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Abstract The estimation of available bandwidth is crucial for many overlay network applications. However, measuring
available bandwidth requires a large amount of probe traffic. Furthermore, the measurement conflict of route-overlapping
paths can cause serious degradation of measurement accuracy and non-negligible increase in the network load. In this report,
we propose a distributed method for measuring available bandwidth in overlay networks that can reduce measurement conflict
while maintaining high measurement accuracy with low cost. The main idea is that neighboring overlay nodes exchange the
route information to detect overlapping paths, and share measurement results of overlapping paths to configure parameter
settings for available bandwidth measurement. Simulation results show that the relative errors in the measurement results of
our method are approximately only 65% of those of the existing method.
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on demand [1] and peer-assisted streaming [2]. However, measur-

1 Introduction

Available bandwidth, along with latency and packet loss ratio,
is an essential metric for efficient operation of overlay network
applications. For example, available bandwidth information al-
lows the construction of an efficient overlay topology for video

ing available bandwidth in overlay networks is generally expensive,
not only because of the huge number of pairwise measurements but
also because of the large traffic load of each measurement. In par-
ticular, for an overlay network that contains n overlay nodes, the
number of pairwise measurements is O(n*), which becomes unac-
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ceptably large in large-scale overlay networks. Furthermore, the
traffic load of each measurement of available bandwidth is much
larger than that of other metrics such as latency or packet loss rate.
This is because latency and packet loss rate can be measured us-
ing lightweight tools such as ping, whereas measuring available
bandwidth requires more complicated and costly mechanisms. For
example, in the case of Pathload [3], which is one of the most accu-
rate tools for measuring end-to-end available bandwidth, groups of
packet streams are sent at various rates within a large range that con-
tains the real value of available bandwidth. The traffic load of each
Pathload measurement is therefore very large, reaching up to 10 MB
according to one study [4]. However, most existing solutions [5]~
[7] focus on decreasing the number of pairwise measurements rather
than reducing the traffic load of each measurement.

Another measurement issue in overlay networks is measurement
conflict, which degrades measurement accuracy. This problem oc-
curs when measurements of overlapping paths are performed simul-
taneously. Previous studies have addressed this problem, and algo-
rithms for avoiding concurrent measurements of overlapping paths
have been proposed [8], [9]. Although measurement conflicts can
be completely avoided by using these methods, the measurement
frequency is small, thus leading to inaccurate measurement results
[10]. Furthermore, concurrent measurements of overlapping paths
do not always conflict depending on the mechanisms employed by
the measurement tools. For example, in the case of Pathload, be-
cause the interval between two consecutive packet streams is set to
a value not smaller than one RTT, if the duration of sending a single
packet stream is smaller than one RTT, the probability of a conflict
occurring is smaller than that of non-conflict.

In this report, we propose a distributed method for measuring
available bandwidth that addresses both of the above problems: re-
ducing the measurement traffic load and minimizing the effect of
measurement conflicts. Unlike existing solutions [5]~[7], the ap-
proach we take focuses on decreasing the traffic load of each mea-
surement. This approach not only reduces the total measurement
traffic load but also helps mitigate measurement conflicts. The pro-
posed method does not completely avoid concurrent measurements
of overlapping paths like the solutions in [8], [9], but instead reduces
the number of concurrent measurements while maintaining a high
measurement frequency to improve measurement accuracy.

In our method, overlay nodes exchange route information in order
to detect overlapping paths, as proposed in our previous study [10].
The measurement frequency and timing of each path are determined
based on the overlapping state in order to reduce measurement con-
flicts. To obtain accurate measurement results, we adopt some
mechanisms similar to induced-congestion-based end-to-end avail-
able bandwidth tools such as Pathload or pathChirp [11] for mea-
suring end-to-end available bandwidth. Measurement traffic load is
reduced by having the overlay nodes exchange the measurement re-
sults of overlapping paths and then use this information for calculat-
ing the parameters for each measurement. We evaluate our method
and compare it with a previous method [8] by simulations of both
generated and real Internet topologies. The simulation results show
that the relative errors in the measurement results of our method are
only approximately 65% those of the method from [8].

The rest of this report is organized as follows. Definitions related
to overlay networks are presented in Section 2. In Section 3, we ex-
plain our method for reducing measurement conflicts and decreas-
ing the traffic load of each measurement. We evaluate our method
in Section 4 and give the conclusions of this report in Section 5.

