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Abstract

In this paper, we present a low cost and flexible testbed
to evaluate the performance of available bandwidth esti-
mation tools in a common and controlled environment. In
addition, we include a model based on a network of M/M/1
queues to have an analytical reference to compare the ex-
periments with. We then utilize the proposed testbed and
model to evaluate the performance of Pathload, IGI, and
Spruce, three well-known bandwidth estimation tools. Our
main results indicate that Pathload is the most accurate tool
but the slowest to converge. IGI, on the other hand, is the
fastest tool but the least accurate. Spruce is the least intru-
sive tool with intermediate accuracy and convergence time.

1 Introduction

The available bandwidth of an end-to-end path is a time-
varying metric related to the individual utilization of each
link throughout the path. If we define 7 as the averaging
timescale of the available bandwidth [11], the average uti-
lization for a sample of time 7, is given by

T

1 t+7
ui(t,t+7)= 7/ u; (t)dt ()
t

where 0 < u;(t,t + 7) < 1. For a link i with capacity C;,
the available bandwidth of the link in the interval (f,t+7)
can be defined as the average non-utilized capacity during
the time 7. That is,

Az(t,t—i—T):Cz[l—uz(t,t—i—T)] (2)
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For an end-to-end path with H hops, the available band-
width is given by the minimum non-utilized link in the path,
as follows:

Alt,t+7) = minj=1. m Ai(t,t +7) A)

In the literature, the link with the minimum capacity is
called the narrow link and the link with the minimum avail-
able bandwidth is called the tight link, which is considered
the bottleneck of the path and the link that determines the
end-to-end available bandwidth.

Two main available bandwidth estimation approaches
have been reported. The first approach uses the Probe Gap
Model (PGM), which bases the estimation on the gap dis-
persion between two consecutive probing packets at the re-
ceiver. Examples of tools in this category are Delphi [12],
Spruce [16] and IGI [4]. The second approach is based on
the idea of induced congestion, in which the turning point
(available bandwidth) is determined by the variation in the
probing packet rate from sender to receiver. TOPP [10],
Pathload [8] and Pathchirp [13] are examples of tools uti-
lizing this approach. In this paper, we selected Pathload,
IGI and Spruce in our evaluation as they are important tools
in each category.

Available bandwidth estimation tools have been mostly
evaluated according to three performance metrics: accu-
racy, overhead and convergence time. That is, how accu-
rate the tool estimate is compared with the real pre-known
or analytical value, how much probe traffic the tool needs
to inject into the network to be able to perform the estima-
tion, and how much time it takes the tool to provide the
estimate. In these evaluations, previous work utilized either
simulation tools and/or real networks, such as links over the
Internet. Although simulation tools offer a good alternative,
the use of real networks is the preferred scenario. However,
using real networks is very challenging and costly, as many
resources need to be controlled and known in advance in or-
der to make meaningful and valid experiments. In this pa-



per, we propose a low cost and flexible testbed to evaluate
these tools and techniques over a real but fully controlled
network. This testbed utilizes real networking equipment
and specialized software that allows researchers to test these
tools several times under different networking scenarios and
conditions. In addition to the testbed, we propose an analyt-
ical model based on network of queues that can be utilized
to obtain reference values in order to compare them with
the experimental results. This end-to-end analytical model
has not been used in the literature of available bandwidth
estimation tools before.

As a demonstration of the capabilities of the testbed
and the analytical model, we evaluate the performance of
Pathload, IGI and Spruce using the performance metrics de-
fined above. Our experience with the testbed and the ana-
lytical model indicates that they are in fact excellent mech-
anisms to evaluate available bandwidth estimation tools. As
regards to the tools, we found that Pathload is the most ac-
curate tool but the slowest to converge. IGI, on the other
hand, is the fastest tool but the least accurate. Spruce is the
least intrusive tool with intermediate accuracy and conver-
gence time.

The reminder of the paper is organized as follow. Sec-
tion 2 briefly presents the related work on current evalua-
tions of available bandwidth estimation tools plus a brief
background on Pathload, IGI and Spruce, since these are
the tools to be evaluated. Sections 3 and 4 describe the test-
bed and the analytical model. Section 5 presents the results
of the performance evaluation. Finally, Section 6 presents
conclusions and future work.

