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ABSTRACT

The success of the Internet can be attributed to the large number of useful appli-
cations which are easily executed by, ajuser for running on the Internet. Transmission
Control Protocol (TCP) is a widely deployed énd-to-end transport protocol in the
current Internet. This is because TCP provides-an acceptable service with a reli-
able data transport as well as contrels the.connection’s bandwidth usage to avoid
network congestion for two ernid hosts in the Titernet. Nowadays, the research of
TCP/IP is still a hot topic in both the‘academia and the industry.

With the fast growth of Internet hardware, technologies, and applications, the
network bandwidth of a user is getting higher and wireless links are more and more
popular everywhere. This will make Internet traffic increase quickly and the ways
of data transport vary. Also, users’ demands for network performance are getting
stricter. Facing these challenges, how to efficiently utilize network resources, how to
work well in both high bandwidth network and heterogeneous network (mixed with
wired and wireless networks), and how to satisfy users’ requests are essential issues
to a successful congestion control mechanism.

In addition, if the modification of TCP’s congestion control does not catch up
the Internet change, the performance bottleneck will soon be TCP itself. Up to
now, in order to improve network utilization, TCP has several implementation ver-

sions which can be classified into two categories, loss-based TCPs and delay-based
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TCPs. Although it has been demonstrated that the delay-based TCP outperforms
the loss-based TCP in the aspects of overall network utilization, stability, fairness,
throughput, etc., in the real Internet, loss-based TCPs are still the mainstream
and remained as the dominant algorithm used in practice. Furthermore, the im-
plementation of a loss-based TCP is easier than that of a delay-based TCP, and a
loss-based TCP could get more resources than a delay-based TCP could when they
coexist in the same network, so many studies focus on loss-based TCP algorithms,
and one version of loss-based TCP mechanisms, TCP SACK, has been widely de-
ployed on the Internet. However, in fact, loss-based and delay-based TCPs have
their own advantages and shortcomings. Hence, there is an issue “how do we design
the algorithm and architecture of TCP?”

In this dissertation, we propose a noyvel end-to-end congestion control mechanism
called Medley TCP that is able to efficiently utilize Internet resources, adapt itself to
a new network circumstance, Satisfy users’ requests, and accommodate shortcomings
of the conventional TCP. Médley TCP differs fromm the traditional TCP extremely
in that we redesign the algorithm “and architeeture of the whole congestion con-
trol mechanism of TCP. Specifically; Medley TCP tries to combine advantages and
characteristics of both loss-based and delay-based TCPs, and therefore incorporates
a scalable delay-based component into a loss-based TCP algorithm. This scalable
delay-based component has a rapid window increase rule when the network is sensed
to be under-utilized and gracefully reduces the sending rate once the bottleneck
queue is built. Therefore, Medley TCP connections will react faster and better to
high BDP networks and improve the overall performance. Moreover, we utilize the
innate nature of Medley TCP to detect congestion losses or random packet losses
precisely. Through the packet loss differentiation, Medley TCP reacts appropriately
to the losses and consequently the throughput of connection over heterogeneous
networks can be significantly improved.

Extensive experiments of a network simulator and real world Internet traffic mea-
surements have been conducted and show that Medley TCP not only can improve

the performance significantly over high BDP networks and heterogeneous networks



but also can keep the good characteristics of delay-based TCPs in the aspects of
overall network utilization, stability, fairness, throughput, and so on. Importantly,
Medley TCP does not cause any detrimental effects to TCP SACK, and vice versa
when they share same resources in the networks: that is, Medley TCP connec-
tions achieve higher throughput by using bandwidth that will not be used by SACK
connections anyway, not “stealing” bandwidth from SACK’s connections. Finally,
Medley TCP only involves modification at the sender without requiring changes of
the receiver protocol stack or intermediate router nodes. As a result, it can be easily

deployed in the current Internet.

Keywords: Transmission Control Protocol, transport protocol, loss-based TCPs,
delay-based TCPs, fairness, TCP friendly,shigh bandwidth-delay product networks,

heterogeneous networks, wireless networks; Intetnet.
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Chapter 1

Introduction

1.1 Overview

Transmission Control Protocol{TCP )ismamreliable data transfer protocol used widely
over the Internet for numerous applications; from-long-lived TCP flows such as File
Transfer Protocol (FTP) to shortslived TCP connections like Hypertext Transmis-
sion Protocol (HTTP). TCP is‘also.a connection-oriented, end-to-end, and error-free
in-order protocol. A TCP connection is a virtual circuit between two end hosts that
is conceptually similar to a telephone connection. The difference between TCP and
telephone connections is that TCP provides a reliable data transport as well as con-
trols the connection’s bandwidth usage to avoid network congestion. The behavior
of TCP is tightly coupled with the overall Internet performance because TCP is
treated as the underlying communication protocol by most of Internet applications
nowadays.

The essential strategy of TCP is as follows. A source host divides the data
stream into segments (also called packets). Each segment is labelled with an ex-
plicit sequence number to guarantee the ordering and reliability. When a receiver
gets a segment successfully, it sends a cumulative acknowledgment (ACK) in return,
notifying the sender that all of the data preceding that segment’s sequence number

has been received. If an out-of-order (or out-of-sequence) segment is received, the



receiver sends an ACK indicating the sequence number of the expected segment.
This is called duplicate ACK. If the outstanding data is not acknowledged for a pre-
defined period of time, the sender will timeout and retransmit the unacknowledged
segments.

The original TCP is officially defined in [1]. It has a simple sliding window
flow control mechanism without any congestion control. After observing a series
of congestion collapses in 1980’s, Jacobson introduced several innovative congestion
control mechanisms into TCP in 1988. This TCP version, called TCP Tahoe [2],
includes the slow start, additive increase and multiplicative decrease (AIMD), and
fast retransmit algorithms. Two years later, the fast recovery algorithm was added to
Tahoe to form a new TCP version called TCP Reno [3]. TCP Reno can be thought
as a reactive congestion control scheme, or classified as a loss-based TCP. This is
because it uses packet loss as.an indicator for,congestion. In order to probe the
available bandwidth along the end-to-énd path, TCP Reno increases its congestion
window size until a packet loss is detected, at that point the congestion window
is halved and a linear increasé-algorithm will.take over until further packet loss is
encountered.

TCP congestion control is an active research area. Over the years, considerable
research regarding the techniques of TCP has been done [4, 5, 6, 7, 8, 9, 10, 11].
It is known that TCP Reno may periodically generate packet loss by itself and can
not efficiently recover multiple packet losses of a window worth of data. To alleviate
the performance degradation problem of packet loss, many researchers attempted to
refine the fast recovery algorithm embedded in TCP Reno. New proposals include
TCP NewReno [12], SACK [13], FACK [14], Net Reno [15], and LT [16], and so on.
These algorithms bring performance improvement for a connection after a packet
loss is detected. Among these mechanisms, SACK is currently the dominating TCP
version deployed in the Internet. Recently, Compound TCP [17] is proposed by
Microsoft in order to increase SACK’s sending rate during AIMD phase.

However, the AIMD strategy of a loss-based TCP leads to periodic oscillations



in the aspects of congestion window size, round-trip delay, and queue occupancy’
of the bottleneck node. Recent works have shown that the oscillation may induce
chaotic behavior into the network thus adversely affects overall network performance
[18, 19]. To combat the inherent oscillation problem of loss-based TCP algorithms,
many congestion avoidance mechanisms are proposed. These works include DUAL
[20], CARD [21], Tri-S [22], Packet-Pair [23], and delay-based TCPs. The so-called
delay-based TCPs make congestion decisions and adjust the transmission rate based
on round-trip time (RTT) variations, e.g., TCP Vegas [24, 25, 26, 27|, TCP Santa
Cruz [28], and FAST TCP [29].

Several studies have reported that delay-based TCPs provide better performance
than loss-based TCPs with respect to overall network utilization [25, 26], packet
loss, stability [10, 11], fairness [10, 11],, and throughput [18, 25, 26]. However,
considering overall performanceover the heterogeneous networks, delay-based TCPs
do not compare well with losszbased TCPs and may even have certain disadvantages
[27]. This is because loss-based TCPs could “dispute” more resources than delay-
based TCPs could. Thereforé; in the real Internet, loss-based TCPs are still the

mainstream and remain the dominant mechanisms used in practice.

1.2 Problem Statements and Motivation

With the fast growth of Internet traffic, a successful congestion control scheme needs
to efficiently utilize network resources. TCP provides reliable data transmission by
adjusting the sending rate according to the available bandwidth of the network.
However, it has become clear that the TCP mechanisms, while necessary and pow-
erful, are not sufficient to provide satisfactory services for all circumstances. In the

following paragraphs, we will discuss the main challenges and issues currently faced

by TCP.

In this dissertation, the terms of ‘buffer size’ and ‘queue occupancy’ refer to ‘fixed hardware

space’ and ‘dynamic fullness of the buffer’, respectively.



(1) Long-lived TCP Flows

Long-lived TCP flows may spend most life time in the congestion avoidance phase.
However, due to the limitation in TCP’s conservative congestion control algorithm,
it may not efficiently utilize the network capacity when applications require fast
data transfer over high speed and long latency networks especially [30]. This is
because, during congestion avoidance, the congestion window size (CWND) grows
so conservatively so that it may not fully use surplus resource promptly.

In addition, by setting the initial slow start threshold (SSTHRESH) to an ar-
bitrary value, TCP performance may suffer from two potential problems: (a) the
exponential increase of congestion window may generate packets too fast, causing
multiple losses at the bottleneck nodes and coarse timeouts if the threshold is set too
high relative to the per-flow availablé bandwidth (PAB). Hence, it leads to signifi-
cant reduction of the throughput; (b).fhé ¢onnection will exit slow start and switches
to congestion avoidance prematurely, resulting in poor startup utilization especially
with a high bandwidth-delay-product(BDP) network if the initial threshold is set
too low (compared with PAB). Forexample, if TCP Reno/NewReno implementation
sets initial SSTHRESH to 32 Kbytes, a TCP connection takes about 100 seconds to
reach the ideal window over a path with a bottleneck bandwidth of 100 Mbps and
RTT of 100 ms. The utilization in the first 10 seconds is a meager 5.97%. With the
rapid advance of the Internet and ever-growing BDP, a more efficient mechanism is

required to achieve better link-utilization.

(2) Short-lived TCP Connections

Recent studies in [31] reveal that a majority of the TCP connections such as Web
traffic are short-lived, while a small number of long-lived connections like FTP traffic
carry most Internet traffic. A short-lived connection usually terminates even before
it reaches a steady state, that is, before the congestion window grows to make good
bandwidth utilization of the end-to-end connection. Moreover, the probability that

a packet loss will trigger the fast retransmit and fast recovery algorithm is very low.



This is because the window size will be small during the entire duration of the data
transfer, and thus the sender will not be able to send enough segments to cause three
duplicate ACKs. As a result, most losses trigger a retransmission timeout (RTO)
which will force the TCP flow to reenter slow start phase. Accordingly, the startup

stage may significantly affect the performance of short-lived TCP connections.

(3) The Queue Occupancy Made by TCP in a Router

A sender has no prior knowledge regarding the available bandwidth in the networks
when a new connection starts, so this leads to the abrupt transition of congestion
window with exponential growth and transmission of highly bursty traffic from the
source during slow start. For loss-based TCPs, they increase CWND exponen-
tially until reaching SSTHRESH orcausing buffer overflow on the bottleneck link.
Although delay-based TCPs miay not-cause buffer overflow, they stop increasing
CWND with exponential growth ‘when reaching their own SSTHRESH value?. In
other words, TCP is known te send'bursts of packets during its slow start phase due
to the fast window increase and the"ACK-clogk-based transmission. Furthermore, a
buffer overflow may cause multiple packets from the window being dropped in one
RTT, thereby causing the self-clocking mechanism of the TCP source to fail.
When staying at the congestion avoidance phase, loss-based TCPs keep increas-
ing their window size until packet loss occurs. Therefore, the curve of queue occu-
pancy made by loss-based TCPs is like a sawtooth. This causes the delay between
a packet and its next one unexpected. Comparably, delay-based TCPs try to stabi-
lize their sending rate and make a fixed queue occupancy in the router. Therefore,
delay-based TCPs are more suitable being used to transmit real-time applications’

data than loss-based TCPs are [32, 33].

2The definition of SSTHRESH for delay-based TCPs is different from that for loss-based TCPs.
Moreover, each delay-based TCP algorithm’s SSTHRESH may be not the same.



(4) Fairness and Friendliness Issues of Different TCP Variants

When a delay-based TCP user competes with other loss-based TCP users, it does
not receive a fair share of bandwidth due to the conservative congestion avoidance
mechanism used by the delay-based TCP. The reason is that the loss-based TCP
continues to increase the window size until a packet is lost. This would occur mainly
due to buffer overflow in an intermediate node (assuming the queue management
algorithm is Drop Tail). This bandwidth estimation mechanism results in a peri-
odic oscillation of window size and buffer-filling behavior of the loss-based TCP.
Thus, while the delay-based TCP tries to maintain a smaller queue occupancy, the

loss-based TCP keeps inserting more packets into the queue, and stealing more

bandwidth [10, 34, 35, 36, 37].

(5) Unfairness of TCP Sources with, Different RTT's

It is well known that thereZis ‘an unfairness problem when loss-based TCP con-
nections feature different RTTs (ieareonmections traverse networks with various
latencies). The connections with smaller RET increase their rate faster, grab more
available bandwidth, and get more network resource [38]. The bias goes against
longer RT'T connections by a factor of RTT. Different from loss-based TCP mech-
anisms, delay-based TCP algorithms are not biased against the connections with

longer RTT [10, 11].

