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In this paper, we focus on fairness and stability of the congestion control mechanisms
adopted in several versions of TCP by investigating their time—transient behaviors through
an analytic approach. In addition to TCP Tahoe and TCP Reno, we also consider TCP Vegas
which has been recently proposed for higher throughput, and enhanced TCP Vegas, which is
proposed in this paper for fairness enhancements. We consider homogeneous case, where two
connections have the equivalent propagation delays, and heterogeneous case, where each con-
nection has different propagation delay. We show that TCP Tahoe and TCP Reno can achieve
fairness among connections in homogeneous case, but cannot in heterogeneous case. We also
show that TCP Vegas can provide almost fair service among connection, but there is some un-
fairness caused by the essential nature of TCP Vegas. Finally, we explain the effectiveness of
our enhanced TCP Vegas in terms of fairness and throughput.

Keywords: Congestion Control Mechanism, Fairness, Stability, TCP Tahoe, TCP Reno, TCP
Vegas

1. Introduction

Inapplicabilities of the traditional transport—layer protocols such as TCP (Trans-
mission Control Protocol) [1,2] to the future high—speed network have been repeatedly
claimed in the literature. Accordingly, some new transport—layer protocols have been
developed. Examples are XTP [3] and the one in [4] for ATM (Asynchronous Transfer
Mode) networks. However, many of the current Internet services including HTTP (and
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World Wide Web) and FTP (File Transfer Protocol) use TCP. Thus, even if the network
infrastructure may change in the future, many TCP applications would continuously be
used. This observation leads to the active researches on TCP for high speed data transfer.
See, e.g., [5,6]. However, most of past studies have concentrated on the effectiveness of
TCP in spite of the fact that stability and fairness are other important issues, and those
sometimes become more essential than effectiveness [7].

In this paper, we focus on stability and fairness of several versions of TCP through
an analysis. To make clear the essential nature of the congestion control mechanisms
of each version of TCP, we use a rather simple model where two connections share the
bottleneck bandwidth. We will present some findings through the analytic approach in
this paper. In the homogeneous case, where two TCP connections have identical propa-
gation delays, we point out that current versions of TCP (Tahoe and Reno versions) can
give a reasonably fair service at the expense of stability. Here, by “fair”, we mean that
by dynamically adjusting the window size of TCP, throughputs of connections sharing
the bottleneck bandwidth is close. On the other hand, a more recently proposed TCP
Vegas [8,9], which adopts a different congestion control mechanism from TCP Tahoe
and Reno, can offer higher performance and the stable operation; i.e., the window size is
converged to a fixed value if the number of connections is not varied and each connec-
tion continuously transmits segments (packets). However, it sometimes fails to obtain
the fairness among connections, that is, the throughputs of connections are converged to
different values. Based on our results, we will propose an enhanced version of TCP Ve-
gas which can improve fairness among connections. Our solution is simple. We modify
TCP Vegas in such a way that convergence of the window size of the connection is not
allowed. By this mechanism, one promising property of original TCP Vegas thatthe TCP
window size is stabilized is lost, but the fairness among connections can be achieved. It
seems to be a good example that the fairness and stability (and effectiveness) cannot be
achieved at the same time within networks.

We also investigate the heterogeneous case where two connections have different
propagation delays. In this case, traditional TCP Tahoe and TCP Reno cannot obtain fair-
ness among connections because of their inherent control mechanisms of the window
size; the rate of increasing window size depends on the round trip time of the connec-
tion. TCP Vegas gives a better fairness property as investigators expected. However, it
still has pitfalls as we will explore in the later. Then, our enhanced TCP Vegas can achieve
fairness among connections even with different propagation delays.

This paper is organized as follows. We first describe the network model that we will
use in our analysis and simulation in Section 2. Next, we briefly introduce the congestion
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Figure 1. Network Model

control mechanisms of TCP Tahoe, TCP Reno, TCP Vegas in Section 3. In Section 4,
we show our analysis methods, by which we will reveal the characteristics of the above
three versions, propose our enhanced TCP Vegas, and show its effectiveness. Finally, in
Section 5, we make some concluding remarks.