2 Related Work

Several papers have evaluated available bandwidth es-
timation tools using real networks. For example, in [15],
Shriram et al. utilized a high-speed testbed to evaluate
Abing, Pathchirp, Pathload and Spruce. They used passive
monitors to verify the actual load level of the generated traf-
fic and tested the tools using links of OC-48 and 1 Gbps
capacities. The problem with these experiments is that they
just provided a partial picture of the evaluation, as the re-
searchers did not have the capability of working with links
of different capacities. In [9], Lee et al. describe problems
with some bandwidth estimation tools when used on the
Planetlab infrastructure. Since the capacity of the links was
unknown to the researchers, they had to use Pathrate [3]
to measure the end-to-end capacity of the links. The prob-
lem is that the associated error incurred by Pathrate in the
estimation of the link capacities introduces errors in the fi-
nal estimation of the available bandwidth. In [2], Angrisani
et al. evaluated IGI, Iperf and Pathload over a local area
network and used MGEN [1] as a traffic generator. This
evaluation suffers similar flexibility problems like the ones

found in [15]. Also, the authors did not measure the over-
head generated by the tools.

There are several differences between our work and pre-
vious works. First, we used a very low cost and flexible
testbed that allowed us to vary the bandwidth, delay, packet
loss rate, queue size and amount of cross traffic in a con-
trolled manner. Second, we included an analytical model to
fairly compare the performance of the tools with a theoreti-
cal value. As far as we know, this is the first work that pro-
vides these theoretical references in an end-to-end manner.
Finally, we developed routines to fully automate the testing
process allowing us to perform several times the same ex-
periment and obtain statistically valid average results and
confidence intervals.

2.1 Pathload

Pathload [8] is a tool used to estimate the available band-
width of and end-to-end path using the principle of Self-
Loading Periodic Stream (SLoPS) [7]. SLoPS is based on
the fact that the one way delay of a periodic packet stream
increases when the rate of the probing traffic is higher than
the available bandwidth in the path. Otherwise, there is
no increase in the delay measured. A fleet of streams (of
a fixed number of packets each) are sent at varying rates
and the one way delay trend of each stream is then char-
acterized at the receiver as either increasing or decreasing.
When that delay is in a grey region (not clearly increasing
nor decreasing), the methodology presents a variation range
of the available bandwidth. Pathload sends periodic packet
streams of UDP traffic and uses a TCP connection to send
trend results back to the sender. Given a desired stream
rate R, Pathload sets the packet inter-departure time 7 at
100 ws and calculates the necessary packet size L to satisfy
R = L/T. If the L is less than 96 bytes, Pathload uses this
minimum value and calculates T instead.

2.2 1GI

IGI [4] is a tool that works using the Probe Gap Model.
Under this model, the amount of cross traffic is estimated
because it is a function of the amount of traffic inserted be-
tween a packet pair. IGI finds an initial probing gap value
so that a probing packet train interacts with the cross traf-
fic in a non empty narrow link queue, which is called by
the authors the Joint Queuing Region (JQR). In that region,
there is a proportional relation between the gap when prob-
ing packets leave the queue (output gap) and the cross traf-
fic. When the initial gap is increased and equal to the output
gap, the available bandwidth on the narrow link is equal to
the average rate of the packet train. After that point, called
the turning point, the narrow link will be overflowed by the
probing packets. It is shown by the authors that in the case



of multiple hops and significant cross traffic following the
tight link, the accuracy of IGI suffers. A similar situation is
found when the tight link is not the narrow link.

2.3 Spruce

Spruce [16] also uses the Probe Gap Model. 1t sends
a Poisson sample of 1500B UDP pairs of packets with an
intra-pair gap equal to the narrow link transmission time of
a 1500B packet. That guarantees that the second packet ar-
rives to the narrow link queue before the first packet leaves
that queue. Using the dispersion of the probe packets mea-
sured at the receiver, Spruce calculates the average rate of
the traffic that arrives to the queue between the two pack-
ets. The available bandwidth is determined by subtracting
that cross traffic rate from the capacity in the bottleneck
link. Spruce estimation requires a previous calculation of
the tight link capacity.

3 Testbed Description

In order to experimentally evaluate available bandwidth
estimation tools, we setup the network testbed shown in
Figure 1. This is a fully controlled environment with pa-
rameterizable links in terms of capacities, packet loss rates,
queues sizes and propagation delays. We can also control
the amount and statistical distribution of the cross traffic in-
serted to each link. The testbed utilizes low cost PCs and
freely available open source software. Python scripts are
used to set up the link capacities and then automatically per-
form experiments and collect results.

