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Abstract

Efficient and reliable available bandwidth measurement
remains an important goal for many applications. Recently
a new class of active probing techniques has emerged
which has clear advantages over earlier approaches,
prominent members being pathload and pathChirp. They
are based on observing an increased separation of probe
packets due to local saturation of the queue at the nar-
row link, and do not require the knowledge of link ca-
pacities along the path. Each can deliver reasonable esti-
mates of (average) available bandwidth, but has important
drawbacks. Despite the shared general principle, there are
many dimensions involved to fully define a given method in
the class. We clearly delineate these, and point out unex-
plored regions of the ‘method design space’, and their im-
portance. From these we define a configurable meta-tool,
‘PathSensor’, which supports methods within a promising
new region, and whose modular structure allows different
specific methods to be conveniently explored, and sensi-
bly compared. We provide a compact simulation environ-
ment, PSIM, suitable for the analysis of a wide variety of
active probing methods, and a realistic cross traffic gen-
erator. A specific method within PathSensor is selected
and PSIM used to explore its performance. Comparisons
are made against pathload and pathchirp under a variety

of cross traffic scenarios. Further comparisons are made
using controlled non-stationary cross traffic in a network
testbed. We show that PathSensor can exploit the low inva-
siveness of pathchirp with greater robustness and simplic-
ity. Numerous directions for enhanced estimation accuracy
are given.

1. Introduction

Efficient and reliable available bandwidth measurement
is an important goal both for ongoing or on-demand moni-
toring of the state of the network, and for many applications
which could use it to adapt their behaviour, for example to
avoid congested paths.

By available bandwidth (AB) we refer to the instanta-
neous free transmission capacity of the route, where a route
is seen as a series of hops in tandem. More precisely, the
available bandwidth v% (T") of hop h over the time interval
[T, T + Al is:

YA(T) = p = =51, )

where " is the physical bandwidth of the link, and ¢/ (T')
is the amount of traffic in bits that was served at the hop



during the time interval [T', T 4+ A]. Roughly speaking the
available bandwidth is the difference of the link capacity
and the average cross traffic (CT) rate. Based on this hop
definition, we can define the available bandwidth of a route,
in the time interval [T, T + A), as smallest hop AB on the
path:

min 4R (T) = min [u" —

T =
7a(T) h=1..H h=1..H A

where H is the number of hops. We readily acknowl-
edge that this definition is not suitable for all purposes, for
example flow control feedback can put into question the
very meaning of ‘available’. However, we believe it is of
value to be able to measure a quantity which describes path
‘state’ which is in some sense generic rather than applica-
tion dependent.

Recently a new class of active probing techniques,
dubbed the interaction class in [1], has emerged which has
clear advantages over earlier approaches. The most impor-
tant of these are:

(i) not requiring a knowledge of the link bandwidths along
the end-to-end path (although this may have seemed essen-
tial given the above definition), and

(i1) not being based on assumptions about which link on the
route is the narrow link (that with minimal hop AB).

The methods are based on observing an increased separa-
tion of probe packets due to local saturation of the queue at
the narrow link, as illustrated in figures 1 and 4. This has
been called self-induced congestion [3].

Two prominent members of this class are pathload [2]
and pathChirp [3]. Each can deliver reasonable estimates
of (average) available bandwidth, but each have drawbacks.
pathload, the performance of which has now been quite
well studied [4], suffers in particular from high invasive-
ness. PathChirp uses probes much more efficiently, but has
complex and adhoc statistical analysis techniques, resulting
in poor robustnes. In our testbed measurements (in section
3.2) we used the same probing pattern as pathChirp with
our new estimation method.

Our aim is to provide estimation methods which im-
prove the state of the art significantly. We begin by tak-
ing due account of the different elements of an overall so-
lution. These include: the design of the probe pattern it-
self, pattern parameters and sending schedule, the choice of
space or time based aggregation, the measurement observ-
able, choice of statistic to measure that observable, spa-
tial and temporal smoothing techniques, threshold princi-
ples/heuristics, and finally estimate definition. We bear in
mind that the performance of each of these is a function of
cross traffic characteristics.