2.  Network Model

The network model that we will use in the analysis and simulation is depicted in Fig-
ure 1. The model consists of two sources (SES1, SES2), two destinations (DES, DES2),
two intermediate switches (or routers) (SW1, SW2), and links interconnecting between
the end stations and switches. We consider two connections; Connection 1 from SES1 to
DES1, and Connection 2 from SES2 to DES2. Both connections are established via SW1
and SW2, and the link between SW1 and SW2 is shared between two connections. The
bandwidth of the shared link js[segment/sec]. The buffer size of SW1R{segments].

The propagation delays between $B8d DES arer; (i = 1, 2).

In analysis and simulation, we consider the situation that Connection 1 starts to
transfer data segments at first, and Connection 2 joins the network afterward. Each SES
transmits data segments according to the TCP protocol. It is assumed that each SES is a
greedy source, that is, each SES has infinite data to transmit. TCP segment size is fixed
atm [bytes]. Then, we will focus on the dynamics of congestion window size as a func-
tion of time, which is defined aauvnd;(t). Stability and fairness between connections
are investigated by comparirgnd; (t) andcwnds(t).

3. Congestion Control M echanismsof TCP

In this paper, we consider three versions of TCP; Tahoe, Reno, and Vegas versions.
TCP Tahoe and Reno are widely used in the current Internet. TCP Vegas is a recently
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proposed one in [8-10]. In TCP, the window size for the connection, called a conges-
tion window size ¢éwnd), is changed according to the network congestion indication. In
what follows, we focus on the time—dependent behavianeid, since the change of the
window size has a significant impact on TCP behavior as will be shown later. For this
purpose, we first summarize algorithms to updated(t) in three TCP versions in turn.
The analysis methods of the transient behaviareid; () (for Connections 1 and 2) in
the network model depicted in Figure 1 will then be developed in the next section.

For reference purposes, we depict Figure 2 which shows typical behaviors of the
window sizes as a function of timewnd(t), observed in four TCP versions. The figure
is obtained by computer simulation using the network model depicted in Figure 1 except
that only one connection (Connection 1) is activated. For parameters, we used the link
bandwidthy = 20 Mbps, the propagation delay = 2 msec, the buffer sizB = 10 seg-
ments, andv = 2, 5 = 4, § = 3 for control parameters of TCP Vegas and enhanced TCP
Vegas (see Subsection 3.3).

3.1. TCP Tahoeversion

In TCP Tahoe, the window sizewvnd is cyclically changed as indicated in Fig-
ure 2(a).cwnd continues increasing until segment loss occurs. When it does occur, TCP
determines that the network is congested, and thrattled down to the size of one seg-
ment. TCP Tahoe has two phases in increaswgd; Slow Start Phase and Congestion
Avoidance Phase. When an ACK segment is received by TCP at the server side at time
t + ta, cwnd(t 4+ t4) is updated fronewnd(t) as follows (see, e.g., [1]);

[ Slow Start Phase :
cwnd(t) +m, if cwnd(t) < ssth;
cund(t+t4) = 1)
Congestion Avoidance Phase :
| cond(t) + m?/cwnd(t), if cwnd(t) > ssth;

wheressth is the threshold value at which TCP changes its phase from Slow Start Phase
to Congestion Avoidance Phase. When segment loss is detected by timeout or fast re-
transmission algorithm [1}wnd(t) andssth are updated as follows;

ssth = cwnd(t)/2 2

cund(t) =m
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Figure 2. The Change of Window Size of four versions of TCP

That is, TCP Tahoe again enters Slow Start Phase when segment loss occurs. Therefore,
the dynamics of TCP Tahoe in a simplest case is; Slow Start RhaSengestion Avoid-
ance Phases segment loss+ Slow Start Phases - - -.