(6) Random Loss

Owing to the great advancement in wireless networking technology and emerging
applications, providing ubiquitous mobile Internet access becomes increasingly de-
manded. The well-known problem in providing TCP congestion control over het-
erogeneous networks (wired/wireless environment) is that current TCP implemen-
tations rely on packet loss as an indication of congestion. In the wired networks,
a congestion is indeed a likely reason of packet loss. On the other hand, a noisy,

mobile, and fading radio channel is the most likely cause of loss in the wireless net-



works. The effective bit error rates in wireless networks are significantly higher than
that in wired networks. Since TCP does not have any mechanism to differentiate
between congestion losses and wireless random losses, the latter may cause a severe
throughput degradation.

The purpose of congestion control is to dynamically adapt the end-to-end trans-
mission rate of a connection to the currently available capacity. TCP performs at
an acceptable efficiency over the traditional wired networks where packet losses are
caused by network congestion. However, when TCP observes random losses, it mis-
interprets such losses and reduces its window size, this leads to the reduction of
throughput unnecessarily. Therefore, TCP’s performance drops rapidly in the pres-
ence of frequent random losses [39, 40]. More throughput deterioration problems of
TCP over wireless networks have been addressed in [41, 42, 43, 44, 45, 46, 47, 48,
49, 50].

Summary

According to the above discussions, loss-based " TCPs and delay-based TCPs may
face same challenges and various problems. For example, how to improve the per-
formance degradation of TCP in wireless network is a common challenge for both
loss-based and delay-based TCP mechanisms. How to coexist with a loss-based
TCP in the network is a tough task of delay-based TCPs. All these problems may
prevent TCP from achieving a further success. In fact, loss-based and delay-based
TCPs have their own advantages and shortcomings. “Does there exist an algorithm
featuring advantages and characteristics of both loss-based and delay-based TCPs?”
Our motivation of this dissertation is trying to answer this question.

Many proposed mechanisms try to solve one or some problems as mentioned
before, by modifying the algorithm of one phase or changing parameter settings.
For instance, [51] selects SSTHRESH dynamically to suit various kinds of BDP
networks; however, it needs to estimate the available bandwidth of the network at
the steady state. Setting SSTHRESH to the maximum value directly to avoid buffer

overflow and limit the sending rate is suggested in [52, 53], but this may reduce the
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throughput of a sender. In order to reduce bursty traffic during slow start, [54] uses
200 msec timer interrupt to control data transfer. However, this way only fits some
network topology. Furthermore, using timer interrupt increases the overhead of the
operating system.

HighSpeed TCP [55] involves a subtle change in the congestion avoidance re-
sponse function to allow connections to capture available bandwidth more readily.
Similar to TCP Reno, HighSpeed TCP also causes periodic oscillations in the conges-
tion window size, round-trip delay, and queue length of the bottleneck node [18, 19].
XCP [56] is a new transport protocol designed for high BDP networks. It separates
the efficiency and fairness policies of congestion control, and enables connections to
quickly make use of available bandwidth. However, because XCP requires all routers
along the path to participate, deployment feasibility is a concern.

Accordingly, the way of modifying the algorithm of one phase or changing pa-
rameter settings could enhange TCP performance in some circumstances; however,
this kind of method has its limitations and may-not be able to solve other issues,
and even may make problems:¢ritical in other-environments. Hence, in order to
solve aforementioned issues and improve TCP performance in all circumstances, we
redesign the whole algorithm and architecture of transmit control protocol in this

dissertation.

1.3 Contributions

This dissertation is divided into two areas:

(1) Investigate the core idea of some familiar TCP variants and discuss TCP
performance degradation issues.

(2) Medley TCP — a new end-to-end congestion control algorithm is proposed
to accommodate the obstacles of TCP for achieving a better performance. Medley
TCP has also been implemented in Linux and runs on Internet successfully.

The first area takes up only a small part of this dissertation. The second part

is the main contribution of this dissertation and is partially inspired by the study



of the first area. We now briefly describe our proposed mechanism along with its
performance and contributions as follows.

The key idea of Medley TCP is that it incorporates a scalable delay-based com-
ponent into a loss-based TCP algorithm and determines congestion window based
on congestion information — queueing delay and packet loss. In other words, it
combines advantages and characteristics of both loss-based and delay-based TCPs.
When A is no larger than I'*, Medley TCP will increase its congestion window size
much quickly. Otherwise, Medley TCP will decrease its window size by one or in-
crease the sending rate very slowly based on its estimate decision while A is larger
than I'. Therefore, Medley TCP is suitable for networks with high speed recourses
and heterogeneous properties.

Also, in order to make it work well in a wireless network, we utilize the innate
nature of Medley TCP to detect random .packet losses precisely and modify the
fast retransmit and fast recéver phase of. Medley TCP. Through the packet loss
differentiation, Medley TCPZreacts appropriately: to the losses. Medley TCP only
requires modification to the TGP sender and is therefore inter-operable with existing
TCP: improvement can be achieved by having only one end of the connection employ
Medley TCP. The details of Medley TCP is addressed in the dissertation.

The simulation results and Internet measurements show that Medley TCP not
only has good utilization of bottleneck bandwidth, higher performance in a wireless
network, better fairness, and friendliness, but also enhances the service for real-
time applications such as Internet Protocol Television (IPTV), Voice over Internet
Protocol (VoIP), and so on. The main reason is that Medley TCP’s throughput is
very stable that supplies a fixed rate to real-time applications and the variation range
of queue occupancy made by Medley TCP is very small. More simulation results,
explanations, Linux implementation, and Internet measurement are presented in

following Chapters.

3The in-depth discussions of A and I' are addressed in Chapter 3.



1.4 Dissertation Outline

The rest of this dissertation is organized as follows. In Chapter 2, we describe
the core idea of two TCP categories, a loss-based TCP and a delay-based TCP.
The design principles of some notable TCP implementations are also reviewed in
this Chapter. In Chapter 3, we propose Medley TCP as a potential scheme to solve
problems discussed in Section 1.2. Chapter 4 shows the analysis, performance model,
examples, and fairness discussion for capturing Medley TCP’s behavior. Chapter
5 contains numerous simulation results that validate the efficiency of our proposed
mechanism. The implementations and measurements of Medley TCP in Fedora 8
are presented in Chapter 6. Finally, we conclude the main work of this dissertation

and point out some future work in Chapter 7.
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Chapter 2

Background

A best-effort network like the Internet does not have the notion of admission control
or resource reservation to control therimposed network load. Also a best-effort
network under very high network load-is-called:congested. If the network is in this
state, queued packets are built up at the router-buffer, and finally may lead to buffer
overflow due to limited buffersgize. /Therefore, end hosts sharing a best-effort network
need to respond to congestion"hy. implementing congestion control mechanisms to
ensure network stability. Otherwise, the network may be driven into congestion
collapses. Currently, most applications use TCP to transmit data over the Internet
because TCP provides reliable data transmission with embedded congestion control
algorithm which effectively removes congestion collapses in the Internet by adjusting
the sending rate according to the network’s available bandwidth.

TCP has several implementation versions classified into two categories. One
is called the loss-based approach that uses packet loss as the only indication of
congestion, e.g., TCP Reno [2, 3], TCP NewReno [12], SACK [13], and Compound
TCP [17]. The other is named the delay-based scheme which makes congestion
decisions to adjust the transmission rate based on round-trip time (RTT) variations,
e.g., TCP Vegas [24, 25, 26, 27] and FAST TCP [29]. In the following sections, we
summarize and discuss the congestion control mechanism embedded in TCP Reno,

TCP NewReno, SACK, TCP Vegas, FAST TCP, and Compound TCP.
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2.1 TCP Reno

TCP Reno is a window-based! congestion control mechanism. Its window-adjustment
algorithm consists of three phases; slow start, additive increase/multiplicative de-
crease (AIMD?), and fast retransmit and fast recovery. A connection begins with
the slow start phase. The objective of slow start is to enable a TCP connection
to discover the available bandwidth by gradually increasing the amount of data
injected into the network from the initial window size. Upon receiving an acknowl-
edgement packet (ACK), the congestion window size (CWND) is increased by one
packet. With reference to Fig.2.1, initially, the sender starts by transmitting one
packet and waits for its ACK. When that ACK is received, the congestion window
is increased from one to two, and two packets can be sent. When both of these two

packets are acknowledged, the congestion window is increased to four, and so on.

CWND=1 CWND=2 CWND=4 CWND=8
N \/ \\/W
Destination
—_—
Time

Figure 2.1: Packets in transit during slow start.

Since the CWND in the slow start phase expands exponentially, the packets
sent at this increasing rate may quickly lead to network congestion. To avoid this
situation, the AIMD phase begins when CWND reaches the slow start threshold
(SSTHRESH). In AIMD phase, the CWND is added by 1/CWND packet every once
receiving an ACK, this makes window size grow linearly. The process continues until

a packet loss is detected and then the CWND will be cut by half.

!TCP window refers to the amount of outstanding data that can be transmitted by the sender
without acknowledgements.

2Somebody also calls this phase congestion avoidance.
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There are two ways for TCP Reno to detect packet loss. One is based on the
reception of three duplicate ACKs, and the other is based on retransmission timeout.
When a source receives three duplicate ACKs, the fast retransmit and fast recovery
algorithm is performed. It retransmits the lost packet immediately without waiting
for a coarse-grained timer to expire. In the meantime, the SSTHRESH is set to half
of CWND, which is then set to SSTHRESH plus the number of duplicate ACKs.
The CWND is increased by one packet every once receiving a duplicate ACK. When
the ACK of a retransmitted packet is received, the CWND is set to SSTHRESH and
the source reenters the AIMD phase.

If a serious congestion occurs and there is no sufficient survived packets to trigger
three duplicate ACKs, the congestion will be detected by a coarse-grained retrans-
mission timeout. When the retransmission timer expires, the SSTHRESH is set to
half of CWND and then the CWND is reset to, one and finally the source restarts
from slow start phase.

The fast retransmit and fast recovery algorithni of TCP Reno allows a connection
to quickly recover from isolatéd packet losses.: However, when multiple packets are
dropped from a window of data, TCP Reno may suffer serious performance problems.
Since it retransmits at most one dropped packet per round-trip time, and further the
CWND may be decreased more than once due to multiple packet losses occurred
during one round-trip time interval. In this situation, TCP Reno operates at a
very low rate and loses a significant amount of throughput. Therefore, a number
of enhanced loss recovery algorithms, such as TCP NewReno [12] and SACK [13],

have been proposed to accommodate the above problem.

2.2 TCP NewReno

TCP NewReno has modifications to the fast retransmit and fast recovery of TCP
Reno. These modifications are intended to fix the Reno problems without the addi-

tion of SACK and only have to be implemented on the sender side.
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In TCP Reno, partial ACKs? bringing the connection out of fast recovery result
in a retransmission timeout in the case of multiple packet losses. In TCP NewReno,
when a source receives a partial ACK, it does not exit fast recovery [5, 19]. Instead,
it assumes that the packet immediately following the most recently acknowledged
packet has been lost and hence retransmits the lost packet. Thus, in the case of mul-
tiple packet losses, TCP NewReno will retransmit one lost packet per round-trip time
until all the lost packets from the same window have been recovered. This avoids
requiring multiple fast retransmits from a single window of data, and alleviates re-
transmission timeout. It remains in the fast recovery phase until all outstanding
packets at the start of that phase have been acknowledged. The implementation
details of TCP NewReno are as follows:

(1) Multiple packet losses: A fix for fast recovery to prevent fast retransmit and
fast recovery from starting in suecession when multiple segments in the same window
are dropped. So far, when éntering fast retransmit, the packet with the highest
sequence number was sent. “NewReno performs-retransmission and fast recovery
algorithm which is similar to Reno.“However, the difference between NewReno and
Reno is that when a new ACK arrives, NewReno checks whether the ACK covers
the highest sequence number when fast retransmit was invoked. If not, this ACK is
a partial ACK which signals that another segment was lost from the same window
of data. As a result, NewReno retransmits the segment reported, as expected by the
partial ACK and resets the retransmission timer, but does not exit fast recovery. On
the other hand, if the new ACK covers the highest sequence number, NewReno will
exit fast recovery but set CWND to the SSTHRESH and enter congestion avoidance
phase.

(2) False fast recovery: NewReno records the highest sequence number ever
transmitted after a retransmission timeout. Whenever three dupacks are received,
NewReno performs a test to see if it should enter fast recovery. If these ACKs cover

the sequence number saved at the previous timeout, then this is a new invocation

3Partial ACK is an acknowledgement that acknowledges some, but not all, of the outstanding

packets at the start of the fast recovery phase.
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of the fast recovery. In this case, NewReno will enter fast recovery and perform the
related actions. If these ACKs do not cover the sequence numbers and acknowledge
the receipt of already queued segments at the receiver, NewReno will not enter fast
recovery. A sender exits fast recovery only after all the outstanding packets (at the
time of first loss) are acked.

NewReno makes a small change to a connection source: it may eliminate TCP
Reno’s waiting for a retransmission timeout when multiple packets from a window
are lost. Although this can avoid the unnecessary window reduction, the downside
is that NewReno may take many RTTs to recover a loss episode, and it must have
enough new data around to keep the ACK clock running. In other words, the

recovery time of NewReno is still too long.

2.3 SACK

Another way to deal with multiple packet losses is to tell the source which packets
have arrived at the destination: 'Selective~Acknowledgments (SACK) does so ex-
actly. TCP adapts accumulated acknowledgement strategy to acknowledge success-
fully transmitted packets; this improves the robustness of acknowledgement when
the path back to the source features a high loss rate. However, the drawback of
accumulated acknowledgement is that after a packet loss, the source is unable to
determine which packets have been successfully transmitted. Therefore, it is unable
to recover more than one lost packet in each round-trip time.

The SACK option field contains a number of SACK blocks, where each SACK
block reports a non-contiguous set of data that has been received and buffered.
The destination uses ACK with the SACK option to inform the source that one
contiguous block of data has been received out of order at the destination.

