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Abstract

The recently proposed Active Queue Management
(AQM) is an effective method used in Internet routers for
congestion control, and to achieve a tradeoff between link
utilization and delay. The de facto standard, the Random
Early Detection (RED) AQM scheme, and most of its vari-
ants use average queue length as a congestion indicator to
trigger packet dropping. In this paper, we propose a novel
proportional and differential RED algorithm, called NPD-
RED, as an extension of RED. NPD-RED is based on a self-
tuning Proportional and Differential controller, which not
only considers the instantaneous queue length at the cur-
rent time point, but also takes into consideration the ratio of
the current differential error signal to the buffer size. Fur-
thermore, we give theoretical analysis of the system stability
and give guidelines for the selection of feedback gains for
the TCP/RED system to stabilize the instantaneous queue
length at a desirable level. Extensive simulations have been
conducted with ns2. The simulation results have demon-
strated that the proposed NPD-RED algorithm outperforms
the existing AQM schemes in terms of average queue length,
average throughput, and stability.

Keywords— Active queue management, Congestion con-
trol, Random early detection (RED), Stability

1. Introduction

Random Early Detection (RED) [10, 12, 4], recom-
mended for deployment by the Internet Engineering Task
Force (IETF), is the most prominent and well-studied AQM
scheme [9, 7]. A drawback of the RED method is that it is
difficult to set the parameters of the RED traffic controller
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to stabilize the system under the diversity of Internet traffic
[15]. The problem becomes especially severe when the av-
erage queue length reaches a certain threshold, which may
result in a sharp decrease of throughput and an increase of
the drop-rate [18]. There are several variants of RED that
have been proposed to address the above problem, such as
Adaptive-RED [8, 3, 2], Proportional Derivative RED con-
troller (PD-RED) [18], Proportional Integral controller (PI-
RED) [13, 11], and so on. With RED [10, 12, 4], the re-
sulting average queue length is very sensitive to the level of
congestion and initial parameter settings, which makes its
behavior unpredictable [13]. Adaptive-RED attempts to sta-
bilize router queue length at a level independent of the ac-
tive connections, by using an exponentially weighted mov-
ing average as an integral controller [8, 3, 2]. Sun et al. pro-
posed a new RED scheme [18] based on the proportional
derivative control theory, called PD-RED, to improve the
performance of the AQM. Unfortunately, neither Adaptive-
RED nor PD-RED provides any systematic method to con-
figure the RED parameters. Moreover, the control gain se-
lection in both methods is based only on empirical obser-
vation and simulation analysis, which can only work well
in certain given situation. A theoretical model and analysis
for control gain selection and parameter setting are required.
Holot et al. [13] proposed a Proportional Integral controller,
PI-RED, as a means to improve the responsiveness of the
TCP/AQM dynamic, and stabilize the router queue length
around the target value. Similarly, Deng et al. [5] proposed
a Proportional Integral Derivative model, to improve system
stability under dynamic traffic conditions. Both methods
used feedback control theory to describe and analyze the
TCP/RED dynamic. However, the use of a highly simpli-
fied linear quadratic Gaussian controller [20] limited their
discussion to the classical control elements. Consequently,
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their methods can only directly link traffic control param-
eters to one of the AQM objectives, which leads to poor
global performance. Xiong et al. proposed a Self-tuning
Proportional and Integral RED (SPI-RED) [19] on average
queue length, to regulate queue length. The average queue
scheme keeps the average queue length low, but still allows
occasional bursts of packets in the queue. In contrast, this
paper proposes a novel proportional and differential con-
trol based on instantaneous queue length, called NPD-RED,
which effectively avoids the problem of occasional bursts of
packets.

SeitEeel Receiver 1

Gourced: Receiver 2

Receiver N

Figure 1. The system network model
The main contributions of this paper are as follows. First,

we propose a novel feedback control scheme, called NPD-
RED, for the TCP/RED dynamic time-delayed model (re-
fer to [12, 17]). The core idea is new probability function
for packet dropping. At the packet level, NPD-RED uses
the changes in the instantaneous queue and the differential
in queue length to update packet drop probability upon the
arrival of new packets. On larger time-scales, NPD-RED
dynamically adjusts the packet drop probability using the
measured packet loss ratio. Second, we provide a theo-
retical analysis of the stability of the proposed probability
function, and give theoretical guidance in determining the
parameters for the proposed NPD-RED method. Our theo-
retical analysis is based on a TCP dynamic model, and uses
optimal control methodologies. Furthermore, in the pro-
posed NPD-RED method, these key parameters are decou-
pled from other tuning parameters, as well as from the pa-
rameters related to network conditions. The controlled pa-
rameters are adapted within dynamically changing ranges,
which are determined by the stability condition. This makes
the system analysis more realistic, and we propose this new
configuration of NPD-RED to enhance the network perfor-
mance. Finally, we conduct extensive simulations to com-
pare the performance of our proposed method with other
existing schemes. The simulation results demonstrated that
the NPD-RED algorithm outperforms the existing schemes
(RED, PI-RED, Adaptive-RED, and PD-RED).

2 The NPD-RED Algorithm
The System Model and Definitions In this study, our

objective is to develop an active queue management Sys-
tem to improve the stability of bottleneck queue in a TCP
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Table 1. Parameters of Model (1)

NPD controller
TCP W@
p() <Tq(t)
N ;" i Router packets Router packets
@ .‘ oo oo @
I
W(r)N(z) <
Sender ‘ Router Dropped packets Receiver
LX) Acknowledgements

Figure 2. Closed-loop feedback model.

