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Abstract

In this paper, we propose a window-based congestion
control algorithm to achieve a max-min fair sharing
of the available bandwidth in ECN capable heteroge-
neous TCP networks. The proposed algorithm uses
the successive binary congestion information provided
by ECN. Based on the explicit network information,
we estimate the fair window size proportional to the
propagation delay.

1 Introduction

TCP (Transmission Control Protocol) is the dominant
protocol in the Internet today and it has proven to be
a standard in data communication. Since TCP conges-
tion control is based on controlling the end-to-end win-
dow, an important attribute of TCP congestion con-
trol mechanisms is that TCP sources do not have any
explicit support for the congestion state from the net-
work.

An ECN (Explicit Congestion Notification) algorithm
[1] has been proposed to avoid the throughput degra-
dation and delays in transmission due to unnecessary
packet drops by the RED algorithm and it notifies
sending hosts explicitly of congestion occurrence in the
network. However, these congestion control mecha-
nisms were based on an end-to-end fashion and it would
be impossible to achieve complete fairness among the
active connections due to lack of the explicit informa-
tion on the states from the network. In [2], the win-
dow congestion control algorithms for TCP with ECN
are presented to achieve fairness and stability. How-
ever, they are limited to a single bottleneck link in the
network. In this paper, we propose a modified RED
algorithm and window control algorithm to achieve a
fair sharing of the available bandwidth in an ECN ca-
pable TCP network where each connection has a dif-
ferent propagation delay and traverses multiple bottle-
neck links.

2 Proposed algorithm with multiple
bottleneck links

2.1 Network modeling
Consider multiple bottleneck links where each connec-
tion has a different propagation delay. Let M be the
total number of active connections and let τm be a
round-trip propagation delay of connection i (1 ≤ i ≤
M). Assume that there exists a positive integer ∆i

(1 ≤ i ≤M) proportional to τi such that

τi

∆i
= τs, i = 1, · · · ,M (τ1 < τ2 < · · · < τM−1 < τM )

where τs is a constant. Provided that the waiting time
of a packet at the RED gateway is negligible, the sys-
tem can be represented by a discrete-time model where
τs is the duration of a time slot [2]. Specifically, we
approximate the network model based on the sense
of average [3]. That is, we assume that connection
i sends wi/∆i per a time slot on the average. Let
wi(k), 1 ≤ i ≤ M denote the window size of the send-
ing host i at time k, and ql(k) denote the queue length
at link l at time k. The queue length at link l is de-
scribed by

ql(k + 1) = [ql(k) +
∑
n∈Sl

wn(k) +
∑

m∈Ml

wm(k)− Cτs]+ (1)

where C is the processing speed of the RED gateway,
Ml and Sl are the sets of remotely and locally bottle-
necked connections at link l, [4].

2.2 Modified RED algorithm and window con-
trol
The modified RED algorithm uses only the instanta-
neous queue length and the queue capacity to deter-
mine the packet marking probability pl(k), which is
proportional to the queue length. Here, we assume
that connection i experiences the severest congestion
at link l along its path and the probability that a packet
received at sending host i at time k has its ECN bits
set is the maximum value among the packet marking



probabilities along the path of connection i. We use
the method in [2] to extract the queue length at the
RED gateway. Then, the sending host extracts the ex-
plicit network information, so the queue length at link
l is as follows:

ql(k) = e(k) ·B (2)

where B is the queue capacity. With the extracted
queue length, the sending host adjusts its window size
as follows:

wi(k + 1) = [α(maxth − ql(k))]+ (3)

where α is the control gain and maxth is the maximum
threshold of the queue length.

2.3 Identification of Locally/Remotely Bottle-
necked Connections
With the multiple bottleneck links, one of the chal-
lenges in designing an algorithm is to provide fair
shares to the connections. The well-known max-min
fairness criterion [4] specifies that the the fair share
of each connection competing for a given link band-
width should be Fair Share = C−Cb

Nl−NMl
, where Cb is

the aggregate bandwidth of all connections in Ml, Nl

is the total number of the connections routed through
link l, and NMl

is the number of the connections in
Ml. To guarantee the max-min fairness, we use only
the backlogged packets in the queue and then identify
the locally/remotely bottlenecked connections. Then,
the proposed algorithm calculates the packet marking
probability according to the identification.

From the number of backlogged packets in the queue,
we define qleni(n) and avgq(n) as the backlogged pack-
ets of connection i at the output queue of link l and its

average 1
Nl

Nl∑
i=1

qleni at the time when the n-th packet

of connection i arrives. Let

candidi(n) =

{
1, if qleni(n)

avgq(n) < 1
0, otherwise

where rcandidi (i = 1, · · · ,M) is a variable to represent
connection i as a candidate for a remotely bottlenecked
one. Using the value of rcandidi, we obtain an estimate
of the trend of rcandidi, ti(n). For the arrival of the
n-th packet of connection i, let

ti(n) = (1− β)ti(n− 1) + β · rcandidi(n)

If ti(n) is greater than the threshold tth, we identify
connection i as a remotely bottlenecked connection and
set the value remotelyi = 1. Since the rest of the band-
width after the remotely bottlenecked connection uses

should be divided among the locally bottlenecked con-
nections according to the max-min fairness criterion,
we rewrite the queue equation as follows:

q(k) ← (1− γ)q(k) (4)

where γ (0 < γ < 1) is a weight to the locally bottle-
necked connections.