2 Network model and definitions

Consider an overlay network in which the overlay nodes are in-
stalled on routers or end hosts. This installation can be done in the
networks that support configurations at the application level in the
routers. If the network supports such techniques as network vir-
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tualization [12] and software defined networks [13], which enable
the settings of all network components at some devices called con-
trollers, this installation can be further simplified. Suppose that the
network contains m end hosts or routers denoted R; (i = 1,...,m).
For simplicity, we refer to each end host or router as an under-
lay node. Suppose that n (n £ m) overlay nodes, denoted O;
(i = 1,...,n), are deployed on n different underlay nodes. The den-
sity o of overlay nodes is defined as the ratio of overlay nodes to
underlay nodes, that is, o = n/m. Figure 1 shows an example of
an overlay network. Gray arrows indicate overlay paths and black
arrows indicate the underlay paths that correspond to the overlay
paths. We assume the shortest path algorithm for routing in the
underlay network and define R;R; as the underlay path between un-
derlay nodes R; and R;, where R; is the source node and R; is the
destination node of the path. If different paths R;R; and R(R, share
at least one link, then R;R; and R,R, overlap and we say that R;R;
(RR,) is an overlapping path of R,R, (R;R ;). We define a route from
R; to R; as a sequence of underlay nodes that construct an underlay
path from R; to R;.

As in our previous work [10], we classify the overlapping paths
into the following three types:

e Complete overlapping: One path completely includes an-
other path. The path that includes the other path is called the longer
path, and the included path is called the shorter path.

e Half overlapping: Two paths share a route from the source
node to a router that is not an overlay node.

e Partial overlapping: Two paths share a route that does not
include the source node.

For example, in Fig. 1, path O, 05 is a complete overlapping path
of 0,06. Paths 0,0, and 0,04 have a half overlapping relation,
and path 0,0, is a partial overlapping path of 0,0:s.

3 Proposed method

31 Overview

Our solution is built in a completely distributed fashion in which
each overlay node measures the paths starting from itself based on
information obtained by exchanges with neighboring overlay nodes.
The measurement procedure employed by each overlay node con-
sists of the following three phases:

e Detection phase of overlapping paths

The overlay nodes detect overlapping paths by using a previously
described method [10].

e (alculation phase of measurement timings

The frequencies and timings for measuring each of the paths are
calculated based on the type of overlap.

® Measurement phase

At each measurement timing, the overlay node calculates the pa-
rameters for the end-to-end measurement based on previous mea-
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surement results received from other nodes. The overlay node per-
forms measurement using these parameters, and then sends the re-
sults and related information to the neighboring overlay nodes.

32 Detection phase of overlapping paths

We use an existing method [10] to detect complete, half, and par-
tial overlapping paths in the overlay network. In particular, an ar-
bitrary overlay node O; can detect complete and half overlapping
paths of path O;0; by issuing traceroute commands to all other
nodes. To detect the partial overlapping paths of 0;0;, O; first uti-
lizes the overlapping status of the half overlapping paths to find the
candidates of partial overlapping paths and then exchanges the rout-
ing information with the source nodes of the candidates to determine
their overlapping states. For example, in Fig. 1, we infer that path
0,05 is a candidate of partial overlapping path of O,0,, because
the length of the overlapping part of OO0, and O, 0, is smaller than
the length of the overlapping part of O;0, and O;0s. O, then ex-
changes routing information with O, to confirm whether 0,05 is
actually a partial overlapping path of O,0,4. Our simulation results
indicate that our method can detect approximately 90% of partial
overlapping paths with relatively small overhead [10].

33 Calculation phase of measurement timings

We propose a method for calculating the measurement timings of
the paths that can reduce measurement conflicts while maintaining
high frequencies to improve measurement accuracy. Our method
utilizes the overlapping states of the paths.

For complete overlapping paths, we only measure the shorter path
in order to avoid conflicts. The longer path is not directly measured,
and instead the measurement result is estimated based on the mea-
surement results of contained shorter paths [10].

We explain the method for half and partial overlapping paths as
follows. Consider path O;0); that has half and partial overlapping
paths (Fig. 2). We denote by (G, ; — 1) the number of half overlap-
ping paths of 0;0; (G;; = 1) . For simplicity, we refer to G; ; as G.
We refer to path O;0; as path 1, and to each of the half overlapping
paths as path p (2 < p < G). We then denote by (K, — 1) the number
of partial overlapping paths of path p, with1 £ p < Gand K, = 1.

