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a b s t r a c t

Internet traffic is bursty and unpredictable. It is therefore important to control congestion to protect users
from traffic surges in a way that is efficient, stable and robust. Research has shown that active queue
management (AQM) has the potential to control congestion such that these requirements are met. How-
ever, despite much work and many published proposals of AQM algorithms, a satisfactory solution is still
unavailable. In this paper, an intelligent adaptive PI controller (IAPI) is proposed as a new AQM scheme,
and its design details are presented. Setting of parameter values for IAPI is provided based on previous
studies on PI and additional empirical studies. The performance of IAPI is evaluated by simulations
and the results demonstrate that it is stable and robust under various scenarios including cases involving
different types of background traffic (UDP and HTTP) and a case involving a multiple bottlenecks. Its
superiority over other AQMs is also demonstrated.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

Congestion control is important to the stability, performance,
and robustness of the Internet. It has been realized that TCP net-
work congestion control that relies only on actual packet loss
due to buffer overflow to adapt the sending rate to congestion level
is inefficient. Consequently, active queue management (AQM)
schemes, which signal congestion early before the buffer is com-
pletely full, have been proposed to complement the TCP network
congestion control. AQM is a router based congestion control
mechanism that uses various methods to convey congestion noti-
fication to the end-hosts, enabling the sources to reduce their
sending rates prior to buffer overflow.

AQM schemes are driven by the following goals: low buffer
occupancy resulting in small queueing delays, low queue length
jitter (stability), low packets losses and high link utilization. Prefer-
ably, an AQM scheme would make a good choice of packet drop-
ping/marking at each congestion stage (measured by, e.g., queue
length or link occupancy) so that the above mentioned goals are
realized. The second desirable feature of a good AQM scheme is
its robustness. A robust AQM scheme would require little tuning
by a network operator and would remain inherently stable to traf-
fic fluctuations [15].

In the past two decades, many new AQM algorithms or
enhancements [1,2,6–9,11,12,14,20–22,24,25,32] have been

proposed. Although the benefit of AQM feedback seems obvious,
its widespread use in the Internet has not materialized because
of the difficulty of configuring AQM algorithms in a dynamic net-
working environment to achieve a stable operation. The main
reason is that the network congestion control system is a nonlin-
ear, time-varying, time-delay system. Thus, a fixed-parameters
AQM cannot obtain satisfactory performance in all possible
situations.

In order to improve the performance of TCP/AQM system, many
AQM with adaptive parameters were proposed. In [6], a self-config-
uring RED mechanism was proposed, which varies the maximum
drop probability maxp using two different constant factors based
on observed average queue length. Floyd et al. [9] improved this
proposal using the so-called Additive Increase Multiplicative De-
crease (AIMD) approach. Hao et al. [10] proposed an adaptive PID
called improved expert intelligent PID algorithm (IEI-PID), which
tunes the PID control parameters according to queue length error.
However, this method did not improve the steady-state perfor-
mance. Sun et al. [23] introduced a new adaptive REM (AREM)
algorithm by increasing the control parameter a when queue
length error is larger than a preset threshold, and adjusting the
drop probability according to instantaneous queue length. Wang
et al. [27] proposed a self-tuning priced-based congestion control
(SPC) scheme based on REM. SPC uses a PID-type price and its
key parameter is adjusted dynamically to optimize the selected cri-
teria for satisfactory performance. Xiong et al. [30] proposed an im-
proved PD [22] called NPD-RED, which calculated the control
parameters of PD online on the basis of network parameters. They
also extended their method to develop an AQM called self-tuning
proportional and integral [29].
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This paper presents a new AQM scheme called intelligent adap-
tive proportional integral controller (IAPI). IAPI adaptively adjusts
the integral gain according to the queue length error to achieve fas-
ter convergence of queue length, and adjusts the drop probability
according to instantaneous queue length to decrease the queue
length jitter. We demonstrate by simulations that IAPI performs
well independently of traffic loading, round trip propagation delay,
and bottleneck capacity. We also demonstrate that IAPI is robust to
different background traffic such as UDP traffic and HTTP traffic, and
maintains its performance in the presence of multiple bottlenecks.

We first compare IAPI with proportional-integral (PI) AQM [11]
to demonstrate the value of its added intelligent adaptive features
and demonstrate the superiority of IAPI in achieving faster conver-
gence to queue length target and smaller queue length jitter. Then
we compare IAPI with REM [1], PI [11] and Q-SAPI [4] to further
demonstrate the advantages of IAPI in lower packet loss and higher
link utilization.

The rest of the paper is organized as follows. Section 2 reviews re-
lated research work. Section 3 describes IAPI in detail and provides
parameter setting for IAPI based on previous studies on PI and addi-
tional empirical studies. Section 4 presents simulation results for
performance evaluation of IAPI for a single bottleneck network, mul-
tiple bottleneck network, and for comparison of IAPI with other AQM
schemes. Finally, in Section 5 we present our conclusions.

