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1. Project description

A team of researchers from Ericsson Research (Svante Elgdin Me-
lander, Jan-Erik Mangs), Linkdping University (Erik H&dinen), Malardalen
University (Mats Bjérkman and Andreas Johnsson) and thed&hdnstitute
of Computer Science (Martin Nilsson) jointly work on a prj¢hat aims at
development of novel methods for active end-to-end banttiwedtimation in
IP networks as well as development of the theoretical utaleding of the
underlying concepts.

The joint project is currently, and has previously beendathby several
sponsors; TFR (later VR) through the Traffic measurementaaty/sis project,
VINNOVA through the Evalunet project, KKS through the Evadd I project
and SSF through the ARTES program. Funding also comes fraosden
Research in Kista and Ericsson in Katrineholm.

The goal of the joint project is to address challenges wibl@ndwidth es-
timation research, both practical and theoretical. Somthefchallenges are
listed below.

= Find new and lightweight active end-to-end methods to olitee band-
width estimates in reasonable time without consuming to@hme-
sources of the computer.

— Can bandwidth estimation methods fit inside small devicebh sis
cellular phones?

= Active bandwidth estimation methods affect other traffievfoon the
network. How can the impact be minimized while at the same tweep
statistically sound measurement samples?

— The injection of probe packets must be scalable, othenhiséén-
efits of active measurements can not be spread to a widecappli
tion area.

— Is it possible to use application traffic instead of probekp to
obtain measurement samples?

— Are there ways of integrating bandwidth measurements ari?TC

= Minimize the time between the actual measurement of the gadhthe
presentation of the bandwidth estimate. This is especiailyortant
when applications need estimates of the available banbviaiper-
ate properly. Old estimates are outdated since the netwmrlitoons
may have changed.

m Further develop the theoretical understanding of the ehg#s with
bandwidth estimation.



— Itis important to describe and model how old and new methogls a
affected when network technologies, such as 802.11 and 18G, a
combined with the ordinary wired Internet.

My personal goal in the project is to complete my doctorasitiby address-
ing some of the challenges above. This article aims at désgrthe completed
work as well as the research to be carried out within the neé&t1® months.
Since this is a doctoral thesis proposal the work and pajstesilare my own
or at least where I'm a co-author. Other papers within thet jpioject are left
out.

The rest of this doctoral thesis proposal is organized d@wsl In Section
2 a background to the active bandwidth measurement resaesehis given.
In Section 3 a brief introduction to bandwidth measuremeethwods as well
as theoretical literature is given. Section 4 points out mgtgbution within
the joint project. Further, in Section 5 a list of papersmoked to be part of my
doctoral thesis is reviewed while other published paperdisted in Section 6.
The article ends with an outline of the doctoral thesis int®ad and a time
plan to its completion in Section 9.

2. Background: Why active end-to-end bandwidth
measurements?

In large-scale networks, such as the Internet, it is impies$o keep a up-
dated centralized view of network conditions for the entisgwork. This is
partly because the amount of information needed would bearge Ithat no
single computer would be able to process it. Another probiethat the net-
work is divided into subnetworks that are managed by diffescerporations,
and the status of their network is considered a businesetsedowever, to
obtain the network conditions and characteristics of anterehd path is a
feasible task by using active measurement methods. ManyesEtmethods
do not require previous knowledge of the network at all.

Active end-to-end measurements of the network conditiodspath charac-
teristics, such as available bandwidth and link capacity,important in best-
effort IP networks where bandwidth resource reservati@rs rot be made.
The result from such active measurements is a way of desgribie current
status of the network path. Ideally, a forecast of the nétvomnditions can
also be made.

There exist many examples on applications that would beinefit having
an updated view of the available bandwidth of a network p&tippose a user
wants to download a large file from a website on the Interngtddploying ac-
tive end-to-end measurements he or she (or the web browsdj itan decide
which mirror site to use by estimating the available bandwid each of the
mirror sites and thus estimate the minimum download timée©éxamples of



applications are network error diagnosis and load balgnicimouters but also
as a part of the adaptive machinery of network applicatiaich ®1s streaming
audio and video.

3. Introduction to active end-to-end bandwidth
measurements in IP networks

This section gives an introduction to the field of active baiath measure-
ments.