Overlay node O; can avoid measurement conflicts among the half
overlapping paths 1, 2, ... G simply by measuring them sequen-
tially. Conflicts between the partial overlapping paths, however,
cannot be avoided completely since the source nodes of the partial
overlapping paths are different. We therefore propose a technique
that combines sequential measurement for half overlapping paths
and random measurement for partial overlapping paths. We set the
time required to measure a single path to a predetermined parameter
7. We assume that O; aggregates all of the measurement results of
paths 1 to G after a predetermined duration, which we call an ag-
gregation period. The aggregation period is divided into T (" =2 1)
measurement time slots of length 7. We denote by 4, the number of
times the path p is measured within an aggregation period (h, < T)
and calculate £, as follows.

Let us introduce ), as a value that reflects the variability of the
measurement results of path p during an aggregation period. Note
that the method for determining 3, is beyond the scope of this re-
port. For example, 8, can be calculated based on the statistics of
the measurement results or using an existing method [14]. We set
the number of measurements #, to be proportional to 5, among all
paths, that is, 4, /81 = hy/B> = ... = hg/Bc. To avoid measurement
conflicts between half overlapping paths, the sum of the number of

G
measurements should be less than or equal to T: 3 h, < T. This
p=1

G
gives h, < Tf,/( 21 Bs). To reduce measurement conflicts between
§=

path p and the (K, — 1) partial overlapping paths, we set the number
of measurements of path p to a value less than or equal to T'/ K, that
is, h, £ T/K,. In addition, we want to make the number of measure-
ments as large as possible to obtain as many measurement results as

G
possible. Accordingly, we set h, = min{TB,/( . Bs), T/K,}.
s=1

Next, we propose Algorithm 1 for allocating the measurement
timings of path p in an aggregation period such that the number of
measurements of path p becomes /,. The main idea of the algo-
rithm is to divide the 7" measurement time slots of an aggregation
period into h,, groups, and then randomly choose one slot from each
group to allocate to path p.

Algorithm 1 Method for allocating measurement timings

1: function AllocMeasTime()

2: for p=1to G do

3:  Letc (c £ T) be the number of slots that have not been allocated to
any path

4:  Divide these c slots into &, groups, so that each group contains c/h,
continuous slots

5.  Randomly choose one slot from each group and allocate it to path p

6: end for

7: end function

34 Measurement phase

In this section, we explain our method that sets the parameters
for each end-to-end measurement to reduce the measurement traf-
fic load. Our method can be applied for induced-congestion-based
measurement tools such as Pathload or pathChirp[11]. We only
present the method for Pathload in the interest of saving space.

34.1 Calculating parameters for available bandwidth measure-

ment

To obtain accurate measurement results, we adopt a mechanism
similar to Pathload for measuring the end-to-end available band-
width. However, since the default settings for the parameters in
each Pathload measurement result in very large traffic load, we pro-
pose a statistical method for calculating these parameters in order to
reduce the measurement traffic load.

We first need to understand why Pathload produces large mea-
surement traffic load. Pathload relies on the fact that the one-
way delays of a periodic packet stream show an increasing trend
when the stream rate exceeds the available bandwidth. It begins
with a large range (R, Riua) and uses a binary search algorithm
to find the value of available bandwidth within this range. More
specifically, at each iteration of a measurement, the source node
sends a string of packet streams called a packet fleet at the rate
R* = (Ryn + Ruay)/2 and checks whether there is an increasing
trend in the one-way delays to judge if the real value of available
bandwidth is larger or smaller than this rate. If the real value of
available bandwidth is found to be larger than this rate then R,
is set to R* otherwise R, is set to R* and the search procedure is
repeated. Once the width of the search range (R,in, Riax) becomes
smaller than some predefined threshold w, the procedure stops and
(Roin> Rinax) 1s reported as the measurement result. It is obvious that
the traffic load of each measurement depends on the width of the
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initial search range. Since the initial value of R,,;, is set to 0 and
the initial value of R, is set to some large value, for example the
capacity of the path, the measurement traffic load is very large [4].

In our method, overlay nodes exchange measurement results of
overlapping paths and related information in order to calculate a
narrower search range (R, Rinqyx) that is closer to the actual value
of available bandwidth, with the aim to reduce the traffic load of
each measurement. We rely on the observation that when the tight
links of two overlapping paths are in the overlapping part, the mea-
surement result of one path can be used as the measurement result
of the other.

More specifically, let us consider a path 0;0;. We first assume
that path O;0; has K partial overlapping paths (K = 1) denoted
0,,0,, (1 £5 £ K). O; receives the following information from
each O, (1 £ s £ K).

