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ABSTRACT

Available bandwidth estimation is useful for route selection
in overlay networks, QoS veri cation, and trac engineer-
ing. Recert years have seena surge in interest in available
bandwidth estimation. A few tools have been proposedand
evaluated in simulation and over a limited number of Inter-
net paths, but there is still great uncertainty in the perfor-
mance of thesetools over the Internet at large.

This paper intro duces Spruce, a simple, light-weight tool
for measuring available bandwidth, and compares it with
two existing tools, IGI and Pathload, over 400 dierent In-
ternet paths. The comparison focuseson accuracy, failure
patterns, probe overhead, and implementation issues. The
paper veries the measured available bandwidth by com-
paring it to Multi-Router Trac Grapher (MRTG) data and
by measuring how ead tool responds to induced changesin
available bandwidth.

The measuremens show that Spruce is more accurate
than Pathload and IGI. Pathload tends to overestimate the
available bandwidth whereasIGI becomesinsensitive when
the bottleneck utilization is large.
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1. INTRODUCTION

Recert years have seen a strong interest in techniques
for estimating available bandwidth along an Internet path.
The path diversity in overlay networks creates a need for
estimating the available bandwidth over these paths as a
method for choosing the best route. Further, in an over-
lay, one can assumethe cooperation of both the senderand
the receiver, which is necessaryfor most probing techniques.
Many available bandwidth estimation tools have emerged
such as Pathload [12], TOPP [18], PTR/IGI [9], Delphi [21],
and Pathchirp [22].

This paper introduces Spruce, a simple tool for estimat-
ing available bandwidth, and comparesit with two existing
tools Pathload, and IGI. In comparison with previous work,
this paper provides the rst wide-scalelnternet experiments
to evaluate current tools for measuring available bandwidth.
Reported experiments with IGI, Pathload, and TOPP have
beenlimited to a few Internet-wide paths [9, 12, 18]. In con-
trast, our measuremerts involve 400 di eren t Internet-wide
paths. We have collected our measuremerts using PlanetLab
nodes [2] and the RON testbed [4], targeting paths with a
variety of capacity, hop count, latency, load, and link tech-
nology.

The available bandwidth (ABW) at a link is its unusedca-
pacity. (SeeFigure 1 for the de nitions usedin this paper.)
Since, at any time, alink is either idle or transmitting pack-
ets at the maximum speed, the de nition of the available
bandwidth ought to look at the average unused bandwidth
over sometime interval T. Thus,
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where A;(t; T) is the available bandwidth at link i at time
t, Ci isthe link's capacity, and ; isits trac. The available
bandwidth along a path is the minim um available bandwidth
of all traversedlinks.

Spruce (Spread PaiR Unused Capacity Estimate) is atool
for end hoststo measureavailable bandwidth. It samplesthe
arrival rate at the bottleneck by sending pairs of packets
spacedso that the secondprobe packet arrivesat a bottle-
nedk queuebeforethe rst packet departs the queue. Spruce
then calculatesthe number of bytes that arrived at the queue
betweenthe two probesfrom the inter-prob e spacing at the
receiver. Spruce computes the available bandwidth as the
di erence betweenthe path capacity and the arrival rate at
the bottleneck.

Similarly to IGI [9] and Delphi [21], Spruce is designed
around the probe gap model (seex2), which assumesa sin-



The maximum rate at which packets can be transmitted by a link
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Figure 1: The de nitions

for the terms: capacit y, available bandwidth,

narro w link and tigh t link. The tight

link may be dieren t from the narro w link along the path. For example, consider atwo-link path that tra verses

a Tl link with 1.5 Mb/s and a 10 Mb/s Ethernet.
possible that the Ethernet
tigh t link is the 10 Mb/s Ethernet.

gle bottleneck. However, our experiments show that Spruce
works well in realistic environments and is robust against
deviations from this assumption.

The results of the measuremerts on the PlanetLab and
RON testsbeds can be summarized as follows:

Almost 70% of Spruce's measuremerns had a relative
error smaller than 30%. Pathload and IGI experienced
larger errors.

