Linux 2.4 Implementation of Westwood+ TCP with
Rate-Halving: a Performance Evaluation over the
Internet

Angelo Dell’Aera, Luigi A. Grieco and Saverio Mascolo
DEE - Politecnico di Bari, Via E. Orabona, 4 - 70125 Bari (Italy)
Email: {dellaera, a.grieco, mascolo}@poliba.it

Abstract— The additive increase/multiplicative decrease prob-

ing paradigm is at the core of TCP congestion control. To im-
prove classic Reno/New Reno congestion control algorithms, the
recent Westwood+ TCP proposes to substitute the multiplicative
decrease phase with an adaptive decrease phase, which takes
into account an end-to-end estimate of the available bandwidth
obtained by filtering the stream of returning ACKs.
This paper aims at evaluating the performance of Westwood+
TCP over the real Internet. For that purpose, a Linux 2.4.19
implementation of Westwood+ TCP has been developed and
compared with an implementation of New Reno. More than 4000
files, with different sizes, have been uploaded via ftp from a
host at the Politecnico of Bari (South of Italy) to three remote
servers, which are located at Parma (North of Italy), Uppsala
University (Sweden) and University of California Los Angeles
(Ucla, California). Experimental results indicate that Westwood+
TCP improves the goodput with respect to New Reno TCP over
paths with a bandwidth delay product larger than few segments.
In particular, goopdput improvements up to 40-50% have been
measured when transmitting data from Politecnico of Bari to
Uppsala or UCLA servers. Currently, Westwood+ TCP support
is available in the official Linux kernel. It was included both in
the kernel 2.4.x from version 2.4.26-prel on and in the kernel
2.6.x from version 2.6.3-rcl on.

I. INTRODUCTION

The additive increase/multiplicative decrease probing
paradigm is at the core of the sliding window TCP congestion
control algorithms [1], [2]. It employs two variables: the
congestion window (cwnd), which is the sliding window, and
the slow start threshold (ssthresh), which varies the way cwnd
is increased. In order to probe the network capacity, cwnd
is increased until a congestion episode happens. The cwnd
increasing policy depends on ssthresh value. When cwnd <
ssthresh, the cwnd is incremented by one segment for every
received acknowledgment. This is the slow start phase that
aims at quickly grabbing the network available bandwidth.
When cwnd > ssthresh, the congestion avoidance phase is
entered during which the cwnd is incremented by one segment
per RTT. The congestion avoidance phase gently probes the
network for extra available bandwidth. When 3 three duplicate
acknowledgments (3 DUPACKS) are received ssthresh is set
to cwnd/2, cwnd is set equal to (ssthresh + 3) and the first
unacknowledged segment which sits in the retransmit queue
is retransmitted. Moreover, during this phase, every time a
DUPACK is received, cwnd is increased by 1 segment for
taking into account that another segment has left the network.

RFC2581 defines it window inflating. When an ACK finally
acknowledges new data, cwnd is set to ssthresh thus restarting
the sender in the congestion avoidance phase. If the retransmit
timeout expires ssthresh is set to cwnd/2 and cwnd is set
equal to 1. The ssthresh represents an estimate of the current
available bandwidth. In fact, when the cwnd is less than
ssthresh, the congestion control algorithm increases cwnd to
quickly reach the ssthresh value and when cwnd=ssthresh, it
increments the cwnd in a more gentle way in order to probe
for extra available bandwidth.

To improve classic Reno/New Reno congestion control
algorithms [2], [3], the recent Westwood TCP proposes to
substitute the multiplicative decrease with an adaptive decrease
phase: in particular, Westwood TCP passes through a filter the
stream of returning ACKs to obtain an estimate of the used
bandwidth (BWE) so that when the network capacity is hit and
a congestion episode happens, Westwood adaptively reduces
the congestion window and the slow-start threshold to the
value BWE times the minimum round trip time (RTT5,:,) [4].
The original bandwidth estimation algorithm proposed in [4]
does not work properly in the presence of ACK compression
[5]. Westwood+ TCP differs from Westwood TCP in that it
employs a new bandwidth estimation algorithm that works
properly also in the presence of ACK compression [5].

