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Abstract. We propose the Loss Event Rate Discounting scheme to im-
prove the performance of MULTFRC over wireless networks. In our
MULTFRC-LERD scheme, each TFRC connection includes several loss
discounting levels. When the wireless bandwidth is underutilized, we in-
crease the discounting level of the TFRC connection at first, and when all
the existing connections have reached the highest loss discounting level
we open a new connection. The connection number and loss discounting
level are determined by Inverse Increase Additive Decrease algorithm.
Analytical and simulation results demonstrate that our scheme is a finer
granularity rate control scheme for video streaming over wireless net-
works and can reduce the resource consumption significantly compared
with MULTFRC. Moreover, LERD extends the range of applicability of
the MULTFRC scheme.

1 Introduction

Over the past several years, the Internet has witnessed a tremendous growth
in the use of audio and video streaming. Wide deployment of these applica-
tions without appropriate congestion control mechanisms may result in unfair
bandwidth allocation or even congestion collapse. Because the congestion control
scheme used by TCP halves the sending rate in response to a single loss event,
it is unsuitable for the multimedia streaming applications. TCP-Friendly Rate
Control (TFRC) [1], an equation-based congestion control scheme, was proposed
to provide a relatively more stable sending rate for these applications.

TFRC was originally developed for media streaming over wired network.
It assumed that most packet losses are due to congestion. While in a wireless
environment, a significant fraction of packet losses may occur due to transmission
errors. Treating wireless losses as congestive will cause TFRC reduce its sending
rate unnecessarily and thus result in poor performance.

Chen and Zakhor proposed MULTFRC [2] to improve the throughput per-
formance on the wireless link. MULTFRC allocates a certain number of TFRC
connections for a given wireless streaming application to fully utilize the wire-
less bandwidth. Chen has shown that if the number of connections and packet

K. Aizawa, Y. Nakamura, and S. Satoh (Eds.): PCM 2004, LNCS 3333, pp. 282–289, 2004.
c© Springer-Verlag Berlin Heidelberg 2004