The testbed has three main components: client, interme-
diate routers and server. The client and server are Linux-
based machines that host the available bandwidth estima-
tion tools under investigation. They have a recompiled
2.4.20 — 8 kernel to run at 500 Hz clock granularity. The
more granularity the higher the clock ticks frequency and
the lesser lack of accuracy in probing packets time stamp-
ing. A 500 Hz kernel generates a kernel tick interrupt once
every 2 ms. Given that in our experiments the rate at which
probe packets are sent from client to server is in most of the
cases less than 500 packets/s, our testbed is not constrained
by clock granularity. Intermediate routers are implemented
by four 5.4—RELEASE-FreeBSD machines emulating a
multi-hop network path. These machines are loaded with
a packet shaper called Dummynet [14] and a traffic genera-
tor called MGEN [1]. With Dummynet the capacity of each
link can be changed from O to unlimited (or limited by the
physical capacity). It also allows to introduce packet losses
and delays to emulate lossy and long links, such as wireless
links and satellite channels, respectively. Different queue
sizes can also be established if so desired. The traffic gen-
erator MGEN allows to choose the rate, packet size and the

statistical distribution of the cross traffic introduced on a per
link basis.

A Python client-server application is used to automate
the experiments in the testbed. With this application, users
can connect to the testbed remotely and set and run exper-
iments. For example, the application allows users to select
the bandwidth estimation tool to be evaluated, the link band-
widths, the position of the tight link, the type and rate of the
cross traffic and the number of experiments per scenario (to
allow statistical significance in the results). The application
reads testing files placed in a particular folder and writes the
results in another folder after the experiments are finished.

4 Analytical model

In 1957, Jackson [5, 6] stated a theorem to analyze net-
work of queues. We utilize Jackson’s model to analyt-
ically estimate the available bandwidth corresponding to
each queue. For that, we established the network of queues
shown in Figure 2, which actually mimics the proposed
network testbed explained before. The system consists
of eight M/M/1 queues representing the network interface
cards where the tight link will be set and evaluated (queues
1, 3, 5, and 7), where the cross traffic will be routed outside
the system (queues 2, 4, and 6), and where output traffic of
the system will be received (queue 8).

In Jackson’s model, if i is the number of nodes in the
system (i=1,2,...,K), the theorem assumes that node i con-
tains n; queues (servers). Also, items arrive from outside
the system or from other nodes to node i at a Poisson rate
and are served in turn at an exponential service rate. Once
served at a node, an item goes (instantaneously) to node j
(= 1,2,...,K) with probability ¢;;, or out of the system.
From these assumptions, in the steady state, the average ar-
rival rate to node j ()\;) is given by Equation 4, where 0;;
represents the routing probability of going from node i to
node j and -y; is the external traffic entering queue j.

)\j =7 + Z )\7,9” (4)

The underlying stochastic process of the system is de-
fined by

X={X/:tecR"ic[l.8]} 6)

where X/ is the number of packets in the queue and server i
at time ¢. It is worth noticing that the probing packet traffic
rate o calculated from experimentation is utilized in Equa-
tion 4 to calculate the input rates. This is the reason why
different theoretical values are obtained for each tool in the
same experiment.

The value of 6;; corresponds to the routing matrix on
each queue, which is different from the transition probabil-
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Figure 1. Testbed to evaluate available bandwidth estimation tools.
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Figure 2. Network of queues for the testbed shown in Figure 1.

ity matrix of the underlying Markov model. In our case, the
routing matrix 60, is given by:
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Given all the M/M/1 queues input rates, we can estimate
the available bandwidth corresponding to each queue as the
non utilized capacity of the system as follows:

Ail(Ai)lpi ©)
Hi

where p; is the calculated utilization of each queue.

It is worth noticing that we assumed a Poisson distribu-
tion for the probing traffic generated by the tools. Although
this assumption might not be true, the results obtained indi-
cate that this was not a bad assumption. We attribute this to
the low overhead introduced by the tool compared with the
amount of cross traffic, which is generated using the expo-
nential distribution. Future work will study the exact distri-
bution of this traffic and consider using a G/M/1 network of
queues in case of a different distribution than Poisson.