This paper aims at evaluating the performance of West-
wood+ TCP over the real Internet. For that purpose, a Linux
2.4.19 implementation of Westwood+ TCP has been developed
and compared with an implementation of New Reno [6]. To
test and compare the two implementations more than 4000
files, with different sizes, have been uploaded via ftp from
a host at the Politecnico of Bari (South of Italy) to three
remote servers, which are located at Parma (North of Italy),
Uppsala University (Sweden) and University of California Los
Angeles (Ucla, California). Experimental results indicate that
Westwood+ TCP improves the goodput with respect to New
Reno TCP over paths with a bandwidth delay product larger
than few segments. In particular, goodput improvements up
to 40-50% have been measured when transmitting data from
Politecnico of Bari to Uppsala and UCLA servers.

It is important to point out that GNU Linux 2.4 TCP
implements the rate-halving algorithm [7] during the Fast
Recovery/Fast Retransmit phase. In order to avoid abrupt
interruption of data sending, which would be dangerous for
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the self-clocking [1], we still use the rate-halving algorithm in
Westwood+ TCP implementation, slightly adapting it for our
purposes.

The paper is organized as follows: Section 2 gives a brief
overview of TCP Westwood+ and describes an implementation
in Linux 2.4.19; Section 3 reports Internet measurements
collected using this implementation; Finally, Section 4 draws
the conclusions.

II. TCP WESTWOOD+

TCP Westwood+ differs from TCP Westwood in that it
employs a different bandwidth estimation algorithm that works
properly even in presence of ACK compression. In this section,
we briefly describe the TCP Westwood algorithm. Subse-
quently, we introduce the new bandwidth estimation algorithm
of Westwood+ TCP and its implementation in GNU Linux
kernel.

A. TCP Westwood

TCP Westwood basic idea is to exploit the stream of return-
ing ACK packets in order to obtain an estimate of connection
available bandwidth (BW E'). The bandwidth estimate is used
when a congestion episode is detected to properly set the cwnd
and ssthtresh. In absence of congestion episodes, the dynamics
of these variables is conform to RFC2581 [2]. A pseudo-code
of the Westwood TCP algorithm follows:

- When 3 DUPACKs are received:
ssthresh = (BWE * RTTmin) / MSS;
if (ssthresh<2) ssthresh=2;
cwnd = ssthresh;

- When coarse timeout expires:
ssthresh = (BWE * RTTmin)
if (ssthresh<2)
cwnd = 1;

/ MSS;
ssthresh=2;

- When ACKs are successfully received:
cwnd increases as stated in RFC2581.

It is worth noting that the adaptive decrease mechanism
employed by TCP Westwood improves the stability of the
standard TCP multiplicative decrease. In fact, the adaptive
windowd shrinking provides a congestion window that is
decreased enough in presence of heavy congestion and not too
much in presence of light congestion or losses not due to a
real congestion episode, such as in the case of unreliable radio
links. Moreover the setting cwund = BW E * RT'T,,;, injects
a transmission rate equal to BWE * RTT,,;,/RTT, which
is less than bandwidth used at the time of congestion. As a
consequence, a Westwood TCP flow clears out its path backlog
after the setting thus leaving room in the routers’ buffers for
coexisting flows. This obviously improves network stability,
statistical multiplexing and fairness.

TCP Westwood congestion control is heavily based on
bandwidth estimation algorithm. As stated before, bandwidth

estimation algorithm proposed in [4] overestimates the avail-
able bandwidth in the presence of ACK compression [5]. In
order to avoid this undesirable behavior, Westwood+ TCP
proposes a new bandwidth estimation algorithm that works
properly also in the presence of ACK compression [5].

B. TCP Westwood+ bandwidth estimation algorithm

The new bandwidth estimation algorithm proposed along
with Westwood+ TCP relies on bandwidth samples which
are collected every RTT instead that every time an ACK
is received by the sender. Basically, the Westwood+ TCP
sender counts the amount of data Dy, which is acknowledged
during the last RTT = T} and then computes a bandwidth
samples as By, = Dy /Tj. In order to avoid potential numerical
instabilities due to too small RTT values, a minimum value of
50ms has been set for the catching time interval T},. Details
concerning the ACK counting can be found in [4]. Briefly, a
duplicate ACK counts for one delivered segments, a delayed
ACK for two segments, whereas a cumulative ACK counts
for 1 segment or for the number of segments exceeding those
already accounted for by previous duplicate acknowledgments.
Since congestion depends on low frequency components of
available bandwidth [8], Bj samples are filtered using a
discrete time low-pass filter. In [5] it has been shows that
the By samples can be effectively filtered using a simple
exponential filter as the following:

7 1
BWE, = gBWEkfl + §Bk (1)

The GNU Linux implementation of Westwood+ TCP [6]
slightly modifies the rate-halving mechanism to incorporate
the adaptive setting of Westwood+ TCP. In particular, we
exploit the gracefully cwnd decreasing phase of the rate-
halving mechanism but we do not allow the cwnd to become
smaller than the value BW E « RTT,,;,,. Moreover, when the
fast-recovery phase ends we set cund to BWE x« RT T, in.

