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a b s t r a c t

Random Early Detection (RED) can stabilize the instantaneous queue size at a router by controlling the
average queue size within a given target. In this case, RED can achieve high throughput in the routers.
However, the average queue size is quite sensitive to network scenarios and it is difficult to adapt RED
parameters to changing network traffic. In this paper we use a previously developed dynamic model of
TCP behavior together with a linear feedback model of TCP/RED to analyze and design a mechanism
for RED parameter tuning in response to changing network conditions like traffic load, link capacity
and round-trip time. Even though the values of four key RED parameters are determined by varying net-
work conditions, they can be tuned independently without consideration of the interactions among these
RED parameters. Simulation results show that this mechanism can keep the instantaneous queue size sta-
ble and maintain high link utilization in a wide variety of network conditions.

� 2009 Elsevier B.V. All rights reserved.

1. Introduction

Internet congestion control plays an important role in the Inter-
net to ensure good network performance. It comprises two main
parts: TCP and Active Queue Management (AQM). Among many
AQM algorithms proposed over the last decade, RED has been
widely implemented in major commercial routers, especially in
edge routers [1,2]. It is seldom deployed in core routers because
they typically do not run congested links [3]. One of the main goals
of RED is to stabilize the instantaneous queue size by controlling
the average queue size within a given target, while maintaining
high link utilization [4]. However, the average queue size varies
with traffic load as well as round-trip time and link capacity, and
parameterizing RED to obtain good performance under variable
congestion scenarios is very difficult. Such difficulties discourage
network administrators from activating RED in their routers [5].
Certainly, there are many parameter tuning techniques for RED
proposed in the literature [6–12], but they were either developed
on the basis of empirical investigations and analysis, or are only
applicable under certain assumptions. In particular, the authors
in [6–9] provided guidelines for adjusting only one of the RED
parameters in response to the changing network conditions. So
these guidelines are applicable only under a narrow range of
round-trip times and link capacities. As demonstrated in other
AQM or AQM-based approaches, such as the Proportional Integra-
tor (PI) controller [11], Random Exponential Marking (REM) [13]
and BLUE [14], parameter setting still remains a critical unsolved

problem. In addition, the Web performance of these AQMs is not
as good as Adaptive RED (ARED) in [6] if dropped packets are used
as indications of congestion [15], and their transient response
would become much slower when network scenarios change
dynamically [16].

In [12] the authors proposed a method to set initial RED param-
eters from a Control Theoretic perspective. However, they did not
illustrate how to adapt these RED parameters to changing network
scenarios. By improving their Control Theoretic analysis of TCP/
RED systems, we developed an Auto-Parameterization RED (AP-
RED) to provide a simple, scalable and systematic algorithm for
tuning four key RED parameters as a function of network traffic
conditions of link capacity, round-trip time, and the number of
TCP flows. Theoretic analysis and nonlinear simulations using a
ns-2 simulator [17] have demonstrated that it is robust, adaptive
to TCP dynamics, and produces desirable transient performance.

The rest of the paper is organized as follows. Section 2 illus-
trates a pre-developed nonlinear dynamic model of TCP and a lin-
ear feedback model of TCP/RED system. Section 3 describes AP-RED
and presents stability analysis. Section 4 introduces the calculation
method for network parameters. Simulation results to validate the
algorithm are presented in Section 5. Finally, we conclude in Sec-
tion 6.

2. Model

In [18], a nonlinear dynamic model of TCP behavior was devel-
oped using fluid-flow and stochastic differential equation analysis.
By ignoring timeout mechanism, Hollot et al. [12] uses a simplified
version to describe the model by the following differential
equations:
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_WðtÞ ¼ 1
RðtÞ �

WðtÞWðt � RðtÞÞ
2Rðt � RðtÞÞ pðt � RðtÞÞ

_qðtÞ ¼WðtÞ
RðtÞ NðtÞ � C ð1Þ

where _x denotes the time-derivative of x and

W ¼: expected TCP window sizeðpacketsÞ;
q ¼: expected queue sizeðpacketsÞ;
R ¼: round-trip timeðsecondsÞ;
C ¼: link capacityðpackets=secondÞ;
N ¼: number of TCP flows;
p ¼: probability of packet mark=drop.