It is beyond the scope of this abstract to fully explore
each of the above. What we do provide are arguments for
why new choices should be made for some of the most im-

portant of them, thereby identifying a new ‘method design
space’, within which promising new methods can be de-
veloped. This space is characterised, amongst other things,
by using chirp-like probe patterns, and normalised delay
variation rather than delay as the underlying observable.
To support such development, we define the features of
configurable meta-tool, PathSensor, which modularises de-
sign dimensions such as probe pattern definition, choice
of statistic, smoothing approach, and detailed AB estimate
definition. We aim to make PathSensor available to en-
hance the community’s ability to explore, and meaning-
fully compare within a common framework, not just dif-
ferent methods but different method dimensions. We use
(and will also provide) a compact simulation environment,
PSIM, suitable for the analysis of a wide variety of active
probing methods, including a realistic cross traffic genera-
tor, to explore the principles underlying PathSensor and the
impact of cross traffic variability.

To demonstrate the potential of this idea, we configure
PathSensor to realise a specific method within the fam-
ily. We make comparisons using controlled non-stationary
cross traffic in a network testbed to test this method against
pathload and pathChirp under a variety of cross traffic sce-
narios. In this paper we used Poisson and Weibull renewal
cross traffic both in simulations and measurements. We
also compare, in both the PSIM and testbed environments,
two different methods within PathSensor which are iden-
tical except in the final heuristic defining the AB estimate.
We show that PathSensor method(s) can exploit the low
invasiveness of pathChirp with greater robustness and sim-
plicity. The specific methods we select are still preliminary
from many points of view, and it is expected that more work
will identify refinements as well as new methods with bet-
ter properties.

2. Principles of PathSensor

2.1. The Interaction Class, Methodology and Ob-
servables

The underlying principle of the interaction class is il-
lustrated in figure 1 by using one-way delay, the same ob-
servable used by pathload. 1t is simply the fact that the
queueing delay across a route increases steadily once the
probing rate exceeds the available bandwidth, as the queue
at the narrow hop is pushed into instability. In this simple
1-hop example (with Poisson CT), well spaced probe pairs
are sent with inter-pair separations which decrease with ev-
ery pair, defining local probing rates (LPR) which increase.
The transition to instability is clear, and intuitively, the
transition point represents an estimate of available band-
width. This experiment, and others in this section, were
conducted using PSIM described in section 3.1.
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Figure 1. One-way delay as a function of
probing rate. A steady increase marks the
transition of the queue at the narrow hop
from stable to unstable. Only a single probe
per local probing rate gives unreliable esti-
mates

Let us define the main properties of probing methods.
Packet 7 arrives to the hop by appearing in the queue at the
time instant 7;. It begins service after a waiting time of
w; > 0, completes it after a service time of x; > 0, and
after a constant propagation delay of D > 0, exits the hop
at time 7;°. The delay is therefore

diZTi*—TiZwi—FIi—I—D, 3)

and comparing two adjacent packets we have the

inter-arrival time: t; = T, — Ti—1,
inter-departure time: t; = 7 — 77 |, “4)

delay variation: 6, = d; —d;_1=1t; —;

= (zi —@io1) + (Wi —wi—1).

The variability in the curve in figure 1 is a reflection of
the variability in the CT encountered. In fact, different tri-
als of this ‘continuously increasing probe rate’ experiment
would produce different curves, and at fixed local probe
rate we would observe an entire distribution of delay val-
ues. Two such are given in the first column of figure 2,
one at a low LPR (top plot) and one below (bottom). The
distribution has shifted to higher values after the AB was
exceeded, but otherwise there was little qualitative differ-
ence.