III. EXPERIMENTAL RESULTS

When a new protocol is proposed, it is necessary to collect
a large set of experimental results in order to assess its validity
and the advantages of its deployment in the Internet [9]. To test
and compare the Linux 2.4.19 implementations of Westwood+
and New Reno TCP more than 4000 files, with different sizes,
have been uploaded via ftp from a host at the Politecnico
of Bari (South of Italy) to three remote servers, which are
located at Parma (North of Italy), Uppsala University (Sweden)
and University of California Los Angeles (Ucla, California).
Tests were realized exploiting the patch feature which allows
to switch between TCP GNU Linux standard implementation
and TCP Westwood+. For each upload we have recorded the
goodput, the number of retransmitted segments, and important
variables such as cwnd, ssthresh, RTT and BW E. Each
session of measurements collects data of many file uploads,
which are alternatively executed by using Westwood+ or New
Reno. Table I summarizes the main characteristics of the mea-
surement sessions involving the FTP server at the UCLA. Fig.
1 (a) shows the average goodputs achieved during data transfer

IEEE Com&@ma&iﬂ&% §QGA%& to: Politecnico di Bari. Downloadedzg%y 14,2026 at 12:53:4@&%0%@5337@(9&@2&19%@33904 IEEE



date No. Size of uploaded files
of uploads (MBytes)
Feb,21 2003 117 32
Feb,26 2003 197 3.2
Feb,28 2003 702 32
Mar,14 2003 54 32
Mar,19 2003 79 32
Mar,21 2003 47 32
TABLE I

FTP UPLOADS FROM POLITECNICO OF BARI TO UCLA, LOS ANGELES.

from Politecnico of Bari to UCLA. The average goodput of
a measurement session is obtained by averaging the goodputs
of all the uploads of that session. It is interesting to note that
Westwood+ TCP provides goodput improvements from 23%
to 53% wrt New Reno. Moreover the goodput improvements
provided by Westwood+ TCP are not due to a more aggressive
behavior, since, Fig. 1 (b) shows that the retransmission ratio
is roughly the same for both Westwood+ and New Reno
TCP. Fig. 2 (a) shows the typical dynamics of the congestion

50 4 ONew Reno

_ B Westwood+
451
40 A
35

30 4

f%ﬂddn

21 Feb 2003 26 Feb 2003 28 Feb 2003 14 Mar 2003 19 Mar 2003 21 Mar 2003

(a)

Average Goodput (KBytes/s)

O New Reno
B Westwood+

ﬂﬂﬂﬂﬂ

21 Feb 2003 26 Feb 2003 28 Feb 2003 14 Mar 2003 19 Mar 2003 21 Mar 2003

(b)

Fig. 1. FTP uploads from Politecnico of Bari to UCLA, Los Angeles: (a)
Average Goodputs; (b) Retransmission ratios.

Ratio of retransmitted segments (%)
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window and the slow start threshold of Westwood+ TCP
obtained during a file transfer from the Politecnico of Bari to
UCLA. Fig. 2 (b) shows the same variables obtained during
the next upload using New Reno. The main difference between
Westwood+ and New Reno consists in the ssthresh behavior,
which is larger when Westwood+ is employed. This effect
is due to the adaptive decrease mechanism of Westwood+,
which exploits the end-to-end bandwidth estimate. Fig. 3

shows the end-to-end bandwidth estimate obtained during the
data transfer. Finally, Fig. 4 plots the RTT experienced by the
Westwood+ flow during the data transfer. Table II summarizes
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Fig. 2. Congestion window and slow start threshold while transferring a
32MByte file from Politecnico of Bari to UCLA on 19/03/03: (a) Westwood+;
(b) New Reno.
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Fig. 3. Bandwidth estimate of Westwood+ TCP while transferring a 32MByte
file from Politecnico of Bari to UCLA on 19/03/03.

