEthernet,�#��� is 10Mbps,and �

��� is 38
bytes(18 bytesfor theEthernetheader, 8 bytesfor the
framepreamble,andtheequivalentof 12 bytesfor the
interframegap). So the capacitythat the hop cande-
liver to theIP layer is 7.24Mbpsfor 100-bytepackets,
and9.75Mbpsfor 1500-bytepackets. Figure1 shows
thefractionof layer-2 transmissionratedeliveredto the
IP layer asa function of packet sizefor Ethernetand
PPPlayer-2 encapsulations.For PPPtransmissionswe
assumethat the Maximum TransmissionUnit (MTU)
is 1500byteswhile the layer-2 overhead(without any
additionaldata-linkencapsulation)is 8 bytes.
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Fig. 1. Fractionof segmentcapacitydeliveredto IP layer,
asa functionof thepacketsize.

We de�ne thecapacity ��� of a hop
�

to bethemaxi-
mumpossibleIP layer transferrateat that hop. From
equation(2) themaximumtransferrateat theIP layer
resultsfrom MTU-sizedpackets. Sowe de�ne theca-
pacityof a hopasthebit rate, measuredat theIP layer,
at which thehopcantransferMTU-sizedIP packets.

Extendingthepreviousde�nition to a network path,
thecapacity � of an end-to-endpathis themaximum
IP layer ratethat the pathcantransferfrom sourceto
sink. In otherwords,thecapacityof a pathestablishes
an upperboundon the IP layer throughputthat a user
canexpect to get from that path. The minimum link
capacityin thepathdeterminestheend-to-endcapacity

� , i.e.,
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 �����
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where �
�

is thecapacityof the
�

-th hop,and � is the
numberof hopsin thepath.Thehopwith theminimum
capacityis thenarrow link on thepath.

Somepathsinclude traf�c shapersor rate limiters,
complicatingthede�nition of capacity. Speci�cally, a
traf�c shaperat a link cantransfera “peak” rate � for
a certainburst length � , anda lower “sustained”rate

�

for longerbursts. Sincewe view thecapacityasan
upperboundon the rate that a pathcan transfer, it is
naturalto de�ne the capacityof sucha link basedon
thepeakrate � ratherthanthesustainedrate

�

. Onthe
otherhand,a rate limiter may deliver only a fraction
of its underlyingsegmentcapacityto an IP layerhop.
For example,ISPsoften useratelimiters to sharethe
capacityof an OC-3 link amongdifferent customers,
chargingeachcustomerbasedonthemagnitudeof their
bandwidthshare.In thatcasewe de�ne thecapacityof
thathopto betheIP layerratelimit of thathop.

Finally we note that somelayer-2 technologiesdo
not operatewith a constanttransmissionrate. For in-
stance,IEEE 802.11bwirelessLANs transmit their
framesat 11, 5.5, 2, or 1 Mbps, dependingon the bit
error rateof the wirelessmedium. The previous de�-
nition of link capacitycanbe usedfor suchtechnolo-
giesduringtimeintervalsin whichthecapacityremains
constant.

B. Availablebandwidth

Anotherimportantmetricis theavailablebandwidth
of a link or end-to-endpath. Theavailablebandwidth
of a link relatesto theunused,or “spare”,capacityof
the link during a certaintime period. So even though
thecapacityof a link dependson theunderlyingtrans-
missiontechnologyandpropagationmedium,theavail-
able bandwidthof a link additionallydependson the
traf�c loadat that link, andis typically a time-varying
metric.

At any speci�c instantin time,a link is eithertrans-
mitting a packet at the full link capacityor it is idle,
sotheinstantaneousutilizationof a link canonly beei-
ther � or

"

. Thusany meaningfulde�nition of available
bandwidthrequirestimeaveragingof theinstantaneous
utilization over the time interval of interest.Theaver-
ageutilization �

�������������! for a timeperiod �����"������ is
givenby

�

�������#������ 
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where ����+0 is the instantaneousavailable bandwidth
of the link at time + . We refer to the time length �

astheaveraging timescaleof theavailablebandwidth.
Figure2 illustratesthis averagingeffect. In this exam-
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Fig. 2. Instantaneousutilization for a link during a time
period(0,T).

ple thelink is usedduring8 outof 20time intervalsbe-
tween0 and 1 , yieldinganaverageutilizationof 40%.

Let us now de�ne theavailablebandwidthof a hop
�

over a certaintime interval. If �2� is the capacityof
hop

�

and �

� is theaverageutilizationof thathopin the
giventimeinterval, theaverageavailablebandwidth34�
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of hop
�

is givenby theunutilizedfractionof capacity,
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Extendingthepreviousde�nition to an � -hoppath,the
availablebandwidthof theend-to-endpathis themini-
mumavailablebandwidthof all � hops,

3 
 � ���

���
	���
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�
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3 �
(6)

The hop with the minimum available bandwidth is
calledthetight link 1 of theend-to-endpath.

Figure3 shows a“pipe modelwith �uid traf�c” rep-
resentationof anetwork path,whereeachlink is repre-
sentedby a pipe. Thewidth of eachpipecorresponds
to therelative capacityof thecorrespondinglink. The
shadedareaof eachpipe shows the utilized part of
thatlink's capacity, while theunshadedareashows the
sparecapacity. Theminimumlink capacity� 	 in this
exampledeterminestheend-to-endcapacity, while the
minimumavailablebandwidth3 
 determinestheend-
to-endavailablebandwidth.As shown in Figure3, the
narrow link of a pathmaynot bethesameasthetight
link.
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Fig. 3. Pipemodelwith �uid traf®c for 3-hopnetwork path.