An alternative way to examine the effect of changing
LPR is to look directly at the growth ¢} — ¢; of the inter-
probe arrival separation ¢; (measured from the last bit) at
the receiver, compared to its original value ¢; at the sender.
In fact, this quantity is none other than the delay variation
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Figure 2. Histograms for delay (first col-
umn) and delay variation (second column)
based on two experiments, each of 12,000
packet pairs at two fixed probing rates (those
marked in figure 1): Top: low probing rate,
stable case, Right: high probing rate, unsta-
ble case. The delay histograms show a shift
but little else, whereas delay variation shows
a profound change in shape.

0; = d; —d;_1 between a probe pair. PathChirp is based on
delay differences. As a result, it benefits from the advan-
tages of a delay variation based description. These include
immunity to clock synchronisation issues, and the concen-
tration into highly localised discrete peaks, events charac-
teristic of probes which share the same busy periods. We
detail these and related issues in [6].

A futher alternative way is to consider the relative
growth t} /t; of the before and after probe separations. This
gives us a dimensionless quantity where excursion from
the limiting zero CT value of 1 are normalised in a natu-
ral way, enabling meaningful comparison. This new ob-
servable, which we call the relative dispersion, is simply
related to the delay variation §; = d; — d;—1 between a
probe pair, via

tr 9
iZ:—l:—Z ].. 5
s i ti+ (5)

and so also benefits from the advantages mentioned above.

The delay variation histograms corresponding to those
on the left of figure 2 appear on the right in the same figure.
They show a much clearer distinction between the charac-
teristic before and after the transition point. The symmetric
shape in the left hand plot (call the independence signature
in [6]) is a reliable indicator that probes within pairs do not
share the same busy period. In contrast, the highly asym-
metric shape in the left plot shows that they do.



th

th

th

1.8

singlé hop th -

1.6 u
//l/
1.4 ./.J —
I/.l

-

1.2 + - |
y g
1 —L_'—..l
08 L L L

0 10 20 30 40

local probing rate [Mbps]

3.5 . : . .
two hop route —=—
3l Vg e
25
15 “'.ul i
l vv\ AB2 L L

0 10 20 30 40 50 60 70
local probing rate [Mbps]

80

Figure 3. Expected system curves (using mean statistic) for Poisson CT. Left plot: single hop
system, Right plot: two hop system, narrow link followed by bottleneck.

2.4

v
.
v .
v
L v
A’
v “,»
v -
A
L LA s
ﬂ“A o 7 Mbps
o
il atSens 8 4 o 3 Mbps &
R 1 S
0 2 4 6 8 10 12 14
local probing rate [Mbps]

o/u=0.1 @
‘ ‘ ‘ o8O0 v
0 1 2 3 4 5 6 7

local probing rate [Mbps]

Figure 4. The curve of the t*/t starts in-
creasing at different probing rate for differ-
ent mean of cross traffic, and the curve has
different roundness for different variation of
cross traffic.

The simulations used to produce figure 2 are not in-
tended to emulate a practical estimation method. Instead,
they are an important example of our methodology for
meaningful evaluation of method behaviour. The packet
pairs involved are well separated. Each effectively sees
the same system in equilibrium, free of ‘self interference’
across different pairs. The resulting distributions thereby
measure the true (CT dependent) response of the system
in a way which is estimation method independent. From
these distributions, we can choose a statistic to summarize
the system response in the form of a function of LPR which
can be thought of as the ‘true’ response of the path plus
cross traffic.

If we select the mean as the statistic, then figure 3, left
plot, is the result for the system displayed in figure 2. It is
the ‘expected curve’ in a probabilistic sense, which estima-
tion methods will effectively be trying to randomly sam-
ple, imperfectly, at a finite set of local probing rates. With
this foundation, we are in a position to define methods and
breakdown their performance in well defined dimensions.
We do this in section 2.2 in the context of PathSensor. First,
we demonstrate the utility of these system curves in two
separate ways.