The available bandwidth on a single link can be defined, irpErterms, as
the unused portion of the link capacity during some timeqaeriDepending
on the time period the available bandwidth varies. The erelrd available
bandwidth over an entire network path is the minimum avéldiandwidth
for each link constituting the path. That link defines thelbaeck link.
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Figure 1. The process of bandwidth estimation.

In Figure 1 the essence of active end-to-end bandwidth memsunts is
shown. A probe-packet sender injects probe packets intgdiie at some
input separations;,,. After the packets have traversed the network path the
separation may have changed due to the network congestn,S;,, to an
output separatios,;. If the network was congestef,; is greater thary;,,.
Otherwise the input and output separations are the sameeltion between
the two separations is seen in the left diagram. When the sgparation is
high the probe packets does not cause congestion andhysS;, equals 1.
When the input separation exceeds the threshold for causingestion the



guotient will deviate from 1 as seen in the diagram. The twives define
the rate response curve of the path between the two comntimgicmput-

ers. The available bandwidth is obtained by calculatingrtersection of the
two lines; the intersection corresponds to an input ratenddfias the avail-
able bandwidth. To obtain values corresponding to the stppegment of the
rate response curve the probe packets must cause congestmshort time

interval.

The estimate is then used in an application. In this case stimate is
plotted in a time diagram to the right in Figure 1. If the viefstloe network
path is to be monitored over a time interval new probe packeténjected and
the process is repeated.

3.1 Methods and tools

Well known active end-to-end bandwidth measurement methoel for ex-
ample Pathchirp [Ribeiro et al., 2003], Pathload [Jain aoarDlis, 2002b],
PTR [Hu and Steenkiste, 2003], Spruce [Strauss et al., 2Z00B8[TOPP [Me-
lander et al., 2002]. Newly developed methods are ABGET ¢Aisides et al.,
2006] and BART [Ekelin et al., 2006]. The above methods cad#&ssified in
two categoriesdirect probinganditerative probing[Jain and Dovrolis, 2004].
Independent on the classification of the above methods thkes\a one thing
in common: they all rely on self-induced congestion. Thatthe methods
must cause network congestion for a short time interval deoto estimate
the available bandwidth as described above.

In direct probing each injection of probe packets gives gptarf the avail-
able bandwidth.Spruceis one such method. As other methods that relies
direct probing Spruce needs knowledge of the bottlenedk dapacity. By
comparing the input rate and the output rate the crosseredfe can be de-
ducted. The available bandwidth is then the link capacitpusithe cross-
traffic rate.

In iterative probing no knowledge of end-to-end path is eeedinstead,
probe packets are injected into the network at differereésrdd investigate
whether the probe-packet rate is greater than or less tleaavtilable band-
width.

TOPP uses linear regression in order to find the equation of theirgio
segment of the rate response curve shown in Figure 3. Themisimple task
to find the intersection of the two segments and thus theablaibandwidth.

on

Pathloadis based on observations of the one-way delay in probe-packe

trains. If the input rate of the probe packets is above thdala bandwidth
the one-way delay will show an increasing trend within tteentr If not, the
one-way delay is more or less constant. To locate the alailadndwidth
Pathload performs a binary search.



Pathchirpinjects probe packets in chirps instead of probe-packetstrad
chirp is a sequence of probe packets with exponentiallyedsing time inter-
vals between the probe packets. It is then possible to igatsta whole range
of input rates in one chirp. The analysis is then performedhbgstigating the
relation between delayed and non-delayed probe packets.clirp gives an
estimate of available bandwidth.

BARTuses a Kalman filter in its analysis. A state vector desctibeslop-
ing segment, similar to the TOPP model. In BART the stateorastupdated
for each measurement sample. This way an estimate of thialateaband-
width is obtained in real time. The Kalman filter tells how rhuo trust the
new sample compared to the old estimate of the availablevidtid

ABgetrelies on using a fake TCP client which instruments a TCPesdnv
send packets according to a scheme similar to a probingosesEhis way it
is not necessary to have one probe-packet sender and oneeredée actual
analysis of the received packets on the client side is dongstng the ideas
from Pathload.

A more in-depth review of available bandwidth measuremeethods and
tools can be found in [Prasad et al., 2003].

There also exist methods for estimating the link capaciot jurst the avail-
able bandwidth) of the bottleneck link. Pathrate [Dovretisal., 2001] is one
example and TOPP is another. Pathrate looks for a capacitie rabtained
from packet-pair probing while TOPP produces the link cépaxs a side ef-
fect when estimating the available bandwidth.