(1) The measurement result of O, O,,

(2) The probability that the tight link of O,,0,, belongs to the
overlapping part of 0,0, and O, O,,, denoted as @, 0, .0,0;-

We calculate @, o, 0,0; as follows by using an existing method
[14]:

Latency(Overlap(0;0;, 0,,0,,))
Latency(0O,,0,,)

Do,,,0,,,0:0, )
where Overlap(0,0;, 0,,0,,) is the overlapping part of paths O;0;
and 0,,0,,.

After receiving the above data, O; also estimates Q)O,-O,-,OM O, »
which is the probability that the tight link of O;0; belongs to the
overlapping part of O;0; and O, O, . It then calculates a; =
‘DO,-O,-,OM 00, P0,,, 00, 0:0;5 which is the probability that the tight links
of 0;0; and 0,,0,, belong to the overlapping part of O;0; and
0,,0,,. This means that «; is the probability that the measurement
results of 0;0; and O, O,, are equal.

O; stores the results of its own measurements as well as the in-
formation received from other nodes. This stored data are used to
calculate R,,;,, and R, and are discarded when it is determined that
the data are no longer useful for the calculation.

We assume that at some measurement timing ¢*, O; has stored
G measurement results of 0;0; and its half and partial overlapping
paths, which we denote (A},A}), (A7,A%),...,(A%,AS). We then
denote by a1, @, ..., ag the probabilities that each of the corre-
sponding results equals the measurement results of O;0;. Note that
a; (1 £ s £ G) corresponding to the measurement result of 0;0; is
setto 1.

We calculate the lower bound of the 95% confidence interval of
Aj (1 £ s £ G), denoted S, and the upper bound of the 95% confi-
dence interval of A}, (1 £ s < G), denoted S, as follows:

St =AL-196% |, Sy =Ay+1.96%. (M

Here, A;, V., Ay, and Vy are the weighted means and variances,
calculated as follows:

G _
. V= Y BAT - AL

s=1

G
AL = Z BYAz

o
I

2)
G _
, w=;m%%Aa

where 8, = a,/ § a, (1 £ 5 £ G) is the weight of result (A7, A})).
w=1

We infer that the real value of the available bandwidth is either
near or within the range (S7,S7,) and set Ry, = S7 and Rya = S,

34.2 Performing measurement

Since we are not sure whether the real value of available band-
width is actually within the range (S;,S7,), O; first sends probing
packet streams at rates of S; and S, to determine if the real value

is between S; and S, based on the presence of an increasing trend
in one-way delays. If the real value of available bandwidth is not
between S; and S7;, we infer that it has changed greatly and discard
the stored measurement results because that data has become unre-
liable. We also infer that the real value exists outside but near the
range (S,S7,). We then choose a new search range that neighbors
the range (S7,S7) and check whether the real value of available
bandwidth is in this new range. This procedure is repeated until we
find a search range that includes the real value of available band-
width. We then apply an algorithm that is similar to Pathload to
search for the real value of available bandwidth.

Algorithm 2 Measurement algorithm for path O;0;

: function MeasureOnePath()
: // Initialize

: Rpin < S 2

¢ Ryax < S,

. upper_found « 0

. lower_found « 0

. meas_time «— T

© NN AW =

9: // Find the range (R,;in, Rinax) that contains available bandwidth
10: while (upper_found = 0 || lower_found = 0) && meas_time > 0 do
11:  if upper_found = 0 then

12: Send a packet fleet at rate Ry,

13: Subtract the time taken to send the packet fleet from meas_time
14: if increasing trend then

15: upper_found « 1

16: else

17: Ruin < Rumax

18: lower_found « 1

19: Rnax = min(Rmas + (S = S 1)/2,C.)
20: end if

21:  endif

22:  if lower_found = 0 && meas_time > 0 then
23: Send a packet fleet at rate Ry,

24: Subtract the time taken to send the packet fleet from meas_time
25: if non increasing trend then

26: lower_found « 1

27: else

28: Rinax < Ruin

29: upper_found < 1

30: Ruin — max(Ryin — (S?] - Sz)/2- 0)

31: end if

32:  endif

33: end while

34:

35: // Measure available bandwidth in the range (Ryin, Rinax)
36: if Ryax — Ryin > w && meas_time > 0 then

37:  RuntimeLimited Pathload(R yin, Riay, meas_time)

38: end if

39: return Ry,in, Rinax

40: end function

In Pathload, the search procedure stops when the width of the
search range is smaller than the threshold w. In the proposed
method, we add another termination condition to the search proce-
dure, which is to stop if the time taken by the measurement exceeds
T.

