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Abstract — Several tools are available to measur e the bandwidth of an Internet link. However, these tools are found
to be a bit slow since they send a large amount of probe packets to estimate not only the bandwidth of an Internet
link, but also aimto find other characteristics of the link. In addition, these tools are not adaptable towardstraffic
conditions such as congestion. They send only a fixed number of probe packetsin all situations, which often yield an
inaccurate result on the actual bandwidth itself. In thiswork, we present a regression-based, iterative technique to
filter out queue delays from all measured roundtrip times; thisis donein order to estimate the bandwidth of a link
along an Internet path. The technique can be used in existing ICMP (Internet Control Message Protocol) protocol
based tools or on any tool that sends probe packets to measure roundtrip times to estimate the bandwidth. We test
the proposed technique on the links along an Internet path. Our test results show that the proposed scheme is faster
than the existing schemes and requires significantly fewer probe packets to achieve similar accuracy.
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1. Introduction

Network bandwidth is an important resource in regards to the Internet. The knowledge of link bandwidths along an
Internet path can help plan an application that delivers datato aclient in some systematic, timely manner, which
avoids situationsthat can cause excessive packet loss or delay, particularly for some time-sensitive application.
Also, such knowledge can help avoid unnecessary congestion along an Internet path. In recent years, several tools
have been released to estimate the bandwidth of Internet links or to detect a bottleneck link along an Internet path
[1]-[3][6]. With al measured link bandwidths having been recorded along an Internet path, it isthe bottleneck link
(the one with the lowest bandwidth) that can be detected. Accordingly, the delivery of data can be planned alongthe
path for time-sensitive data.

Many schemes have been proposed to measure an Internet link bandwidth (also known aslink capacity) as well as
available bandwidth of an Internet path [1]-[3], [6], [8]-[10]. Recently, several toolsthat directly allow
characterizing of an Internet path for link bandwidths, queue delays, packet |osses, and latencies have been reported
in literature [1]-[3], [6]. Thesetools are available for both UNIX or UNIX-like systems. Onetool to note is pathchar
(path characterization) which was developed by Van Jacobson of Lawrence Berkeley National Laboratory in 1997.
Van Jacobson is also known to have devel oped traceroute, which iswidely used [2]. Following the development of
pathchar, pchar was developed by Bruce Mah in 1999 [3]. Around the sametime, clink (characterization of alink)
was developed by Allen Downey [1]. All these tools make use of the traceroute-like algorithm based onthe ICMP
(Internet Control Message Protocol) protocol. Particularly, these tools can run on a host machine on the Internet and
measure the upstream bandwidths of all links along an Internet path. Thisis achieved by measuring the roundtrip
times to all the nodes along the path towards the destination host, and filters the queue delays from the measured
roundtrip times. However, the tools are not adaptive to network conditions such as congestion and send a fixed
number of probe packets to measure roundtrip times for all situations and all links along an Internet path. In fact, we
observe that a fewer number of probe packets are actually needed in order to achieve asimilar accuracy asfar as
bandwidth measurement is concerned.

In thiswork, we propose an efficient regression-based, iterative algorithm that can be used to estimate the bandwidth
of alink along an Internet path. Accuracy of the scheme isfound to be in the range of the accuracy of the existing
tools. In order to filter out the effect of queue delays from roundtrip times, we propose a new regression-based
filtering algorithm to estimate the bandwidth. Compared to the existing techniqueslisted, the new algorithm sends
fewer probe packetsin order to find the bandwidth of an Internet link As aresult, it isfaster and lessintrusiveto the



traffic along the Internet path under measurement. Hence the scheme can be used by an application which requires
bandwidth information of apath or link to schedule its packet delivery to adestination in an efficient manner.

Section 2 of the paper describes a network model and its parameters for bandwidth estimation. Section 3 outlines, in
general, atheoretical framework for bandwidth estimation of alink along an Internet path. Sections 4 and 5
delineate our proposed algorithm and provide some experimental results ona comparative study of the algorithm.