The differential equations of the model are as follows:
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queue length is relevant to the window size, queue length,
the number of TCP connections and round-trip time.

Packet drop probability Proportional Integral Deriva-
tive (PID) controller technology is popularly used in most
industrial processes, because of its simplicity and robust-
ness [6]. Based on our extensive experimental results and
observations, we applied the classical control system tech-
niques and came up with the design of an NPD-RED feed-
back controller for AQM. The new drop probability func-
tion is as follows, which is different from that in [18].

p(t) = p(0) + KPM
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Figure 4. Stable queue length.

(1.06 x 10 2 4+6.12x 10 K44+ 9.40 x 10 K4 +
1.59 x 10 5K4* — K4*)%°]/(1.03 x 10* 4 2.59 x 10°K ),
the system is stable; otherwise, the system is unstable.
Therefore, we set Kg = —3.59 x 10 !, then the stable
range of K, is 0 < K, < 3.99 x 10 '°. Now we compare
the performance of the following two cases, Case 1 (stable
case): Ky = —3.59x 10 'and K, = 2.00 x 10 19 Case
2 (unstable case): Kg = —3.59 x 10 7 and K, = 10.

80

©
=}

)
=]

N
S

0
15
<
S
S
e
£
=)
c
K
o
=1
[
]
o

80

Queue length (packets)

N
=}

8
Fig. 7. Queue: RED [12].
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Fig. 8. Queue: Adap.-RED [8].
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Fig. 9. Queue: PI-RED [11].Fig. 10. Queue: PD-RED [18].
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Fig. 4 shows the change of the instantaneous queue
length in the stable case. It is obvious that the queue length
stabilizes quickly and there is little fluctuation at the ex-
pected value. Fig. 5 shows the dynamic change of the in-
stantaneous queue length in the unstable case. In Fig. 5,
there is a large fluctuation in the queue length, and the sys-
tem is out of control. The large fluctuation of queue length
causes the loss of many packet, and further leads to unnec-
essary data retransfer, which will decrease system through-
put and network quality of service (QoS).

Fig. 6 compares the packet loss ratio dynamic of the
above two cases. The solid line shows the drop ratio change

Time
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Figure 5. Unstable queue length.
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over time in stable case, while the dash line shows the in-
stantaneous drop ratio dynamic over time in unstable case.
Observing from these figures, the drop ratio in stable case
is always less than that in unstable case.

For the above two control cases (stable case and unsta-
ble case), we compute their mean queue length and queue
standard deviation. The mean queue length, in stable case,
is 50.47 (close to the expected queue length), while in un-
stable case it is 35.17. For the queue standard deviation,
it is 1.89 in stable case, while in unstable case it is 48.52.
Therefore, the queue length in stable case is closer to the
queue target than that in unstable case.

Comparisons with the existing AQM schemes In this
simulation, we compare the performance of the proposed
algorithm with the existing AQM schemes, namely, RED
[12], Adaptive-RED [8], PI-RED controller [11], PD-RED
[18] and NPD-RED. For all AQM schemes mentioned in
this part, the simulation environment is the same as in
Sec. 3.1. The basic parameters of RED (see notation in
[18, 10, 12]) are set at intervaltime = 0.5s, ming, = 15
packets, max,, = 75 packets, maz, = 0.01 and w, =
0.002, where the intervaltime, min,,, max,, and max,
show the sampling interval time, minimum queue thresh-
old, the maximum queue threshold and the maximum drop
probability, respectively. For Adaptive-RED, the parame-
ters are set the same as in [8]: « = 0.01, 3 = 0.9. For
PI-RED controller, PI coefficients a and b that are imple-
mented are 1.822 x 10 5 and 1.816 x 10 5, respectively
[11]. For PD-RED, the parameters are set the same as in
[18]: § = 0.01, k, = 0.001 and k4 = 0.05. For NPD-RED,
the parameters are same as in Sec. 3.1.

Figs. 7-10 and Fig. 4 show the stability of instantaneous
queue dynamic for RED [12], Adaptive-RED [8], PI-RED
controller [11], PD-RED [18], and NPD-RED, respectively.
In Fig. 7, the experiment shows that, with RED, the queue
length oscillates and fails to stabilize near the queue target
of 50 packets. From Fig. 8, with Adaptive-RED, the queue
stabilizes after about 15 s, so it requires long response time
to stabilize the network system. In Fig. 9, the queue length
of PI-RED controller stabilizes quickly, while the queue
length has large fluctuations with a lot of short-lived spikes.
In Fig. 10, the fluctuation amplitude of PD-RED is mostly
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Figure 6. Drop packet ratio comparison.



Table 2. Simulation results comparison
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Appendix

Stability analysis and control gain selection Here we use the
Routh-Hurwitz theorem, a common technique in control theory, to
analyze the stability of our proposed model, and to determine the
ranges of the control gains K, and K4. The stability of the sys-
tem is measured by the fluctuation in queue length. The lower the
fluctuation amplitude of the instantaneous queue length, the better
the stability of the network system. The stability of the system
effectively ensures that the instantaneous queue length converges
to a certain desirable value. Because large fluctuation in queue
length would lead to high packet dropping rate and poor system
throughput, the stability of the congested queue length becomes
an important performance metric for queue management.

To analyze the stability of the system and determine the val-
ues of the control parameters, we must obtain the characteristic
equation to determine the stable range. We first linearize the above
network system by performing a Laplace transform into Equations
(1), (2) and (3):

2NW (s)
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Table 3. The Routh Table
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