5 Performance Evaluation

Using the testbed and the Jackson’s model described be-
fore, we evaluate Pathload, IGI and Spruce according to

| TOOL | Packet Size | Packets/stream |

Pathload | Variable. Minimum: 96B | 100
1GI 500B 60 to 256
Spruce 1500B 100

Table 1. Tool parameters.

their convergence time, overhead and accuracy. The con-
vergence time in the case of Pathload and IGI is provided
directly by the tool. In the case of Spruce, the convergence
time is calculated by the difference of times before and after
running the tool. The overhead is given by the ratio between
the traffic generated by the tool and the capacity of the tight
link. In other words, it represents the percentage of the tight
link capacity utilized by the tool. The accuracy is calculated
comparing the available bandwidth estimation given by the
tool with the expected value from the mathematical model
using Matlab. We plotted the accuracy as the ratio of the
estimated value and the capacity of the tight link. We also
include plots showing the relative error on the estimation /3,
which is calculated using Equation 7.

8= maA — pA
KA

where m 4 is the value calculated from experimentation and
114 is the value from the analytical model. The main para-
meters in the evaluated tools are given in Table 1

For each tool evaluated, we defined 28 different scenar-
ios each one corresponding to variations in the capacity of
the tight link from 1 Mbps to 9 Mbps at 1Mbps intervals,
and from 10 Mbps to 100 Mbps at 5 Mbps intervals. For
each scenario, we considered the situation where the links
were completely empty of cross traffic and loaded at 25, 50

)
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Figure 3. Accuracy estimation with 0% cross traffic.

and 75 percent of the capacity. We used the MGEN utility
to generate Poisson processes with mean rates equal to the
given desired amount of cross traffic. It is worth noticing
that the cross traffic was generated on a node by node basis,
i.e. the traffic generated at node i loaded its output queue
and the link from node i to node i+, but it did not load the
output queue of nodes j # i. In this manner no traffic cor-
relations from node to node are included and all nodes are
completely independent.

For the experimental results, each point in the graphs is
the average of running each experiment 35 times. That al-
lowed us in the case of IGI and Spruce, to calculate and
plot a 95% confidence interval. In the case of Pathload, we
plot the average range given by the tool. Therefore, we per-
formed a total of 11760 experiments: 3 tools, 28 capacity
variations, 4 cross traffic loads and 35 samples.

For the analytical results, 7, in Equation 4 is the probing
traffic rate generated by each tool. That value is the result of
dividing the amount of probing packet bytes calculated with
tcpdump by the convergence time of the tool. Again, this is
the reason why the Jackson model behaves differently with
each experiment and with each tool. It is worth noticing that
most studies have not considered this traffic in their evalua-
tions. We plugged in the input rate from Equation 4 and the
output rate (link capacity) in Equation 6 to determine the
tight link utilization.

5.1 Accuracy

Figures 3, 4, 5 and 6 compare the accuracy of Pathload,
IGI and Spruce when the tight link is loaded with 0%, 25%,
50% and 75% of cross traffic. Pathload provides the best ap-
proximation to the analytical value obtained from the Jack-
son’s model. We do not show some Pathload measurements
because the tool had convergence problems in low capac-
ity links. However, as shown in Figure 7(a), when the tool
converges, regardless of the amount of cross traffic and tight
link capacity, it has a relative error of less than 20%. In most
cases the tool overestimates the available bandwidth. It is

well known that Pathload is one of the most accurate band-
width estimation tools [15]. These results testing Pathload,
validate our testbed and the analytical model.

In the case of IGI, this tool has shown some accuracy
problems. For example, in [4], the authors of IGI show that
the tool has an error of less than 20% in scenarios with low
RTT values. Our experiments also verify this conclusion
although our results also indicate very high variability. Fig-
ure 7(b) shows that when the cross traffic is high, the ac-
curracy of the tool is very low. This is also mentioned by
the authors of IGI when they tested links with long RTTs.
However, in contrast to the IGI paper, Pathload is still ac-
curate in our experiments with highly loaded links. Spruce,
on the other hand, shows a relative error smaller than 30%
in most scenarios, which also verifies the results presented
by the authors in [16]. As in the case of IGI, Spruce also
presents problems when estimating over high capacity links
with high traffic loads. Its estimation variance is also high
over low capcity links. It is worth noticing that IGI and
Spruce belong to the same Probe Gap Model category.

5.2 Overhead

Figure 8 shows the overhead ratio of the tools for each
cross traffic load. The overhead of Pathload does not ex-
ceed 10% of the tight link capacity. Pathload introduces
more probe traffic when the cross traffic decreases. This is
completely expected as it works based on the principle of
induced congestion, so the emptier the channel the higher
the amount of probe traffic that the tool needs to inject.