Pathload consistertly over- or under-estimated the avail-
able bandwidth, whereaslGl did not respond properly
to injected crosstrac and overestimated available
bandwidth on some paths.

Pathload generated between 2.5 and 10 MB of probe
trac per measuremet. In contrast, the average per-
measuremert probetrac generatedby IGI is 130 KB
and that generated by Spruce is 300 KB.

2. DESIGN SPACE & RELATED WORK

Keshav's work on packet pair [14] is the earliest attempt to
estimate the available bandwidth using measuremers con-
ducted at the end hosts. Padcket pair assumesFair Queuing
in the routers and as a result cannot estimate the available
bandwidth in the current Internet.

Cprobe [6] is a pioneering tool for estimating the available
bandwidth using end-to-end measuremerns. Cprobe doesn't
assume fair queueing. Instead of using a pair of packets,
cprobe sendsa short train of ICMP packets and computes
the available bandwidth asthe probe trac divided by the
interval betweenthe arrival of the last ICMP ECHO and the
rst ICMP ECHO in the train. A similar approach is usedby
pipedar [13]. Dovrolis et al [7] show that these techniques
measure a metric called the Asymptotic Dispersion Rate
(ADR), which is related to the available bandwidth but not
the same.

The recert set of tools can be distinguished according to
the two main approaches underlying the estimation tech-
niques.

The prob e gap model (PGM) exploits the infor-
mation in the time gap between the arrivals of two
successie probes at the receiver. A probe pair is sert
with a time gap i, and reaches the receiver with a
time gap ou - Assuming a single bottleneck and that
the queue doesnot becomeempty betweenthe depar-
ture of the rst probe in the pair and the arrival of
the secondprobe, then o is the time taken by the
bottleneck to transmit the second probe in the pair
and the crosstrac that arrivedduring i, , asshown

is more congested and has less unused bandwidth

The narro w link along this path is the T1. But, it is quite
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Figure 2: The Prob e Gap Mo del (PGM) for estimat-

ing available bandwidth.

in Figure 2. Thus, the time to transmit the crosstraf-
Cc is out in , and the rate of the cross-trac is
"“‘iini“ C, where C is the capacity of the bottle-
nedk. The available bandwidth is:

A=Cc 1 - 0 . )
in
Spruce, IGI [9], and Delphi [21] are example tools that
use the gap model.

The prob e rate model (PRM) is based on the
concept of self-induced congestion; informally, if one
sendsprobe trac at a rate lower than the available
bandwidth along the path, then the arrival rate of
probe trac at the receiver will match their rate at
the sender. In contrast, if the probetrac issert at a
rate higher than the available bandwidth, then queues
will build up inside the network and the probe trac
will be delayed. As a result, the probes' rate at the
receiver will be lessthan their sendingrate. Thus, one
can measurethe available bandwidth by searding for
the turning point at which the probe sending and re-
ceiving rates start matching. Tools such as Pathload
[12], Pathchirp [22], PTR [9], and TOPP [18] use the
probe rate model.

To cope with the burstiness of crosstrac, both the PGM
and PRM tools use a train of probe packets to generate a
single measuremen.

Both the PGM and PRM approaches assume: 1) FIFO
queuing at all routers along the path; 2) crosstrac follows
a uid model (i.e., non-probe packets havean in nitely small
packet size); 3) average rates of crosstrac change slowly
and is constant for the duration of a single measuremen.
Further, the probe gap model assumesa single bottleneck
which is both the narrow and tight link for that path. These
assumptions are necessaryfor the model analysis but the



tools might still work even when some of the assumptions
do not hold [9].

The literature is rich in related work that does not di-
rectly estimate the available bandwidth. Paxson de nes the
relativ e available bandwidth metric , which indicates the
degree of congestion along the path but does not directly
provide an estimate of the available bandwidth. Pathchar
[10], bprobe [6], pchar [5], tailgating [15], nettimer [16], clink
[8], pathrate [7] are tools for estimating capacity. Treno [17],
and cap [3] estimate the TCP fair rate along a path.