Several methodologies for measuring available
bandwidthmake the assumptionthat the link utiliza-
tion remainsconstantwhen averagedover time, i.e.,
they assumea stationarytraf�c load on the network
path. While this assumptionis reasonableover rela-
tively shorttime intervals, diurnal load variationswill
impactmeasurementsmadeover longertime intervals.
Also note that constantaverageutilization (stationar-
ity) doesnot precludetraf�c variability (burstiness)or
long-rangedependency effects.

Sincethe averageavailable bandwidthcan change
over time it is importantto measureit quickly. This is
especiallytruefor applicationsthatuseavailableband-
widthmeasurementstoadapttheirtransmissionrate.In

�

We chooseto avoid thetermbottleneck link becauseit hasbeen
usedin thepastto referto boththelink with theminimumcapacity
aswell asthelink with theminimumavailablebandwidth.

contrast,thecapacityof a pathtypically remainscon-
stantfor long time intervals,e.g.,until routingchanges
or link upgradesoccur. Thereforethecapacityof apath
doesnot needto be measuredasquickly asthe avail-
ablebandwidth.

C. TCPThroughput& Bulk transfercapacity(BTC)

Another key bandwidth-relatedmetric in TCP/IP
networks is thethroughputof a TCPconnection.TCP
is themajortransportprotocolin theInternet,carrying
almost90%of thetraf�c [2]. A TCPthroughputmetric
would thusbeof greatinterestto endusers.

Unfortunatelyit is not easyto de�ne the expected
throughputof a TCP connection.Several factorsmay
in�uence TCPthroughput,includingtransfersize,type
of cross traf�c (UDP or TCP), number of compet-
ing TCP connections,TCP socket buffer sizesat both
senderand receiver sides, congestionalong reverse
(ACK) path,aswell assizeof routerbuffersandcapac-
ity andloadof eachlink in thenetwork path.Variations
in thespeci�cationandimplementationof TCP, suchas
NewReno[3], Reno,orTahoe,useof SACKs[4] versus
cumulative ACKs, selectionof the initial window size
[5], andseveral otherparametersalsoaffect the TCP
throughput.

For instance,thethroughputof a smalltransfersuch
as a typical Web pageprimarily dependson the ini-
tial congestionwindow, Round-Trip Time (RTT), and
slow-startmechanismof TCP, ratherthanon available
bandwidthof thepath.Furthermore,thethroughputof
a large TCP transferover a certainnetwork path can
varysigni�cantly whenusingdifferentversionsof TCP
evenif theavailablebandwidthis thesame.

The Bulk-Transfer-Capacity (BTC) [6] de�nes a
metric that representsthe achievable throughputby a
TCPconnection.BTCis themaximumthroughputob-
tainableby a singleTCP connection. The connection
mustimplementall TCPcongestioncontrolalgorithms
as speci�ed in RFC 2581 [7]. However, RFC 2581
leaves someimplementationdetails open, so a BTC
measurementshouldalsospecifyin detailseveralother
importantparametersaboutthe exact implementation
(or emulation)of TCPat theendhosts[6].

NotethattheBTC andavailablebandwidtharefun-
damentallydifferent metrics. BTC is TCP-speci�c
whereasthe available bandwidthmetric doesnot de-
pendon a speci�c transportprotocol. The BTC de-
pendson how TCP sharesbandwidthwith otherTCP
�o ws, while the available bandwidthmetric assumes
that the averagetraf�c load remainsconstantandes-
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timatesthe additionalbandwidththat a pathcanoffer
beforeits tight link is saturated.To illustratethis point
supposethatasingle-linkpathwith capacity� is satu-
ratedby a singleTCPconnection.Theavailableband-
width in thispathwouldbezerodueto pathsaturation,
but theBTCwouldbeabout�

���

if theBTCconnection
hasthesameRTT asthepreviousTCPconnection.

I I I . BANDWIDTH ESTIMATION TECHNIQUES

This sectiondescribesexisting bandwidthmeasure-
menttechniquesfor estimatingcapacityandavailable
bandwidthin individualhopsandend-to-endpaths.We
focuson four major techniques:VariablePacket Size
(VPS) probing,Packet Pair/Train Dispersion(PPTD),
Self-LoadingPeriodicStreams(SLoPS),andTrainsof
Packet Pairs (TOPP).VPS estimatesthe capacityof
individual hops,PPTDestimatesend-to-endcapacity,
and SLoPSand TOPP estimateend-to-endavailable
bandwidth. Thereis no currentlyknown techniqueto
measureavailablebandwidthof individual hops.

In thefollowing weassumethatduringthemeasure-
mentof apath � its routeremainsthesameandits traf-
�c load is stationary. Dynamicchangesin the routing
or loadcancreateerrorsin any measurementmethod-
ology. Unfortunatelymostcurrentlyavailabletoolsdo
notcheckfor dynamicrouteor loadchangesduringthe
measurementprocess.

A. VariablePacket Size(VPS)probing

VPS probingaimsto measurethe capacityof each
hopalonga path. Bellovin [8] andJacobson[9] were
the�rst to proposeandexploretheVPSmethodology.
Subsequentwork improved the techniquein several
ways[10], [11], [12]. Thekey elementof thetechnique
is to measuretheRTT from thesourceto eachhopof
thepathasa functionof theprobingpacket size. VPS
usestheTime-To-Live (TTL) �eld of the IP headerto
forceprobingpacketsto expireataparticularhop.The
routerat thathopdiscardstheprobingpackets,return-
ing ICMP “Time-exceeded”errormessagesbackto the
source.Thesourceusesthereceived ICMP packetsto
measuretheRTT to thathop.