3.2. TCP Reno version

TCP Reno is similar to TCP Tahoe, but uses another algorithm when segment loss
occurs. In Slow Start Phase and Congestion Avoidance Phase, TCP Reno also uses
Eq. (1) to update the window size, but when segment loss is detected by fast retransmis-
sion algorithm, the window sizeund(t) is halved. That is,

ssth=cwnd(t)/2
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cwnd(t) = ssth

TCP Reno then enters Fast Recovery Phase [1]. In this phase, the window size is in-
creased by one segment when a duplicate ACK segment is receivedyadi(t) is re-

stored tassth when the non—duplicate ACK segment corresponding to the retransmitted
segment is received. Figure 2(b) is a typical example of the behaviasaf(t).

3.3. TCP Vegas version

In TCP Tahoe and Reno, the window sizend, is increased until segment loss oc-
curs due to congestion. Then, the window size is throttled, which leads to the throughput
degradation of the connection. However, it cannot be avoided because of an essential
nature of the congestion control mechanism adopted in TCP Tahoe and Reno. It can de-
tect network congestion information only by segment loss. However, it becomes a prob-
lem since the segment may be lost when the TCP connection itself causes the congestion
because of its too large window size. clfind is appropriately controlled such that the
segment loss does not occur in the network, the throughput degradation due to throttled
window can be avoided. This is the reason that TCP Vegas was introduced.

TCP Vegas employs another mechanism for detecting the network congestion. It
controlscwnd by observing changes of RTTs (Round Trip Time) of segments that the
connection has sent before. If observed RTTs become large, TCP Vegas recognizes that
the network begins to be congested, and throtilexl down. If RTTs become small, on
the other hand, TCP Vegas determines that the network is relieved from the congestion,
and increaseswnd. Then,cwnd in an ideal situation becomes converged to the appro-
priate value as shown in Figure 2(c), and the throughput is not degraded. In Congestion
Avoidance Phase, the window size is updated as;

cwnd(t) + 1,if diff < 3=2—%
cwnd(t +ta4) =S cwnd(t), if 2 <diff <L ©)

cwnd(t) — 1,if —2— < diff

base_rtt

diff = cwnd(t)/base_rtt — cwnd(t)/rtt

wherertt is a observed round trip timégse_rtt is the smallest value of observed RTTS,
anda andg are some constant values.

TCP Vegas has another feature in its congestion control algorithm. TBaws
Slow Start. The rate of increasiiegnd in slow start phase is a half of that in TCP Tahoe
and TCP Reno;

cwnd(t + t4) = cwnd(t) +m/2 (4)
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Note that Eq. (3) used in TCP Vegas indicates that if RTTs of the segments are stable,
the window size remains unchanged. That can be seen by Figure 2(c), where the window
size is converged to a fixed value in steady state. However, when two or more connections
share the bottleneck link, the window sizes are not converged to an identical value as will
be shown in Subsection 4.4. Then, we will present an enhanced version of TCP Vegas to
prevent the convergence of the window size to a fixed value in Subsection 4.5.

4. Analyss

In this section, we analytically investigate the congestion control mechanisms of
TCP in terms of stability and fairness between two connections. We mainly focus on
changes ofwnd; (t) andcwnds(t), the time—dependent behavior of the window sizes
of connections.

4.1. Analysis Method

To investigate fairness between two connections, we employutiel; —cwnds
graph depicted in Fig. 3 [11]. In this graph, x—axis and y—axis represent the window sizes
of Connections 1 and 2, respectively. The point#{d; (¢), cwnds(t)) represents the sta-
tus observed at timeé The line labeled with ‘Fairness Line’ corresponds to the case of
cwnd; = cwnds, i.e., the window sizes of both connections are equivalent if the point is
on the line. By the ‘Efficiency Line’, it is shown whether the link is fully utilized or not.
All segments from both connections are served at the bottleneck link with the bandwidth
of u. Thus, if the link is fully utilized at time, 1 equals the sum of the rates at which the



8 Go Hasegawa et al. / Fairness and Sability of TCP

segments of both connections are served. By approximately representing the arrival rate
of segments bywnd, (t) /7 andcwnds(t)/m2, we have a relation
cwndy (t cwnds(t
- 1t | 2(t)