According to these equations, Hollot et al. [12] further describes
the behavior of dW _¼W �W0; dq _¼q� q0, and dp _¼p� p0 in a linear
feedback control model of TCP/RED by linearizing variables
ðW; q; pÞ at its equilibrium point ðW0; q0; p0Þ. The linear control
model is depicted in Fig. 1.

In the above model PtcpðsÞ denotes the linearized TCP dynamics,
PqueueðsÞ denotes the queue dynamics, e�sR denotes the delay term
and CredðsÞ denotes RED control strategy. They were given by the
following equations:

PtcpðsÞ ¼
RC2

2N2

sþ 2N
R2C

PqueueðsÞ ¼
N
R

sþ1
R

CredðsÞ ¼ Lred
s=Kþ1

8>>>>><
>>>>>:

ð2Þ

where

Lred ¼
pmax

maxth �minth
;

K ¼ � logeð1� aÞ
Ts

;

pmax ¼
: maximum drop probability;

maxth ¼
: maximum threshold;

minth ¼
: minimum threshold;

a ¼: average queue weight;
Ts ¼: sampling interval.

3. AP-RED algorithm and stability analysis

3.1. The algorithm

The objective of AP-RED is to stabilize the instantaneous queue
size by maintaining the average queue size within the limits of
maxth and minth in widely varying network scenarios. The rationale
behind setting maxth and minth as a fraction of bandwidth-delay
product is to follow the theoretic analysis and rule-of-thumb in
accommodating bursty traffic [6,7,19]. The rational behind setting
pmax is to achieve a desirable equilibrium point based on theoretic
analysis. The rationale behind setting a is to maintain the stability
of the system from a Control Theoretic perspective.

Thus, consider the initial RED parameters a0; pmax0;maxth0, and
minth0 that stabilize the queue size under the initial network sce-

nario of TCP loadN0, round-trip time R0 and link capacity C0. When
the network scenario varies we present the following algorithm for
adjusting RED parameters.

maxth ¼ krkcmaxth0 ð3Þ
minth ¼ krkcminth0 ð4Þ

pmax ¼
kn

krkc

� �2

pmax0 ð5Þ

a ¼
kn

ðkr kcÞ2
a0 N 6 RC=2

1
kr kc

a0 N > RC=2

(
ð6Þ

where

kr ¼ R=R0;

kc ¼ C=C0;

kn ¼ N=N0

and constraint pmax within the range [0.01,0.5]

i:e: if pmax > 0:5 pmax ¼ 0:5
if pmax < 0:01 pmax ¼ 0:01

Compared with the automatic setting of average queue weight a
based on link capacity in [6], our tuning algorithm of a is based
not only on link capacity, but also on round-trip time and traffic
load. As a is adapted to congestion scenarios, a larger a can improve
transient response while a smaller a provides a sufficient stability
margin [12]. When maxth and minth are reduced according to the
changing network parameters, the queuing delay is decreased cor-
respondingly. In contrast, the average queue size can still be stabi-
lized within a given target range by using a larger maxth and minth

when round-trip time increases or link capacity increases.

3.2. Determining the equilibrium point

The purpose of adjusting pmax is to keep the queue size at a
desirable equilibrium point. At a new equilibrium point where
_W ¼ 0 and _q ¼ 0, from (1) we have

W2p ¼ 2 and W ¼ RC
N

Then we obtain

p ¼ q�minth

maxth �minth
pmax ¼ 2

N
RC

� �2

ð7Þ

Hence at the equilibrium point the drop probability is determined
by network scenario parameters rather than other RED parameters.

Similarly, at the initial equilibrium point q0 we obtain

p0 ¼
q0 �minth0

maxth0 �minth0
pmax 0 ¼ 2

N0

R0C0

� �2

ð8Þ

Since we tune pmax in terms of (5), from (8) and (9) we have

q ¼ krkcq0

Thus the equilibrium point q moves in proportion to the maxth and
minth. It still stays between maxth and minth when network condi-
tion changes.

3.3. Stability analysis

3.3.1. Stability proposition
In this section we derive a simplified version of stability propo-

sition based on the analysis given in [12].Fig. 1. Feedback control model of TCP/RED system.
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