The examples given so far have been for a one-hop
route. In that case, as seen in the left plot of figure 3 at
large values of LPR the slope of the expected curve tends to
a constant. It is not difficult to see that this slope is just the
inverse of the service rate of the hop. In a multi-hop route,
if the narrow hop and the bottleneck hop coincide, then this
continues to hold. Otherwise however, the situation is more
complex. We explain this in the right plot of figure 3, where
we have calculated the expected system curve (mean based
as before) for a 2 hop system. AB; signs the available
bandwidth of the narrow (first) link, while ABs signs the
available bandwidth of the bottleneck (second) link. As



the LPR increases, we again see a transition as the AB is
exceeded (at AB1), but it is difficult to see the slope cor-
responding to the narrow hop (u1), as the increasing LPR
begins to saturate the following hop (at ABsz), which is the
bottleneck link in this case. It is the second hop here whose
rate determines the final slope of the expected curve (u2).

In figure 4 we explore the shape of system curves as
a function of CT characteristics. The top plot is not un-
expected: the transition point moved to the right as the
mean CT rate decreases, corresponding to increased AB.
The lower plot shows the non-linear effect of CT structure
on queuing performance: as burstiness increases with in-
creasing coefficient of variation, queuing causes the sys-
tem curve to move up increasingly prematurely, before the
point of loss of stability is actually reached. The curve also
becomes rounder, and therefore the transition point more
difficult to detect (the arrival process of the CT here is
Weibullian-renewal)

The above effects, revealed through the availability of
the system curves, are some of the factors that estimation
methods will have to deal with, but with the added compli-
cation of noisy data derived from small numbers of mea-
surements.

2.2. Principles and Dimensions of PathSensor

We first describe the principles of PathSensor, which
define the scope of the methods included, and then the di-
mensions, which are the main factors one can play with to
design specific methods.

We have already described the first defining principle:
Principle 1: the observable is relative dispersion, {s;}.

As we have already seen, the observable of pathload is

delay, and that of pathChirp delay variation.

The second principle relates to the probe pattern:
Principle 2: the fundamental probe pattern is a chirp.

Like pathChirp, we adopt a chirp-like signal (one with
exponentially changing frequency) because of its ability to
logarithmically scan a range of bandwidths in a single pat-
tern. An example is provided in figures 5 and 6b. The dis-
tances between probes begins very large, and are decreased
geometrically by a spreading factor ([3]), a: t; = at;_1.
Initally the probes do not meet each other, but as the LPR
p/t; increases (where p is the probe size, they will) begin
to self interfere rarely, and then severely.

The chirp pattern is not only very economical (espe-
cially compared to the probe pattern used by pathload)
in terms of the number of probes, it also eliminates the
need for external iteration and feedback as in pathload (fig-
ure 6a). Instead, the ‘iteration’ is done via the analysis al-
gorithms, which can be varied at will, allowing for fast and
on-line estimation.
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Figure 5. The pattern of packet in a chirp
probe pattern.
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Figure 6. Probing patterns, three periods us-
ing each pattern are shown. The patterns
are:(a) packet train with a controlled and con-
stant rate within the train - used by NEPRI,
TOPP, pathload; (b) chirp, a single pattern cov-
ering a whole interval - used by pathChirp and
pathSensor.

Principle 3: the primary aggregation dimension is tempo-
ral.

To explain what this means, consider a measured system
curve based on data collected from NV identical chirps con-
taining M discrete local probing rates ¢;. There are many
choices for how to combine these N M numbers. Principle
3 says that we must first summarize data for j fixed, that is
temporally over the chirps with LPR fixed, before consid-
ering the spatial dimension. This philosophy is guided by
the fact that a system curve estimated from a single chirp
is extremely poorly sampled, so that inference based on it
is likely to be very unreliable. In contrast, we can hope
to benefit from the 1/N decrease in variance characteris-
tic of independence by aggregating over the chirps for each
7 fixed, as chirps are widely spaced. PathChirp does not
obey this principle, as it tries to extract information, and
even AB estimates, from within a single chirp before ap-
plying any aggregation over time, and pathload inherently
performs spatial processing first.

