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Application of a PID Feedback Control Algorithm for
Adaptive Queue Management to Support TCP Congestion
Control

Seungwan Ryu and Christopher M. Rump

Abstract: Recently, many active queue management (AQM) algo-
rithms have been proposed to address the performance degrada-
tiom of end-to-end congestion control under tail-drop (TD) queue
mamagement at Internet routers. However, these AQM algorithms
shew performance improvement only for limited network environ-
memts, and are insensitive to dynamically changing network sit-
uations. In this paper, we propose an adaptive queue manage-
ment algorithm, called PID-controller, that uses proportional-
imtegral-derivative (PID) feedback control to remedy these weak-
nesses of existing AQM proposals. The PID-controller is able to de-
tect and control congestion adaptively and proactively to dynami-
cally changing network environments using incipient as well as cur-
remt congestion indications. A simulation study over a wide range of
IP wraffic conditions shows that PID-controller outperforms other
AQM algorithms such as Random Early Detection (RED) [3] and
Preportional-Integral (PI) controller [9] in terms of queue length
dymamics, packet loss rates, and link utilization.

Index Terms: Congestion control, PID feedback control, queue
management, TCP.

L. INTRODUCTION

The current Internet uses end-to-end congestion control to
avoad congestion collapse. Responsive traffic sources such as
transmission control protocol (TCP) sources probe the available
bandwidth through window based flow control, and adjust their
sending rate based on the congestion information they detect.
However, in spite of the introduction of improvements on the
end-system such as slow-start, fast retransmission, and fast re-
covery, the current Internet still experiences performance degra-
danon in forms of large delays, multiple packet losses, and un-
fair bandwidth atlocation.

There are two main reasons for this performance degradation.
One is the limitation of end-system based approaches [1]. For
instance, when congestion occurs in the network, end-systems
will detect the congestion only after a considerable time lag in
whach a large number of packets will be dropped. The other
source of performance degradation is the lack of support from
the network. In the current Internet, first-in-first-out (FIFO)
based tail-drop (TD) queue management is widely used at net-
work routers because it is simple and easy to implement. Since
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the Internet traffic is inherently bursty, TD is overprovisioned
with large buffers to absorb this burstiness. However, when
faced with the onset of persistent congestion, TD will yield large
delays and unfair buffer resource allocation due to the well-
known drawbacks associated with TD, full-queue, and lock-
out [2].

To overcome the performance degradation of the end-to-end
TCP congestion control over TD queue management, many ac-
tive queue management (AQM) schemes have been proposed.
In [2], the Internet Research Task Force (IRTF) recommends
the deployment of AQM as a router-based mechanism to sup-
port end-to-end congestion control. The idea behind AQM is to
drop packets early before buffers overflow. By doing so, a router
can inform sources early as to the expected congestion so that
they can adjust their sending rate accordingly. Consequently,
problems such as large delays and multiple packet losses can be
avoided.

Two main functions are used in AQM: One is the conges-
tion indicator (to detect congestion) and the other is the conges-
tion control function (to avoid and control congestion). Random
early detection (RED) [3] enhanced the control function by the
introduction of probabilistic early packet dropping to avoid the
full queue phenomena, global synchronization, and bias against
bursty traffic. RED also enhanced the congestion indicator by in-
troducing an exponentially-weighted moving average (EWMA)
of the queue length not only to detect the incipient congestion
but also to smoothen the bursty incoming traffic and its resulting
transient congestion. Since RED was proposed in 1993, many
AQM algorithms have been proposed including BLUE [4],
Adaptive-RED [5], stabilized-RED (SRED) [6], random early
marking (REM) [7], adaptive virtual queue (AVQ) [8], and
proportional-integral (PI)-controller [9].

Although these AQM algorithms improve end-to-end TCP
congestion control over simple TD, they are also revealed to
have weaknesses [1], [10]-{13]. One of the main weaknesses
is the difficulty in detection and control of the incipient conges-
tion. Since these algorithms detect and control congestion reac-
tively based on the current (i.e., instantaneous) or the historical
(i.e., exponentially weighted moving average (EWMA)) queue
occupancy, they are not able to detect and control the incipient
congestion effectively. In addition, most AQM algorithms are
designed to maintain the average queue length at a certain level
to provide a satisfactory overall long-term behavior at a router.

However, many studies have shown different queue length
dynamics between the actual queue and the average queue [6],
[10], [11]. This phenomenon is due to the mismatch between the
microscopic behavior of the actual queue length and the macro-
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scopic design goals of using the average queue length with a
small weight for smoothing the total traffic. Moreover, these
AQM algorithms have been designed under limited assumptions
on the network traffic such as the existence of a fixed number of
persistent elephant flows and a constant round-trip time (RTT)
of sources. Therefore, most AQM algorithms are insensitive to
the dynamically changing network traffic situations {1], [10],
[14], and thus show successful performance improvement over
TD only under restricted traffic environments.