In Figure 8(b) we can observe that IGI has low over-
head over high congested links. This is because IGI finds
several packet trains in the Joint Queuing Region and does
not need to send additional packets to determine the turn-
ing point. There are, however, some scenarios where the
average overhead grows up to 30% or more, such as those
points in Figure 8(b) where the capacity of the tight link is
25 Mbps and the cross traffic is 25 or 50% of the capacity.

There are some interesting results. For instance, Spruce
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Figure 9. Convergence time for a cross traffic of 0%, 25%, 50% and 75% of the capacity.

overhead is low and constant regardless of the amount of
cross traffic. This is explained by the Poisson sampling
method utilized by the tool. Another interesting observa-
tion is the increase of traffic overhead when the tools based
on the Probe Gap Model operate in low bandwidth scenar-
ios. In this case, IGI needs to send more probing packets
to find the correct probing gap value and Spruce achieves
only a small inter-pair gap in the Poisson sampling process,
which results in a quite more intrusive sample. This is also
reflected in the high accuracy variation shown by these two
tools in low link capacities.

In the best case, when the network is highly loaded, the
tools need to inject around 3% probe traffic of the narrow
link capacity to perform the estimations. Although 3%
sounds like a low value, in reality it may be a big num-
ber. For instance, in the case of a 50 Mpbs narrow link,
the tools would occupy 1.5 Mbps. This amount of overhead
could limit the utilization of the tools in certain environ-
ments, such as wireless networks where link bandwidth is a
scarce resource.

5.3 Convergence Time

Figure 9 depicts the convergence time in seconds when
the cross traffic varies from 0% to 75% of the narrow link.

From the figure, it can be seen that Pathload needs less time
to converge in the case of 0% cross traffic than in the 75%
case. Tcpdump traces provide the explanation for this be-
havior. When the network is slightly loaded, the tool is able
to send probe traffic more frequently and obtain feedback
about each sample faster. As a result, it injects more traf-
fic and converges faster. When the network is highly loaded,
the tool needs to increase the gap between probe packets and
the gap between trains, which reduces the amount of probe
traffic. However, the tool has more problems finding the
estimation, which traduces into longer convergence times.
Pathload can take more than 100 seconds to provide the es-
timation in some cases. This long convergence time may
limit the applicability of Pathload in certain applications or
may provide erroneous estimations in those environments
with fast changing traffic patterns.

As itis shown in Figure 9(b), IGI needs considerably less
amount of time to converge than Pathload. Spruce conver-
gence time is directly associated to the amount of probing
packets sent to the network, which is constant regardless the
amount of cross traffic.

Regardless of the amount of cross traffic, the evaluated
tools have more problems converging when the narrow link
is a low capacity link. In the case of IGI and Spruce, their
behavior can be explained by the difficulty of the tools to



set the appropriate gap, which implies more measurements
and more delay in the estimation. In the case of Pathload,
the smaller the available bandwidth, the higher the number
of iterations the tool needs to perform to detect the gray
region. That is also the reason why in some of these points
the tool was not able to converge.

6. Conclusions and Future Work

In this paper we present a low cost and flexible testbed
to evaluate available bandwidth estimation tools. In addi-
tion, we include an analytical model based on Jackson’s
networks that provides the available bandwidth of an end
to end path and considers not only the cross traffic in the
network but also the probing traffic generated by the exper-
imental estimation tool. We utilize the testbed and the an-
alytical model to evaluate the accuracy, overhead and con-
vergence time of Pathload, IGI and Spruce. We performed a
large number of experiments and validated the correct oper-
ation of the testbed, the analytical model and the tools under
consideration.

Regarding the performance evaluation of the tools, we
found that Pathload is the most accurate tool but the slowest
to converge. IGI, on the other hand, is the fastest tool but
the least accurate. Spruce is the least intrusive tool with
intermediate accuracy and convergence time.

Future work is under way in two directions. First, we
want to make the analytical model more accurate. We are
looking at the distribution of the probe traffic to verify that
it is exponentially distributed. If it is not, we will also look
at the distribution of the cross traffic and probe traffic to-
gether to see if the sum of the traffic is exponentially distrib-
uted. Depending of the results, we will expand the model
to G/M/1 type of queues. Second, we are in the process of
incorporating more tools into the testbed and perform exper-
iments in higher bandwidth links and with RTT variations.
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