The RTT to eachhop consistsof threedelaycom-
ponentsin theforwardandreversepaths:serialization
delays,propagationdelays,andqueueingdelays.The
serializationdelay of a packet of size 	 at a link of
transmissionrate � is the time to transmitthe packet
on thelink, equalto 	

�

� . Thepropagationdelayof a
packet at a link is the time it takesfor eachbit of the
packet to traversethe link, and is independentof the

packet size. Finally, queuingdelayscanoccur in the
buffersof routersor switcheswhenthereis contention
at theinputor outputportsof thesedevices.

VPSsendsmultiple probingpacketsof a given size
from thesendinghostto eachlayer-3 device alongthe
path. Thetechniqueassumesthatat leastoneof these
packets,togetherwith theICMP replythatit generates,
will not encounterany queueingdelays.Thereforethe
minimum RTT that is measuredfor eachpacket size
will consistof two terms:adelaythatis independentof
packetsizeandmostlydueto propagationdelays,anda
termproportionalto thepacket sizedueto serialization
delaysateachlink alongthepacket'spath.Speci�cally,
theminimumRTT 1 �

�

	

 for a givenpacket size 	 up
to hop

�

is expectedto be

1
�

�

	

 


��
�

�

��

�
	

	

�

�


��
���

�
	 (7)

where:	
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thatdonotdependontheprob-
ing packet size 	 ,	

�
� : slopeof minimumRTT up to hop
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againstprob-
ing packet size 	 , givenby
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Notethatall ICMP replieshavethesamesize,indepen-
dentof 	 , andthusthe � termincludestheir serializa-
tion delayalongwith thesumof all propagationdelays
in theforwardandreversepaths.

The minimum RTT measurementsfor eachpacket
sizeup to hop

�

estimatesthe term �

�
, asin Figure4.

Repeatingthe minimum RTT measurementfor each
hop

�
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������� �

� , the capacityestimateat eachhop
�

alongtheforwardpathis:
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Figure4 illustratestheVPStechniquefor the �rst hop
of a path. The slopeof the linear interpolationof the
minimum RTT measurementsis the inverseof theca-
pacityestimateat thathop.

UnfortunatelyVPSprobingmayyieldsigni�cant ca-
pacity underestimationerrorsif themeasuredpathin-
cludesstore-and-forward layer-2 switches[13]. Such
devicesintroduceserializationdelaysof the 	

�

� type
but they donotgenerateICMP TTL-expiredrepliesbe-
causethey arenot visible at the IP layer. Modifying
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Fig. 4. RTT measurements,minimumRTTs, andthe least-
squareslinear®t of theminimumRTTs for the®rst hop
of a path.

VPSprobingto avoid sucherrorsremainsanactive re-
searchproblem[12].

B. Packet Pair/Train Dispersion(PPTD)probing

Packet pair probing is usedto measurethe end-to-
end capacityof a path. The sourcesendsmultiple
packet pairs to thereceiver. Eachpacket pair consists
of two packetsof thesamesizesentback-to-back.The
dispersionof apacket pair at aspeci�c link of thepath
is thetimedistancebetweenthelastbit of eachpacket.
Packet pair techniquesoriginatefrom seminalwork by
Jacobson[14], Keshav [15], andBolot [16].

Figure5 showsthedispersionof apacketpairbefore
andafterthepacketpairgoesthroughalink of capacity

�
� assumingthatthelink doesnotcarryothertraf�c. If

DoutDin

L L

Outgoing packet pair

Router

Incoming packet pair

C i
L L

Fig. 5. Packetpair dispersion.

a link of capacity ��� connectsthe sourceto the path
andtheprobingpacketsareof size 	 , thedispersionof
thepacketpairat that�rst link is

�

� = 	

�

��� . In general
if the dispersionprior to a link of capacity �

�
is

�

���
,

thedispersionafterthelink will be

�����
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(10)

assumingagainthatthereis noothertraf�c onthatlink.

After a packet pair goesthrougheachlink alongan
otherwiseemptypath, the dispersion

���

that the re-
ceiver will measureis
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where � is the end-to-endcapacityof the path. Thus
the receiver canestimatethe pathcapacityfrom � 


	

�

���

.
Admittedly theassumptionthatthepathis emptyof

any othertraf�c (referredto hereas“crosstraf�c”) is
far from realistic. Evenworse,crosstraf�c caneither
increaseor decreasethedispersion

���

, causingunder-
estimationor overestimation,respectively, of the path
capacity. Capacityunderestimationoccursif crosstraf-
�c packetsaretransmittedbetweentheprobingpacket
pairataspeci�c link, increasingthedispersionto more
than 	

�

� . Capacityoverestimationoccursif crosstraf-
�c delaysthe �rst probepacket of a packet pair more
thanthesecondpacket at a link that follows thepath's
narrow link.

Sending many packet pairs and using statistical
methodsto �lter out erroneousbandwidthmeasure-
mentsmitigatesthe effects of crosstraf�c. Unfortu-
natelystandardstatisticalapproachessuchasestimat-
ing the medianor the modeof the packet pair mea-
surementsdo not always lead to correct estimation
[17]. Figure 6 illustrateswhy, showing 1000 packet
pair measurementsat a path from Univ-Wisconsinto
CAIDA (UCSD), for which the path capacityis 100
Mbps. Note thatmostof themeasurementsunderesti-
matethecapacitywhile thecorrectmeasurementsform
only alocalmodein thehistogram.Identifyingthecor-
rectcapacity-relatedmodeis achallengingtask.