2. Network Modd

For our development, we consider a network model similar to the one givenin [1] and [3]. Accordingly, the network
model for alink connecting two nodes in a path is shown in Fig. 1. Each node has a forwarding engine (FE) that
forwards packetsin the upstream as well asin the downstream directions along the path. Each node also has two
gueues, one for packets traveling upstream and the other one for packets traveling downstream. Let us consider a
path P(0, n) consisting of nodesNg, Ny, . . ., Ny and linksLy, Ly, ..., L, where each link L; connects only nodes N;.q
and N;. For convenience as shown in Fig. 1, we use the following notations:

p(i): Signal propagation delay over link L;

qu(i) : Upstream random queue delay at node i
gq(i) : Downstream random queue delay at node i
by(i) : Upstream bandwidth of link L;

by(i) : Downstream bandwidth of link L;

t(i) : Processing or forwarding delay at nodei
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FE : Forwarding Engine

Fig. 1. Network model.

Queue delays at nodes are random and depend on network traffic conditions. Other network parameters can be
considered deterministic. We assume that the processing delay isthe same for all packets and the propagation delay
isthe samein both directions. Let us consider apath from node Ng to node N; and let us suppose node Ny sends a
packet of sizesto node N; and node N; returns a packet of sizer in response. The roundtrip time, Ts,(i) of this
communication as seen by node Ng isgiven by [7]
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After some manipulation, (1) can be written as:
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Let C(i) represent the total of all propagation and processing delaysin (1) for the roundtriptime. That is,
i i
. [¢} [*] .
C(i)=2a p(k) +2a t(k)- t(i)
k=1 k=1

The propagation delay of alink isfixed regardless of the packet size. Similarly, the packet processing time at a node
can be assumed to be fixed regardless of the packet size. Hence C(i) can be considered a constant for the path.

Let Q(i) represent the total of all queue delaysfor theroundtriptimein (2). Thatis,

Q) = & (6,0 + 95 (0)- qu(i)

k=1
However, the queue delay at a node is random and depends on network traffic condition. Finally (2) can be
expressed as:

T, ()= Saéb st 8 a0 +Q0) ®

In the following, we describe how to measure the bandwidth of alink L; using (3).

3. Bandwidth Estimation

Let M (i) represent the minimum roundtrip time measured between N and N;. Evidently T, (i)=Ms, (i) when the
total queue delay Q(i) is zero. As described later, the total queue delay Q(i) can be filtered out from T, (i) to obtain
Ms, (i) and hence from (3) Msr(i) can be expressed as:
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Since alink bandwidth is constant, from equation (3) it is evident that Mg, (i) isafunction of sandr only. However,
in asituation in which the destination node responds to a source node with a packet of fixed size, regardless of the
size of aprobe packet sent by the source node, then Mg, (i) isalinear function of sonly. Thus, Mg, (i) can be written
as an equation of astraight line which can be given by:

M, (i) = m(i)s+G(i) Q)
where m(i) is the slope of thelineas given by:
mi) = § — ©
k=1 b (k)
and G(i) isthe constant or mtercept asgiven by:
G(i) = ra C() (7)
k=1 b (k)ﬂ

An example situation of afixed sized response packet occurs on an Internet link when the TTL (Time To Live) field
of an IP (Internet Protocol) datagram expires before reaching the destination. Regardless of the size of the datagram,
afixed size ICMP (Internet Message Control Protocol) TIME EXCEEDED message is sent back to the source by
the node that detects the problem. Similar situation also occurs when an | P datagram reaches a destination but there
is no application running on the port addressed to process the datagram, which causes an ICMP message of
DESTINATION UNREACHABLE to be sent to the sender of the datagram [5][7]. The roundtrip times measured by
the tools presented in [1]-[ 3] are based on these | CM P response messages received by the sender on various sized
datagrams sent. Evidently from (6), one can obtain arecursiverelation for m(i) as:
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Thus the bandwidth by(i) of thelink i can be expressed as



. 1
P ) mi- 1 ©

In order to find the bandwidth of the first link, m(0) isto be considered zero and hence, b, (1) = 1/ m(1) only. From
(3), (5), and (9) it follows that in order estimate the bandwidth b, (i), one first obtain the slope M(i) of the straight
line representing the roundtrip time M (i) for the path from No to N; and the slope m(i - 1) of the straight line
representing roundtrip time M st (i - 1) for the path from No to N;.1. However, filtering of queue delays from

measured roundtrip times is to be performed to obtain the straight lines representing M ¢ (i)andM (i - 1).The

following isthe summary of the approach used in [1]-[3] to filter out the queue delays from measured roundtrip
times:

1 Fori=1,23, ...,n
a  Send apacket of size 5 to the remote host and measure the corresponding RTT (roundtrip time)
for the packet from the response of the remote host.
b. Repeat step 1(a) for p times and then find r; asthe minimum of all p RTT’s measured. The process
is called minimum filtering.
2. Interpolate aregression linewith points(ry, 1), (2, &), - -, (fn, $h) @nd correspondingly find the slope of the
line.