When SACK blocks are received by the source, they are used to maintain an
image of the receiver queue, i.e., which packets have been missing and which have
been received at the destination. A scoreboard is set up to track these transmitted

and received packets according to previous information in the SACK option. For
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each transmitted packet, the scoreboard records its sequence number and a flag bit
that indicates whether the packet has been “SACKed.” A packet with the SACKed
bit turned on does not require to be retransmitted, but packets with the SACKed
bit off and a sequence number less than the highest SACKed packet are eligible
for retransmission. Whether a SACKed packet is on or off, it is removed from the
retransmission buffer only when it has been cumulatively acknowledged.

SACK TCP implementation still uses the same congestion control algorithms as
TCP Reno. The main difference between SACK TCP and TCP Reno is the behavior
in the event of multiple packet losses. SACK TCP refines the fast retransmit and
fast recovery strategy of TCP Reno so that multiple lost packets in a single window
can be recovered within one round-trip time.

However, there are two shortcomings of SACK. One is that a maximum of 3 or
4 SACK blocks will be allowedsin a SACK option. A SACK option that specifies
n blocks will have a length of 8 X 1 42 bytes; so the 40 bytes available for TCP
options can specify a maximum of 4 blocks. In addition, it is expected that SACK
will often be used in conjunction with the Timestamp option used for round-trip
time measurement (RTTM), which takesian additional 10 bytes (plus two bytes of
padding); thus, a maximum of 3 SACK blocks is allowed in this case. Accordingly,
if there are several non-contiguous sets of data at the destination, the sender may
not know the whole situation from the SACK option. The other drawback is that
if the receiver runs out of buffer space, it will discard the “SACKed” packets with-
out reporting this information to the sender. The sender will not retransmit these
“SACKed” packets before it is acknowledged by the Acknowledgment Number field
in the TCP header.

2.4 TCP Vegas

In this section, we first review the congestion control mechanisms of TCP Vegas in
detail, the in-depth discussion of Vegas can be found in [25].
TCP Vegas [25] uses the difference in the expected and actual flow rates to esti-
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mate the available bandwidth in the network. When the network is not congested,
the actual flow rate would be close to the expected flow rate. On the other hand,
if the actual rate is much smaller than the expected rate, it indicates that buffer in
the network is being filled up and the network is approaching congestion. This dif-
ference in flow rates can be calculated as Diff = FExpected — Actual, where Fxpected

and Actual are the expected and actual rates, respectively.

(i) Congestion Avoidance

In its congestion-avoidance phase, Vegas uses two threshold values, a and [
(whose default values are 1 and 3, respectively), to control the adjustment of the
congestion window size at the source host. Let d denote the minimum-observed
packet round-trip time (also known as BaseRTT), D denote the actual RTT, and
W denote the size of the congestion windew size, then Ezpected = W/d and Ac-
tual = W/D. In addition, W=is measured in segments as is normally done in any
TCP version. The estimated-backlog of packets in the network queues can then be

computed as

D—d
A = (Ezpected — Actual) X Base RTT = W x (D> (2.1)

For every RTT, the congestion-avoidance algorithm adjusts W as follows:

W+1, A<«
We—d W-1, if A>p
W, otherwise (o < A < f3).
Conceptually, Vegas tries to keep at least a packets but no more than 3 packets
queued in the network. Thus, when there is only one Vegas connection, W con-
verges to a point that lies between window + « and window + 3 where window is

the maximum window size without considering the queuing in the network.

(ii) Slow Start
Like Reno, Vegas uses a slow-start mechanism that allows a connection to quickly
ramp up to the available bandwidth. However, unlike Reno, to ensure that the send-

ing rate will not increase too fast to congest the network during the slow start, Vegas
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doubles its congestion window size only every other RTT, and calculates the differ-
ence between the flow rates (Diff) and A given in eqn. (2.1) in every other RTT.
When A > v (whose default is 1), Vegas leaves the slow-start phase, decreases its

congestion window size by 1/8 and enters the congestion-avoidance phase.

(iii) Fast Retransmit and Fast Recovery

In TCP Vegas, as in TCP Reno, a triple-duplicate ACK always results in packet
retransmission. However, in order to retransmit the lost packets quickly, Vegas ex-
tends Reno’s fast retransmission strategy. Vegas measures the RT'T for every packet
sent based on fine-grained clock values. Using these fine-grained RTT measurements,
a timeout period for each packet is computed. When a duplicate ACK is received,
Vegas checks whether the timeout period of the oldest unacknowledgement packet
has expired. If so, the packet isaretransmitted. This modification leads to packet
retransmission after just one or two duplicate ACKs. When a non-duplicate ACK
that is either the first or second " ACK after a fast: retransmission is received, Vegas
again checks for the expiration: of the timer and may retransmit another packet.
Note that packet retransmission diie to an-expired fine-grained timer is conditioned
on receiving certain ACKs. This technique enables the faster detection of losses and
recovery from multiple drops without restarting the slow start phase if the retrans-
mission timer has not been expired. Hence, it allows dealing with the problem that
Reno suffers from considerably, namely, multiple drops in the same data window.

After a packet retransmission is triggered by a dupack and the ACK of the lost
packet is received, the congestion window size is reduced to alleviate the network
congestion. There are two cases for Vegas to set the congestion window size. If
the lost packet has been transmitted just once, the congestion window size will be
three fourth of the previous size. Otherwise, Vegas considers the congestion as more
serious, and one-half of the previous congestion window size is set as the current
congestion window. Notably, in the case of multiple packet losses occurring during
one RTT and triggering more than one fast retransmission, the congestion window

is reduced only for the first retransmission.

18



ACK arrives

Yes No
duplicate ACK

++NumDupACK

CWND = NewCWND
SSTHRESH =2

NumDupACK == 3 or
FGRTO expired

NumDUpACK = 0
update RTO

IncrAmt =0

WorriedCtr = 2 No
FGRTO expon. backoff ACKSeqNo >=
tagged Pkt SeqNo
Yes
No
CWNDCT < SendTime +CWND
calculate Delta
NewCWND = NewCWND =
(3/4)*CWND (1/2)*CWND ' '
e -~ CWND
; J‘ IncrAmt = 0
CWND = NewCWND + NumDupACK
CWNDCT = current time |
- = ———rYes
& [ cwnp = (7i8ycwnD
h 4 4 SSTHRESH =2
4’@“ lost Pkt IncrAmt = 0
[ B
tag next Pkt SeqNo 1«
Y
NumTransmit == CWND = CWND + IncrAmt

A

update FGRTO

NumDupACK =3

A 4
» free the ACK <

NumDupACK == 0 or
NumDUpACK > 2

transmit next Pkts

Figure 2.2: Flowchart of the procedure for TCP Vegas upon receiving an ACK.
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Table 2.1: Description of variables in Fig. 2.2.

Variable Description

ACKSeqNo sequence number of the last successfully received packet
NumDupACK | number of duplicate ACK

RTO duration of the coarse-grained retransmission timer

FGRTO duration of the fine-grained retransmission timer

CWNDCT last congestion window adjustment time due to a packet loss detection
SendTime sending time of the lost packet

Delta amount of extra data

LostSeqNo squence number of the lost packet

NumTransmit | number of transmission times of the lost packet

NewCWND congestion window size that will be used as a lost packet is recovered
IncrFlag a flag used to adjust comgestion window every other RTT

IncrAmt increment amount of congestion window size for each new ACK is received
WorriedCtr a counter used-to check FGRTO after a lost packet is recovered

CWND >= SSTHRESH /

New ACK

New ACK /
Coarse-grained Timeout /
Idle

START

Triple Duplicate ACK /

Delta > gamma Fine-grained Timeout

Coarse-grained Timeout /
Idle

Coarse-grained Timeout /
Idle

w

Triple Duplicate ACK /
Fine-grained Timeout

Duplicate ACK

Figure 2.3: Phase transition diagram of TCP Vegas.
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If a loss episode is severe enough that no ACKs are received to trigger the fast
retransmit algorithm, the losses will be eventually identified by a Reno-style coarse-
grained timeout. When this occurs, the slow start threshold is set to one-half of
the congestion window size; then, the congestion window is reset to two and finally,
the connection restarts from slow start. Figures 2.2 and 2.3 illustrate the detailed
procedure of TCP Vegas after it received an ACK and the phase transition diagram
of TCP Vegas, respectively. The description of variables used in Fig. 2.2 is listed in
Table 2.1.

2.5 FAST TCP

The name FAST is a recursive acronym for Fast AQM Scalable TCP, where AQM
stands for Active Queue Management. FAST*TCP uses queuing delay as its main
measure of congestion in its widow adjustment algorithm. In a loss-based approach,
sources must periodically push buffers to overflow. However, in the absence of
AQM, generating the packet loss ‘probability may cause a jittery behavior. Delay
information allows the sources to ‘settle into a steady state when the network is
static. There are two advantages to use queuing delay as the congestion measure.
It provides a finer-grained measure of congestion: each measurement of packet loss
(whether a packet is lost or not) provides one bit of congestion information, whereas
each measurement of queuing delay provides multi-bit information, limited by clock
accuracy and measurement noise. Moreover, the dynamics of delay has the right
scaling with respect to link capacity that helps maintain stability as networks scale
up in capacity.

Under normal network conditions, FAST periodically updated its congestion

window based on the average RTT according to:

BaseRTT
W e min{2W, (1 — )W + 7(%1/1/ +a)),

where W is the CWND, v € (0,1}, and « is a positive protocol parameter that

determines the total number of packets queued in routers in equilibrium along the
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flow’s path. In fact, « is always chosen to be a constant (mostly 100). FAST TCP
incorporates multiplicative increase and grows exponentially at rate « if the buffer
occupied by the connection at the bottleneck is far less than « and switches to
linear increase if it is near a. Then, FAST tries to maintain the buffer occupancy
around « and reduces sending rate if delay is further increased. When a packet loss
happens, FAST halves its window and enters loss recovery. Furthermore, although
RTT measurements and the window adjustment algorithm still work during loss
recovery, a source will not react to delay until it exits by loss recovery.

Theoretical analysis and experiments show that FAST TCP has better properties
such as higher utilization, less self-induced packet losses, faster convergence speed,
better RTT fairness and stabilization than pure loss-based approaches. However,
FAST may not be able to obtain fair, share when it is competing with loss-based
approaches like TCP Reno. Moreover, how to.set a suitable a value for a FAST
source may be another possible problem sinee the « is a function of buffer size
and the number of concurrent connections, which-are generally unknown in the real
Internet environment.

In summary, FAST TCP can be regarded as a scaled version of Vegas. The
difference between TCP Vegas and FAST TCP lies in how the rate is adjusted when
the number of packets stored is too small or too large. TCP Vegas makes fixed size
adjustments to the rate, independent of how far the current rate is from the target
rate. FAST TCP makes larger adjustments when the system is far from equilibrium
and smaller adjustments when it is near equilibrium. This improves the speed of

convergence and the stability.

2.6 Compound TCP

Compound TCP (CTCP) is a Microsoft algorithm that is part of the Windows Vista
and Window Server 2008 TCP stack. The core idea of CTCP is to contain both
loss-based and delay-based approaches. Like TCP Vegas and FAST TCP, CTCP

uses estimates of queueing delay as a measure of congestion. If the queueing delay is
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small, it assumes that no link along its path is congested, and rapidly increases its
rate. However, unlike Vegas and FAST, it does not intend to maintain a constant
number of queued packets. The details are described in following paragraphs.
CTCP keeps the same slow start behavior of TCP Reno at the start-up of a new
connection. In the congestion avoidance phase, CTCP contains two components that
jointly control the sending rate of a TCP sender. So, it maintains two congestion
windows: a regular AIMD window (cwnd) and a Delay Window (dwnd). The size

of the actual sliding window (win) used is the sum of these two windows.
win = min(cwnd + dwnd, awnd), (2.2)

where awnd is the advertised window from the receiver.
Cwnd is increased the same way as;that in TCP Reno (i.e., cwnd is increased by
one every RT'T and halved upon a pagket, loss évent). Specifically, cwnd is updated

as follows:

P cwnd + ﬁ, on receiving an ACK
cund «—

m"—Q”@, if loss detected.
Dwnd is updated based on the'delayinformation. Similar to TCP Vegas, the al-
gorithm used in CTCP to estimate the number of backlogged packets of a connection

is:
Expected = win/BaseRTT

Actual = win/RTT

Dif f = (Expected — Actual) x BaseRTT, (2.3)

where the definitions of BasRTT, Ezpected, Actual, and Diff are same as those
in Chapter 2.4. If Diff is smaller than a threshold ~ with default value 30, the
network path will be regarded as under-utilized and the dwnd will increase rapidly
to improve the utilization of the network. Once congestion is experienced (i.e., Diff

> ), the dwnd gradually decreases to compensate for the increase in the AIMD
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window. CTCP updates its dwnd based on the following rules:

dwnd + (o x wink — )%, if Diff <~
dwnd < ¢ (dwnd — & x Diff)", if Diff >~

(wind x (1 — 3) — <24)* if loss detected,

where (.)T is defined as max(., 0). Parameters of a, 3, £, and k are tuned to have
comparable scalability to HSTCP [57] when there is free of congestion. In fact,
CTCP can be regarded as a scaled version of SACK.

2.7 Chapter Summary

In this chapter, we review the design principles of several loss-based TCPs and delay-
based TCPs. A loss-based TCP uses packet:loss to signal that network is congested
so that the source can reduce its window size accordingly. Therefore, a loss-based
TCP can be concluded as a-reactive congestion control mechanism. On the other
hand, a delay-based TCP uses.a:sophisticated bandwidth estimation scheme to keep
a proper amount of extra data in the network. As a result, it may prevent the
system from congestion loss before it actually occurs. Thus, a delay-based TCP is

a proactive congestion control mechanism.
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Chapter 3

Medley TCP

3.1 Overview

TCP is a reliable connectionforientediprotocol, that implements flow control by
means of a sliding window algorithm. TCP has experienced much success by mak-
ing use of the slow start and ‘congestion avoidance algorithms to adjust the window
size, and using the fast retransmit and fast recover algorithms to save lost packets.
TCP has several implementation versions classified into two categories. One is the
loss-based approach that uses packet loss as the only indication of congestion. The
other is the delay-based scheme which makes congestion decisions that adjust the
transmission rate based on RTT variations. Both loss-based and delay-based TCPs
have their own advantages and disadvantages. Also, these schemes are increasingly
being stretched by the high speed networks and emergence of heterogeneity on the
Internet.