Pathneck [Hu et al., 2004] is a tool that uses ICMP packetsoadithary
probe packets to find the actual location of a bottleneck ilin&n end-to-end
path. However, it cannot estimate the link capacity nor tvalable band-
width.

There exist a variety of older tools that uses ICMP and véiphcket sizes
in order to estimate the link capacity, but these methods faimany cases
[Prasad et al., 2002].

3.2 Theoretical work

Much theoretical research has been produced throughoyetrs. In this
subsection a short review of the literature is given.

In [Dovrolis et al., 2001] it was studied how probe-packetrpand trains
were affected by cross traffic. Depending on the scheme dgéstent modes
were visible in histograms of probe-packet time separatiémthis study they
defined one of the modes as the asymptotic dispersion raiehwias called
the proportional share in [Melander et al., 2000]. This gatorresponds to
the proportion of the link capacity in use by the probe paxkét [Dovrolis



et al., 2001] a study of the impact of probe packet size wasialgstigated.
The findings lead forward to the link capacity estimation met Pathrate.

In [Melander et al., 2000][Melander et al., 2002] discussabout the
proportional share, among other things, lead forward to@®P model to
measure the end-to-end available bandwidth and link cgpaci

In [Pasztor and Veitch, 2002] a delay-variation model focksd-pair like
methods was developed. Using this model several histogigmatsres could
be identified. The modes in the histograms corresponded ttteheck link
and secondary bottleneck link capacities. The impact optbbe-packet size
to link capacity estimation methods was also discussed.

The effect of layer-2 store-and-forward devices on per-bapacity esti-
mation was studied in [Prasad et al., 2002]. In this papeia& shown why
many older methods for estimating bottleneck link capasported erroneous
estimates.

A description on how the one-way delay within a probe-patiah varies
depending on different parameters such as cross trafficraimdlength was
presented in [Jain and Dovrolis, 2002a]. By investigating dne-way delay
the authors could conclude that the one-way delay increasthih a probe-
packet train if the rate was above the available bandwidthefvise the one-
way delay remained constant. A method for detecting inangasends was
developed and resulted in the tool Pathload for estimatragdale bandwidth.

In [Liu et al., 2004][Liu et al., 2005][Liu et al., 2006] thate response
curve was investigated in-depth. In this work a more comgmelve mathe-
matical model for describing the cross-traffic effect onre response curve
was presented. However, it has been shown by measuremanthehfluid
model for describing the rate response curve gives goothatsts of the avail-
able bandwidth [Ekelin et al., 2006][Johnsson et al., 2004]

Sometimes the available bandwidth itself is not sufficientain application.
In [Jain and Dovrolis, 2005] a study of how to measure theatiam range was
presented. The variation range is defined using second statéstics such as
the variance. That method was implemented in a tool call¢ovBa

Initial work on how broadband access links, such as 802.41 A4DSL,
affect bandwidth measurements obtained from differentsmn@ament methods
was presented in [Lakshminarayanan et al., 2004]. Heresheyed how the
probe-packet size affect the available bandwidth estisnali¢ained from a set
of tools.

There exists much more work in the area of bandwidth estamatsearch
due to many active researchers in recent years. Howeveglibee litera-
ture survey, together with the short presentation of si&te-art tools, covers
much of the important research made in this area.



4. My contributions in existing papers

This section presents my contributions of the completecgathat are in-
tended to be part of my doctoral thesis. Each bullet has serafe to its main
paper(s). A brief description of the papers themselves edioind in Section
5.

= Development of a packet-interaction framework. This freumek de-
scribes, at the discrete packet level, how probe-packieisteand cross-
traffic packets interact with each other when traversingraroon net-
work bottleneck link. [Paper A]

= |nvestigation on how the properties of wireless bottlentiks affect
bandwidth estimates obtained from state-of-the-art nithfPaper B]

= Development of an extended TOPP model in order to descrilydoatnd-
width estimates obtained from methods that rely on selfided conges-
tion varies with probe-packet size and cross-traffic intgne wireless
networks. [Paper B]

m Evaluation of a new available bandwidth measurement metadidd
BART in wired testbeds as well as on Internet paths. The BARThod
uses Kalman filtering in order to obtain accurate bandwidthmates in
real time. [Paper C]