Several other methodologiesproposedin the liter-
ature perform capacityestimationusing packet pair
measurements[17], [18], [19], [20], [21]. [18] pro-
posesunionandintersectionstatistical�ltering aswell
as variable-sizedpackets to reducethe intensity of
sub-capacitylocal modes. [19] proposesan elaborate
Packet Bunch Method (PBM) driven by the intensity
of local modesin the packet pair bandwidthdistribu-
tion. [20] useskerneldensityestimationinsteadof his-
togramsto detectthemodeof thepacket pair distribu-
tion. [17] analyzesthe local modesof the packet pair
distributionandalsousedalowerboundof thepathca-
pacitymeasuredwith long packet trains. Finally, [21]
usesdelayvariationsinsteadof packet pair dispersion,
and peakdetectionrather than local modedetection.
No investigationinto therelative meritsanddrawbacks
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of thesetechniqueshasoccurredto date.

0 20 40 60 80 100 120 140
Bandwidth (Mbps)

0

20

40

60

80

100

120

140

# 
of

 m
ea

su
re

m
en

ts

Packet size: 1500 bytes

Path capacity: 100 Mbps

Fig. 6. Histogramof capacitymeasurementsfrom 1000
packetpair experimentsin a100Mbpspath.

Packet train probingextendspacket pair probingby
usingmultipleback-to-backpackets.Thedispersionof
a packet train at a link is theamountof time between
the last bit of the �rst and last packets. After the re-
ceiver measurestheend-to-enddispersion

���

���" for
a packet train of length � , it calculatesa dispersion
rate � as

� 


��� �

"

 

	

�
�

���" 

(12)

Whatis thephysicalmeaningof thisdispersionrate?If
thepathhasno crosstraf�c thedispersionratewill be
equalto thepathcapacity, thesameaswith packet pair
probing. However, crosstraf�c canrenderthe disper-
sionratesigni�cantly lower thanthecapacity.

To illustrate this effect considerthe caseof a two-
hop path. Thesourcesendspacket trainsof length �

throughan otherwiseemptylink of capacity � � . The
probing packets have a size of 	 bytes. The second
link hasa capacity �

	��
��� , and carriescrosstraf-

�c at an averagerate of ���
�

�
	
. We assumethat

the links useFirst-ComeFirst-Served (FCFS)buffers.
Thedispersionof thepacket train after the �rst link is

�

	

 	

��� �

"

 

�

��� , while the train dispersionafter
thesecondlink is

�

��
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(13)

where �
� is theamountof crosstraf�c (in bytes)that

will arrive at the secondlink during the arrival of the

packet trainat thatlink. Theexpectedvalueof � � is
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�
��� 
�� �
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andsotheaveragedispersionratethatthereceivermea-
suresis
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(15)

As the train length � increases,the variancein the
amountof crosstraf�c � � thatinterfereswith theprob-
ing packet train decreases,bringingthedispersionrate

� that the receiver measurescloser to its expected
value


��

� � .
Equation(15)showsthefollowing importantproper-

tiesfor themeandispersionrate

��

�
� . First,if ����� � ,


��

�
� is lessthan thepath capacity. Second,


��

�
� is

not relatedto the availablebandwidthin the path (as
waspreviouslyassumedin [18]), whichis 3 
 �

	

�

���

in this example. In fact, it is easyto show that

��

�
�

is larger thanthe availablebandwidth(

��

�
�

� 3 ) if
����� � . Finally,


��

�
� is independentof the packet

train length � . However, � affects the varianceof
themeasureddispersionrate � aroundits mean


��

�
� ,

with longerpacket trains(larger � ) reducingthevari-
ancein � .

PPTDprobingtechniquestypically requiredouble-
endedmeasurements,with measurementsoftwarerun-
ning at both the sourceandthe sink of the path. It is
alsopossibleto performPPTDmeasurementswithout
accessat thesink,by forcing thereceiver to sendsome
form of errormessage(suchasICMP port-unreachable
or TCPRSTpackets)in responseto eachprobepacket.
In thatcasethereversepathcapacitiesandcrosstraf�c
mayaffect theresults.

C. Self-LoadingPeriodicStreams(SLoPS)

SLoPSis a recentmeasurementmethodologyfor
measuringend-to-endavailable bandwidth[22]. The
sourcesendsanumber��� 100of equal-sizedpackets
(a “periodicpacket stream”)to thereceiver at a certain
rate � . The methodologyinvolves monitoringvaria-
tions in theoneway delaysof theprobingpackets. If
the streamrate � is greaterthan the path's available
bandwidth3 , thestreamwill causea shorttermover-
load in thequeueof thetight link. Oneway delaysof
theprobingpacketswill keepincreasingaseachpacket
of thestreamqueuesup at thetight link. On theother
hand,if the streamrate � is lower thanthe available
bandwidth3 , theprobingpacketswill go throughthe
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pathwithout causinganincreasingbacklogat thetight
link andtheir oneway delayswill not increase.Figure
7 illustratesthetwo cases.
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R > A

Fig. 7. Oneway delaysincreasewhenthe streamrate �

is larger thantheavailablebandwidth� , but do not in-
creasewhen � is lower than � .