We propose an end-to-end congestion control mechanism suitable for networks
with high speed recourses and heterogeneous properties, called Medley TCP. It
combines advantages and characteristics of both loss-based and delay-based TCPs.
Also, Medley TCP only requires modification to the TCP sender and is therefore
inter-operable with existing TCP: improvement can be achieved by having only

sender side of the connection to employ Medley TCP.
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In Section 3.2, a new congestion control algorithm for Medley TCP is addressed.
Section 3.3 explains the design concept of Medley TCP. The proof is presented in
Section 3.4.

3.2 Medley TCP

To ease the definition and understanding of our proposed mechanism, Medley TCP,
we consider a simple case in which a single connection tries to fill up an empty
network consisting of N links that connect the source and the destination as shown
in Figure 3.1. We denote the transmission rate of N links (in packets/s) as y;,
i = 1,...,N, and the total round-trip propagation delay of the end-to-end path (in
seconds) as 7. We also assume that_there is one bottleneck (link j, where j €
{1,...,N}) in the route path. .Because x; is‘the smallest transmission rate (i.e.,
link j behaves as the bottleneck link); we let ;t be equal to x;. The un-congested
bandwidth-delay product (BDP) of thismetwork is then given by pd where

d:T—f—(l—i—a)Zl, (3.1)

R R —=»%--- R Dest

Figure 3.1: Network topology for a simple case.

A fluid model and a backlogged source are assumed. Moreover, the i*® RTT starts
with the transmission of W; packets where W; is the size of congestion window in
this RTT. The ¢*» RTT ends when the source receives the ACK of the first packet
in this RT'T, then the source starts transmitting a new packet of the next RTT.
Suppose that there is no congestion in ACK path.
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3.2.1 Notation

Here we collect the definitions of all the variables used in Medley TCP and some of

their obvious properties.

minimum-observed packet round-trip time.
actual RTT.

the congestion window size.

expected throughput, W/d.

actual throughput, W/D.

amount W to be increased (decreased) in the next RTT. Its default is 0.
the difference between Ezpect and Actual (as given in eqn. (2.1)).
Ajast the A in the last RTT.

r the largest influence of=increasing -I" packets on the bottleneck when I > 0.
The equation of I is similar to that of A. When [ > 0, update I' = 2XVXXX;+I.
We will describe it in the next paragraph.

R a record for the reason of.a packet logs. If it is caused by congestion loss,

set R ‘True’. Otherwise, R is ‘False’.

3.2.2 The Detail of T’

Medley TCP increases (or decreases) its congestion window size by I. When Medley
TCP increases its window in this RTT, the last packet will see at most I packets
queued in the bottleneck. Without loss of generality, we consider the worst case
that the last packet will see I packets queued in the bottleneck when the through-
put of Medley TCP approaches the available bandwidth. Therefore, this last packet
experiences the highest RT'T, D, and D = d + ﬁ In an actual Medley TCP imple-
mentation, D is the smoothed RTT rather than the RTT of a specific packet. Thus,
D for the last packet is the average of the actual RTTs of all packets in the same
RTT period, i.e., D =d + ﬁ, rather than D = d + ﬁ, as given above.
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From W, I, D, and d, we can get I' as below.

Wow D-d  WxI

[=(———)d= = .
(T~ D ="p 2xpxd+1

(3.2)

In the steady state, . ~ W/D, so we replace p to W/D in the eqn. (3.2). Note that
W/D is also actual throughput A. Hence, the equation (3.2) can be written to

W x 1

= ——————.
2x Axd+1

(3.3)

If Medley TCP decreases its window size, A will be larger than I". Accordingly,

there is no reason to re-calculate I' in the next RTT!.

3.2.3 Algorithm

Medley TCP determines congestion!windew based on congestion information —
queueing delay and packet loss, provided by dabove equations. Medley TCP pe-

riodically updates its congestion window size according to:

mind{ W12}, if there is no loss

W «—
3W /4, if loss is detected,

where
2, f(AST)AT<0)V(A>T)ANT==-1)AN (A< Aps))
I+2 if(ALST)AN({>0)

I —

3 (A>T) A (R=True)
-1, otherwise.

In the next section, we will explain why we design such a formula for I. As for the
fast retransmit and fast recovery part of Medley TCP, it is quite similar to that of
TCP Vegas, as described in Chapter 2.4. However, there are two differences between
Medley TCP’s and TCP Vegas’ fast retransmit and fast recovery algorithms. One
is that Medley TCP tries to distinguish between congestion loss and random loss.

If Medley TCP enters fast retransmit and fast recovery with A > T') it is very

In fact, I’ will be negative if re-calculating it. Moreover, it is illegitimate for queuing a negative

number of packets.
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likely that congestion occurs in the bottleneck. Therefore, Medley TCP will set R
to ‘True’. Otherwise, it is most likely a random loss. The other difference is that
I is set to 0 when Medley TCP enters fast retransmit and fast recovery. This is
because the fast recovery algorithm will compensate a user for lost packets in this

RTT. Accordingly, extra window size increment may not be needed.

3.3 Exposition for [

The key idea of varying [ is that if a link is under-utilized, Medley TCP should be
aggressive in increasing its sending rate to obtain available bandwidth more quickly.
However, once the link is fully utilized, being aggressive is no longer good, as it may
cause problems such as TCP unfairness. We note that a delay-based approach has
a nice property of adjusting its throughput when the link is fully utilized. However,
the major weakness of delay-based approaches is-that they could not compete with
loss-based approaches when sdelay-based TCPs and loss-based TCPs coexist in a
network. Also, this weakness ig:difficult“to"be remedied by delay-based approaches
themselves. Therefore, in order to adjust the congestion window size more effectively,
Medley TCP incorporates an adaptive delay-based component into a loss-based TCP
algorithm. This adaptive delay-based component has a rapid window increase rule
when the network is sensed of under-utilization and gracefully reduces the sending
rate once the bottleneck queue is built.

If the estimated backlog of packets is no larger than the largest influence of
increasing I packets in the network (i.e., A < T')) I could be increased more and
more rapidly since the network may be under-utilized. For this reason, / will be
added by 2, which is contributed with 1 from a loss-based component and 1 from
a delay-based part, when A < T'and I > 0. If I < 0, I will be set to 2 directly.
On the other hand, while A > I'; the congestion window size should be decreased
in order to avoid a network congestion. Accordingly, Medley TCP will decrease its
window size by 1, which is contributed with 1 from a loss-based component and

—2 from a delay-based part (i.e., I = =2+ 1 = —1.) However, the TCP fairness
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and friendliness issues should be considered. Hence, after Medley TCP decreased
its window size in the last RTT, if the estimated backlog of packets in this RTT
is smaller than that in the last RTT (ie., (A >T) A (I = —1) A (A < Apst)),
Medley TCP will increase the congestion window size instead of decreasing it. More
detailed reasons and mathematical proof are described in Section 3.4.

Suppose a TCP SACK’s? congestion window size (W) equals a Medley TCP’s
when congestion occurs in the bottleneck. Then, the window sizes of SACK and
Medley TCP are reduced to W/2 and 3W/4, respectively. Because the SACK in-
creases its window by 1 every RTT, it will need W/2 RTTs to recover its window
size, W. If we also want Medley TCP to spend W/2 RTTs on recovering, the increase
rate should be 1/2 (i.e., (W — 2) /(W — %) = 1/2). Accordingly, the value of I is
1/2 when R is ‘True’.

3.4 Proofs

Consider that a loss-based TCP:and a Medley. T'CP coexist in a network to share a
bottleneck link. If Medley TCP only reduces its congestion window when A > I’
it may not be able to obtain its fair share. Since the Medley TCP flow tries to
maintain a small number of packets in the bottleneck queue (i.e., I')) it will stop
increasing its sending rate until A < I'. However, the loss-based flow will not react
to the increase of delay, and continues to increase the sending rate. This, observed
by the Medley TCP flow, is considered as congestion indication and therefore the
sending rate of the Medley TCP flow is further reduced. In this way, the Medley
TCP flow may obtain far less bandwidth than its fair share. Therefore, in some
condition with A > I', Medley TCP can increase its sending rate.

Proposition 1: After decreasing sending rate, Medley TCP can increase its
congestion window size if A < Ay and A > T,

Proof: Suppose that there are m loss-based TCP and n Medley TCP flows in
a dumbbell network topology, V m,n > 0. At the " RTT, @ packets are queued in

2This TCP version is the most used in the current Internet.
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the bottleneck buffer and each Medley TCP gets A; > I'. Therefore, m loss-based
TCP flows increase m packets and n Medley TCP connections decrease n packets
in the (i +1)" RTT. Note that A;1; = (W —1)(Q+m —n)/(2ud+ Q +m —n) and
Ay =WQ/(2ud + Q), where W is the window size in the i RTT.

(a) m =n:
Q+m—n Q
A=A, = W-1 =W-1)—
i ( >2,ud—|—Q+m—n ( )2,ud—|—Q
Q
A=A
< W2ﬂd+Q ) last
(b) m < n:
B B Q+m—n
A=Ay = (W 1)2,ud+Q—|—m—n
Q
A=A
< WQ/Jd“‘Q 7 last
é > b_c Va,b,c >0
a a—¢

(¢c) m > n: The value of @ is getting larger until a packet loss occurs.

For case (a) and (b), sinee packéts increased by loss-based flows are no more
than those decreased by Medley {T€P. connections, the number of queuing packets
will not increase (no packet loss occur) and the loss-based flows will continue to
increase the sending rate. It is conceivable that if Medley TCPs do not increase
their window size in this RTT, they may obtain far less bandwidth than their fair
share. On the other hand, for the last case (c), if Medley TCP also increases its
congestion window size, it may suffer a serious packet loss when buffer overflows.
Therefore, we think Medley TCP can increase its sending rate in cases (a) and (b)

(i.e, A < Apge and A >T))
O

According to the above reason and mathematical proof, Medley TCP will in-
crease the congestion window size when (A > I') A (I = —1) A (A < Apg).
Furthermore, the increase rule is I = 2 because Medley TCP wants to recover its

window size, which was decreased by 1 in the last RTT, and increases it by 1 in this

RTT.
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Chapter 4

Analysis and Model

In this Chapter, we analyze one Medley TCP’s basic behavior, establish a model
for its performance evaluation andsusesexamples to verify the correctness of the
model (compared with simulation results).=After knowing Medley TCP’s behavior,
we demonstrate that two (and more) Medley TCP flows with same RTT converge

to their fair shares, finally we study.its"RTT fairniess in the last section.

4.1 Basic Behavior Analysis

Similar to Chapter 3.2, we consider a simple case when a single connection tries to
fill up an empty network with N links connecting the source and the destination,
as shown in Figure 3.1. We denote the transmission rate of N links (in packets/s)
as xi, ¢ = 1,...,N, and the total round-trip propagation delay of the end-to-end
path (in seconds) as 7. We also assume that there is one bottleneck (link j, where
j €{Ll,...,N}) in the end-to-end path. Because x; is the smallest transmission rate
(i.e., link j behaves as the bottleneck link), we let u be equal to x;. The un-congested
BDP of this network is then given by pd where

d:T—l—(1+a)Zl, (4.1)

with a being the ACK size relative to the data packet size.
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A fluid model is assumed and the source always has a packet to transmit. More-
over, the " RTT starts with the transmission of W; packets where W is the size of
congestion window in this RTT. The i"® RTT ends when the source receives the ACK
of the first packet in this RTT, then the source starts transmitting a new packet of
the next RTT. Suppose that there is no congestion in ACK path and A > T" at t;*"
RTT, t,'* RTT, t3'" RTT, ..., respectively.

Before calculating 1, t2, and so on correctly, we need to introduce an important
parameter, average queue occupancy (). This is because the @ value affects the

results of A and I'. The @); is the average of W; packets’ queue occupancies in the

i'" RTT. The equation of Q; is as follows,

Iioy x (Wisy + 112_1) Loy x Wiy + 1,24 — 1)

Qi = W, = oW, . (4.2)

4.1.1 Calculate t;
From our proposed algorithm in Chapter 3.2.3, we can get
W; =42 %i+2 and« F; =2xi—2, (4.3)

where 1 € N, Wy = 2, and Iy = 0, before Medley TCP first decreases its congestion
window size. Table4.1 shows an example of all values of W; and I; at the i RTT

before A;, becomes larger than I'y, (i.e., 1 < ty).

Table 4.1: The window size and the increase amount at the i RTT with ¢ < ¢;.

i 0 1 23 4 5 6 7 8 9 10 11
W, 2 2 4 8 14 22 32 44 58 74 92 112
;, 00 2 4 6 8 10 12 14 16 18 20

The process of calculating #;:

_ th(Dt1 — d) th X [t1—1

A > =
h Dy, 2x Axd+ I, 4
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Q, (pd + Qe ) 1y 1
:U’d + Qh 2Wt1/vbd + (:ud + Qt1>lt1—1

= 2VVt1Qt1 — (Md+ Qt1>1t1—1 >0

.. _ - L 2Wiy + 1,4 — 1)
(- VVZ - Wz—l + -[z—l, Qz - QWZ )

= 2[t171Wt171 + [t171(]-t171> - (/J’d + Qt1)]-t171 > 0
= 4thWt1,1 -+ 3[3171 — 2Wt1 (/,Ld + 1) — [t1,1 >0
(Wi=i®—i+2, I;=2i—2)

= 47—t +2)((t; — 1)* = (t; — 1) +2) + 3(2t; — 4)?