2.4 Asymptotic stability
Let Ωl be the set of all connections that are routed
through link l. The modified dynamics of (1) is given
by

ql(k + 1) = [ql(k) +
∑
n∈Sl

α(maxth − (1− γ · u(n, l)) ·

ql(k − 1)) +
∑

m∈Ml

α(maxth − (1−

γ(m, lm))qlm(k − 1))− Cτs]+ (5)

where u(n, l) = 1 if n ∈ Sl ⊂ Ωl and u(n, l) = 0 if n ∈
Sl = Ωl. Let wns, qls be the equilibrium points of
(3),(5), and Rl =

∑
m∈Ml

wms. Note that we ignore the

saturation nonlinearity. Then if maxth is chosen such
that maxth > Cτs−Rl

αNSl
, the equilibrium point of the

closed-loop system given by (3),(5) is obtained by

wns =
Cτs

Nl
+

(Nl −NSl
) · Cτs

Nl
−Rl

NSl

(6)

qls =
NSl
·maxth − (Cτs −Rl)/α∑
n∈Sl

(1− γ · u(n, l))
(7)

where NSl
is the number of connections in Sl. From

(6), it shows that the max-min fairness [4] can be
achieved. Let xl(k) be the state vector with respect
to the queue dynamics of link l that is represented by

xl(k) = [ql(k) ql(k − 1)]T (8)

Let xM
l (k) be the state vector of the severely congested

link of connections in Ml. Then xM
l (k) is represented

by

xM
l (k) = [xT

l1(k) xT
l2(k) · · · xT

lc(k)]T (9)

where c is the cardinality of Ml and lj is the severely
congested link along the path of j-th connection in
Ml. Then, (5) can be written by the following state
equation

xl(k + 1) = Alxl(k) + BlxM
l (k) (10)

where

Al =

[
1 −α

∑
n∈Sl

(1− γ · u(n, l))

1 0

]
,



Bl =
[

bl1 · · · blc

0 · · · 0

]
,

blj = [0 − α
∑

m∈Ml

(1− γ · u(m, lm))]

Now we regroup the bottleneck link set Lb to
L0, · · · , LG. Let L̄i be the cardinality of Li. For the
links in L0, the second term in the right hand side of
(10) is removed. In addition, x(k) is denoted by

x(k) = [x0(k) x1(k) · · · xG(k)]T (11)

where xi(k) = [xT
i1

(k) xT
i2

(k) · · · xT
iL̄i

(k)]. Thus the
state equation of the overall network is shown as fol-
lows:

x(k + 1) =




A0 0 · · · 0
B1 A1 · · · 0

...
. . .

...
BG AG


x(k) (12)

where Ai is a 2L̄i×2L̄i matrix and Bi is a 2L̄i×2(L̄0+
L̄1 + · · ·+ L̄i−1) with the element which is same form
of Bl in (10). In addition, Ai is a diagonal matrix with
the element which is the same form of Al in (10).

For each link, if 0 < α < 1
NSl

, all diagonal matrix in
(12) also have their own eigenvalues within the unit
circle. In addition, if 0 < γ < Cτs−Rl

αNSl
maxth

, the queue
length in (7) can be stabilized to a level under maxth.

3 Simulation Results

We use the following network parameters: The process-
ing speed of the RED gateway C is 1500 [packet/s] and
maxth is 500 packets. The number of TCP connection
M is 5 and the minimum RTT, τm, of connection i is
i·50ms (i = 1, · · · , 5). In simulation model, connection
1, 2 are the locally bottlenecked connections and the
others (connection 3, 4) are the remotely bottlenecked
connections for RED gateway 1 (R1).

Figures 1 illustrates the window size of each sending
host, the output queue length at R1, and the ACK se-
quence number of the proposed algorithm. It shows
that connections 1, 2 which are locally bottlenecked
connections in R1 share equally the unused bandwidth
which the remotely bottlenecked connections cannot
use. Thus, the proposed algorithm achieves the max-
min fair sharing and fully uses the link bandwidth. In
addition, the queue length is stabilized to a level lower
than maxth.
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Figure 1: The behavior of proposed algorithm: (a) win-
dow size, (b) queue length at R1, (c) ACK se-
quence number

4 Conclusion

In this paper, we propose a window-based congestion
control algorithm to guarantee the max-min fairness.
Through the investigation on the stability for the sys-
tem and the network simulation, the proposed algo-
rithm shows the improvement in max-min fair sharing
and link utilization.
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