The scatter plot of roundtrip times as shown in Fig. 2 illustrates how the minimum filtering of RTTsfor each probe
packet size and interpolating a regression line with the minimum RTTscan yield a slope for bandwidth estimation.
Thetools proposed in [1]-[3] use the same value of p for minimum filtering of measured roundtrip times for
estimating of bandwidths of all links along an Internet path.

4. Fast Adaptive Bandwidth Estimation

Asstated in [1] and [3], the technique of minimumfiltering of queue delays from measured roundtrip times requires
sending many probe packets of the same size and then only keeping the minimum of all measured RTTsfor the
packet size. The process istime-consuming, wasteful of bandwidth, and not adaptive at all to the distance of the
remote host or the traffic condition. Finding the bandwidth of alink closer to the probing host (without sacrificing
accuracy) should not require the same number of probe packets compared to the one further away along the path.
Also, using the same number of probe packets of certain packet size indiscriminately for all links may not provide
accurate bandwidths of the distant links in the path either. Specifically, in some situations, we observe that we do
not need as many of the fixed number of probe packets as needed for toolsin [1]and [3] to find the bandwidth of the
link with similar accuracy.

Here, we propose an adaptive and iterative technique that filters out the effect of queue delays on the regression line.
Thisis achieved with extra computation rather than transmission of extra packets. The proposed techniqueis
outlined below:

1. Measuring roundtrip times. Send probe packets of size s, S, Sg, - . , S, to theremote host and measure the
corresponding RTT’sasry, I, . . ., Iy from the responses of the remote node. LetR = <rq, 15, .., ry,> bethe
corresponding measured RTT vector. The probe packets of different sizes can be sent in some random
order with sufficient time interval in between them. It isimportant that the packet size must not exceed the
maximum transmission unit (MTU) of the path to the remote node.

2. Calculating regression line. Interpolate aregression line for points (r1, s1), (r2, &), - - -, (fn, Sh) With their
corresponding weightswa, Ws, . . ., w, wherew; = 1 for 1 £ | £ N and then obtain the corresponding
interpolated RTTs on theregression lineasys, Yz, . . ., Yn. L&t Y=<y1, V5, . . ., Ya> represent the

corresponding vector. Find the slope m‘? of the line for the iteration withj = 0.
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Fig. 2. Scatter plot of roundtrip times.

3. Filtering and selective probing. For 1< i < n, if rj >y; (i.e. the point is above the regression line) then
discard r; and send a probe packet of 5 to the remote node to obtain anew RTT value. Setr; asthe
minimum of the previous RTT and the new RTT.

4. Iterating for convergence. For 1E1 £ n,if r, 3 y. thenset W = 0; otherwiseset W = Y. - I. . Next,
interpolate aregression line with the filtered points (r1, 1), (r2, ), - - ., (fn, Sh) With weightswy, wy, . . ., Wy
and obtain the corresponding new interpolated RTTs on the regression line asyy, Yo, . . ., Y. Increment j and
obtain the slope M of thelineasinstep 2. If | MY - M2 | /m £ d then stop; otherwise go back to

step 3. It isto be noted that the constantd has to be chosen carefully to ensure termination of the process
without sacrificing accuracy too much.
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Fig. 3. Filtering of queue delaysfrom RTT data.

Fig. 3illustrates the algorithm for the first iteration of the filtering process, in which actual RTT points are shown
with diamonds. A linear regression line with equal weightsto all RTT data points is shown on the figure marked
with squares. For the purpose of filtering and fast convergence, the RTT data points on or above the linear
regression line are assigned weights of zero (essentially discarding the points) and the points below the line are
assigned weights of their differences with their corresponding points on the regression line. As aresult, the further



down a point is from the corresponding point on the regression line, the greater isits weight. Thisiswhat accelerates
convergence for the process and also helpsin selective probing of the certain packet sizes. A line marked with
trianglesis shown in Fig. 3 after aweighted linear regression fit, which isto be considered for selective probing and
filtering of pointsfor the next iteration. It is evident from Fig. 3 that the weighted linear regression line closely
passes through the likely minimum RTT data points.