1 T2

(5)
We further introducé?, as
We = cwnd; (t) + cwnda(t) (6)

such that the values eivnd, (t) andcwnds(t) satisfy Eq.5. Then, the Efficiency Line
corresponds t®V,, which means that if the point is located lower than the ‘Efficiency
Line,” the link bandwidth is not fully utilized. In the homogeneous case » = 1),
Eq.(6) after substituting Eq.(5) becomes

We=21u

The Segment Loss line in the figure representsd, 4+ cunds = W [segments], where
W is the sum ofiW, and the buffer size of the intermediate bottleneck switch;

Ws=W.,+ B

Thus, segment loss occurs if the point is beyond the ‘Segment Loss Line’. If the points
are located between ‘Efficiency Line’ and ‘Segment Loss Line’, it can be said that TCP
offers an ideal control mechanism in the sense that the network bandwidth is fully utilized
and no segmentloss occurs. When the fairness is also important, the points should be kept
around the ‘Fairness Line'.

Before presenting the analytic results, we illustrate simulation results in Fig. 4 to
give some feeling on the behavior of TCP. We will use it as an illustrative example for
deriving analytic results. Note that discussions on the results will also presented in the
following subsections. In the figure, the changes of the window sizes of two connections
as a function of time are shown for the homogeneous case where two connections have
same propagation delays. In simulation, Connection 2 joins the network at%t860
[msec]. We selr = 20 [Mbps], n = » = 5 [msec],B = 10 [segments] and» = 1
[Kbytes] for parameters of the model shown in Fig. 1. The other parameters are set as
a =2, 8 = 4 for TCP Vegas, and = 3 for enhanced TCP Vegas. Figure 5 shows the
cwndi—cwndsy graph obtained from Fig. 4.

In Figs. 6 and 7, we show the heterogeneous case where the propagation delays of
the two connections are different. In simulation, weset 20 [Mbps], B = 10 [seg-
ments],r; = 4 [msec],» = 8 [msec],m = 1 [Kbytes], anda = 2, 3 = 4, 6 = 3 for
parameters of TCP Vegas and enhanced TCP Vegas, and Connection 2 joins the network
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Figure 4. Simulation Results of homogeneous case.

at timet=1500 [msec]. We will explain the effect of propagation delay on the congestion
control mechanisms of TCP by using Figs. 6 and 7 and our analytical results.

4.2. TCP Tahoe

In TCP Tahoe, the change of the window size is cyclic as shown in Fig. 2(a) where
the single connection utilizes the link. Itis also true when two connections with identical
propagation delays share the link (Fig. 4(a)) since segments from two connections are lost
at the end of the cycle. Itis explained as follows. Suppose that both of two TCP senders
open the window at same speed in Congestion Avoidance Phase. Each connection incre-
ments its window size by one segment simultaneously, and injects a new segment into the
network. Finally, the sum of the window sizes of both connections becomes edua) to
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the sum ofandwidth—delay products of the link (W,) and the buffer size at switclB).

Then new segments from both connections are likely to be dropped at the switch buffer

because the sum of the window sizes exceeds the network capacity by two segments. Itis
true that we treat a special case for the network configuration, but the problem described
in the above is inherent in TCP Tahoe.



Go Hasegawa et al. / Fairness and Sability of TCP 11

50 T T T T T T T r T 50 r
. cwndl —— qwndl| +——
45 1 ; cwnd2 1 45 qwnd2| -
7 40 1 @ 40f
9] i °
é 35 § 35
2 30 S 30
S 25 S 25
(7] (7]
z 20 z 20
o o
E 15 E 15
2 10 2 10
5 5
0 : 0 : : . . ; .
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Simulation Time (msec) Simulation Time (msec)
(a) TCP Tahoe. (b) TCP Reno.
T 50
cwndl ——
cwnd2 - 1 45 -
w 1 @ 407
[} Q
é é 35 |
= s 30
& & 25
(7] (7]
2 z 20
o o
E E 15 |
2 2 10
5
0 T © il L L L L L L [ fommeee e’ i L L L L L L
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Simulation Time (msec) Simulation Time (msec)
(c) TCP Vegas. (d) Enhanced TCP Vegas.

Figure 6. Simulation Results of heterogeneous case.