the main characteristics of the measurement sessions involving
the FTP server at the Uppsala University. Figs. 5 (a) and (b)
show the average goodputs and the average retransmission
percentage when transferring data from Politecnico of Bari to
the Uppsala University. It is interesting to note that Westwood+
TCP provides goodput improvements from 4% to 40% wrt
New Reno, whereas the percentages of retransmitted segments
are similar. Table III summarizes the main characteristics of
the measurement sessions involving the FTP server located
at Parma. Figs. 6 (a) and (b) show the goodputs and the
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Fig. 4. Round Trip Time experienced by Westwood+ TCP while transferring
a 32MByte file from Politecnico of Bari to UCLA on 19/03/03.

date No. Size of uploaded files
of uploads (MBytes)
Dec,14 2002 253 32
Dec,17 2002 200 3.2
Jan,10 2003 100 3.2
Jan,12 2003 100 3.2
Jan,13 2003 150 32
Jan,17 2003 1000 3.2
Feb,3 2003 278 32
Feb,7 2003 500 32
TABLE II
FTP FROM POLITECNICO OF BARI TO THE UPPSALA UNIVERSITY
(SWEDEN)
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Fig. 5. FTP uploads from Politecnico of Bari to Uppsala: (a) Average

Goodputs; (b) Retransmission ratios.

date No. Size of uploaded files
of uploads (MBytes)
Mar,26 2003 100 32
Mar,27 2003 98 3.2
Mar,28 2003 1000 3.2
Apr,4 2003 390 32
Apr,7 2003 200 32
Apr,9 2003 200 32
Apr,11 2003 1000 32
TABLE III

FTP UPLOADS TOWARDS THE SERVER LOCATED AT PARMA (ITALY)

retransmission ratios that have been measured while trans-
ferring data from Politecnico of Bari to Parma. In this case
the connection has a national extension and Westwood+ and
New Reno TCP basically achieve the same goodput. Fig. 7 (a)
shows the congestion window and the slow start threshold of
Westwood+ TCP during a file transfer from the Politecnico of
Bari to Parma. Fig. 7 (b) shows the same variables obtained
using New Reno. In this case cwnd and ssthresh exhibit a
similar behavior. This is due to the small RTT that makes less
drastic the effect of the Westwood+ TCP algorithm. Finally,
Fig. 8 plots the bandwidth estimate obtained by Westwood+
whereas Fig. 9 shows the RTT measured during the data
transfer. It is worth noting that minimum measured RTT
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Fig. 6.  FTP uploads from Politecnico of Bari to Parma: (a) Average
Goodputs; (b) Retransmission ratios.

is equal to 190ms for the connection with the UCLA server,
70ms for the connection with the Uppsala server and 50ms
for the connection with the server located at Parma. Table IV
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shows for each server the pipe size, which is computed as the
average Westwood+ TCP goodput times the minimum RTT,
and the related average goodput improvement. Table IV shows
that when the pipe size is larger than few MSS, Westwood+
improves the goodput wrt New Reno up to 53%. We were
not able to execute measurements over larger bandwidth-delay
paths where we expect that Westwood+ will provide larger
goodput improvements.
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Fig. 7. Congestion window and slow start threshold while transferring a

32MByte file from Politecnico of Bari to Parma on 4/04/03: (a) Westwood+;
(b) New Reno.
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Fig. 8. Bandwidth estimate of Westwood+ TCP while transferring a 32MByte
file from Politecnico of Bari to Parma on 4/04/03.
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Fig. 9. Round Trip Time experienced by Westwood+ TCP while transferring
a 32MByte file from Politecnico of Bari to Parma on 4/04/03.

Server Goodput Pipe
Improvement | size (MSS)
UCLA 23% =+ 53% 3-6
Uppsala | 4% + 40% 1-10
Parma —9% + 10% 0.5-5
TABLE IV

PERFORMANCE ANALYSIS, (MSS=1500BYTES)

IV. CONCLUSIONS

Westwood+ TCP with the rate-halving feature has been
implemented in Linux 2.4.19 and experimented over conti-
nental and international Internet connections. Extensive mea-
surements have shown that Westwood+ TCP improves the
goodput wrt New Reno over connections with a bandwidth-
delay product larger than few MSS. In particular, over an
Internet connection from Bari, Italy to Los Angeles, California,
goodput improvements up to 50% have been measured.
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