In SLoPSthesenderattemptstobringthestreamrate
� closeto theavailablebandwidth3 , following an it-
erative algorithmsimilar to binarysearch.Thesender
probesthepathwith successive packet trainsof differ-
ent rates,while the receiver noti�es the senderabout
the one-way delay trendof eachstream. The sender
alsomakessurethat thenetwork carriesno morethan
onestreamatany time. Also thesendercreatesasilent
periodbetweensuccessive streamsin orderto keepthe
averageprobing traf�c rate to less than 10% of the
availablebandwidthon thepath.

The availablebandwidthestimate3 may vary dur-
ing the measurements.SLoPSdetectssuchvariations
whenit noticesthattheone-way delaysof a streamdo
not show aclearincreasingor non-increasingtrend.In
thatcasethemethodologyreportsa grey region, which
is relatedto the variationrangeof 3 during the mea-
surements.

D. Trainsof Packet Pairs (TOPP)

Melanderet al. proposeda measurementmethodol-
ogy to estimatethe availablebandwidthof a network
path[23], [24]. TOPPsendsmany packetpairsatgrad-
ually increasingratesfrom thesourceto thesink. Sup-
posethatapacket pair is sentfrom thesourcewith ini-
tial dispersion

���

. Theprobingpacketshave a sizeof
	 bytesandthusthe offered rate of the packet pair is
�

�


 	

�

���

. If �

�

is morethantheend-to-endavail-
ablebandwidth 3 , the secondprobingpacket will be
queuedbehindthe �rst probingpacket, and the mea-
sured rate at the receiver will be ���

�
�

�

. On the
otherhand,if �

�

�
3 , TOPPassumesthat thepacket

pair will arrive at thereceiver with thesamerateit had
atthesender, i.e., �

�

��

�

. Notethatthisbasicideais

analogousto SLoPS.In factmostof thedifferencesbe-
tweenthetwo methodsarerelatedto thestatisticalpro-
cessingof themeasurements.Also,TOPPincreasesthe
offeredratelinearly, while SLoPSusesabinarysearch
to adjusttheofferedrate. An importantdifferencebe-
tweenTOPPandSLoPSis thatTOPPcanalsoestimate
thecapacityof thetight link of thepath.Notethatthis
capacitymaybehigherthanthecapacityof thepath,if
thenarrow andtight links aredifferent.

To illustrateTOPP, considera single-linkpathwith
capacity � , availablebandwidth3 , andaveragecross
traf�c rate � � 
 �

�

3 . TOPPsendspacket pairs
with anincreasingofferedrate �

�

. When �

�

becomes
larger than 3 , the measuredrateof the packet pair at
thereceiver will be

��� 


�

�

�

�

�
���

� (16)

or �

�

�

���




�

�

�
�

�

�

(17)

TOPPestimatesthe available bandwidth 3 to be the
maximumofferedratesuchthat �

�

� ��� . Equation
(17) is usedto estimatethecapacity � from theslope
of �

�

�

��� versus�

�

.
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Fig. 8. Offered bandwidthover measuredbandwidthin
TOPPfor asingle-hoppath.

In pathswith multiple links, the �

�

�

��� curve may
show multiple slopechangesdueto queueingat links
having higher available bandwidththan 3 . Unfortu-
nately the estimationof bandwidthcharacteristicsat
thoselinks dependson their sequencingin the path
[24].

E. Otherbandwidthestimationmethodologies

Several other bandwidthestimationmethodologies
have beenproposedin the last few years. We cannot
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presentthesemethodologiesin detaildueto spacecon-
traints. In summary, [25] de�nes the“availablecapac-
ity” as the amountof datathat canbe insertedin the
network in orderto meetsomepermissibledelay. The
estimationmethodologyof [26] estimatestheavailable
bandwidthof a path if queueingdelaysoccuronly at
the tight link. [27] estimatesthe utilization of a sin-
glebottleneck,assumingPoissonarrivalsandeitherex-
ponentiallydistributed or constantpacket sizes. [28]
and[29] proposeavailablebandwidthestimationtech-
niquessimilar to SLoPSandTOPPbut usingdifferent
packet streampatternsandfocusingon reducingmea-
surementlatency. Finally, [30] usespacket dispersion
techniquesto measurethecapacityof targetedsubpaths
in a path.

IV. TAXONOMY OF BANDWIDTH ESTIMATION

TOOLS

This sectionprovides a taxonomyof all publicly
availablebandwidthestimationtoolsknown to theau-
thors. TableI givesthe namesof thesetools together
with the target bandwidthmetric they try to estimate
and the basicmethodologyused. Due to spacecon-
straintswe do not provide URLs for thesetools, but
they can be found with any web searchengine. An
up-to-datetaxonomyof network measurementtools is
maintainedon-lineat [31].

A. Per-hopcapacityestimationtools

Thesetools usethe VPS probingtechniqueto esti-
matethe capacityof eachhop in the path. The min-
imum of all hop estimatesis the end-to-endcapacity.
Thesetools requiresuperuserprivilegesbecausethey
needaccessto raw-IP socketsto readICMP messages.

Pathchar wasthe�rst tool to implementVPSprob-
ing,openingtheareaof bandwidthestimationresearch.
This tool waswritten by VanJacobsonandreleasedin
1997[9]. Its sourcecodeis notpublicly available.

Clink provides an open source tool to perform
VPS probing. The original tool runs only on Linux.
Clink differs from pathchar by using an “even-odd”
technique[10] to generateinterval capacityestimates.
Also,whenencounteringaroutinginstability, clinkcol-
lectsdatafor all thepathsit encountersuntil oneof the
pathsgeneratesenoughdatato yield a statisticallysig-
ni�cant estimate.