Verwendete Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.ALLGEMEIN ----------------------------------------Dateioptionen:     Kompatibilität: PDF 1.3     Für schnelle Web-Anzeige optimieren: Nein     Piktogramme einbetten: Nein     Seiten automatisch drehen: Nein     Seiten von: 1     Seiten bis: Alle Seiten     Bund: Links     Auflösung: [ 2400 2400 ] dpi     Papierformat: [ 595 842 ] PunktKOMPRIMIERUNG ----------------------------------------Farbbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 300 dpi     Downsampling für Bilder über: 450 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Maximal     Bitanzahl pro Pixel: Wie Original BitGraustufenbilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 300 dpi     Downsampling für Bilder über: 450 dpi     Komprimieren: Ja     Automatische Bestimmung der Komprimierungsart: Ja     JPEG-Qualität: Maximal     Bitanzahl pro Pixel: Wie Original BitSchwarzweiß-Bilder:     Downsampling: Ja     Berechnungsmethode: Bikubische Neuberechnung     Downsample-Auflösung: 2400 dpi     Downsampling für Bilder über: 3600 dpi     Komprimieren: Ja     Komprimierungsart: CCITT     CCITT-Gruppe: 4     Graustufen glätten: Nein     Text und Vektorgrafiken komprimieren: JaSCHRIFTEN ----------------------------------------     Alle Schriften einbetten: Ja     Untergruppen aller eingebetteten Schriften: Nein     Wenn Einbetten fehlschlägt: AbbrechenEinbetten:     Immer einbetten: [ /Courier-BoldOblique /Helvetica-BoldOblique /Courier /Helvetica-Bold /Times-Bold /Courier-Bold /Helvetica /Times-BoldItalic /Times-Roman /ZapfDingbats /Times-Italic /Helvetica-Oblique /Courier-Oblique /Symbol ]     Nie einbetten: [ ]FARBE(N) ----------------------------------------Farbmanagement:     Farbumrechnungsmethode: Farbe nicht ändern     Methode: StandardGeräteabhängige Daten:     Einstellungen für Überdrucken beibehalten: Ja     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja     Transferfunktionen: Anwenden     Rastereinstellungen beibehalten: JaERWEITERT ----------------------------------------Optionen:     Prolog/Epilog verwenden: Ja     PostScript-Datei darf Einstellungen überschreiben: Ja     Level 2 copypage-Semantik beibehalten: Ja     Portable Job Ticket in PDF-Datei speichern: Nein     Illustrator-Überdruckmodus: Ja     Farbverläufe zu weichen Nuancen konvertieren: Ja     ASCII-Format: NeinDocument Structuring Conventions (DSC):     DSC-Kommentare verarbeiten: Ja     DSC-Warnungen protokollieren: Nein     Für EPS-Dateien Seitengröße ändern und Grafiken zentrieren: Ja     EPS-Info von DSC beibehalten: Ja     OPI-Kommentare beibehalten: Nein     Dokumentinfo von DSC beibehalten: JaANDERE ----------------------------------------     Distiller-Kern Version: 5000     ZIP-Komprimierung verwenden: Ja     Optimierungen deaktivieren: Nein     Bildspeicher: 524288 Byte     Farbbilder glätten: Nein     Graustufenbilder glätten: Nein     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja     sRGB ICC-Profil: sRGB IEC61966-2.1ENDE DES REPORTS ----------------------------------------IMPRESSED GmbHBahrenfelder Chaussee 4922761 Hamburg, GermanyTel. +49 40 897189-0Fax +49 40 897189-71Email: info@impressed.deWeb: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<     /ColorSettingsFile ()     /AntiAliasMonoImages false     /CannotEmbedFontPolicy /Error     /ParseDSCComments true     /DoThumbnails false     /CompressPages true     /CalRGBProfile (sRGB IEC61966-2.1)     /MaxSubsetPct 100     /EncodeColorImages true     /GrayImageFilter /DCTEncode     /Optimize false     /ParseDSCCommentsForDocInfo true     /EmitDSCWarnings false     /CalGrayProfile ()     /NeverEmbed [ ]     /GrayImageDownsampleThreshold 1.5     /UsePrologue true     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /AutoFilterColorImages true     /sRGBProfile (sRGB IEC61966-2.1)     /ColorImageDepth -1     /PreserveOverprintSettings true     /AutoRotatePages /None     /UCRandBGInfo /Preserve     /EmbedAllFonts true     /CompatibilityLevel 1.3     /StartPage 1     /AntiAliasColorImages false     /CreateJobTicket false     /ConvertImagesToIndexed true     /ColorImageDownsampleType /Bicubic     /ColorImageDownsampleThreshold 1.5     /MonoImageDownsampleType /Bicubic     /DetectBlends true     /GrayImageDownsampleType /Bicubic     /PreserveEPSInfo true     /GrayACSImageDict << /VSamples [ 1 1 1 1 ] /QFactor 0.15 /Blend 1 /HSamples [ 1 1 1 1 ] /ColorTransform 1 >>     /ColorACSImageDict << /VSamples [ 1 1 1 1 ] /QFactor 0.15 /Blend 1 /HSamples [ 1 1 1 1 ] /ColorTransform 1 >>     /PreserveCopyPage true     /EncodeMonoImages true     /ColorConversionStrategy /LeaveColorUnchanged     /PreserveOPIComments false     /AntiAliasGrayImages false     /GrayImageDepth -1     /ColorImageResolution 300     /EndPage -1     /AutoPositionEPSFiles true     /MonoImageDepth -1     /TransferFunctionInfo /Apply     /EncodeGrayImages true     /DownsampleGrayImages true     /DownsampleMonoImages true     /DownsampleColorImages true     /MonoImageDownsampleThreshold 1.5     /MonoImageDict << /K -1 >>     /Binding /Left     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)     /MonoImageResolution 2400     /AutoFilterGrayImages true     /AlwaysEmbed [ /Courier-BoldOblique /Helvetica-BoldOblique /Courier /Helvetica-Bold /Times-Bold /Courier-Bold /Helvetica /Times-BoldItalic /Times-Roman /ZapfDingbats /Times-Italic /Helvetica-Oblique /Courier-Oblique /Symbol ]     /ImageMemory 524288     /SubsetFonts false     /DefaultRenderingIntent /Default     /OPM 1     /MonoImageFilter /CCITTFaxEncode     /GrayImageResolution 300     /ColorImageFilter /DCTEncode     /PreserveHalftoneInfo true     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>     /ASCII85EncodePages false     /LockDistillerParams false>> setdistillerparams<<     /PageSize [ 595.276 841.890 ]     /HWResolution [ 2400 2400 ]>> setpagedevice