=285 —t1 +2)(ud +.1) — (2, —4) > 0

= 217 — 8t + (23 4 ud)t] — (44 =ud)t; + (28 — 2ud) > 0

(4.4)

Because equation (4.4) is a quartic, equation;. we ¢ould use Matlab to solve ¢;. There-

fore, when Ay, is larger than 'z the BaseRT' I actual RTT, increment, and window

size are given by d, d + Qy, /1, Iy, 1, 'and W, | respectively.

4.1.2 Calculate ¢;

After Medley TCP decreases its window size in the t;h and (t; + 1) RTTs, it

will increases its sending rate until A, is larger than T,

where j = 1,2,....

Moreover, due to the decrement before, the equation of (); needs a slight modification

as follows,

Iio x (Wi_g + 112_2) Lo X 2Wig+ Lo — 1)

Wi_s B 2Wis 7

Qi =

where 7 > t;.

Based on Medley TCP’s algorithm in Chapter 3.2.3, we can get

Wtj = Vth71 + (tj - tj_1)2 — 3(t] - tj_l) and ]tj = Q(t] - tj—l - 1),
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where j = 2,3, ..., until Medley TCP finishes its work and terminates. An example
of the congestion window size and increment amount with some t; is shown in

Table4.2, where 57 > 1.

Table 4.2: The window size and the increase amount with some ¢;, where j > 1.

it i+l o +2 o +3 i+ 4 i +5
W, Wy, Wy, -1 W, -2 W, , W, +4 W, +10 W,
L -1 -1 2 4 6 8 -1

The process of calculating ¢;:

Wt(Dt—d) Wt. XItv_l
A = J J J J :F ]
4 D, 2 xAREHh, v Y

Qt, - (pda Q) e, =4
/’Ld + Qt]‘ 2Wtjy’d - (/“Ld 3 Qtj>ltj—1

= 2W,Qi; — (pd + Q4 )11, 17310

(by eqn. (4.5))

[tj—Q(QWtj—Q _I_ It]‘—Q - 1) . (Md + ]tj—Z(QWtj—2 + [tj—Q - 1)

= 2W,.
b 2W,, 2W,,

)It]-—l >0

= QV[/tj-[tj—2<2Wtj—2 + Itj—Z - ]-)

—(2,uthj_2 + ]tj_g(QWt]._z + Itj_Q — ]‘))]tj_l >0

= 4V[/thtj—2[tj—2 + QWthtj—2(]tj—2 - 1) - QMthj—QItj—l

—2Wy, oly; 11y, 2 — ]t]-—1ftj—2(ftj—2 -1)>0
(by eqn. (4.6) and let a =t; —t;_1, b=W;,_)

= 4(b+a*—3a)(b+a®> —Ta+10)(2a — 6) + 2(b+ a* — 3a)(2a — 6)(2a — 7)

—2(b+a® — Ta +10)(2a — 4)ud — 2(b + a* — Ta + 10)(2a — 4)(2a — 6)
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—(2a—6)(2a —7)(2a—4) >0

= 2a° — 26a" + (125 + 4b — pd)a® — (271 + 32b — 5ud)a®

+(20* + 77 + 254 + (4 — b)ud)a — (6b* + 51b + 78 + (20 — 2b)ud) > 0 (4.7)

Similar to solving a quartic equation, we also could use Matlab to find the value of a
because equation (4.7) is a quintic equation. Therefore, when A, is larger than I'; ,
the BaseRTT, actual RTT, increment, and window size are given by d, d + Q, /1,

Iy, 1, and Wy, respectively, where j = 2,3, and so on.

4.2 Performance Model

From above discussions, we liave a series of {¢;,"WV;, } sets, where ¢ € N. By using
these sets, the throughput of Medley TCP can be calculated. Let A and Ay, 4
denote the whole throughput-and the‘throughput from ¢!, RTT to t!* RTT, re-
spectively, where ¢ € N and ¢ty = 0./ Moreover,

A - Z A(tiflyti)' (48)

i=1
When getting all Ay, ,4,), the whole throughput is also known. However, it is
hard to calculate each throughput from ¢ RTT to t{* RTT by a linear function.

Therefore, we compute the lower bound and the upper bound for each Ag,_, 4.

4.2.1 The Lower Bound and Upper Bound of A ,:

Lower bound:
t1 t1 t1 t1 t1
Wi o= Y (@ -i+2)=)"->i+> 2
i=0 i=0 i=0 i=0 i=0

1 1
= étl(tl + 1)(2t1 + 1) — §t1(t1 + 1) + Q(tl + 1)

1
= g(zfi’ + 5t + 6)
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Upper bound:
1 1
§<Wt1 + 2)t1 — §(t1 - to)(th ‘|— Wt0>

From above, we can get

—_

1
g(ﬁ’ + 5t +6) < Aoy < 50— 1) (Wey + Wiy (4.9)

4.2.2 The Lower Bound and Upper Bound of A, ):

Lower bound:

(ti — ti—l)Wti_1 < A(tiflvti)

Z(tz — ti—l)wtz 1= A(t1 00)
i=2
Upper bound:
1
Atz S §(t —ti) (Wi, + W)
a
" A(t1,OO) S Z §(t’b = ti—l)(m/ti,1 + WQ)
i=2
From above, we can get
o0 oo 1
Z(tz - ti—l)Wti,1 S A(t1 oo Z 5 t - tl 1 Wti—l + th) (410)
i=2 i=2

4.2.3 The Lower Bound and Upper Bound of A:

According to equations (4.9) and (4.10), the relation of A’s lower bound and upper

bound is as follows.

—tio) Wy, + W) (4.11)

N)\»—l

1 e 00
(450 +6) + 3 (1 — )Wy SAST S

=2

O
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4.3 Examples

The network topology of one single link is shown in Fig. 4.1, where S1 represents a
sender host using Medley TCP. The type of service used here is FTP. The receiver
sends an ACK for every data packet received. For the convenience of presentation,
we assume that all window sizes are measured in number of fixed-size packets, which
are 1000 bytes. R1 and R2 represent two finite-buffer gateways. The buffer size
in each gateway is set to 100 packets. For the constant-load experiment, drop-
tail gateways with first in first out (FIFO) service are assumed. The bandwidth
of access links are 1Gbps, and propagation delays are 1ms. The bandwidth of
connection link is X-Mbps and propagation delay is Y-ms. By varying X and Y,
this communication network can represent networks with different characteristics

such as small-bandwidth, large-bandwidth, short-delay, and long-delay networks.

Bufifer 100 Buffer 100
( :: ) 1Gbps X Mbps 1Gbps
1lms Rl Y ms R2 1lms

Figure 4.1: A network tepology for analysis and simulation.

In the first example, we set bottleneck bandwidth to 50 Mbps and BaseRTT
to 0.1001664 second (i.e., X = 50 and Y = 48). From equation (4.4), we can get
t; > 19.0866. Because t; is a positive integer, t; must be 20 and W,, is 382 (by
equation (4.3)). By using equations (4.7) and (4.6), to, Wiy, t3, Wi, etc. can be
calculated as 28, 422, 34, 440, and so on, respectively. Furthermore, with above
values, we also get the lower bound and upper bound of Medley TCP’s throughput.
In order to verify the correctness of the model, we compare model results with
simulation results. The simulation experiments are conducted using ns2 [58], version
2.29, developed at Lawrence Berkeley National Laboratories (LBNL). The results of
model and simulation, and the outcome of model, lower bound, and upper bound
are shown in Fig. 4.2 and Fig. 4.3, respectively. From these two figures, we could

find that the simulation results match closely with our analytical model.
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Figure 4.2: The mdld}el‘ and:simulation results.

1
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Figure 4.3: The outcome of model, lower bound, and upper bound.
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With high BDP networks, the transient period of TCP can greatly affect overall
performance. We use a metric “convergence time” [51] to capture the transient
performance of our proposed mechanism. Convergence time indicates how many
BaseRTTs are required to reach a new stable state or period. Figure 4.4 shows the
convergence time of both analytical model and simulation in networks with different
BDPs. The difference between simulation and model is very small. According
to these experiments, we may say that our model captures Medley TCP’s basic

behavior.

120
110 F ——Simulation
—&—Model

100
90
80
70
60
50
40

Convergence time

30
20
10
0 1 1 1

0 1000 2000 3000 4000 5000
BDP (Kb)

Figure 4.4: The convergence time of model and simulation in networks with different

BDPs.

4.4 Fair Shares

The property of fair shares and fairness is that a new TCP protocol has good intra-

protocol fairness, even when the competing flows have different RTTs.
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4.4.1 Same RTT Convergence

We first demonstrate two Medley TCP flows’ fair shares and then extend to a com-
mon case (with N flows).

Theorem 2: Two Medley TCP flows converge to their fair share under the
network topology as shown in Figure 3.1 with same round trip delay.

Proof: We use Jain’s fairness index [59], which is defined as follows,

Flz) = % (4.12)

Let’s consider two Medley TCP flows, whose window size are x; and x5, respec-
tively. We assume x; < x9. We see AF > 0, if and only if Axy/z1 > Axy/xy
[17]. In increasing period (A < T'), Az = I for some [ > 2, it is easy to see that
I/xy > I/xq, and therefore, AF >0."Wheén they reach the steady state or queuing
delay is detected, the increase/decrease amount 4 of two flows will be the same (i.e.,
—1, —1, and 2). During this period, the fairness index keeps the same value because
—1+ (=1) + 2 = 0. While the packet-loss-is-detected!, both rates are decreased by
three-fourths. So, the fairness index still keepsthe same value. In summary, in each
period of the control law, the fairness index is strictly none decreasing. Therefore,

eventually, the two Medley TCP flows converge to their fair share.
(]

Corollary 3: N Medley TCP flows converge to their fair share under the
network topology as shown in Figure 3.1 with same round trip delay.

Proof: Similar to the proof of Theorem 2, Jain’s fairness index is used. Let’s
consider N Medley TCP flows, whose window size are x1, xs, ..., Ty, respectively.
We assume z; < xj, Vi < j. We see AF > 0, if and only if Ax;/z; > Axj/x;,
V i < j. In increasing period (A < T'), Az = I for some [ > 2, it is easy to see
that I/z; > I/x;, and therefore, AF > 0, V i < j. When they reach the steady

state or queuing delay is detected, the increase/decrease amount I of all flows will

"'When all sources use Medley TCP algorithm in a wired network, the probability for the packet

loss is very small.
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be the same. During this period, the fairness index keeps the same value because
—1+4 (=1)+ 2 = 0. While the packet loss is detected, all rates are decreased by
three-fourths. So, the fairness index still keeps the same value. In summary, in each
period of the control law, the fairness index is strictly none decreasing. Therefore,

eventually, the N Medley TCP flows converge to their fair share.

4.4.2 Fairness with Different RTTs

Here, we consider the case where different Medley TCP flows may have different
delays. Similar to the above paragraph, we study two flows’ RT'T fairness and then
g0 over a common case.

Theorem 4: Let Thy; and Fhs represent_the throughput of two Medley TCP
flows with minimum round trip titnelas dy and ds, respectively. Then, the following
equality is satisfied

Th
Tﬁi ~1.

Proof: The delay-based TCP:reactsto the increase of round trip time and tries
to maintain certain number of packets backlogged in the bottleneck queue [17, 11].
We assume, in the steady state, I'y = I'y, where I' is given in equation (3.2). Ac-

cording to [29], the throughput of a delay-based TCP is approximately proportional

to increment and queue occupancy. So, Th ~ I /", where I is the increase/decrease

amount.
Thy (£>/<é)_2ud1—|—hx W,
Thg - Fl FQ N W1 Q}Ldg + ]2
WI . . .
(- I' = ————, where W is the window size)
2pud + 1
. 2,ud1 +[1 % W1 % é
W1 Q,Mdl + Il 12
( Fl = FQ)
Iy

(. in the steady state, I} ~ I5.)

Hence, each connection could get roughly the same throughput.
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Corollary 5: N Medley TCP connections could get roughly the same through-
put, even when their round trip times are different.

Proof: In the steady state, we assume, like above proof does, I'y =Ty = ... =Ty

and Th ~ I/T". For all 7 and j,

J

~ (P - X g
Wi . : .
(- T'=———, where W is the window size)
2ud + 1
= X X —
(- Ti=T)

(

Hence, each connection could get roughly the same throughput.

in the steadystate, L~ I;.)
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Chapter 5

Experiment Evaluation

5.1 Overview

Throughput, fairness, and friehdlinessraresthreé, main metrics for TCP evaluation.
This chapter reports simulation-results by using. ns2 [58] simulator. The results
show that Medley TCP not only achieves significant improvements on throughput
both in large BDP networks and wireless neétworks, but also experiences smaller
queue occupancy at the bottleneck than other TCP versions do. When all sources
use same TCP version to share network resources, the Medley TCP’s fairness is no
worse than other TCP versions’.

We also study Medley TCP’s behavior when competing with SACK’s! connec-
tions for the bandwidth on the bottleneck link in the network experiments. Many
studies [10, 34, 35, 36, 37] and live Internet measurement have demonstrated that
when a delay-based TCP user competes with a loss-based TCP wuser, it does not
receive a fair share of bandwidth due to the conservative congestion avoidance al-
gorithm used by a delay-based TCP. However, simulation results give an indication
that Medley TCP flows can co-exist harmoniously with SACK flows. It can be
explained that Medley TCP’s better throughput is attributed to better utilization
of the available bandwidth rather than “stealing” bandwidth from SACK’s connec-

!SACK TCP is commonly used by operating systems in the current Internet.
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tions.