The first dimension is
Dimension 1: probe pattern parameters.

There are many possible parameters, apart from a and
the initial and final probing rates, which should be sup-
ported, to enable probing streams which are considerably



richer than that considered in pathChirp, where identi-
cal chirps were sent periodically, with large gaps between
them. These include:

e probe size p; as a function of the probe ’serial number’
j.

e j dependent spreading factor,
e chirps ‘pairs’ where parameters alternate,

e packets replaced by packet pairs or trains within a
chirp,

e combined ‘increasing’ and ‘decreasing’ rate chirps.

To first order, we can think of the above as defining at
which rates the service curve will be sampled at, and in
which order.

Dimension 2: Summary statistic of the temporal aggre-
gate.

This refers to what to do with the N measurements for a
fixed probing rate j as defined above. Reasonable choices
include the mean and the median.

Dimension 3: Type of spatial aggregation.

Given a statistic or statistics measured after temporal
aggregation, there remains the choice of how to combine
them spatially, that is over the probing rate dimension. As
even the aggregated statistics can be highly variable, it is
important to make maximum use of a priori knowledge of
the system to increase robustness. For example we know
that in the limit of small rates, that both the mean and me-
dian of {s;} are 1. Also, it is intuitively clear that the sys-
tem curve should be monotonically increasing.

Dimension 4: Available Bandwidth Definition.

As we pointed out, the local probing rate at which the
transition starts is clearly related to the available band-
width. The exact nature of the change however greatly
depends on the characteristics of the cross traffic and the
probe stream, as demonstrated by the results of figure 4.
The method to determine the transition point may involves
heuristics of different kinds, informed by diverse scaling
arguments.

3. Comparisons: Methodology and Infrastruc-
ture

We provide comparisons both in a totally controlled
simulation environment, using our PSIM tool and CT gen-
erator, and a partially controlled network testbed environ-
ment, where the same probe traffic and CT traffic genera-
tors are used.

We chose to use the simulator to provide clear, well
defined benchmark experiments using stationary CT, to

consider performance without the complication issues sur-
rounding non-stationary versus variability of available
bandwidth. In contrast, we use the testbed environment
with controlled CT to test the robustness of the methods to
true changes in AB, and their ability to track them.

3.1. PSIM

We developed a light-weight simulation package, PSIM
[71, to help us efficiently investigate the main characteris-
tics of different active probing methods. The main task of
such tool is to generate information corresponding to what
would be obtained during an active probing experiment.
This means that there is no need to routing and transport
protocol simulation, the required outputs can be calculated
according to queueing equations which describe the delays
along the route. The tool efficiently solves these equations
numerically and is capable of handling input and output
parameters in a convenient and effective way. For this pur-
pose we have decided to implement PSIM, which we call a
‘simulation’ tool.

3.2. Network Testbed

A simple setup with 3 PCs and 1 router was used in our
laboratory experiments. One PC was used as a CT gener-
ator, the second as a probe sender, and the third received
both the probe and CT streams. A DAG3.5E capture card
monitored the receiver’s incoming traffic and served as the
source of the reference information for comparing the dif-
ferent measurement methods.

4. Results

We first define two methods within PathSensor. To ease
a comparison with pathchirp, we chose a periodic probing
stream with very similar average characteristics: 2 chirps
of 20 probes per second, with p = 1500 bytes, (spreading
factor of \/5), and an average rate of 500kbps. We take
the mean (our temporal statistic) over chirps for each of
20 probing rates, to obtain a single estimated system curve
sampled at 20 rate values.

For the parameter estimation, we wish to find a paramet-
ric fitting family f(x) which should satisfy the following
properties:

(1) f(x) — 1 as probing rate x — 0,

(ii) smooth and monotone increasing,

(iii) asymptotically linear for large z: f(z) — Az + B.
We describe such a family below.