Pchar is anotheropen sourceimplementationof
VPS probing. Libpcap is usedto obtain kernel-level
timestamps.Pchar provides threedifferent linear re-
gressionalgorithmsto obtain the slope of the mini-

mum RTT measurementsagainstthe probing packet
size.Differenttypesof probingpacketsaresupported,
andthetool is portableto mostUnix platforms.

B. End-to-endcapacityestimationtools

Thesetools attemptto estimatethe capacityof the
narrow link alongan end-to-endpath. Most of them
usethepacket pairdispersiontechnique.

Bprobe usespacket pair dispersionto estimatethe
capacityof a path. Theoriginal tool usesSGI-speci�c
utilities to obtain high resolutiontimestampsand to
set a high priority for the tool process. Bprobe pro-
cessespacket pair measurementswith an interesting
“union and intersection�ltering” technique,in an at-
temptto discardpacket pair measurementsaffectedby
crosstraf�c. In addition, bprobe usesvariable-sized
probing packets to improve the accuracy of the tool
whencrosstraf�c packetsareof a few �x edsizes(such
as40,576,or 1500bytes).Bproberequiresaccessonly
at the senderside of a path, becausethe target host
(receiver) respondsto thesender's ICMP-echopackets
with ICMP-echoreplies. UnfortunatelyICMP replies
are sometimesrate-limitedto avoid denial-of-service
attacks,negatively impactingmeasurementaccuracy.

Nettimer canrun eitherasa VPS probing tool, or
asa packet pair tool. However, thedocumentationon
how to useit asa VPS tool is not availableandso it
is primarily known asacapacityestimationpacket pair
tool. Nettimerusesasophisticatedstatisticaltechnique
calledkerneldensityestimationto processpacket pair
measurements.A kernel densityestimatoridenti�es
the dominantmodein the distribution of packet pair
measurementswithoutassumingacertainorigin for the
bandwidthdistribution, overcomingthecorresponding
limitation of histogram-basedtechniques.

Pathrate collectsmany packet pair measurements
usingvariousprobingpacket sizes.Analyzingthedis-
tribution of the resultingmeasurementsrevealsall lo-
cal modes,oneof which typically relatesto thecapac-
ity of the path. Thenpathrate useslong packet trains
to estimatethe dispersionrate � of the path. � is
never larger than the capacity, and so provides a re-
liable lower boundon the path capacity. Eventually
pathrateestimates� asthestrongestlocalmodein the
packet pair bandwidthdistribution that is larger than

� . Pathrate doesnot requiresuperuserprivilegesbut
requiressoftware installationat both endhostsof the
path.

Sprobeis a lightweightcapacityestimationtool that
providesa quick capacityestimate.Thetool runsonly
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Tool Author Measurementmetric Methodology

pathchar Jacobson Per-hopCapacity VariablePacket Size
clink Downey Per-hopCapacity VariablePacket Size
pchar Mah Per-hopCapacity VariablePacket Size
bprobe Carter End-to-EndCapacity Packet Pairs
nettimer Lai End-to-EndCapacity Packet Pairs
pathrate Dovrolis-Prasad End-to-EndCapacity Packet Pairs& Trains
sprobe Saroiu End-to-EndCapacity Packet Pairs
cprobe Carter End-to-EndAvailable-bw Packet Trains
pathload Jain-Dovrolis End-to-EndAvailable-bw Self-LoadingPeriodicStreams
IGI Hu End-to-EndAvailable-bw Self-LoadingPeriodicStreams
pathChirp Ribeiro End-to-EndAvailable-bw Self-LoadingPacketChirps
treno Mathis Bulk TransferCapacity EmulatedTCPthroughput
cap Allman Bulk TransferCapacity StandardizedTCPthroughput
ttcp Muuss AchievableTCPthroughput TCPconnection
Iperf NLANR AchievableTCPthroughput ParallelTCPconnections
Netperf NLANR AchievableTCPthroughput ParallelTCPconnections

TABLE I
TAXONOMY OF PUBLICLY AVAILABLE BANDWIDTH ESTIMATION TOOLS

atthesourceof thepath.Tomeasurethecapacityof the
forwardpathfrom thesourceto a remotehost,sprobe
sendsa few packet pairs(normallyTCPSYN packets)
to the remotehost. The remotehostreplieswith TCP
RSTpackets,allowing thesenderto estimatethepacket
pair dispersionin theforwardpath.If theremotehosts
runsa webor gnutellaserver, thetool canestimatethe
capacityin the reversepath– from the remotehostto
thesource– by initiating a short�le transferfrom the
remotehostandanalyzingthedispersionof thepacket
pairsthatTCPsendsduringslow start.

C. Availablebandwidthestimationtools

Cprobewasthe�rst tool to attemptto measureend-
to-endavailablebandwidth.Cprobemeasuresthedis-
persionof a train of eight maximum-sizedpackets.
However, it hasbeenpreviously shown [17], [23] that
thedispersionof long packet trainsmeasuresthe“dis-
persionrate”, which is not thesameastheend-to-end
availablebandwidth.In generalthedispersionratede-
pendson all links in the pathaswell ason the train's
initial rate. In contrastthe available bandwidthonly
dependson thetight link of thepath.

Pathload implements the SLoPS methodology.
Pathloadrequiresaccessto both endsof the path,but
doesnot requiresuperuserprivilegesbecauseit only
sendsUDP packets. Pathload reportsa rangerather
thana singleestimate.The centerof this rangeis the

averageavailablebandwidthduring themeasurements
while the rangeitself estimatesthe variationof avail-
ablebandwidthduringthemeasurements.