To address these weaknesses, an AQM algorithm should be
able to detect and control congestion adapftively to the chang-
ing network situations while giving satisfactory control perfor-
mances such as a stabilized queue length, a bounded delay, and
a high link utilization. In this paper, we first propose an adap-
tive queue management algorithm, called PID-controller, us-
ing proportional-integral-derivative (PID) feedback control. The
goals of PID-controller are to control congestion proactively,
to stabilize the queue length around a desired level, to give a
smooth and low packet loss rates to each flow, and to maintain a
high link utilization. PID-controller can detect and control con-
gestion proactively based on the past (I), current (P), and future
(D) congestion. We examine the adaptability and the robustness
of AQM algorithms including PID-controller under a wide range
of network traffic situations. Additionally, we evaluate the con-
trol performance of AQM algorithms in terms of many different
performance metrics.

Recently, Ren et al. [15] proposed an AQM algorithm based
on the concept of a PID feedback control. In {15], the fre-
quency response method was used in designing an AQM algo-
rithm whereas the time response method is used in our paper.
In general, the choice of a design method depends on the de-
signer’s preference [16]. Since the control performance specifi-
cations such as the rise time, the settling time, the maximum
overshot, and the steady state error are available analytically
in time domain. PID-controllers are commonly designed using
time domain methods when the plant model is a second order
system [16]. We adopt the time domain method in designing of
the PID-controller. In this paper, we design a PID-controller as
an AQM algorithm using the time domain design method based
on the linearized TCP flow dynamics as a plant dynamic model
obtained in [17].

This paper is organized as follows. In Section II, we intro-
duce a feedback control modeling approach for TCP/AQM dy-
namics. Then, using control theory, we analyze the TCP flow
dynamics under TD and existing AQM algorithms such as RED,
BLUE [4], and PI-controller. In doing so, we address the limita-
tions of currently proposed AQM algorithms. In Section III, we
propose the PID-controller designed using PID feedback con-
trol to not only have anticipatory congestion detection and con-
trol capability but also to achieve a short-term (i.e., transient)
and a long-term (i.e., steady-state) control performance simul-
taneously. In Section IV, we verify the performance of PID-
controller and compare with RED and Pl-controller under vari-
ous traffic environments via simulation using the ns-2 simula-
tor [18]. In Section V, we provide a summary of this study and
suggest directions for future study.
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Fig. 1. Feedback control modelling of TCP congestion control with an
AQM algorithm.

II. CONTROL THEORETIC MODELING OF TCP/AQM

A. Feedback Control and TCP Congestion Control with AQM

TCP congestion control dynamics with an AQM algorithm
can be modeled as a feedback control system (Fig. 1). In this
model, the feedback control system consists of: 1) A desired
queue length at a router (i.e., reference input) denoted by Qe y,
2) the queue length at a router as a plant variable (i.e., a con-
trolled variable) denoted by @), 3) a plant which represents a
combination of subsystems such as TCP sources, routers, and
TCP receivers that send, process, and receive TCP packets re-
spectively, 4) an AQM controller which controls the packet ar-
rival rate to the router queue by generating a packet drop proba-
bility, p4, as a control signal, and 5) a feedback signal which is
a sampled system output (i.e., queue length) used to obtain the
error term, Qrer — @.

In {19], a system of nonlinear differential equations for the
TCP/AQM dynamics was developed using fluid-flow analysis
while ignoring the TCP time-out and slow-start mechanisms. In
particular, differential equations for the behavior of the window
size of source 7, W;(t), and the equation for the queue length at
a router, g(t), were derived to be

1 _ Wi(t)Wi(t—T)

WO = B G- P
alty ~ ~C+) ;Yg; )

where p(z) is a packet drop function when the queue length is ,
and R;(t) = a; + q(t)/C is the round-trip time (RTT) of a TCP
flow i at time ¢, where a; is a fixed propagation delay, ¢(¢)/C is
the queue delay, 7 is a feedback delay, and C is the link capacity.

Then, in [17], a linearized' and simplified TCP/AQM dy-
namic model was developed and analyzed in terms of (feed-
back) control theory. There, the forward-path (open-loop) trans-
fer function of the plant, P(s), was given by

RoC?
2N?

N
— _ Ro
P(S) PTCP(S)PQueue(S) <S+ Rg';\]rc) (S+ Elg) s
2)
where N is the load factor (i.e., the number of TCP connec-
tions), Ry is the round trip time, and C is the link capacity. In
general, an open-loop and a closed-loop transfer function of a

(1) was linearized about an operating point in equilibrium, (Wo, g0, po),
where Wy = 0, gp = 0, and pg is a constant.
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standard second-order system, G(s) and G (s), are

2 2

G(s) = Yn and Ge(s) = v

n
_%n —%n 3
§2 + 28wy, s §% + 2bwps + w2’ %)

where § is the damping ratio and w,, is the undamped frequency
of the system [16].

8. Control Theoretic Analysis of Queue Management Algo-
rithms

3.1 The TCP Flow Dynamics over Tail-Drop (TD)

The linearized TCP flow dynamics (P(s)) are shown sta-
ble when N > N~ and Ry < R* [17]. Since P(s) has
rwo non-zero poles, ie., s = —2N/(R2C) and s = —1/R,,
‘tis a type 0 system, so there always exists constant steady-
state error to a step-function input [16]. Since lim,_o P(s) =
‘RoC)3/(4N?), the steady-state error of the open-loop transfer
function is ess = M/(1 + (RoC)3/(4N?)), where M is the
reference input to eliminate this constant steady-state error.