= A simulation study on how probe packets affect the perfoiceaf TCP
flows sharing the same bottleneck link has been made. In thik i
was shown that the flight pattern of the probe packets as wsetha
amount of probe packets per time unit is crucial to the paréorce of
the TCP flows. [Paper D]

= Implementation of two available bandwidth measurementhous. A
version of the TOPP model, called DietTopp, has been imphéade
Further, a version of BART has also been implemented. Bails tare
written in C/C++ and runs under UNIX systems. [Paper B][Pape



5. Completed papers to be part of the doctoral thesis

This section presents a list of completed research papatsaté intended
to be included in the doctoral thesis. A short descriptiothefcontest of the
papers is given along with comments on my participation.

Paper A

Andreas Johnsson, Bob Melander and Mats Bjérkman

On the Analysis of Packet-Train Probing Schemes

In proceedings to the International Conference on Comnatioitc in Comput-
ing, Special Session on Network Simulation and Performaxaysis, Las
Vegas, USA, June 2004

This paper describes the interaction, at the discrete phasiad, between probe-
packet trains and cross-traffic packets when they travecsgranon network
bottleneck link. Within the paper three different packdtraction patterns are
defined. Their impact on the the rate response curve is disdus

| have written most of the paper, performed analysis togettith the co-
authors, conducted all measurements and co-authored #sineenent tool.

Paper B

Andreas Johnsson, Mats Bjorkman and Bob Melander

An Analysis of Active End-to-end Bandwidth Measurements inWireless
Networks

In proceedings to the 4th IEEE/IFIP End-to-end Monitorirgciniques and
Services workshop, Vancouver, Canada, April 2006

In this paper the results from a study of how wireless botthdss affect
bandwidth estimates are discussed. It is shown that theegpabket size is
crucial to the estimates of link capacity and available badth. A smaller
probe-packet size results in a lower estimate. Furthergsienated link ca-
pacity is dependent on the cross-traffic intensity. Theat@ms of the link
capacity and available bandwidth estimates above are sileviin wired net-
works. Hence, this is due to the properties of wireless limkthe paper the
TOPP model is extended in order to explain why the probegtasize and
the cross-traffic intensity has impact on the bandwidthestiés, both link ca-
pacity and available bandwidth. However, recent result® Istaown that this
extended model is applicable only in special cases.



I have written most of the paper, performed most of the aiglgsnstructed
the testbed, conducted all measurements and implemerdethéasurement
tool.

Paper C

Svante Ekelin, Martin Nilsson, Erik Hartikainen, Andreatdsson, Jan-Erik
Mangs, Bob Melander and Mats Bjorkm&eal-time Measurement of End-

to-End Available Bandwidth Using Kalman Filtering

In proceedings to the 10th IEEE/IFIP Network Operations Blashagement
Symposium, Vancouver, Canada, April 2006

In this paper a new measurement method caladdwidth Available in Real
Time BART, is presented along with an evaluation of the methotkestbed
and Internet scenarios. BART relies on the TOPP model anidgiep Kalman
filter to obtain estimates in real time. The evaluation of BAghows that the
accuracy and speed is very good.

| have co-authored the part on evaluation of BART, | haveigipgted in dis-
cussions concerning the evaluation process, co-desigsesgdenarios and par-
ticipated in conducting measurements. | have also implézdeihe measure-
ment method into a tool used in the evaluation process.

Paper D

Andreas Johnsson and Mats Bjérkman

Measuring the Impact of Active Probing on TCP

In proceedings to the International Symposium on Perfooadtwvaluation of
Computer and Telecommunication Systems, July 2006

This paper discusses the impact of active probing, suchaasble bandwidth

measurements, on TCP. In the paper it is shown, by analyemgts from sim-

ulations in NS-2, that the decrease of TCP performance dspen how the

probe packets are injected. The TCP performance decreasd¢s changed es-
timates of round-trip time and increased loss rate causedebgrobe packets.
However, the overall impact is rather low.

| have written most of the paper, co-analyzed the simulatEsults, con-
structed the simulation setup and performed all simulation



6. Proposed work to be part of the doctoral thesis

To complete my doctoral thesis | propose a list of importasearch prob-
lems to study. The topics are related to each other and fatlBART mea-
surements in 802.11 networks. They are summarized below:

m |s the proportional share assumption valid in 802.11 wazleetworks
as it is when sending packets through wired link with a FIF@ug?
This was the assumption when extending the TOPP model irr &ape
however recent results give hints that this is not the cake.bBndwidth
measurement methods described in Section 3 all assumééhptdbe
packets get a proportional share of the bottleneck link wthenprobe
packets cause congestion. What happens if the 802.11 MAK imes
RTS/CTS?