MULTFRC-LERD: An Improved Rate Control Scheme 283

size are chosen appropriately, MULTFRC can approach the optimal bandwidth
utilization. The advantage of MULTFRC is that it does not need to modify
the network infrastructure or protocols. However, the system resources it con-
sumes are directly proportional to the number of TFRC connections. When
the number of opened connections becomes too large, the end system, which is
typically power-limited handheld equipment, can not afford such huge resource
consumption. Additionally, adjusting the connection number can only achieve
coarse granularity rate control, thus there is a quantization effect under the
low error rate environment. Finally, the range of applicability of MULTFRC is
limited.

We find that discounting the loss event rate can achieve the similar effect
of opening multiple TFRC connections, and it has the potential to achieve finer
granularity rate control. Furthermore, it makes MULTFRC applicable to a wider
range. The cost of our scheme compared with MULTFRC is that it needs to make
a small modification to the TFRC sender side code to provide the loss event rate
discounting capability.

The rest of this paper is organized as follows. Section 2 reviews the related
work on improving TFRC performance over wireless networks. In Section 3, we
discuss the concept of Loss Event Rate Discounting (LERD) and our proposed
MULTFRC-LERD scheme. Experimental results are given in Section 4. Finally,
Section 5 concludes the paper and describes the future work.

2 Related Work

There have been a lot of efforts to improve the performance of TCP/TFRC over
wireless networks.

Application layer solution: MULTFRC [2] can be considered as an application
layer solution because it does not need to modify the network infrastructure or
protocols. It improves the TFRC performance over wireless networks from the
application level point of view.

Transport layer solution: In the transport layer, many efforts are devoted to
differentiating the congestion losses from wireless losses. Cen et al. [3] proposed a
hybrid end-to-end Loss Differentiation Algorithm (LDA), which combines three
base LDAs: Biaz [4], Spike [5] and ZigZag [3]. Samaraweera [6] proposed an
end-to-end noncongestion packet loss detection (NCPLD) algorithm for a TCP
connection in a network with a wireless backbone link. Liu et al. [7] proposed
an approach which integrates PLP and HMM. An HMM is trained over the
observed RTTs to infer the cause of loss. Yang et al. [8] exploited the link layer
information in wireless channels to discriminate between the wireless losses and
congestion losses. Bae et al. [9] used ECN marking in conjunction with RED
queue management scheme, and calculated the TCP-friendly rate based on ECN-
marked packet probability instead of packet loss probability. Installing an agent
at the edge of wired and wireless network is another method to discriminate the
congestion losses from wireless losses [10].
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3 Our MULTFRC-LERD Scheme

In this section, we first introduce the concept of Loss Event Rate Discounting
(LERD), and then present the framework of MULTFRC-LERD system. Finally,
we describe the IIAD control algorithm used in our system.

3.1 LERD: Loss Event Rate Discounting

We use the following simple TFRC model to explain the concept of LERD:

T =
c · S

rtt · √
p

, (1)

where p denotes the Loss Event Rate, T represents the transmit rate, S is the
packet size, rtt is the end-to-end round trip time, and c is a constant factor. This
simple model has captured all the essential factors and can explain the LERD
scheme more clearly.