More recently, two new tools have beenproposed
for available bandwidth estimation: IGI [29] and
pathChirp[28]. Thesetoolsmodify the `self-loading'
methodologyof TOPPor SLoPS,usingdifferentprob-
ing packet streampatterns. The main objective in
IGI andpathChirpis to achieve similar accuracy with
pathloadbut with shortermeasurementlatency.

D. TCPthroughputandBTCmeasurementtools

Treno was the �rst tool to measurethe BTC of a
path. Trenodoesnot performan actualTCP transfer
but insteademulatesTCP by sendingUDP packetsto
the receiver, forcing the receiver to reply with ICMP
port-unreachablemessages.In thiswayTrenodoesnot
requireaccessat the remoteendof the path. As with
bprobe, thefact thatICMP repliesaresometimesrate-
limited cannegatively affect theaccuracy of Treno.

Cap is the �rst canonical implementationof the
BTC measurementmethodology. The National Inter-
net MeasurementInfrastructure(NIMI) [32] usescap
to estimatethe BTC of a path. It hasbeenrecently
shown thatcapis moreaccuratethanTrenoin measur-
ing BTC [33]. CapusesUDP packetsto emulateboth
theTCPdataandACK segments,andit requiresaccess
at bothendsof themeasuredpath.
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TTCP, NetPerf, and Iperf are all benchmarking
tools that use large TCP transfers to measurethe
achievablethroughputin anend-to-endpath.Theuser
cancontrol the socket buffer sizesandthusthe maxi-
mum window sizefor the transfer. TTCP(TestTCP)
waswritten in 1984while themorerecentNetPerf and
Iperf have improvedthemeasurementprocessandcan
handlemultiple parallel transfers. All threetools re-
quireaccessat bothendsof thepathbut do not require
superuserprivileges.

E. Intrusivenessof bandwidthestimationtools

Weclosethissectionwith anoteontheintrusiveness
of bandwidthestimationtools.All active measurement
tools inject probingtraf�c in thenetwork andthusare
all intrusive to somedegree. Herewe make a �rst at-
temptto quantifythisconcept.Speci�cally, wesaythat
an activemeasurementtool is intrusivewhenits aver-
age probing traf�c rate during the measurementpro-
cessis signi�cant comparedto theavailablebandwidth
in thepath.

VPStoolsthatsendoneprobingpacket andwait for
anICMP replybeforesendingthenext areparticularly
non-intrusive sincetheir traf�c rate is a singlepacket
per round-trip time. PPTD tools, or available band-
width measurementtools,createshorttraf�c burstsof
high rate– sometimeshigherthanthe availableband-
width in the path. Theseburstshowever last for only
a few milliseconds,with large silent periodsbetween
successive probingstreams.Thustheaverageprobing
traf�c rate of thesetools is typically a small fraction
of the availablebandwidth. For instance,the average
probingratein pathloadis typically lessthan10% of
the availablebandwidth. BTC tools canbe classi�ed
as intrusive becausethey captureall of the available
bandwidthfor the durationof the measurements.On
the otherhand,BTC tools useTCP, or emulateTCP,
andthusreactto congestionin aTCP-friendlymanner,
while mostof theVPSor PPTDtoolsdonotimplement
congestioncontrolandthusmayhave a greaterimpact
onthebackground�o ws. Thebene�tsof bandwidthes-
timationmustalwaysbeweighedagainstthecostand
overheadof themeasurements.

V. SUMMARY

IP networksdo not provide explicit feedbackto end
hostsregarding the load or capacityof the network.
Insteadhostsuseactive end-to-endmeasurementsin
anattemptto estimatethebandwidthcharacteristicsof
pathsthey use. This papersurveys the state-of-the-

art in bandwidthestimationtechniques,reviewing met-
rics and methodologiesemployed and the tools that
implementthem. Several challengesremain. First,
theaccuracy of bandwidthestimationtechniquesmust
be improved,especiallyin high bandwidthpaths(e.g.,
greaterthan500Mbps).Second,bandwidthestimation
tools andtechniquesin this paperassumethat routers
serve packets in a First-ComeFirst-Served (FCFS)
manner. It is not clearhow thesetechniqueswill per-
form in routerswith multiplequeues,e.g.,for different
classesof serviceor in routerswith virtual-outputin-
putqueues.Finally, muchwork remainsonhow to best
usebandwidthestimatesto supportapplications,mid-
dleware,routing,andtraf�c engineeringtechniques,in
order to improve end-to-endperformanceand enable
new services.

REFERENCES

[1] Jaalamtechnologies,ªTheApparentNetwork : Conceptsand
Terminology,º http://www.jaalam.com/,Jan.2003.

[2] S.McCrearyandK. C.Claffy, ªTrendsin WideAreaIP Traf-
®c Patterns,º Tech.Rep.,CAIDA, Feb. 2000.

[3] S. Floyd andT. Henderson, The NewRenoModi®cation to
TCP'sFastRecoveryAlgorithm, Apr. 1999,RFC2582.

[4] M. Mathis, J. Mahdavi, S. Floyd, and A. Romanow, TCP
SelectiveAcknowledgementOptions, Oct.1996,RFC2018.

[5] M. Allman, S. Floyd, and C. Partridge, IncreasingTCP's
Initial Window, Oct.2002,RFC3390.

[6] M. MathisandM. Allman, A Frameworkfor De®ningEmpir-
ical Bulk TransferCapacityMetrics, July2001,RFC3148.