Finally, Zhang et al. [23] examined stationarity of TCP
throughput measuremens over many Internet paths. They
found that in many cases, TCP rates varied by less than
a factor of three over the course of an hour or more. Pax-
son [20] found that routes between Internet hosts are often
stable on scalesranging from hours to days. These two re-
sults are important becausethey indicate that we can repeat
experiments back to back and expect similar results.

3. SPRUCE

Spruceis basedon the probe gap model (PGM) described
in x2. Like other PGM tools [21, 9], Spruce assumesa single
bottleneck that is both the narrow and tight link along the
path (see de nitions in Figure 1). The results from Inter-
net measuremers reported in x4 and x5 show that Spruce
is fairly accurate in realistic Internet settings, where this
assumption might not hold.

3.1 Design

Spruce computes the available bandwidth according to
Equation 2 (see x2), which requires 3 parameters: C, i,
and ou . Spruce assumesC is known, sets , at the
sender,and measures oy at the receiver.

At the sender, Spruce sets the intra-pair time gap, i,
to the transmission time of a 1500B data packet on the bot-
tleneck link. This choice ensuresthat the queue does not
empty between the departures of the two probe packets in
a pair, which is a requirement for Equation 2.

At the receiver, Spruce measures ou , the transmission
time of both crosstrac and a 1500B probe. With this infor-
mation and a known capacity for the bottleneck link, Spruce
then calculatesthe number of bytes that arrived at the queue
betweenthe two probesin a pair from the inter-prob e spac-
ing as % C, where C is the capacity of the bottle-
neck. Plugging these numbersinto Eq. 2, gives Spruce one
sample measuremern of the available bandwidth.

To improve accuracy of the estimate, Spruce performs a
sequenceof probe-pair measuremers and reports the av-
erage. Spruce sets the inter-gap time between two probe
pairs to the output of an exponertially distributed func-
tion, whose average is much larger than i, , resulting
in a Poissonsampling process.This decisionis appealing for
two reasons.First, for a simple model which assumesa single
bottleneck and non- uid cross-trac (i.e., nocrosstrac or
closeto capacity crosstrac), a sequenceof measuremers
according to a Poisson sampling process seesthe average
crosstrac rate.

Second,Poissonsampling ensuresthat Spruceis non-intru-
sive. In particular, sendinga sequenceof packet pairs instead
of a packet train allows us to control the inter-pair gap in-
dependertly from the intra-pair gap. We use a large inter-
pair gap to make Spruce non-intrusiv e. Other tools which
send packet trains at high peak rates may disturb concur-

rent TCP o ws even though ead train is of short duration.
Spruce computes the available bandwidth at time t as the
average of the last K sample measuremerts. The default
value for K is 100.

3.2 Implementation

Spruce consists of separate user-level sender and receiver
programs. The sendertakesas arguments the DNS name of
the receiver, and the known capacity of the path. We have
tested Spruce on Linux 2.4.19 and FreeBSD 4.7 systems.

The Spruce sender sendsa seriesof pairs of 1500B UDP
packets. Spruce sets the intra-pair gap to the transmission
time of a 1500B packet on the path's narrow link. The sender
adjusts the averageinter-pair gap to ensurethat the probe
rate is the minim um of 240Kb/s and 5% of the path capacity.
For example, on a 1.5 Mb/s path, the averageinter-pair gap
is set to 320 ms, resulting in a probe rate of 75 Kb/s.

Sincethe gapsbetweentwo packetsin a pair can be small,
the senderprogram readsthe system clock in a polling loop,
not releasing the processor voluntarily until the pair has
been transmitted. If the operating system rescedules the
senderprogram betweentwo packets of a pair, the program,
when it receives the processoragain, gives up sending the
secondpacket, and restarts.

The receiving kernel timestamps ead received packet us-
ing the SO_TIMEST AMP socket option. The sprucereceiver
calculates o using the timestamps, and computes an es-
timate of the available bandwidth on that path using Eq. 2.
The receiver averagesindividual samplesusing a sliding win-
dow over 100 packets.

3.3 SpruceCharacteristics

The following properties distinguish Spruce from other
available bandwidth tools.

1. Spruce usesa Poisson processof packet pairs rather
than packet trains (or chirps). This form of sampling
allows Spruce to be both non-intrusiv e and robust, as
explained in x3.1.