When the wireless link is underutilized, the total throughput of multiple
TFRC connections is multiplying the throughput of one TFRC connection by
the number of connections m. Thus the throughput of MULTFRC can be ex-
pressed as:

Tm = m · c · S

rtt · √
p

. (2)

By equation analysis and simulation validation, we find that the similar effect
of multiple simultaneous TFRC connections can be achieved by discounting the
loss event rate p, i.e. ,

pd = d · p , (3)

where d is the discounting factor, and it can take any value between 0 and 1. In
the case of original TFRC, the discounting factor d is equal to 1. The smaller
discounting factor corresponds to the more aggressive TFRC-LERD connection.
Replacing the loss event rate p in Equation 1 by pd, we get the throughput of
one TFRC-LERD connection:

Td =
c · S

rtt · √
pd

. (4)

Comparing Equation 2 with Equation 4, we can see that MULTFRC and
LERD try to improve the throughput by adjusting different parameters. MULT-
FRC uses the number of connections m to tune the throughput, and our LERD
scheme uses the discounting factor d to adjust the sending rate. The discounting
factor d can take any value between 0 and 1.0, however, the number of con-
nections m in MULTFRC scheme can only take the positive integers, e.g., 1, 2,
3,· · ·, therefore LERD has the potential to achieve finer granularity rate control
than MULTFRC.
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3.2 MULTFRC-LERD

The framework of MULTFRC-LERD system is illustrated in Fig. 1. In our sys-
tem, each TFRC connection is divided into L loss discounting levels. Each level is
characterized by a discounting factor di(1 ≤ i ≤ L, 1 = d1 > d2 > · · · > dL > 0).
The lowest level is assigned d1 = 1, which means no discounting at all. For each
TFRC connection Ck we maintain a variable dck

in its sender side to keep its
current loss discounting factor. When TFRC sender receives the loss event rate p
from the receiver, we discount it by its current discounting factor, i.e., pd = p·dck

,
and use the discounted loss event rate to compute the sending rate. The num-
ber of connections and their respective discounting factors are controlled by the
Connection Manager.

Fig. 1. The framework of MULTFRC-LERD system

The control algorithm employed in our Connection Manager is the Inverse
Increase Additive Decrease (IIAD) algorithm similar to that used in MULTFRC.
But the adjusting granularity in our algorithm is one discounting level rather
than one connection as in MULTFRC. Our IIAD algorithm is described as follows
(threshold, alpha and beta are predetermined constants.):

Measure average_rtt over a specified period.
if (average_rtt < threshold) {
discount_level = discount_level + alpha / discount_level;

}
else {
discount_level = discount_level - beta;

}

When we need to increase the discounting level, which is indicated by the
IIAD algorithm, we increase the discounting level of the last opened connection.
If the last opened connection has reached the highest discounting level, we open
a new TFRC connection. Similarly, when we need to decrease the discounting
level, we decrease the discounting level of the last opened connection. If the
last opened connection has reached its lowest discounting level, we close this
connection.
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4 Simulation Results

In this section, we implement the loss event rate discounting functionality and
compare the performance of MULTFRC and MULTFRC-LERD.

4.1 Simulation Setup

We use ns-2 to study the performance of MULTFRC-LERD. The network topol-
ogy used in the simulation is shown in Fig. 2, which is the same as that used
in MULTFRC. The transmission error in the wireless link is simulated by the
exponential error model, and the packet error rate varies from 0.01 to 0.16.
The last hop wireless link is the bottleneck of the path from sender to receiver.
The parameters used are shown in the figure. In this simulation, the values of
threshold, alpha and beta are 1.2 · rttmin, 1, and 1, respectively. We employ a
simple three-level discounting scheme, and the corresponding discounting factors
are 1.0, 0.5 and 0.2. It is possible to use more refined discounting levels. Here
we just want to demonstrate the effectiveness of LERD.