[7] M. Allman, V.Paxson,andW.Stevens,TCPCongestionCon-
trol, Apr. 1999, IETF RFC2581.

[8] S. Bellovin, ªA Best-CaseNetwork PerformanceModel,º
Tech.Rep.,ATT Research,Feb. 1992.

[9] V. Jacobson,ªPathchar:A Tool to Infer Characteristicsof
InternetPaths,º ftp://ftp.ee.lbl.gov/pathchar/,Apr. 1997.

[10] A.B. Downey, ªUsing Pathcharto EstimateInternet Link
Characteristics,º in Proceedingsof ACM SIGCOMM, Sept.
1999,pp.222±223.

[11] K. Lai and M.Baker, ªMeasuringLink BandwidthsUsing
a DeterministicModel of Packet Delay,º in Proceedingsof
ACM SIGCOMM, Sept.2000,pp.283±294.

[12] A. PasztorandD. Veitch,ªActiveProbingusingPacketQuar-
tets,º in ProceedingsInternetMeasurementWorkshop(IMW),
2002.

[13] R. S. Prasad,C. Dovrolis, andB. A. Mah, ªTheEffect of
Layer-2 Store-and-ForwardDevicesonPer-HopCapacityEs-
timation,º in Proceedingsof IEEEINFOCOM, 2003.

[14] V. Jacobson,ªCongestionAvoidanceandControl,º in Pro-
ceedingsof ACM SIGCOMM, Sept.1988,pp.314±329.

[15] S.Keshav, ªA Control-TheoreticApproachto Flow Control,º
in Proceedingsof ACM SIGCOMM, Sept.1991,pp.3±15.

[16] J. C. Bolot, ªCharacterizingEnd-to-EndPacket Delay and
Loss in the Internet,º in Proceedingsof ACM SIGCOMM,
1993,pp.289±298.

[17] C. Dovrolis, P. Ramanathan,andD. Moore, ªWhatdoPacket
DispersionTechniquesMeasure?,º in Proceedingsof IEEE
INFOCOM, Apr. 2001,pp.905±914.



12

[18] R.L. CarterandM. E.Crovella, ªMeasuringBottleneckLink
Speedin Packet-SwitchedNetworks,º PerformanceEvalua-
tion, vol. 27,28,pp.297±318,1996.

[19] V. Paxson, ªEnd-to-End Internet Packet Dynamics,º
IEEE/ACM Transactionon Networking, vol. 7, no. 3, pp.
277±292,June1999.

[20] K. Lai andM.Baker, ªMeasuringBandwidth,º in Proceedings
of IEEEINFOCOM, Apr. 1999,pp.235±245.

[21] A. PasztorandD. Veitch, ªThePacket SizeDependenceof
PacketPairLikeMethods,º in IEEE/IFIP InternationalWork-
shoponQualityof Service(IWQoS), 2002.

[22] M. JainandC. Dovrolis, ªEnd-to-EndAvailableBandwidth:
MeasurementMethodology, Dynamics, and Relation with
TCPThroughput,º in Proceedingsof ACM SIGCOMM, Aug.
2002,pp.295±308.

[23] B. Melander, M. Bjorkman, andP. Gunningberg, ªA New
End-to-EndProbing and Analysis Method for Estimating
BandwidthBottlenecks,º in IEEE Global Internet Sympo-
sium, 2000.

[24] B. Melander, M. Bjorkman, and P. Gunningberg,
ªRegression-BasedAvailable Bandwidth Measurements,º
in International Symposiumon PerformanceEvaluationof
ComputerandTelecommunicationsSystems, 2002.

[25] S. BanerjeeandA. K. Agrawala, ªEstimatingAvailableCa-
pacityof aNetwork Connection,º in ProceedingsIEEEInter-
nationalConferenceon Networks, Sept.2001.

[26] V. Ribeiro,M. Coates,R. Riedi,S.Sarvotham,B. Hendricks,
andR. Baraniuk,ªMultifractalCross-Traf®c Estimation,º in
ProceedingsITC SpecialistSeminaron IP Traf®c Measure-
ment,Modeling, andManagement, Sept.2000.

[27] S.Alouf, P.Nain,andD. Towsley, ªInferringNetwork Char-
acteristicsvia Moment-BasedEstimators,º in Proceedingsof
IEEE INFOCOM, Apr. 2001.

[28] V. Ribeiro, R. Riedi, R. Baraniuk,J. Navratil, and L. Cot-
trell, ªpathChirp:Ef®cient AvailableBandwidthEstimation
for Network Paths,º in Proceedingsof Passiveand Active
Measurements(PAM) workshop, Apr. 2003.

[29] N. Hu andP. Steenkiste,ªEvaluationandCharacterizationof
AvailableBandwidthProbingTechniques,º IEEE Journal on
SelectedAreasin Communications, 2003.

[30] K. Harfoush,A. Bestavros,andJ.Byers, ªMeasuringBottle-
neckBandwidthof TargetedPathSegments,º in Proceedings
of IEEEINFOCOM, 2003.

[31] CAIDA, ,º http://www.caida.org/tools/taxonomy, Oct.2002.
[32] V. Paxson,J. Adams,andM. Mathis, ªAn Architecturefor

Large-ScaleInternetMeasurement,º IEEE Communications,
vol. 36,no.8, pp.48±54,1998.

[33] M. Allman, ªMeasuringEnd-to-EndBulk TransferCapac-
ity,º in Proceedingsof ACM SIGCOMMInternetMeasure-
mentWorkshop, Nov. 2001,pp.139±143.