As stated earlier and shown in equation (9), to compute the bandwidth for link i, we need to find two regression
lines, one for the distant node i and the other for the node (i-1), and then obtain the slopesm(i) and m(i-1) from the
lines respectively.

5. Experiments and Results

Based on the network model discussed above, we conduct an experiment on the publicly accessible Internet. In order
to be consistent in comparing the performance of the proposed technique with the existing tools, we use the same
ICMP protocol for probing and messaging as is used in the existing tools such pathchar, clink, and pchar [1]-[3]. As
arepresentative of the existing tools, we decide to use pchar to probe a path containing 11 links on the Internet. By
default, pchar starts with a probe packet of size 32 bytes with an increment of 32 bytes for succeeding packets until
the packet size exceeds the MTU (maximum transmission unit) of the path with 32 repetitions for each link. For a
path with MTU of 1500 bytes, pchar sends 1472 probe packets for each node along the path. Our results show that
out of 11 links, pchar was only able to report the bandwidths of links 1, 5, and 7 which are shown in table 1 for
comparison with the proposed technique. Due to various network conditions, route changes, limitations of the
network path and the protocols, it may not be possible to correctly estimate the bandwidth of alink along an Internet
path [4][7]. More information of the factors affecting accurate estimation of alink bandwidth may be found in [1] -

[3].

Table 1. Comparison of Proposed Technique with pchar

Link | No. of Probe Packets Sent Using | Estimated Bandwidth Estimated Bandwidth
Proposed Technique Using Proposed Technique Using pchar

1 49 5.43 Mbps 5.87 Mbps

5 61 83.99 Mbps 40.43 Mbps

7 124 85.72 Mbps 76.40 Mbps

During our experiment with the proposed technique, we also experience a problem of obtaining an ICMP response
message from arouter (node) along the path of probing. Many routers on the Internet are these days configured for
security reasons not respond to a probe packet or to delay the response based on some security policy or packet
forwarding priority scheme. Asaresult, we limit our comparison of the proposed scheme with pchar for links 1, 5,
and 7 only. Our results show that only 49, 61, and 124 probe packets were needed for links 1, 5, and 7 respectively

for bandwidth estimation withd =1.0" 10"°. Although the bandwidths obtained for links 1 and 7 both with the
proposed technique and pchar are close to each other, we observe some disparity of the resultsfor link 5. As no
information is available on the actual bandwidth of the link to us, it is not possible whether the proposed technique
or pchar isinaccurate in the estimation of the bandwidth of the link. As can be seen from table 1, the proposed
technique only needs 124 probe packets to estimate the bandwidth of link 7 compared to 1472 probe packets sent by
pchar, which isless than 10% of the probe packets needed by pchar. Similar performance gain can be seen for other
linksaswell. As can be observed from the table 1, for further links the scheme requires larger number of probe
packets for convergence in the presence of more unstabl e traffic condition in alonger path.

6. Conclusion

In thiswork, we present an efficient scheme to measure the upstream bandwidth of alink along anInternet path. The
scheme is based on fast and adaptive filtering of queue delays from roundtrip times measured on variable sized
probe packets sent from a host to two successive nodes along the path for the link. Fast filtering of queue delaysis
achieved through aweighted linear regression fit of the roundtrip time datain an iterative manner. Depending on the



results of the previousiteration, the scheme selectively probes and includes certain data points on roundtrip times
with judicious selection of weights for them for the next iteration of linear regression fit. Compared to existing
schemes, it requires significantly less probe packets to achieve the similar accuracy for bandwidth estimation of a
link. Asaresult, the proposed technique is less intrusive to the ongoing traffic along an Internet path. It isfast and
hence can be used in an application that needs to know the path or link bandwidth immediately and accordingly
schedule delivery of packets to the host at the other end of the path or link. In our future work, an extensive study of
the scheme for performance will be conducted on variousInternet paths and conditions and the corresponding
results will be included in future publications.
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