2. Related work

Based on the linearized fluid-based TCP model, Hollot et al.
[11,12] developed an AQM based on a PI controller. In order to
maintain a stable queue length over a wide range of network
dynamics, the parameters of the fixed-gain PI controller are set
for the worst case, namely, they are set conservatively. The result
is that it cannot achieve both satisfactory transient response and
small deviation for steady-state behavior over a wide range of net-
work dynamics. This gives rise to new research on how to introduce
adaptivity to further improve the performance of PI controller.

Xu et al. [31] proposed a nonlinear PI AQM algorithm, which
uses nonlinear functions of queue length error to adjust the control
coefficients. Hong et al. [13] proposed a self-tuning PI controller,
that adjusts the controller parameters when gain or phase margins
falls outside a specified interval. The method requires knowledge
of network parameters, namely, round trip time (RTT) R0, bottle-
neck link capacity C, and number of active long-lived TCP connec-
tions N, which are unknown in routers and difficult to estimate
accurately. Zhang et al. [32] proposed a self-tuning structure to
adaptively adjust control parameters according to the estimated
C and N

R0C, which is applicable to any AQM algorithm that was
parameterizable in terms of link capacity and TCP load. However,
as can be seen from the adaptive parameters equations in [32],
the R0 value is also required to be estimated. Chang et al. [3] pro-
posed an adaptive PI, that increases the queue length error when
it is larger than a certain threshold. Then, they improved this meth-
od and proposed another adaptive PI called Q-SAPI, which used
nonlinear functions to adjust the control parameters when queue
length error is larger than the threshold [4]. Wang et al. [26] pro-
posed to use both average queue length and loss rate to adjust
the drop probability, thus increasing the response rate of the PI
controller. Chen and Yang [5] proposed to adjust the control
parameters using pole-placement method. However, again, calcu-
lation of the control parameters requires the knowledge of N;C,
and R0, some of which are unknown in routers. Qing et al. [17] de-
signed a neuron-based adaptive PI algorithm, which uses a single
neuron to adaptively adjust the control parameters.

In summary, though there are many adaptive PI that have been
proposed, their performance are unclear. Some of which depend on

network parameters (N;C and R0), which may be difficult to esti-
mate, such as R0. Some of them use queue length error to adjust
the control parameters, which cannot guarantee both satisfactory
transient response and stability over a wide range of network
dynamics.

3. IAPI AQM

3.1. Motivation

Hollot et al. [11,12] proposed to use PI controller as an AQM
algorithm, which has the form

pðtÞ ¼ kpeðtÞ þ ki

Z t

0
eðtÞ; ð1Þ

where pðtÞ is the packet dropping/marking probability,

eðtÞ ¼ qðtÞ � qref ð2Þ

is queue length error, qðtÞ is the instantaneous queue length, qref is
the target queue length, kp and ki are proportional coefficient and
integral coefficient, respectively. In the implementation of the algo-
rithm, drop probability is calculated periodically, namely drop
probability is recalculated every fixed-length sampling interval of
size DT . So, the PI AQM algorithm can be expressed in a discrete
form as follows

pðkÞ ¼ pðk� 1Þ þ kpðeðkÞ � eðk� 1ÞÞ þ kieðkÞ; ð3Þ

where k is the time index representing the kth sampling time.
Ref. [12] has provided a procedure to design the control param-

eters for PI controller. Using this procedure, we can obtain suitable
control parameters provided that we know the network parame-
ters – C; N and R0. Normally, for a router, C is known. If C is un-
known, it is easy to estimate it by keeping track of the outgoing
packets. However, N and R0 are unknown. In order to guarantee
the stability of the TCP/AQM system, the PI controller is designed
under conservative situation – small N� and large Rþ, and a
fixed-gain PI controller can maintain the TCP/AQM system stable
when N P N� and R0 6 Rþ [4]. However, this causes sluggish re-
sponse when the network traffic conditions change. At the same
time, PI has another drawback – its queue length fluctuations in
steady state are large.

In order to improve the performance of the PI controller, in this
paper, we propose a new method to adaptively adjust the PI con-
troller parameters according to queue length dynamics, so we
can guarantee that the TCP/AQM system is stable, has a faster
response and small queue length fluctuation in steady state.

3.2. Description of IAPI

Our method to improve the performance of the PI controller is
based on three ideas. First, we make the response rate of IAPI to
be a function of the queue length error eðkÞ. Recall that a key objec-
tive of AQM is to control qðkÞ to be as close to qref as possible. There-
fore, as eðkÞ increases, IAPI should have a higher response rate so
that qðkÞ approaches qref faster. By introducing this adaptive
response rate, the sluggish response of PI controller caused by con-
servatively designed parameters is avoided. Since the response rate
in the PI controller is determined by ki, we modify the fixed-valued
ki in [12] as follows. Let us define a preset error threshold e�, which
represents how much queue length error the system is willing to
tolerate. When jeðkÞj > e�, a simple adaptive function is to make ki

to be directly proportional to the error magnitude exceeding e�,

ki ¼ ki0 1þ jeðkÞj � e�

2e�

� �
; ð4Þ

where ki0 is the basic integral coefficient designed in [12].
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