2. By carefully choosing the value of i, , Spruce ensures
that the bottleneck queue doesnot empty betweenthe
two probesin a pair, which is a requirement for the
correctnessof the gap model.

3. Spruceseparatescapacity measuremert from available-
bandwidth measuremen. It assumesthat capacity can
be measured easily with one of the capacity measure-
ment tools and that capacity stays stable when mea-
suring available bandwidth. For the environments for
which Spruce is designed, selecting paths in overlay
networks, this assumption holds.

4. Spruce doesn't overwhelm the narrow link on a path,
becauseits probe rate is no moretrac than the mini-
mum of 240Kb/s and 5% of the capacity of the narrow
link.

5. Apart from the number of pairs K over which to aver-
age the measuremers, Spruce doesnot have any tun-
able parameters.

4. ABSOLUTE ACCURACY

We evaluate the ability of Pathload, IGI, and Spruce to
compute the available bandwidth in real network settings.



We focus on these three tools becausethey cover the spec-
trum of underlying models in this area; Pathload is a pure
PRM tool; Spruceis a pure PGM tool; whereasIGI borrows
from both models. IGI rst nds the turning point at which
the probes' sending rate starts matching their receiving rate.
Then it sendsa train of packets at that rate and computes
the available bandwidth using the probe gap information.

4.1 Methodology: The MRTG Test

The Multi-Router Trac Grapher (MRTG) [19] reports
the amount of trac forwarded by a router interface. It col-
lects its measuremerts from the router's Managemert Infor-
mation Base(MIB) using SNMP, generating a reading every
5 minutes. Given the capacity of the link, the MRTG data
allows us to compute the average available bandwidth ev-
ery 5 minutes. Despite its low resolution, the MRTG data
is the most accurate way to verify the output of available
bandwidth estimation tools.

This method requires accessto MRTG logs from all links
along the path and the knowledge of the capacity of all
traversed links. Because of these di culties, we apply the
MRTG test only to a pair of paths for which we have such
data. One path, which traverses MIT's campus network,
consists of 5 hops, has an RTT of 4 ms, and its tight and
narrow link is a 100 Mb/s Ethernet connecting the Lab of
Computer Science(LCS) to the rest of the MIT network.
The other path is from UC Berkeley to MIT over the Abi-
lene network, with 17 hopsand an RTT of 76 ms. This path
also has a tight and narrow link of 100 Mb/s, though the
remainder of the path is 1 Gb/s or faster. While we do not
claim that these paths are represertativ e of most Internet
paths, they may be typical of many university networks.

We monitor these paths over a period of one week and
for a total monitoring time of 130 hours. We repeatedly run
Pathload followed by IGI then Spruce. All three tools use
the same sender and receiver machines. Since MRTG data
provides an average over a period of 5 minutes, we smooth
the measuremens by taking the averageoutput of eac tool
over similar 5 minute periods.

Occasionally, we actively increasethe crosstrac travers-
ing the monitored path. The objective of this induced load
is to discover the responsivenessof the measuremert tools to
changing network conditions. The sender of the crosstra c
is dierent from the machine running the tools. The cross
trac usesUDP (though similar results were obtained with
TCP crosstrac). We generatecrosstrac by taking a few
NLANR [1] traces and playing them at an adjustable rate,
while maintaining the same packet size. This choice ensures
that the packet size distribution of our crosstrac follows
the size distribution in the Internet.

4.2 MRTG TestResults

Figures 3 and 4 illustrate typical segmerts of our results.
They plot the available bandwidth over a period of a day as
measuredby MRTG, Pathload, IGI, and Spruce.In gure 3,
during the interval from hour 5 to 10, we inject crosstrac
at a rate of 20 Mb/s. From hour 10 to 12, we increasethe
generatedcrosstrac rate to 40 Mb/s. The rest of the time,
we only monitored the path using the various tools. In gure
4 we inject crosstrac at 20 Mb/s from hour 10to 14.