Fig. 2. Wireless last hop topology

4.2 Performance of MULTFRC-LERD

We simulate MULTFRC-LERD and MULTFRC for 9000 seconds with the packet
error rate varying from 0.01 to 0.16. The performance comparison is given in
Fig. 3.

Fig. 3(a) shows the average throughput of our MULTFRC-LERD scheme
and MULTFRC. Notice that when the packet error rate is low our scheme out-
performs MULTFRC, because the connection number can only achieve coarse
granularity rate control and there is a quantization effect when the number of
connections is small, which is also pointed out in [2]. The throughput improve-
ment of our scheme is achieved by its finer granularity rate control. We find that
these two schemes have comparable performance when the wireless packet error
rate is between 0.02 and 0.08. But when the error rate exceeds 0.08, the per-
formance of MULTFRC degrades. It is because the original TFRC cannot work
well under such high packet error rate environment, where the high loss event
rate prevents TFRC from increasing its sending rate. However, LERD scheme
mitigates the negative impact of high wireless error rate by discounting the loss
event rate and is still able to approach the optimal bandwidth utilization even
when the error rate is very high.

Fig. 3(b) illustrates that MULTFRC-LERD uses much fewer connections
than MULTFRC. When the packet error rate exceeds 0.13, the connection num-
ber of MULTFRC drops sharply, because under such high error rate the MULT-
FRC scheme is not effective any more, its connection number cannot reach the
optimal value and the performance degrades significantly.
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Fig. 3. MULTFRC-LERD and MULTFRC under different packet error rate environ-
ment (from 0.01 to 0.16): (a) average throughput. (b) average number of connections
opened
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Fig. 4. The performance comparison of MULTFRC-LERD and MULTFRC when the
wireless packet error rate is 4%: (a) throughput, (b) number of connections opened,
(c) end-to-end round trip time, (d) end-to-end packet loss rate

In the following, we analyze two typical scenarios: the medium error rate
environment (PER=0.04) and the environment with very high error rate
(PER=0.12).

Fig. 4 demonstrates that the performance of our MULTFRC-LERD scheme
is comparable to MULTFRC under the error rate of 0.04, but the number of con-
nections opened by MULTFRC-LERD is much smaller. Note that in Fig. 4(b),
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Fig. 5. The performance comparison of MULTFRC-LERD and MULTFRC when the
wireless packet error rate is 12%: (a) throughput, (b) number of connections opened,
(c) end-to-end round trip time, (d) end-to-end packet loss rate

we also display the discounting levels of MULTFRC-LERD. Because the optimal
point of MULTFRC resides between 4 and 5, MULTFRC frequently adds and
drops connection to maintain a balance. However, in our scheme most adjust-
ment is accomplished by changing the discounting factor. We argue that it is
favorable because the cost of opening and dropping a connection is much higher
than setting the discounting factor to a new value.

Fig. 5 illustrates that the performance of MULTFRC-LERD is much better
than MULTFRC when the error rate is as high as 0.12. Under such environment,
the original TFRC does not function properly any more. The end-to-end round
trip time varies greatly, the connection number changes irregularly, which in
turn results in highly varying throughput. However, our scheme is quite stable
under this abnormally high error rate environment because LERD enhances the
capability of TFRC to deal with high error rate.

5 Conclusion and Future Work

In this paper, we have proposed the Loss Event Rate Discounting scheme to
improve the performance of MULTFRC system. We tested our scheme exten-
sively under different error rate environments. Our results demonstrate that the
advantages of our MULTFRC-LERD scheme over MULTFRC are three-folded:
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Firstly, it reduces the resource consumption. The resource consumed by MULT-
FRC is reduced by 50 to 80 percent. Secondly, it can achieve finer granularity
rate control. Our scheme mitigates the quantization effect of MULTFRC and im-
proves its throughput under the low error rate environment. Finally, our scheme
works well under very high error environments where MULTFRC does not func-
tion properly any more. In future work, we will investigate the more refined
discounting levels and discounting factors, and how they affect the performance
of MULTFRC-LERD.
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