When propagation delays of two connections are different, on the other hand, the
above discussions never be directly applicable. However, we can confirm that even if two
connections have different propagation delays, the segment losses of both connections
are likely to occur simultaneously in Fig. 6(a). Therefore, in the analysis, we will assume
that segment losses of the two connections take place simultaneously.

We introduce the following notations. Cycletarts at the time when— 1 th seg-
ment s lost, and terminatesiah segment loss¥; andW3 are window sizes of Connec-
tions 1 and 2 wheinth segment of two connections are lost. Similasith} andssthl,
are defined assth of cyclei for two connections, respectively. Let us assume that aycle
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begins at time = 0. From Eq.(2), we obtain;
1

. (-1 @

When segment loss occurs, the window size is reset to one segment (since fast retrans-

ssthé- =
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mit is not used in TCP Tahoe). Then, the window size increases according to Slow Start
Phase untitwnd; (t) reache$sth§-. Afterwards, the window size increases according to
Congestion Avoidance Phase as follows (see Eq.(1));
t —ssth 5 .
cund;(t) = M + ssth;, (1=1,2) (8)
27;
wheresstht§- is the time when Slow Start Phase terminates, that is, whed ; (¢) reaches
ssth;.. At the end of cyclé, i th segment loss takes place in both connections since the
sum of the window sizes of both connections readiiggdefined in Eq.(7)), i.e.,

W, = cwnd; (th,,,) + cwndy (tt,,,) ()

We can obtairt!, ., the time when th segment loss occurs, from Egs.(7) and (8) as fol-
lows;

i T1°T2
loss —

—_— 1
T1+T2Ws (10)

Finally, W is obtained from Egs.(7) through (10) as;

Wi .
Wwi=—14 -T2
2 Tj 2(7'1+T2)

1 71 N1 T

~manem - (3) (‘ﬁw - Wf) )
The above resultimplies that the window sizes of both connections are exponentially con-
verged ag — oo, and the converged value is in proportion to the inverse of the prop-
agation delays. It is then clear that if the propagation delays are equivalent, TCP Tahoe
provides fair service between connections. We can also see that the congestion control of
TCP Tahoe lacks in an ability to stabilize the window sizes in the sense that the window
size oscillates as a function of time as shown in Figs. 2(a), 4(a) and 6(a).

However, itis also observed that in the heterogeneous case of different propagation
delays, the window sizes of two connections become different in TCP Tahoe, and the
connection with longer propagation delay suffers from the small window size. This can
be observed in Figs. 6(a) and 7(a), in which Connection 2 with longer propagation delay
has a small window size during the simulation, and the network status paint/((t),
cwnds(t)) is always lower than the ‘Fairness Line.” One may think that the fairness mea-
sure should be defined by taking account of the propagation delays, and that it is natural
that the connection with the longer propagation delay achieves the less throughput. It
may be true, but our point is that in TCP Tahoe, the throughput is not proportional to the
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propagation delay. We introducle;'- as the number of segments transmitted in cycle
of the connectiory, andS; as throughput for the connectign That is, the following
relation holds;

A (a2)
Thus, by utilizing Egs.(7) through (11), we have

_ A4
t%O.SS
B f(f;"“ cwnd;(t)dt
= -
_ loss
_ 3W]?
47;

Sj

By lettingi — oo, we have

g 3 _TT2
J Tj2 2(1 + )

W, (13)

That is, the throughput becomes proportional to the inverse of the square of the propaga-
tion delay in the heterogeneous case.

4.3. TCP Reno

As described in Section 3, the congestion control mechanism of TCP Reno is sim-
ilar to that of TCP Tahoe, except that TCP Reno has a Fast Recovery Phase to be able
to react the random segment loss quickly. That is, in the Fast Recovery Phase, the win-
dow size igemporarily inflated until non—duplicate ACK is received, and it is restored to
ssth. After that, the Congestion Avoidance Phase begins as in TCP Tahoe. Therefore, if
we ignore the temporary inflation of the window size in Fast Recovery Phase, TCP Reno
controls the window size as if Slow Start Phase were eliminated from the change of the
window size of TCP Tahoe. As a result, the transition of network status painid; (¢),
cwnds(t)) follows Eq.(11). That is, TCP Reno also has an ability to keep a fair service
among connections in the homogeneous case, but it cannot keep fair service among con-
nections in heterogeneous case, as in the case of TCP Tahoe. See Figs. 4(b) and 5(b) for
the homogeneous case and Figs. 6(b) and 7(b) for the heterogeneous case.
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4.4. TCP Vegas