The rest of this chapter is organized as follows. Section 5.2 shows the simulation
results of throughput, convergence time, and queue length demand for one SACK,
CTCP, FAST TCP2, and Medley TCP connection. The bandwidth utilization and
fairness of same TCP version flows are included in Section 5.3. In Section 5.4,
we evaluate four TCP versions performance in wireless networks. The competition
results (or so-called TCP friendliness) of CTCP with SACK, FAST TCP with SACK,
and Medley TCP with SACK are presented in Section 5.5.

5.2 Performance and Queue Length

In this section, the basic behavior, convergence time, and adaptation time of SACK,
CTCP, FAST TCP, and Medley:TCP are discussed. Convergence time indicates how
many BaseRTTs are required 4o reach a new stable state or period. Adaptation time
means when the available bandwidth is changed; like halved or doubled, how many
round-trip times are needed by a TEP source to adjust its congestion window size.

Figure 5.1 shows the network topology of one single link used in subsections 5.2.1
and 5.2.2, where S1 represents a sender host using SACK, CTCP, FAST TCP, or
Medley TCP. The slow start thresholds of SACK and CTCP are 64 KB?. The type of
service used here is FTP. The receiver sends an ACK for every data packet received.
For the convenience of presentation, we assume that all window sizes are measured in
number of fixed-size packets, which are 1000 bytes. R1 and R2 represent two finite-
buffer gateways. For the constant-load experiment, drop-tail gateways with FIFO
service are assumed. The bandwidth of access links are 1Gbps, and propagation
delays are 1ms. The bandwidth of connection link is X-Mbps and propagation delay
is Y-ms. By varying X and Y, this communication network can represent networks

with different characteristics such as small-bandwidth, large-bandwidth, short-delay,

2The FAST TCP module for ns2 has been developed by CUBIN lab at the University of
Melbourne’s Centre. http://www.cubinlab.ee.unimelb.edu.au/ns2fasttcp/

3This value is commonly used in current operating systems’ TCP algorithms.
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and long-delay networks. The simulation time for each experiment is 600 seconds.

Buffer Buffer
( :: ) 1Gbps X Mbps 1Gbps
lms R1 Y ms R2 1lms

Figure 5.1: Network configuration for the simulations in subsections 5.2.1 and 5.2.2.

5.2.1 Basic Behavior

Four TCP versions’ basic behaviors such as throughput and queue length require-
ment are presented in the following paragraphs when the router has either large or
small buffer size in the bottleneck. The bottleneck capacity is set at 50 Mbps and
link delay is 48 ms. A TCP connection starts, sending data at 0 second. The objec-
tive of the simulation scenarig'is to explore how'fast for a new connection to ramp

up to equilibrium and how many packets in average are queued in the bottleneck.

(1) Large Buffer Size

Figures 5.2 and 5.3 exhibit the throughput and queue occupancy of SACK, CTCP,
FAST TCP, and Medley TCP respectively when the buffer size of the bottleneck is
set to 250 packets.

By observing the throughput evolution shown in Fig. 5.2, we can find that Medley
TCP can achieve higher throughput than the others and also can stabilize at 50
Mbps until the simulation ends. SACK spends a lot of time to reach the available
bandwidth because its slow start threshold value is too small (compared with BDP)
and the increase rate in its congestion avoidance phase is very slow. The time for
other three TCP versions to ramp up to equilibrium are very short. Although FAST
TCP uses the shortest time among four TCP versions, it needs a constant buffer size
(about 100 packets) to save its packets, as presented in Fig. 5.3. Comparatively, at
most five packets sent from Medley TCP are queued in the bottleneck. As for SACK

and CTCP, because they are loss-based algorithms, they increase their congestion
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Figure 5.2: The throughput 6f SACK, CTCP, FAST TCP, and Medley TCP.
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Figure 5.3: The queue occupancy made by four TCP versions.
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window sizes until the router drops a packet.

(2) Small Buffer Size

In this simulation, we want to know whether the small buffer size in the router
influences TCP’s throughput, so the buffer size is set to 50 packets?. From Fig.
5.4, we can find that Medley TCP still achieves higher throughput than the others
and also stabilizes at 50 Mbps until the simulation ends because Medley TCP just
needs a small buffer size. In other words, when the router’s buffer size is larger than
Medley TCP’s buffer size requirement, Medley TCP will achieves and stabilize at the
available bandwidth very quickly. Moreover, SACK’s behavior in Fig. 5.4 is similar
to that in Fig. 5.2. The difference between two behaviors is that SACK suffers the
packet loss here earlier than the aboyessimulation. However, the behaviors of FAST
TCP and CTCP in Fig. 5.4 aré quite-different:from those in Fig. 5.2. The buffer
size is a half of FAST TCP’s requiremén‘c, 80 mahy Fast TCP’s packets are dropped

4This value is a half of FAST TCP’sineed.
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Figure 5.4: The throughput of SACK, CTCP, FAST TCP, and Medley TCP.
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by the router. Accordingly, FAST TCP can not reach the available bandwidth
and does not stay in a steady state. Because the delay-based component of CTCP
increases by too many packets, the router can not handle these packets within a
short time so that it drops part of them. Therefore, CTCP frequently changes its
congestion avoidance phase to fast retransmit and fast recovery phase, and vice

versa. Consequently, the shape of CTCP’s throughput curve is like a sawtooth.

5.2.2 Convergence Time

With high BDP networks, the transient period of TCP can greatly affect overall
performance. Here, we use convergence time to capture the transient performance
of TCP. The range of BDP values for this experiment is from 150 Kb to 5000 Kb. In
the following paragraphs, we showsthe convergence time, average throughput, and
average queue occupancy of feur TGP wersions-when the router in the bottleneck

has large and small buffer size, téspectively.

(1) Large Buffer Size

Figures 5.5, 5.6, and 5.7 present the convergence time, average throughput, and
average queue length for a new connection of SACK, CTCP, FAST TCP, and Medley
TCP to reach equilibrium respectively when the buffer size of the bottleneck is set
to 250 packets.

Theoretically, SACK increases its congestion window size linearly after entering
the congestion avoidance phase. So, a new SACK connection spends the longest time
to ramp up to the available bandwidth when the BDP is large. In order to make a
constant number of packets be queued in the bottleneck router (as shown in Fig. 5.7),
FAST TCP sends more packets than other TCP versions do no matter how large
buffer size in the bottleneck is, so that it uses the shortest time to reach equilibrium.
The convergence times of Medley TCP and CTCP increase linearly because their
algorithms adjust the congestion window sizes based on RTT variations. Moreover,

the convergence time of Medley TCP is less than a fourth of that of SACK as the
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Figure 5.7: The average queue occupancy made by four TCP versions.

BDP is greater than 2 Mb.

Compared with CTCP and FAST TCP; the speed for a new Medley TCP flow
climbing to the available bandwidth may be a little slow. However, Medley TCP has
the highest average throughput in all TCP versions as shown in Fig. 5.6. Also, from
Fig. 5.7, we can find that, no matter how high BDP is, the average queue occupancy
made by Medley is no larger than 12 packets which is at most a ninth, a tenth, and
an eighth of that of SACK, CTCP, and FAST TCP, respectively.

(2) Small Buffer Size

In this subsection, we only observe the performance of SACK, CTCP, and Medley
TCP. This is because when the router’s buffer size is smaller than FAST TCP’s
requirement, the performance of FAST TCP is very low as demonstrated in section
5.2.1. Here, the buffer size is changed to 50 packets, and other parameters are same
as those in the above experiment.

Similar to Fig. 5.5, in Fig. 5.8, a new SACK connection spends the longest
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time to ramp up to equilibrium when the BDP is large and the convergence times
of Medley TCP and CTCP increase linearly. However, from Fig. 5.9, the average
throughput of SACK is higher than that of CTCP when the BDP is greater than 3.5
Mb. The reason may be that CTCP’s delay component makes an error decision and
increases more packets than the rest of router’s buffer size. Accordingly, the whole
performance of CTCP is low although the recovery speed is fast. Furthermore, the
average throughput of Medley TCP is the highest among three TCP versions. For
example, Medley TCP achieves a 1.32 and a 1.37 times higher average throughput
in comparison with that of SACK and CTPC, respectively.

By observing Figures 5.7 and 5.10, the range of Medley TCP’s packets averagely
queued in the bottleneck is from 3 to 12 packets no matter how large BDP and buffer

size are®

. The average queue occupancies made by SACK and CTCP are getting
smaller when the BDP is getting higher. Maoreover, when the bottleneck router’s

buffer size is getting smaller,-this situation is getting clearer. This is because when

5Maybe saying that the buffer Size in thé-bottleneck st be larger than 12 packets is correct.
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Figure 5.10: The average queue occupancy made by these three TCP versions.
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the BDP becomes higher, SACK and CTCP need more time to make packet loss
occur. On the other hand, packet dropping in the bottleneck router will be more
likely to happen if the buffer size becomes smaller.

From simulation results of subsections 5.2.1 and 5.2.2, we think Medley TCP can
provide a good service for real-time applications such as Internet Protocol Television
(IPTV), Voice over Internet Protocol (VoIP), and so on. There are three reasons.
First, Medley TCP’s throughput is very stable that supplies a fixed rate to real-time
applications. Second, the range of queue occupancy made by Medley TCP is very
small (from 3 to 12 packets). This could make the delay between a packet and its
next packet be expected and estimated. Finally, Medley TCP works well no matter
how small buffer size is and how high BDP is.

5.2.3 Adaptation Time

In order to change the available/bandwidth; we add a constant bit rate (CBR) traf-
fic flow in this simulation and othertraffic-sources are same as that in the previous
subsections. A CBR traffic flow starts sending-data with a half of bottleneck band-
width rate at the 200" second and stops at the 400" second. For example, if the
bottleneck bandwidth is 50 Mbps, the rate of CBR traffic flow is 25 Mbps. When
this CBR traffic starts, the available bandwidth is halved. Similarly, the bottleneck
bandwidth is doubled as the CBR traffic stops sending data.

Figures 5.11 and 5.12 show the adaptation time as the available bandwidth is
halved and doubled, respectively. From Fig. 5.11, we can see that the time for
SACK adjusting its window size to the new available bandwidth is the longest.
Other TCP versions can change their throughput to suit the network in a short
time. By observing Fig. 5.12, we can find that the adaptation time of Medley TCP
is the shortest no matter how high BDP is when the available bandwidth is doubled.
Moreover, Medley TCP’s adaptation time increases linearly while the BDP becomes
large. In summary, Medley TCP improves the transient performance of connection

in both scenarios as compared to SACK, CTCP, and FAST TCP.
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5.3 Utilization and Fairness

Utilization of bottleneck bandwidth and fairness are important issues of transport
protocol. The simulations presented in this section intend to demonstrate link uti-
lization of bottleneck and fairness between the connections when sources use same
TCP version. There are two cases for discussion. One is that all users have same
RTT, and sources with different RTTs is the other. Note that the latter happens
frequently in real Internet, and parameters of the former can be controlled easily
in the simulation. In Figures 5.13 and 5.14, parameter settings are as follows. The
simulation time is 900 seconds. All sources start sending data at the same time.
The link capacity and propagation delay between two routers are 100 Mbps and 23
ms, respectively. The link capacity and propagation delay between end host and
router are 1 Gbps and 1 ms, respectively. The buffer size of each router is k£ times
the number of connections. Fér example, if k and the number of connections equal

to 50 and 20 respectively, the buffer size‘in each router will be 1000 packets.

5.3.1 Same RTT

The first network topology for the simulation is shown in Fig. 5.13, in which all
traffic pairs features the same propagation delay. There are two, five, ten, fifteen,

and twenty connections using same TCP version from S; to S,, in each simulation.

1 Gbps, 1lms

100 Mbps, 23 mg

e o o o
A
[
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N

s o o o

Figure 5.13: The network topology for sources with same RTT.
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(1) Large Buffer Size

Here, we let k equal 200 so that the buffer sizes of the router are 400, 1000, 2000,
3000, and 4000 packets when the numbers of connections are 2, 5, 10, 15, and 20,
respectively. Note that in the ideal case, each connection can have 200 packets
queued in the router. The utilization and fairness index of each simulation are
presented in Table 5.1 and Table 5.2, respectively.

From these two Tables, we can find that the utilizations of bandwidth in all
simulations are higher than 90% and those of Medley TCP are the highest and

almost close to 100%. Furthermore, the fairness indexes of Medley TCP are just

Table 5.1: Utilization of bandwidth with SACK, CTCP, FAST, and Medley TCP

for large buffer size.

No. of flows | & SACK =| CTCP | FAST | Medley
2 94.72% 4 95.65% 4 96.11% | 99.92%
5 96.08% 1-96:08%- | 96.12% | 99.95%
10 96:10%96:10% | 96.12% | 99.96%
15 96.11% | 96.11% | 96.12% | 99.97%
20 96.10% | 96.10% | 96.13% | 99.97%

Table 5.2: Fairness index for SACK, CTCP, FAST TCP, and Medley TCP for large

buffer size.
No. of flows | SACK | CTCP | FAST | Medley
2 99.99% | 99.99% | 99.99% | 92.47%
5 99.99% | 99.99% | 99.99% | 99.72%
10 99.99% | 99.99% | 99.99% | 98.79%
15 99.95% | 99.96% | 99.99% | 99.30%
20 99.92% | 99.94% | 99.99% | 99.22%
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little lower than those of other TCP versions. For instant, when there are two
connections in the network, the fairness indexes of SACK, CTCP, FAST TCP, and
Medley TCP are 99.99%, 99.99%, 99.99%, and 92.47%, respectively. The simulation
results suggest that Medley TCP provides the better bandwidth utilization than
the others do and keeps the good characteristic of fairness as those of other TCP

algorithms when the router’s buffer size is large.