The main obsenation from Figures 3 and 4 is that Path-
load was consistently inaccurate, over- or under-estimating
the available bandwidth, whereas IGI did not respnd prop-
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erly to injected crosstra ¢ and overestimated available band-
width on some paths. In contrast, Spruce tracked the avail-
able bandwidth reasonably well in all cases. This behavior
was repeatedly obsened in the MRTG tests.

Figure 3(a) showsthat Pathload's upper and lower bounds
on the available bandwidth are both too high. Indeed, some-
times the lower bound is 20 Mb/s higher than the actual
available bandwidth as measured by MRTG. Despite its
overestimation of the available bandwidth, Pathload reacts
properly to the crosstrac injected in the interval [5;12].
To ensure that these inaccurate bounds on available band-
width were not causedby a bug in the new Pathload release
(version 1.1.0), we ran the same experiment with the older
version of Pathload which wasusedin [11], but the behavior
persisted. A closeexamination of the logs show that, on the
shorter path, Pathload repeatedly overestimatesthe turning
point at which the probe train/stream starts showing an in-
creasing delay trend, indicating that the probe rate has ex-
ceededthe available bandwidth. A preliminary investigation
shows that the default values for the Pathload parameters
Spct and Spp 1 aretoo high for this path. This reasoncould
be why our results are dierent from those reported in the
Pathload paper [12]. In Figure 4(a) we observed the oppo-
site error, with Pathload detecting a turning point below the
true available bandwidth.

Figure 3(b) showsthat IGI successfullyestimatesthe avail-
able bandwidth when the link utilization is low. However,
IGI reacts little to the crosstrac injected during the in-
terval [5; 12]. In Figure 4(b), IGl consistertly overestimates
available bandwidth. We hypothesizethat IGI performs poor-
ly when utilization is high, which is consistert with the data
reported in Figure 12 of the IGI paper [9]. To someextent,
this inaccuracy can be explained basedon the IGI algorithm.
IGl starts with an initial phase to determine the turning
point at which i = ou . Unfortunately , when the uti-
lization is high, this turning point becomesunpronounced,
immersed in measuremen noise [18].

Finally, Figures 3(c) and 4(c) show that Spruce closely
tracks the average available bandwidth and correctly re-
sponds to the injected crosstrac. We believe that Spruce's
good performanceis due to its simplicity and the lack of tun-
able parameters. Neither of these two paths contain distinct
tight and narrow links, nor does either consist of multiple
bottlenecks of equal capacity. We expect that Spruce would
not perform as well under such conditions.

The explanations of the observed behavior of Pathload
and IGI are preliminary. More experiments are needed to
better understand the behavior of thesetools.

5. RELATIVE ACCURACY

We evaluate Pathload, IGI, and Spruce over a variety
of Internet paths using PlanetLab nodes [2] and the RON
testbed [4]. We explore over 400 di eren t paths with a vari-
ety of capacity, hop count, latency, load, and link technology.
In the absenceof MRTG data, there is no way to discover
the true available bandwidth along a path during the exper-
iment. To overcomethis limitation, we usea di eren tial test
(D-test) that measureschangesin the available bandwidth
rather than absolute values.

5.1 Methodology: The D-Test

The D-test hastwo phases.First, werun the tool and read
its estimate of the available bandwidth, M. Second,we in-
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Figure 5: Cum ulativ e distribution  of relativ e error
measured by Pathload, IGI, and Spruce across all
tested paths in the RON and PlanetLab testb eds.

ject a stream of crosstrac whoserate is = 05 My,

and run the tool again. The induced crosstrac is gener-
ated asdescribed in x4.1. Assuming the trac of other users
does not change much between the two phases,the correct
changein the available bandwidth is , which is what we ex-
pect the tool to estimate in the secondphase. Admittedly ,

the test relies on the assumption that apart from our gener-
ated crosstrac, the network conditions do not change be-
tweenthe two phases.We believe this limitation is intrinsic

to any evaluation technique that doesnot have direct access
to the routers. To mitigate the impact of changing network

conditions on our results, we conduct the two phasesvery
closeto eath other (both nish within a minute). Further,

we repeat the sameexperiment multiple times over the same
path, chedk for consistency and ignore outliers.