In TCP Vegas, it is noticeable that the window sizes of both connections remains
constant at different values as shown in Figs. 4(c) and 6(c). It can also be observed in the
cwndy—cwnds graph in Figs. 5(c) and 7(c) where the network status peint.¢; (¢),
cwndsy(t)) first moves fromW, 1) to (W2, W), and is converged at that point. In this
subsection, we analytically deriv&;! (the window size of Connection 1 when Connec-
tion 2 is activated), an@’Z, W$ (converged values of window sizes of Connections 1
and 2) to make clear the characteristics of the congestion control mechanism of TCP Ve-
gas.

Letl; andl, be the mean numbers of segments queued in the switch buffer before
and after Connection 2 joins the network, respectively. Since the window size in TCP
Vegas converges to a fixed value in steady statand/, should also be converged to
some values. We first consider the situation where only Connection 1 is active in the net-
work. When the window size of Connection 1 becomes stable, the following inequalities
should be satisfied from Eq.(3);

o wi wi p

_— 14
baserttl = baserttl  rtt;  base_rtt] (14)

wherebase_rtt} is base_rtt of Connection 1, being equal to the round trip time without
gueueing delays at the switch buffer. That is,

1
base_rtt =21 + — (15)
7’
andrtt; is the round trip time in steady state, i.e.,
Ilh+1
rtt, =27 4+ L F (16)

From Egs.(15) and (16), Eqg.(14) can be rewritten as;

{2w+(11+1)}%<wf<{2w+(11+1)}g (17)

W can also be obtained by summing thendwidth—delay products of the shared
link (2 7 1) and the number of segments in the switch buffe); (

Wi=2ru+i (18)
By substituting Eq.(18) into Eq.(17), we simply have

a<ly <p. (19)
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Also, Eq.(19) can be written by using Eq.(18) as
27+ (a4 1) < Wl <27+ (8+1) (20)

From the above equations, we observe that in steady state, the mean number of segments
in the switch buffer is kept stable betweeandg, and the link bandwidth is always fully
utilized.

We next observe the TCP behavior after Connection 2 joins the network. When
Connection 2 starts to transmit segments into the network, the number of segments
queued in the switch buffer increases. Then the round trip time of Connection 1 increases,
and its window size is decreased to satisfy the condition that the window size should be
stable. See Eq.(3). Since all segments of both connections are served at the bottleneck
link with the bandwidth ofx [segments/sec], the following equation is satisfied;

Wy | W3
= 21
ity ity (21)
The window size of each connection changes according to Eq.(3) as follows;
2 2
@ wi Wi __ B (22)
base_rtty ~ base_rtty ritty  base_rtt;
2 2

base_rtty  base_rtty B rtty  base_rtty

wherertty, rito, base_rtt1, base_rtto are Round Trip Time anklise_rtt of Connection 1
and Connection 2, respectively, and can be obtained as follows;

l
rtty = 21 + —= (24)
7’
Iy
rity = 279 + — (25)
7’
1
base_rtt; = 27 + u (26)
l
base_rtto = 219 + ;1 (27)
By substituting Egs.(24) from (27) into (22) (23), and after some manipulation, we have
(@rip 1) > < WP < (2t )P (28)
2 2
(27ap + o) ——— < W2 < (27ap1 + Io) (29)

12 — ll 12 - ll
Namely, network status point«{mnd; (t), cwndsy(t)) converges to the values satisfy-
ing Egs.(28), (29), and (21). Furthermore, from the condition that network status point
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(cwndy (t), cwndsy(t)) that satisfying Eqs.(28), (29), and (21) exists, we can determine
the range of,, the numbers of segments queued in the switch buffer after Connection 2
joins the network. It is obtained by solving Eq.(28) and (29)/foas follows;