(2) Small Buffer Size

In order to investigate whether small buffer size in the router influences TCP’s
fairness, we set k to 50 in the following simulations. Other parameters are same as
those in previous experiments. Table 5.3 and 5.4 show the utilization and fairness
index of each simulation, respectively

By observing Table 5.3, we'can see that when the buffer size is small, the uti-
lizations of bottleneck bandwidth of SACK, CTCP, and FAST TCP are affected.
Particularly, FAST TCP’s performance’is very poer, and falls down to less than 30%
of available bandwidth, because it ¢an not keep‘a constant queue occupancy in the
router’s buffer. On the contrary, the utilization of bandwidth and the fairness index

of Medley TCP are still maintained as high as those in previous simulations.

Table 5.3: Utilization of bandwidth with SACK, CTCP, FAST, and Medley TCP

for small buffer size.

No. of flows | SACK | CTCP | FAST | Medley
2 78.11% | 76.53% | 23.96% | 99.92%
5 85.51% | 85.69% | 34.65% | 99.95%
10 92.26% | 95.03% | 32.86% | 99.96%
15 95.14% | 95.86% | 37.47% | 99.97%
20 96.10% | 96.10% | 78.47% | 99.97%

58



Table 5.4: Fairness index for SACK, CTCP, FAST TCP, and Medley TCP for small

buffer size.
No. of flows | SACK | CTCP | FAST | Medley
2 99.99% | 99.92% | 99.95% | 92.47%
5 99.99% | 99.99% | 99.84% | 99.72%
10 99.99% | 99.94% | 99.98% | 98.79%
15 99.99% | 99.84% | 99.99% | 99.30%
20 99.99% | 99.93% | 97.83% | 99.22%

5.3.2 Different RTTs

The case of sources having different RTTs happens commonly in the real Internet.
Therefore, in following simulations, we evaluate the sources with different RTTs,
and the network topology is-shown in Fig. 5.14.-The bandwidth and propagation
delay are 1 Gbps and 1 ms, and 100-Mbpsiand 23 ms for the full-duplex access link
and the full-duplex trunk link, respectively: The sources are SACK, CTCP, FAST
TCP, and Medley TCP. There are two, three, four, and five connections from S; to

S,, in each simulation.

1 Gbps, 1lms

S2

Rn

R: \RzH'T'

100 Mbps, 23 ms

Figure 5.14: The network topology for sources with different RTTs.
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(1) Large Buffer Size

Similar to above experiments, we first discuss a case of routers having large buffer
size. K equals 200 so that the buffer sizes of the router are 400, 600, 800, and 1000
packets when there are 2, 3, 4, and 5 connections, respectively. Note that in the
ideal case, each connection can have 200 packets queued in the bottleneck router.
The utilization and fairness index of each simulation are depicted in Table 5.5 and
5.6, respectively.

From Table 5.5, we observe that Medley TCP’s utilization of bottleneck band-
width is the highest among all TCP variants and the value is very close to 100%
although other TCPs’ utilizations of bandwidth are over 90%. Table 5.6 shows that
the fairness index of Medley TCP is much higher than those of SACK and CTCP

Table 5.5: Utilization of bottleneck bandwidth, with same TCP version for large

buffer size.
No. of flows | = SACK |-CTCP | FAST | Medley
2 94:34%+-95.71% | 96.09% | 99.83%
3 95.97% | 95.98% | 96.09% | 99.86%
4 95.91% | 95.99% | 96.09% | 99.86%
5 96.02% | 96.01% | 96.09% | 99.87%

Table 5.6: Fairness index for SACK, CTCP, FAST TCP, and Medley TCP for large

buffer size.

No. of flows | SACK | CTCP | FAST | Medley

2 73.18% | 74.23% | 99.99% | 95.20%
60.57% | 59.92% | 99.98% | 98.55%
89.44% | 90.75% | 99.98% | 96.00%
81.07% | 83.64% | 99.99% | 97.35%

[ N
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because the main cores of SACK and CTCP are loss-based algorithms, which are
demonstrated and proved that they do not have a good fairness when the sources
have different RTTs. Also, the difference between Medley TCP’s and FAST TCP’s
fairness index is very small. This is because Medley TCP preserves the character-
istic and advantage of delay-based mechanisms. For example, when there are three
flows in the network, the differences between SACK’s and Medley TCP’s, between
CTCP’s and Medley TCP’s, and between FAST TCP’s and Medley TCP’s fairness
index are 37.98%, 38.63%, and 1.43% respectively.

(2) Small Buffer Size

We set k£ to 50 in the following simulations in order to investigate whether small
buffer size in the router influences, LCR’s fairness. Other parameters are same
as those of previous experiments. Table.5:7 presents the utilization of bottleneck
bandwidth and Table 5.8 shows. fairness index.of-each TCP mechanism.

By observing Table 5.7, we can find that when the buffer size is small, the uti-
lizations of bottleneck bandwidth of SACK, GTCP, and FAST TCP are decreased.
Particularly, FAST TCP’s performaneeis very poor, which falls down to about forty
percent of bottleneck bandwidth, because it is unable to keep a constant queue occu-
pancy in the router’s buffer. On the contrary, although the utilization of bottleneck
bandwidth of Medley TCP is a little lower than the previous simulation with large
buffer size, the utilization of bandwidth and the fairness index of Medley TCP are
the highest among all TCP mechanisms. For instant, the utilization of bottleneck
bandwidth of Medley is about 1.09 times of SACK, about 1.08 times of CTCP, and
about 2.17 times of FAST TCP, and the fairness index of Medley TCP is about 1.36
times of SACK, more than 1.09 times of CTCP, and about 1.30 times of FAST TCP
when five connections with different RTTs share the same bottleneck bandwidth,

respectively.
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Table 5.7: Utilization of bottleneck bandwidth with same TCP variant for small

buffer size.
No. of flows | SACK | CTCP | FAST | Medley
2 89.94% | 93.22% | 23.81% | 99.83%
3 92.18% | 94.98% | 35.15% | 99.68%
4 90.52% | 93.02% | 40.92% | 99.73%
5 91.06% | 92.17% | 45.88% | 99.34%

Table 5.8: Fairness index for SACK, CTCP, FAST TCP, and Medley TCP for small

buffer size.
No. of flows | «SACKT|[CTCP | FAST | Medley
2 72:02% | 64.52% + 99.99% | 95.20%
3 75. 11 %t74:85% -| 88.56% | 95.92%
4 83.71% | 93.36% | 79.85% | 95.23%
5 71.09% | 88.37% | 74.56% | 96.56%

By observing simulations in Section 5.3, Medley TCP can provide a good RTT
fairness whether the sources have same RTT or different RTTs regardless of number
of connections or buffer size in the bottleneck router. Therefore, we think this
characteristic of Medley TCP may be useful to provide good services for ordinary
data transmission like File Transfer Protocol (FTP), and for real-time applications

such as IPTV, VolP, etc.

5.4 Impact of Random Loss

The wireless network configuration for the simulations is shown in Fig. 5.15, in

which the bandwidth and delay of each full duplex link and a router’s buffer size are
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Figure 5.15: Wireless network configuration for the simulations.

depicted. Sy, Dy, and R; express as a source, a destination, and routers respectively.
A TCP connection is established from S; to D;. The link between Ry and D; is a
wireless link on which we assume all random losses occur.

Typically, wireless links are subject to fading phenomena, which results in ran-
dom loss in bursty manner. However, if random losses appear in bursty manner, it
is easy for Medley TCP to recognize them. Because Medley TCP takes every packet
loss as random loss when A is no larger than I". Therefore, we use a more compli-
cated case, uniformly distributed loss model; to evaluate Medley TCP. In wireless
environments, if the bit errorrate is uniformly distributed, the larger a packet is,
the more likely it will be cortupted [60,61]. Keeping this in mind, when we apply a
random loss rate to data packets,~we always set-the proportional random loss rate
to ACKs.

We compare the average throughput among the four TCP variants with different
random loss rates. By observing the results shown in Fig. 5.16, Medley TCP can
fully utilize the bottleneck link when the random loss rate is zero. However, other
TCPs can not maintain such high throughput with the same condition. This is
because SACK and CTCP need to create packet losses by themselves to probe the
available bandwidth along the path. So, certain amount of throughput will be lost.

With the increasing random loss rate, the throughput improvement of Med-
ley TCP becomes obvious. When random loss rate is between 0.5% and 2%, the
throughput of Medley TCP is about 2.76, 2.74, and 1.66 times higher than that of
SACK, CTCP, and FAST TCP respectively. When the random loss rate is over 2%,
Medley TCP always keeps a throughput improvement of larger than 79%, 77%, and
15% in comparison with SACK, CTCP, and FAST TCP. Notably, with slight random
loss rate (from 3% to 5%), the throughput improvement is up to 116%, 115%, and
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Figure 5.16: Average throughput versus random loss rate for four TCP variants.

49.7%. Moreover, the throughput improvements are 79.35%, 79.35%, and 15.07%
as compared with SACK, CTCP, and FAST ‘TCP respectively in a severe random
loss rate (10%).

5.5 TCP Friendliness

For a newly proposed TCP algorithm, when it shares resources with current TCP
mechanisms in the same network, it should be compatible with today’s TCP algo-
rithm. In the ideal situation, a new TCP will not cause any detrimental effects to
the current TCP and vice versa. This is so-called TCP friendliness. Accordingly,
in this section, we discuss the TCP friendliness of CTCP, FAST TCP, and Med-
ley TCP when they compare with SACK which is currently the dominating TCP
version deployed in the Internet.

The simulation topology is presented in Fig. 5.17. S;, D;, and R; denote sources,

destinations, and routers respectively. A source and a destination with the same
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100 Mbps
23 ms

Figure 5.17: The network topology for evaluating TCP friendliness.

suffix value represent a traffig: pair. M sourees (from S; to S,,) use one TCP algo-
rithm (i.e., CTCP, SACK, FAST TCP; or Medley' TCP), and SACK is executed by
other sources (from S(;,11) t0"Spnin)). Note that all connections using SACK is a
control group in order to see whether other TCP variants cause any effects to SACK
and vice versa. The bandwidth and propagation delay are 1 Gbps and 1 ms for
the full-duplex access link, and 100 Mbps and 23 ms for the full-duplex trunk link
respectively. The simulation results of 20 flows sharing same bottleneck bandwidth
are shown in the following figures (from Fig. 5.18 to Fig. 5.25). In these figures, a
word TCP presents CTCP, SACK, FAST TCP, or Medley TCP, and the results with
3000 and 200 packets for the buffer size of routers are shown in the top and bottom
of each bar chart, respectively. The percentages of the sum of m connections’ and
(20 —m) flows’ throughput are exhibited in the figures. Also, the average percentage
of each flow is presented in brackets.

By observing simulation results, we can find that when FAST TCP and SACK
coexist in the network, the performance of SACK is much higher than that of FAST
TCP no matter how large buffer size is. This is because a loss-based TCP connection

uses most of the buffer space in the bottleneck node when competing with a delay-
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based TCP connection. A delay-based TCP may be therefore not competitive with
a loss-based TCP. This outcome is very close to the situation in the present Internet.
From figures, we can see that the utilization of bottleneck bandwidth of CTCP and
SACK connections is as high as that of all SACK flows. Moreover, the percentages of
CTCP and SACK are alike. The reason is that CTCP is regarded as a scaled version
of SACK, and therefore it is friendly to SACK when they share same bottleneck
bandwidth. Comparatively, Medley TCP coexists peacefully with SACK without
stealing bandwidth from it. Furthermore, the utilization of bottleneck bandwidth is
also improved to about 99%. The improvement can be attributed to Medley TCP’s
efficient utilization of the available bandwidth. We may say Medley TCP provides

a friendly congestion control mechanism to the current transport protocol.
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Figure 5.18: The percentage and throughput for one flow of one TCP variant vs.
nineteen SACK flows.
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Figure 5.19: The percentage and throughput for three flows of one TCP variant vs.
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Figure 5.20: The percentage and throughput for five flows of one TCP variant vs.
fifteen SACK flows.
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Figure 5.21: The percentage and throughput for eight flows of one TCP variant vs.
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Figure 5.23: The percentage and throughput for twelve flows of one TCP variant
vs. eight SACK flows.
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Figure 5.24: The percentage and throughput for fifteen flows of one TCP variant
vs. five SACK flows.

73



100000
O TCPs
~— O SACK
8' 0000
&
=, 64.20%
e (378%)
S 60000 T 85.07% 843;270]% 85.00%
= (5.00%) (4:32%) (5.00%)
&0
=
E 40000
=
S 20000 35.80%
= (11.93%)
14.93% 16.43% 15.00%
(4.98%) (5.48%) (5.00%)
O 1 1 1
CTCP Fast Medlej[yl Sack
17 TCP and 3 SACKs flows
100000
LI TCPs
. E SACK
a 80000
&
2
= 60000 f 85.00% 57.21% 85.07% 85.00%
= (5.00%) GE%) (5.00%) (5.00%)
o)
=
E 40000
=
S I 42.79%
< 20009 (14.26%
15.00% 14.93% 15.00%
(5.00%) 4.98%) (5.00%)
0 1 1 1
CTCP Sack

Fast Medle
17 TCP and 3 SACKs ﬂows

Figure 5.25: The percentage and throughput for seventeen flows of one TCP variant

vs. three SACK flows.
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Chapter 6

Medley TCP Implementation

6.1 TCP and Medley TCP Stacks of Linux

We briefly describe the curreat TCPustack of .Linux and the implementation of
Medley TCP in Linux. Figuré 6:1 shows the basic-architecture of all layers in Linux.
The implementation of TCP7s probably the most complex part of the networking
code in the Linux kernel [62]. Although both ends of a TCP connection can be sender

and receiver simultaneously, we separate explanations for the receiver behavior (the

BSD Socket
INET Socket
TCP UDP
P
PLIP
SLIP ETHERNET \RP

Figure 6.1: The basic architecture.