= Tuning of BART parameters when performing measurement®1a
networks. The BART method uses a Kalman filter in its estiomapro-
cess. In the Kalman filter there are parameters that can kd iarorder
to optimize the performance. When the bottleneck is a wieelimk the
choice of parameter settings may differ compared to thenpetiers used
in wired networks. Other BART parameter settings, such agtbbe-
packet train length and the probe-packet size, will alsoestigated.

= |s it possible to estimate the link capacity of an 802.11lbo#ck link at
the link layer? As previous research has shown the IP-laylechpacity
varies with the probe-packet size and the cross-traffiasgitg

The findings made when studying these research problembkenplliblished
as Paper E (and possibly Paper F).

7. Additional publications

This section lists additional publications that are not¢ited to be part of
the doctoral thesis.

Andreas Johnsson

How does Available Bandwidth Measurement Methods AffeBX?TC

In Proceedings to the Swedish National Computer NetworWiogkshop, Halm-
stad, November 2005.

Andreas Johnsson, Bob Melander and Mats Bjérkman

Bandwidth Measurement in Wireless Networks

In Proceedings to the Fourth Annual Mediterranean Ad Hoewdeking Work-
shop, Porquerolles, France, June, 2005.



Andreas Johnsson
Bandwidth Measurements in Wired and Wireless Networks
Technology Licentiate thesis, Malardalen University Brégoril 2005.

Andreas Johnsson, Bob Melander and Mats Bjérkman

DietTopp: A First Implementation and Evaluation of a Sirfipi Bandwidth
Measurement Method

In proceedings to the Second Swedish National Computer dtkimg Work-
shop, Karlstad, November 2004.

Andreas Johnsson, Mats Bjorkman and Bob Melander

A Study of Dispersion-based Measurement Methods in IEEEL802d-hoc
Networks

In proceedings to the International Conference on Comnatinit in Comput-
ing, Special Session on Network Simulation and Performaxaysis, Las
Vegas, USA, June 2004.

Mats Bjorkman, Andreas Johnsson and Bob Melander

Bandwidth Measurements from a Consumer Perspective - Alvaragnt In-
frastructure in Sweden

Presented at the Bandwidth Estimation (BEst) workshop,[Bego USA, De-
cember 2003.

Andreas Johnsson

On the Comparison of Packet-Pair and Packet-Train Measerdgm

In proceedings to the First Swedish National Computer Neking Workshop,
Arlandastad, September 2003.

8. Thesis outline

The doctoral thesis will be a collection of the five paperscdbed in Sec-
tion 5 and 6 (Paper A - E).

The doctoral thesis will also contain an introduction to fleéd of band-
width measurement methods, a problem statement, relatddamd the main
contributions of the thesis.

9. Time plan

The research that has to be completed before the defence alottoral
thesis was described in Section 6. More precisely, a set asarements has
to be performed using BART in a wireless testbed (alreadstiexj). First, the
proportional share assumption will be studied. Thereaiteanalysis is made
where the parameters of the Kalman filter in BART is tuned ttnoge the



estimation process with respect to accuracy, adaptivity ather aspects. It
will also be studied whether it is possible to estimate thk Gapacity at the
link layer. The time plan is shown in the activity table below

| Activity | Deadline
Ph.D. proposal defence September 2006
Measurements completed for paper E October 2006
Analysis of measurement results November 2006
Completion and submission of paper E | December 2006
Completion of doctoral thesis February 2007
Doctoral thesis defense March 2007

In parallel to the research activities a set of graduatesesumust be com-
pleted. Completed, ongoing and future graduate coursestamen in the
course table below.

| Course | Credits | Status |

Distributed systems MN1 5p Completed
Computer communications MN2 5p Completed
Computer architecture MN2 5p Completed
Secure computer systems 5p Completed
Case-study methodology 3p Completed
Reading course in computer communications 4p Completed
Simulations using NS-2 3p Completed
Markov processes 5p Completed
Research methodology and planning 10p Ongoing

Leadership and organization 5p Sep - Oct 2006
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