3+v5 3+V5
2 5

a<ly <

We can observe from Eqgs.(28) and (29) that the window sizes of both connections
converge iralmost proportion to the propagation delay. It means that if the propagation
delays of connections are equivalent, the window sizes should become identical. How-
ever, it is also observed in Eqs.(28) and (29) figtandW2 have someanges, and the
real convergence point is determined arbitrarily. The range of the convergence is depen-
dent on the congestion control algorithm of TCP Vegas itself, which is the condition that
the window size remains unchanged has a soange as specified in (Eq.(3)).

There is another reason why TCP Vegas can not achieve fairness between connec-
tions. That is caused by the differencebake_rtt’s of two connections (Egs.(26) and
(27)) even in the homogeneous case with identical propagation delays. When Connec-
tion 2 joins the network, the switch buffer is occupied by several segments of Connec-
tion 1. Thuspase_rtt of Connection 2 includes some buffering delay at the switch and
it becomes larger than that of Connection 1. Therefore, the window size of Connection 2
becomes lower to satisfy the second equation of Eq.(3). This cannot be avoided in TCP
Vegas if the number of segments at the switch buffer is not much changed in steady state.

The unfairness of TCP Vegas explained above was confirmed by comparing with
simulation. The results shown in Figs. 4(c) and 5(c) is one example, but by repeating the
simulation experiments, we observe that the value%@frange from 1.03 to 1.58. On

the other hand, Eqgs.(28) and (29)) show that the upper and lower valq%s afe 0.95
to 2.12.

On the other hand, the window size in the heterogeneous case becomes almost pro-
portional to the propagation delay of each connection as indicated by Eqs.(26) and (27).
Thus, the throughput defined as (window size)/(propagation delay) becomes identical,
and we may say that the fairness becomes better in the heterogeneous case. However,
the obtained throughput has some range dependent on the chosen pararapté#sn
TCP Vegas, which causes the unfairness between connections. It can also be confirmed
by Eqgs.(26) and (27).

In summary, TCP Vegas can improve fairness between connections to some extent,
but there still be some unfairness due toithege of the convergence point. In the next



18 Go Hasegawa et al. / Fairness and Sability of TCP

subsection, we will explain our enhanced TCP Vegas, and show some analytic results to
confirm the effectiveness of our proposed method.

4.5. Enhanced TCP Vegas

Eqg.(3) used in TCP Vegas indicates that if RTTs of the segments are stable, the win-
dow size remains unchanged. The range that the network is viewed as “stable” was de-
rived in the previous subsection. It is a fundamental problem of TCP Vegas, and our so-
lution is to eliminate the condition of unchanging the window size. The following al-
gorithm is used in our enhanced TCP Vegagrevent the convergence of the window
size;

cwnd(t) + 1,if diff < ﬁ
cund(t) — 1,if 55255 < diff

base_rtt

diff = cwnd(t)/base_rtt — cwnd(t)/rtt

cund(t +t4) = { (30)

whered is a some small constant value. The same algorithm can be obtained by setting
a = (in TCP Vegas (Eq.(3)), which clearly shows that the condition of unchanging the
window size is eliminated. Figure 2(d) shows a typical example of our enhanced Vegas
version. We can see from the figure that the window size is oscillated around the appro-
priate value. By using the algorithm above, we can overcome the unfairness problem
observed in TCP Vegas.

We now explain why it can achieve the fairness. The window size of each con-
nection oscillates as a function of time. The point around which the window sizes are
oscillated is determined as follows. From Eq.(30), we first have

cund cwnd )
basertt  rit  basertt
Let W2 andW2 be the central points of oscillations of the window sizes of Connections 1
and 2, respectively. By applying Eq.(31) to Connection 1 and Connection 2, the following
equations can be obtained;

(31)

2 2 )
Wi oWy 0 (32)
base_rtty rtty base_rtt;
2 2
Ws Wy __ 9 (33)

base_rttoy B ritty  base_rtty

wherertty, rtts, base_rtt; andbase_rtt, are determined from;

rity = 27 + 2 (34)
W
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l
rtty = 275 + = (35)
1
1
base_rtt; = 27 + i (36)
1
base_rtty = 219 + — (37)
L

Note that Eq.(37) is different from that of TCP Vegas (Eq.(27)). It is because our en-
hanced method simply prevents the convergence of the window size as shown in Eq.(30).
Then the window sizes of both connections are changed dynamically. It also leads to the
fluctuation of the number of segments at the switch buffer, andtdausrit's of Con-
nection 1 and 2 become converged to the same value.