76



tep_v4_do_rev() |
sk-=backlog_rcv()
A

tep_v4_rev()
iproto-~handler

4

1p_local_delivery()

h

> tcp_rcv_state_processO

—» tcp_rev_established()

| tcp_check sum_complete_user()
- tcp_paws_discard()

Ly tcp_sequence()

|y tep_send_dupack()

|_p tcp_teset()

|y tcp_replace_ts_recent() tcp_store_ts_recent()

tp-~ucopy.iov
tp-=out_of_order_gueue

..COPYDATATO

— tcp_data_queue( )

Ly tcp urg()
Ly tep_data_snd_check()

|_p tcp_ack_snd_check()

tep_ack_saw_tsamp()

!

tep_imt_buffer_space()

A\ 4

f

tep_send_ack(
A
-~
/ tep_send_delayed_ack()
tcp_may_update_window()
tep_ack_update_window()
tep_clean_rix_queue()
v tep_may_raise_cwnd()
tep_ack()
L tcp_cong_avoid()
—» tep_fixup_snd_buffer()
—  tep_fixup_rev_buffer()
tep_init_metrics() —® tcp_init_cwnd()
v
—’

L——> tcp_timewait_state_process()

tcp_rev_sysent_state_process()
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host receives data and sends ACKs) and the sender behavior (the host sends data,
receives ACKs, retransmits lost packets and adjusts congestion window size). The
complexity of the latter is significantly higher. The main files of TCP code are
located in net/ipv4, except header files which are in include/net.

Fig. 6.2 and Fig. 6.3 depict the TCP data path and are meant to be viewed
side by side [62]. TCP input processing is described in Fig. 6.2 and output pro-
cessing of TCP is illustrated by Fig. 6.3. TCP input is mainly implemented in
net/ipv4/tcp_input.c. This is the largest part of the TCP code. It deals with
the reception of a TCP packet. The sender and receiver code is tightly coupled as
an entity can be both at the same time. On the other hand, TCP output code is
mainly implemented in net/ipv4/tcp_output.c. It deals with packets going out
of the host and includes both data packets from the sender and ACKs from the
receiver. For more details, pleasé see [63].

Two extra files (tcp_medley.c and 'tepunedley.h) are added to the TCP part of
Linux with kernel 2.6.23 for Medley 'PCP implemientation. Similar to TCP Vegas,
timestamp structure is defined'to record each sent packet length and its sending time
with microsecond resolution®. By using this timestamp, Medley TCP can perform

more accurate RTT computations for a more precise estimation of the network state.

6.2 Internet Measurements

Now, we present measurements of SACK, CTCP?, and Medley TCP over the Internet?.
Specifically, we measured three TCP variants transfers between the National Chiao
Tung University (NCTU) and NCTU, between NCTU and the National Changhua
University of Education (NCUE), and between NCTU and Goosean Media Inc.

!Note that the clock resolution in conventional TCP is 500 ms, which gives coarse-grained for

the measurements of RTT.
2A Linux patch derived from this has been developed by Netlab at Caltech.

http://netlab.caltech.edu/lachlan/ctcp/index.php
31t is not free to use FAST TCP because FastSoft Inc. was founded by Caltech professor Dr.

Steven Low who, with his research team, developed FAST TCP.
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which is located in San Mateo, California, USA (CA). Figure 6.4 shows the test-bed
network. There are four computers in this test: computer A, B, C, and D. Computer
A, whose IP address is 140.113.215.238, is a sender with SACK, CTCP, or Medley
TCP algorithm in NCTU. Computer B with TP 140.113.252.129 in NCTU computer
C with IP 163.23.224.36 in NCUE, and computer D with IP 66.79.166.158 in CA are
receivers. In addition, the operating systems of three computers are all Linux Fe-
dora with kernel 2.6.23 and all computers are equipped with a 2.8 GHz Intel Celeron
processor, 512 MB RAM, and 100/10M Ethernet card. Moreover, when testing the
performance of Medley TCP, we only changed TCP stack to Medley TCP scheme

in computer A and did not modify any mechanism running in computer B, C, and

D.
/ I Computer D \
{ 66.79.166.158 |
—\\ CA //
\\\\\\\ ““““ ‘3\ _—_”‘/////
b
\
CA Network
NCTU Network Wide Area Network NCUE Network
\\\ _____ //
/' Computer A \ ‘ NCUE \
1140.113.215.238 ] L % A
N // Computer C 4
Computer B~ .~ w 1632322436

Figure 6.4: A real test-bed network.

The information of connections such as the number of hops between computer A
and computer B, between computer A and computer C, and and between computer

A and computer D is as shown in Table 6.1. The results are derived from a set
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Table 6.1: The information of connections

Computer A — Computer B Computer A — Computer C Computer A — Computer D
hop | IP address delay(ms) | IP address delay(ms) | IP address delay(ms)
1 140.113.215.238 0 140.113.215.238 0 140.113.215.238 0
2 140.113.215.254  0.30 140.113.215.254  0.33 140.113.215.254  0.32
3 140.113.0.166 0.32 140.113.0.166 0.28 140.113.0.166 0.30
4 140.113.0.205 0.37 140.113.255.111  1.74 211.76.255.194 1.53
5 140.113.252.129 0.41 203.72.43.121 1.91 203.160.226.137 1.77
6 X X 192.83.196.120  5.39 203.78.186.26 1.82
7 X X 140.128.251.85  6.33 203.160.226.190 148.52
8 X X 192.168.202.254 7.12 203.160.225.6 152.83
9 X X 163.23.224.254  9.56 203.160.225.154  144.09
10 | X X 163:23.224.36 10.28 154.54.7.173 155.37
11 | X X X X 154.54.2.138 144.08
12 X X X X 154.54.6.74 140.12
13 X X X X 38.99.208.14 141.38
14 | X X X X 66.79.166.158 196.86

of runs over a seven day period from May 8-16, 2008. Each run consists of a set
of twenty one transfers from computer A to computer B (from NCTU to NCTU),
twenty one transfers from computer A to computer C (from NCTU to NCUE),
and twenty one transfers from computer A to computer D (from NCTU to CA) —
SACK, CTCP, and Medley TCP send files with size 106 KB, 4.33 MB, 11.1 MB, 34
MB, 100 MB, 583 MB, and 930 MB, respectively. We inserted an 8 minute delay
between each transfer in a run to give the network a chance to settle down, a run
started approximately once every hour, and we shuffled the order of the transfers
within each run.

Table 6.2, 6.3 and 6.4 show the results for all transfers, where the units of ‘Trans-

mission Time’ and ‘Average Throughput’ are second and Mbps, respectively. We

81



could see that Medley TCP spends less time to complete the data transmission than
other TCP variants do whether the data size is large or small, and the RTT is long
or short. For example, the average throughput of Medley TCP (19.42 Mbps) to
transmit 930 MB data from NCTU to NCTU is about 1.24 times higher than that
of SACK (15.70 Mbps). Our proposed mechanism spends 0.51 seconds, which is
about eight tenths of the time SACK used, to finish 4.33 MB data transmission
from NCTU to NCUE. Similarly, compared with CTCP, the throughput improve-
ment of Medley TCP is kept between 5% and 16%, and between 4.5% and 14% when
sending data from computer A to computer B and from computer A to computer
C, respectively. Furthermore, compared with SACK and CTCP, the performance
improvement of Medley TCP is kept between 79% and 164%, and between 1% and
26% when sending data from NCTU to CA, respectively.

Table 6.2: Internet=measutements:between NCTU and NCTU

NCTU - NCTU

Transmigsion Time Average Throughput
data size | SACK | CTCP |iMedley | SACK | CTCP | Medley
106 KB | 0.0183 | 0.0171 | 0.0163 5.7 6.20 6.50
4.33 MB 0.58 0.55 0.47 7.6 8.20 9.20
11.1 MB 1.19 1.09 0.95 9.6 | 10.44 11.68
34 MB 3.32 3.05 2.63 10.5 | 11.24 12.94
100 MB 9.05 8.73 7.08 11.3 | 12.29 14.13
583 MB | 44.06 | 41.33 35.33 13.3 | 14.47 16.50
930 MB | 60.45 | 55.21 47.89 15.7 | 17.08 19.42
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Table 6.3: Internet measurements between NCTU and NCUE

NCTU - NCUE

Transmission Time Average Throughput

data size | SACK | CTCP | Medley || SACK | CTCP | Medley

106 KB | 0.0488 | 0.0418 | 0.0394 2.2 2.50 2.70
4.33 MB 0.65 0.57 0.51 6.8 7.78 8.50
11.1 MB 1.46 1.29 1.14 7.8 8.86 9.76

34 MB 4.25 3.75 3.36 8.2 9.32 10.13
100 MB | 11.22 9.91 8.55 91| 10.30 11.69
583 MB | 55.35 | 47.25 43.93 10.8 | 12.70 13.27
930 MB | 83.44 | 73.65 65.77 114 | 12.96 14.14

Table 6.4: Internet measurements between NCTU and CA

NCTU - CA

Transmission Time Average Throughput

data size | SACK | CTCP | Medley || SACK | CTCP | Medley

106 KB 1.44 | 0.687 0.546 | 0.074 | 0.154 0.194
4.33 MB 4.57 2.33 1.94 || 0.947 | 1.858 2.232
11.1 MB 5.68 3.25 299 | 1.954 | 3.415 3.712

34 MB 11 6.25 6.15 || 3.091 | 5.440 5.528
100 MB 31.2 15.7 15.6 | 3.205 | 6.369 6.410
583 MB 158 84.8 84.6 || 3.690 | 6.875 6.891
930 MB 259 135 134 || 3.591 | 6.889 6.940
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Chapter 7

Conclusions and Future Work

TCP is the main congestion control method for the Internet, it would remain effective
and efficient as the Internet evolves, /Forconclude this dissertation, in Section 7.1, we
argue for desirability of Medley.T'CP from various practical standpoints and believe
that Medley TCP would be useful in the Internet: A summary of the contributions
of this dissertation is given in Section-7.2, and some directions for future work are

discussed in Section 7.3.

7.1 Desirability of Medley TCP

When we design Medley TCP, three basic design principles are considered, compat-
ibility, deployability, and flexibility.

7.1.1 Compatibility

A newly proposed TCP is compatible with today’s TCP when they are running
concurrently in the same network smoothly. Note that the best situation is that
a new TCP does not cause any detrimental effects to the current TCP and vice
versa. However, in present Internet, a loss-based TCP connection uses most of
the buffer space in the bottleneck node when competing with a delay-based TCP
connection. A delay-based TCP may be therefore not compatible with a loss-based
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TCP. Comparatively, Medley TCP coexists peacefully with a loss-based TCP like
SACK without stealing bandwidth from it. Its improvement is attributed to its

efficient utilization of the available bandwidth.

7.1.2 Deployability

A new proposed TCP must be feasible to deploy over the existing Internet. To
realize this, there should be little or no changes required at intermediate routers.
For the two end hosts, only modifying one side is better than two sides. Generally
speaking, modification in senders rather than in receivers is preferred. Accordingly,
we try to modify a TCP sender stack which may make Medley TCP easily to deploy
in real networks. Any one interested in Medley TCP can single-handedly install

Medley TCP stack without cooperating with the other side.

7.1.3 Flexibility

Flexibility refers to whether & new TCP-¢an accommodate different environments
effectively such as a network with'long propagation delay, high bandwidth, and/or
random packet loss. Some TCP algorithms work well in certain environments but not
in others. For example, TCP Reno and SACK work well in the wired networks, but
suffer performance degradation in wireless networks and heterogeneous networks.
We think that Medley TCP is a more flexible algorithm than SACK, CTCP, and
FAST TCP. Medley TCP not only obtains significant improvement on throughput
performance in large BDP networks, but also obtains higher throughput in wireless

networks.

7.2 Summary of Contributions

In this dissertation, we have proposed and studied a novel end-to-end congestion
control mechanism called Medley TCP. There are three main contributions as de-

scribed below.
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(1) The core idea of Medley TCP. Medley TCP differs from the conventional
TCP in three ways.

(a) it does not use slow start threshold anymore because unsuitable slow start
threshold value may cause TCP’s performance down.

(b) it combines advantages and characteristics of both loss-based and delay-based
TCPs by incorporating an adaptive delay-based component into a loss-based TCP
algorithm.

(c) it may distinguish between congestion loss and random loss in the source side

and does not need a help from the base station.

(2) Demonstration of Medley TCP’s advantages. Both simulation results
and Internet measurements indicate that Medley TCP can achieve significant im-
provement not only in utilization; fairness, friendliness, and buffer size requirement,

but also in wireless networks.and high bandwidth networks.

(3) Implementation in Fedora 8 with Kernel 2.6.23. Medley TCP has been
implemented in the Linux kernel 2.6.23/of Fedora 8. Because we refer to TCP
Vegas’ source code, some functions are similar to Vegas. For example, Medley TCP
maintains a timestamp queue for all outstanding packets to perform more accurate

RTT calculation and obtain more accurate estimation of network.

7.3 Future Work

We think some interesting directions for future work may be considered.

Medley TCP works with routers embedded in other AQM schemes - The
drop tail queue management scheme drops packets only when the buffer is full, other
AQM algorithms use their distinctive rules to drop packets before buffer overflows.
The goal is to give the TCP connections an early indication of impending congestion.

In fact, current routers in Internet only use drop tail queue management because
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implementing drop tail is easier than other AQM schemes. However, RFC2309
strongly recommends that Internet routers should implement some AQM mecha-
nism to manage queue lengths, reduce end-to-end latency, reduce packet dropping,
and so on. Therefore, it may be worthwhile to study the performance of Medley

TCP with some AQM scheme installed at the routers.

Applications over Medley TCP - Currently SACK is widely used to support
many applications and services. If we expect that our proposed mechanism could be
popularly used in the Internet, further study should be done to see whether Medley

TCP works well when actual applications run on it.

More real Internet measurements - It seems that the measurements only in
Taiwan is not enough. In order to get_more real Internet measurements, a large
scale work in the future may'be to biild a network measurement environment to

make anyone interesting in Medley 'TCP be able to test it.
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