The details of our method are shown in Algorithm 2. C%,- 0, is the

capacity of the first IP link of path O;0;. The procedure Runtime-
LimitedPathload is the a search procedure based on Pathload with
limited search time.

After O; has measured O;0;, it sends the result and probabilities
(Do,voj,ouso,,y tonodes O, (1 £ s £ K).

Assume that during an aggregation period, O; obtained F' mea-
surement results of 0,0, denoted as (A}, A}), (A2, A2), ..., (AT, AL).
The measurement result of O;0; at that aggregation period is calcu-
lated by Eq. (3):



Fig. 3 Small network topology
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4 Performance evaluation

41 Evaluation method

We performed simulations to examine whether the proposed
method works correctly as designed, and to compare the perfor-
mance with that of an existing method [8]. Throughout the sim-
ulation, we assume that Pathload is used for the end-to-end mea-
surement of the available bandwidth. However, we expect the same
trend in the evaluation results in the cases of other measurement
tools. In the method from [8], since overlay nodes do not exchange
information with each other in this method, the search range for
each end-to-end measurement cannot be estimated, unlike our pro-
posed method. We therefore set the search range for path O;0; to
(O, Cg,-o_,-)'

We compare our proposed method and the method from [8] using
the following metrics:

® Measurement accuracy

We use the relative error of the measurement results as a metric
to evaluate the measurement accuracy of the methods. The relative
error is calculated from

e = e “

where A, is the average of the measurement results over an ag-
gregation period as defined by Eq. (3) and A is the average of the
real value of available bandwidth over that aggregation period.

® Measurement traffic load

We use the average number of packet fleets traversing one link to
evaluate the measurement traffic load.

42 Simulation settings

To test whether our method works correctly as designed, we ap-
plied our method to the small network topology shown in Fig. 3
and observed the behavior in detail. We used three different types
of large network topologies for comparing our method with the
method from [8]: the AT&T topology [15], and generated topolo-
gies based on the Barabasi-Albert (BA) model [16], and the Wax-
man model [17]. We generated 10 topologies for each model using
the BRITE topology generator [18]. All topologies have 523 nodes
and 1304 links. We set the density of the overlay nodes to 0.2 and
randomly chose the overlay nodes from among the 523 nodes. Re-
sults were averaged across 100 different choices of overlay nodes
for the AT&T topology and 10 different choices for each of the BA
and Waxman model topologies. For simplicity, we assume that the
capacity of all IP links in the network is C and set C = 100 [Mbps].

We made the following assumptions about the temporal changes
in the amount of traffic between overlay nodes. We assume that
cross traffic occurs in some fraction @ (0 < @ £ 1) of the paths. In
the small network topology, @ was set to 0.2, and in the large net-
work topologies, it was set to 0.02. For a path O;0; where cross traf-
fic occurs, let the IP links of that path be [y, [, ..., .. We assume that
among the paths where cross traffic occurs, the number of paths that
share the link /; (1 £t < r) is b,. We let b,,,, = max{by,b,,...,b,},
and set $,,,x = 0.9C/b,ux and s,,in = 0.58,4. The rate of cross traf-
fic across O;0; was then randomly chosen in the range [$,in, Simax]-

Furthermore, the intervals where traffic occurs and does not occur
were randomly chosen in the range [120s, 1200s].

Since we have adopted a method based on Pathload for end-to-
end measurement, we select the measurement parameters by fol-
lowing the suggestions of the authors of Pathload [3]. In particular,
we set 7 = 12 [s] and w = 400 [Kbps]. In the small network topol-
ogy, we set the measurement duration to 4007. In the large network
topologies, the measurement duration was set to the length of 10 ag-
gregation periods, and each aggregation period T was set to 12007.

43 Evaluation results and discussions

43.1 Evaluation results for the small network topology

Figure 4 shows the measurement results of paths O, 0, and 050,
of the network in Fig. 3. The measurement results of other paths
exhibited similar trends, and are thus omitted in the interest of sav-
ing space. In Fig. 4, the blue lines show the real values of available
bandwidth, the pink bars show the search ranges, and the red bars
show the measurement results. Because our measurement accuracy
depends on the search range, we evaluate the effectiveness of our
method by considering the variation of the search range. As shown
in Fig. 4, the search range varies based on and tends to approach
the real value of available bandwidth. When the real value changes
by a large amount, the width of the search range becomes large
at first but then becomes gradually smaller, and the search range
quickly approaches the real value of available bandwidth. These
results demonstrate that our proposed method for calculating the
search range is efficient for measuring available bandwidth.