From Eq.(21), Egs.(32) and (33) can be solved as follows;

0
WP = (2rip + 12)5 (38)

0
W3 = (21op + 12)5 (39)

Furthermore, in similarly to TCP Vegas, we can obtaifrom Egs.(21), (38) and (39);
ly =20 (40)

We note thai, in the above equation is a converged value, and actually the queue size
at the switch buffer is fluctuated in some range. However, there is a significant differ-
ence between TCP Vegas and enhanced TCP Vegas. In TCP Vegas, converged window
sizes of both connections (Egs.(28) and (29)) may be different because it rasgbe

in the condition that the window size remains unchanged (Eq.(3)). On the other hand, in
enhanced TCP Vegas, it is avoided by oscillating the window size.

From Egs.(38) and (39), we can confirm that the central point of oscillation be-
comes completely proportional to the propagation delay. It means that our enhanced
TCP Vegas can provide good fairness even in terms of throughput defined as (window
size)/(propagation delay). These results are quite different from those of TCP Vegas,
which sometimes fails in obtaining fairness between connections as having been de-
scribed in Subsection 4.4. Our enhanced TCP Vegas discards the ability of the stable
operation which is intended in the original TCP Vegas. However, the oscillation range of
the window size is small. The example can be seen imthel; —cwnds, graph (Figs. 5(d)
and 7(d)). The network status pointsf:d; (t), cwnds(t)) oscillate around the ‘Fairness
Line’, and the range of oscillation falls between ‘Effectiveness Line’ and ‘Segment Loss
Line’. That is, in our enhanced version of TCP Vegas, the throughput can be kept high
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as in the original one, and the unfairness problem is resolved at the expensetablibe
operation of the window sizes.

5. Conclusion

In this paper, we have focused on stability and fairness properties of TCP through
an analytic approach and have made clear the basic characteristics of four versions of
TCP; TCP Tahoe, TCP Reno, TCP Vegas and our proposed enhanced TCP Vegas. We
have obtained the following results through analysis and simulation;

e Homogeneous case:

x TCP Tahoe and TCP Reno can provide the fairness between connections at the ex-
pense of stability and throughput.

x TCP Vegas can achieve higher throughput than TCP Tahoe and TCP Reno, but lacks
in fair share of the link.

x Enhanced TCP Vegas can improve fairness without throughput degradation. It is
due to fluctuated window sizes.

e Heterogeneous case:

x In TCP Tahoe and TCP Reno, the connection with longer propagation delays suffers
from very lower throughput.

x In TCP Vegas, fairness between connections can be improved to some extent. How-
ever, unfairness is not perfectly resolved in the heterogeneous case.

+x Our enhanced TCP Vegas can achieve a good fairness between connections while
keeping high throughput at the expense of stability.

Inthe current work, we have only focused on the simple network topology, a single—
hop network with two connections. For future work, we need to study the more general
network topology, which has multi-hop connection between sender and receiver to in-
vestigate the effect of the number of congested links of the connections on the congestion
control mechanisms of various versions of TCP. More importantly, we have assumed that
TCP connections follow the pre-specified congestion control algorithm. In recent papers
such as [6,12], researchers focused on isolatidH-diehaved flows emitting segments
independently on the congestion level of the network to occupy the link bandwidth un-
fairly. The proposed scheduling algorithms at the switch can offefdineservice ac-
cording to the pre-determined weights of flows, but have a limit since incorporation of
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the propagation delays is not considered. We feel that our results can contribute to the
extension of the proposed method, but it requires a further research.
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