Finally, we test two algorithms to select the transition
scale, resulting in two methods for AB estimation:

(a) Threshold based: vy, = = : f(z) = s* (we use s* =
1.1),
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Figure 7. Comparing AB heuristics within PathSensor under stationary conditions. Left: perfor-
mance of -, as a function of CT mean and burstiness. Right: ~i,, scales more naturally to changing
burstiness. Bottom: under non-stationary conditions, ~, is more robust

(b) Intercept based: iy = (1 — B)/A, the intercept of the
two asymptotes.

Such a family requires at least three parameters: two to
fit the asymptotic slope, and a third to allow for the CT de-
pendent speed of transition. The following family, which
has a physical basis which we cannot enter into here, satis-
fies these requirements:

f(gc;a’b7c):/a.tanh(b-(g;—c))—&-ldgc ©)

b-x
T)“l’

= log ((cosh(a Az — c)))% - exp

where d =1 — bc/2 — blog(2)/2a.
One can show that A = b, and B = 1 — be. Also, the
intercept method has a nice functional form:

3log?2

2a '
which reflects the natural location parameter role of ¢, and
is independent of the final slope b. There is an other ad-

Yint = € + (N

ditional benefit: the value of 1/b gives us the bottleneck
physical bandwidth and the a parameter depends on the
variance of the background traffic.

We determine the parameters (a,b,c) = (a*,b*,c*) of
best fit (minimizing the x? function via all the parameters)
using the Levenberg-Marquardt Algorithm, a standard non-
linear least squares(NLLS) method [8]. The fits were gen-
erally good both for Poisson and Weibullian-renewal CT,
with some stability problems in some cases, and minor ad-
hoc fixes required. In future work we will thoroughly reex-
amine the minimisation algorithm to eliminate these prob-
lems.

4.1. Comparisons

We first made a comparison between the two PathSen-
sor methods in simulation under stationary conditions. We
simulated to cover a large parameter space with average
cross traffic rates, and coefficient of variation (¢ /) val-
ues. The results comparing the performance of v, and ine
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and shown in figure 7. In the left graph, results for vy, begin
well but worsen as burstiness increases. This is not surpris-
ing, as the idea of a threshold is ad-hoc and would not be
expected to scale with CT properties. In the central plot,
“int 18 much less sensitive to burstiness level, which make
intuitive sense, since as the system curve becomes rounder
due to increased burstiness, the intercept naturally moves
to the left. In the right plot however the performance of
the methods undergoes a transition as the AB changes. The
intercept method seems to be too sensitive to noise if the
transition is abrupt, as it is in the right of the plot for high
AB.

Both method has some uncertainty (under estimation
and non convergent fit). To minimize the error we choose
always the smaller value of the two estimates.

In figure 8 we test the threshold method against pathload
and pathChirp, using controlled non-stationary traffic in
the laboratory. In each plot we see that pathSensor and
pathChirp are roughly comparable, with pathSensor be-
ing a little more stable. Estimates from pathload are also

fairly comparable in the top left plot, where the AB changes
slowly. In the top right plot however, it is clear that it can-
not follow the rapid changes, in particular for low values of
AB, where the iterative technique takes longer to arrive at
an estimate. Finally in the bottom plot we half the number
of points used by pathSensor by increasing the spreading
rate. Despite this, the results remain comparable with those
from pathChirp.

In the case of unloaded link our estimation is much bet-
ter then the estimation with pathChirp. In the case when
the fluctuating of the cross traffic is rapid the two methods
gives us almost the same result.

5. Conclusion

We have made the first steps to work out the underly-
ing theoretical model for evaluation of the measured data.
We have presented an improved method for available band-
width estimation and we have shown its capabilities in both
simulation environment and real network measurements.
In the future we would like to develop a complete mea-



surement tool which would include different, changeable
modules for the different estimation techniques.
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