Each single experiment consistsof 3 D-tests over the same
path, one with Pathload, secondwith IGI, and third with
Spruce. The tests run one after the other and complete
within 2 to 3 minutes.

To measureaccuracy we use the relative error de ned as:

Relative Error = M;

®3)
where is the induced changein crosstrac, and M; and
M are the available bandwidth measuredby the sametool
in the rst and secondphasesof the same D-test.

5.2 D-TestResults

Figure 5 shows the cumulativ e distribution function (CDF)
of the relativ e error of Pathload, IGI, and Spruce. The Path-
load available bandwidth estimate is computed asthe aver-
age of the high and low estimates (i.e., fm2 % Rnin_),

Ideally, the CDF should be a step function at \0", which
meansthat all experiments resulted in zero errors. In prac-
tice, all three tools shov some errors and their CDFs are
far from ideal. A negative relativ e error meansthat the tool
has underestimated the available bandwidth whereasa posi-
tiv e relativ e error meansthat the tool has overestimated the
available bandwidth. The region between\-1" and\1" refers
to experiments in which the tool has correctly detected a de-
creasein available bandwidth between phase 1 and phase 2



of the D-test, but has potentially underestimated or overes-
timated the changein ABW.

The results in Figure 5 agreewith the results of the MRTG
test illustrated in Figures 3 and 4. First, the Spruce CDF has
a closer shape to a step at \0" than the CDFs of the other
tools, indicating that Spruceis more accurate than IGI and
Pathload. In particular, almost 70% of Spruce's measure-
ments have a relativ e error smaller than 30% (the region in
which  0:3 < relativ e error < 0:3). Second,Pathload is less
accurate when compared to Spruce becauseits CDF is fur-
ther away from a step function at \0". In comparison with
IGI, Pathload is more responsive becauseits CDF ramps up
at lower relativ e error rates. Third, the IGI CDF is almost
a step function at \1", which meansthat IGI reacted very
little to chargesin the available bandwidth between phase
1 and phase 2 of the D-test. This behavior agreeswith the
results of the MRTG test which show that IGI is insensitive
to induced crosstra c.

Many of the paths in this study have multiple narrow links
with equal capacity. Although Spruce is basedon the PGM
approach which assumesa single bottleneck, it doesperform
reasonably well in this environment.

Finally, we have computed the average per-measuremen
probe trac generated by the various tools. We found that
Pathload generatesbetween?2.5 and 10 MB of probetrac
per measuremert. In contrast, the averageper-measuremern
probetrac generatedby IGI is 130KB and that generated
by Spruce is 300 KB.

6. IMPLEMENT ATION ISSUES

All of the studied tools (i.e., IGl, Pathload, and Spruce)
require careful scheduling of probe trac. More precisely,
the input gap betweena pair of probesmust be accurate and,
sometimes,as small asa few hundred microseconds.Because
processescannot sleepfor intervals shorter than one kernel
tick (10msor 1msare common values), eac tool usesa delay
loop that holds the processoruntil either preempted or done
sendingatrain of packets. Becausethis delay loop e ectiv ely
blocks all other programs from sendingtrac for the dura-
tion of an entire train, the tools cannot properly measure
crosstrac sert from the machine on which it runs. Low
bandwidth paths (T1, DSL) are an exception to this rule
since the input gap, in this case,is large enough for the tool
to releasethe CPU between packets. Any application that
usesone of thesemeasuremen tools must therefore usesome
other mechanism to accourt for the e ect oftrac sert from
the samemachine on available bandwidth estimates. Appli-
cations could either accourt for their own trac explicitly ,
or operating systems could provide scheduling methods to
send packets at preciseintervals without holding the proces-
sor for the duration of a packet train.

7. CONCLUSION

This paper intro duced Spruce, a tool for estimating avail-
able bandwidth and compared its performance with two ex-
isting tools, IGI and Pathload. Spruce is simple, and gener-
ates a relatively low amount of probe trac. Experiments
over a large number of Internet paths indicate that Spruce
estimates available bandwidth more accurately than Path-
load and IGI. Our future work will investigate the sources
of observed errors in order to improve the accuracy of avail-
able bandwidth estimation. Source code for Spruce will be
available at http://project- iris.net/
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