43.2 Evaluation results for the large network topologies

Table 1 shows the distribution of the relative errors in the mea-
surement results for the AT&T, BA, and Waxman topologies. In
particular, it shows the percentage of relative errors in the measure-
ment results that are not smaller than 0.05, 0.1, 0.2, and 0.4. Ta-
ble 2 shows the average value of the relative errors in the measure-
ment results. The relative errors in the measurement results of our
method are only approximately 65% those of the method from [8].
To explain these results, we use the evaluation results of the average
number of measurements and the average number of measurement
conflicts of an overlay path during an aggregation period, shown in
Tabs. 3 and 4, respectively. The number of measurements in our
method is much larger than that of the method in [8], but only about
12% of the measurements experience conflicts. Therefore, the mea-
surement accuracy of our method surpasses the method from [8].
We also observe in Tabs. 1 and 2 that the Waxman topology has
smaller relative error than the AT&T and BA topologies for the fol-
lowing reason. From the simulation results, we found that the num-
ber of half and partial overlapping paths in the Waxman topology is
smaller than that in the AT&T and BA topologies. Therefore, the
measurement frequency is the largest, meaning that the number of
measurements is the largest, and thus the relative error is the small-
est in the Waxman topology.

Table 5 shows the average number of packet fleets traversing
each link per measurement, and shows that the average number of
packet fleets is smaller by the proposed method compared to the
method from[8]. This is because the search range in each end-
to-end measurement of available bandwidth is set to (0,C) in the
method from [8], and so the number of packet fleets per measure-
ment is constant across all measurements. By comparison, since
the search range is calculated based on the measurement results that
are exchanged between overlay nodes in the proposed method, the
search ranges are narrower and closer to the real value of available
bandwidth. The number of packet fleets per measurement is there-
fore smaller, meaning that the traffic load of each measurement is
smaller in our method.

5 Conclusion

We proposed a distributed method for measuring available band-
width in overlay networks that reduces measurement conflicts by

5
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Fig. 4 Measurement results for the small network topology
Topology AT&T BA Waxman
Relativeerror |~ 005 | 201 | 202 | 204 | 2005 | 201 | 202 | 204 | 2005 | 201 | 202 | 204
Method
Existing method 56.600%| 32.184%)| 9.576% | 1.432% | 50.994%| 29.480%| 9.542% | 1.153% | 33.411%| 15.373%| 3.418% | 0.167%
Proposed method 41.999%| 18.087%| 3.260% | 0.194% | 35.472%| 14.161%| 2.546% | 0.105% | 26.841%| 9.492% | 1.385% | 0.024%
Table 1 Distribution of relative errors
Topology AT&T BA Waxman [3] M. Jalnband C. Dovrf)hs, ?athload: A measurement tool for end-to-
Method end available bandwidth,” in Proc. PAM 2002, pp. 14-25, 2002.
Existing method 0.088 0.081 0.049 [4] J. Strauss, D. Katabi, and F. Kaashoek, “A measurement study of
Proposed method 0.058 0.049 0.039 available bandwidth estimation tools,” in Proc. ACM SIGCOMM
Table 2 Average relative errors 2003, 2003.
[5] N. Hu and P. Steenkiste, “Exploiting internet route sharing for large
Topology AT&T BA Waxman scale available bandwidth estimation,” in Proc. IMC 2005, Oct. 2005.
Met}}oq [6] C. Xing, M. Chen, and L. Yang, “Predicting available bandwidth
Existing method 3.287 5912 13.202 of internet path with ultra metric space-based approaches,” in Proc.
Proposed method 11.050 | 20.259 | 28.388

Table 3  Average number of measurements per aggregation period

Topology
Method AT&T BA Waxman
Existing method 0.000 0.000 0.000
Proposed method 1.554 2.177 3.379

Table 4 Average number of measurement conflicts per aggregation period
Topology
Method AT&T BA Waxman
Existing method 6.000 6.000 6.000
Proposed method 5.814 5.784 5.674

Table 5 Average number of packet fleets traversing each link per measure-
ment

detecting overlapping paths and adjusting the measurement frequen-
cies and measurement timings of overlay paths. We also proposed a
method to improve measurement accuracy while reducing the traf-
fic load of each measurement by exchanging measurement results
among neighboring overlay nodes. Simulation results show that the
relative errors in the measurement results of our method are only
approximately 65% those of an existing method.
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