B Example 1: Sample network configuration
If we set C' = 3750 packets/second, N = 60, and R = 0.246
secomnds similar to the network configuration in [9] and [17], we

wy = 3423 rad.fsec. and & =4.5793/(2w,) = 0.0067.

‘Then, the time domain performance specifications of the TCP

Aow dynamics are

® +;; = the steady-state error =
M/54985.1 > 0,

¢ Maximum overshoot (MOS) (%) = 100e~7"¢/V1-€ =
97.92%,
Rise time (¢,) = 1.8/w,, = 0.00526 sec.,
Settling time (¢,) = 4/(éw,,) = 1.75 sec.

Fig. 2 shows a MATLAB® simulation of the unit-step re-
spomse of the TCP flow dynamics under TD in this case. From
rthe time domain performance specifications and the unit-step
response, we conclude that because of the longer settling time
relative to the very short rise time with very small damping ra-
1o, 5 = 0.0067 (i.e., large maximum overshoot), the TCP flow
dynamics under TD show a severely oscillating output signal.

In terms of control theory, TD queue management can be con-
sidered as an ON-OFF controller [1], where the control action,
i.e., packet dropping, is activated when the buffer becomes full
¢ON phase) and is turned off otherwise (OFF phase). Since the
©ON-OFF controller does not take into account the magnitude
of control action to correct the error, TD results in an oscillatory
queue length [20]. In addition, there exists non-zero steady-state
error with the TCP flow dynamics. Therefore, a well designed
AQM controller should be able to compensate for the oscilla-
tory TCP dynamics and give satisfactory control performance
such as fast and stable control dynamics.

M/(1 + lim,_o P(s)) =

B.2 RED Controller

With RED [3], a link maintains the EWMA queue length,
Qavg = (1 —wg) X Qaug + wg X Q, where @ is the current
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Fig. 2. Unit step response of the linearized TCP flow dynamics to the
unit-step function.

queue length and wg, is a weight parameter, 0 < wg < 1. When
Qavg is less than the minimum threshold (min,;), no packets
are dropped (or marked). When it exceeds the maximum thresh-
old (mawxp), all incoming packets are dropped. When it is in
between, a packet is dropped with a probability p, that is in-
creasing function with Q4.

RED attempts to eliminate the steady-state error by introduc-
ing the EWMA error terms? as an integral (I)-control to the TCP
flow dynamics. However, since RED introduces a range of ref-
erence input values, i.e., [min.s, max,], rather than an unique
reference input (or set-point) for I-control, the TCP/RED model
shows oscillatory system dynamics. Moreover a very small rec-
ommended weight factor value (wg = 1/512 = 0.002) for the
current queue length in calculation of the EWMA queue length
is one of the main reasons for queue length oscillation and bias
against bursty sources [12], [13]. In addition, the small value of
wg brings an effect of large integral time in I-control, and may
be accompanied by a large overshoot [16]. As a result, RED
shows oscillatory queue length dynamics and gives poor perfor-
mance under a wide range of traffic environments [1], [6]. In
particular, RED has been shown to be unfair in bandwidth al-
location {21] and unable to give low packet loss and high link
utilization at the same time [5], [8].

B.3 BLUE

BLUE [4] was proposed to overcome the drawbacks of RED
and other AQM algorithms that use the (EWMA) queue length
as a congestion indicator. BLUE uses packet loss and link idle
events as a congestion indicator and maintains a single packet
drop probability, p, to control congestion. BLUE adjusts p in
every fixed time interval, called the freeze_time, when a packet
loss or a link idle event occurs. In particular, BLUE increases
p by a small amount of d_inc in response to the buffer overflow
(i.e., packet loss) and decreases p by a small amount of d_dec
when the link becomes idle. Thus, BLUE can be considered as

2The filtering of the queue length is equivalent to the filtering (integration) of
the error terms.
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a modified multi-positional ON-OFF controller or a relay con-
troller with hysteresis freeze_time and two control outputs: If
there is a packet loss (ON), the relay sends a control signal of
d_inc units, and if there is a link idle (OFF), the relay sends a
control signal of d_dec [22]. However, since BLUE adjusts p
only after the packet loss or link idle event occurs, BLUE con-
trols congestion reactively based on the current or past conges-
tion information. Thus, some degree of performance degrada-
tion such as multiple packet losses and link under-utilization are
not avoidable. Moreover, because of fixed values of the control
parameters, d_inc, d_dec, and freeze_time, BLUE is unable
to provide adaptive control to the changing network traffic situ-
ations.

Fig. 3 shows concepts of TD, BLUE, and RED as a P-
controller’ in terms of feedback control.

B.4 Proportional-Integral(PI)-Controller

Proportional (P) conirol generates a control signal linearly
proportional to the amount of the current queue length deviation
from an unique desired queue length (i.e., the reference input)
to minimize the control error. The P control signal at time ¢ is

u(t) = er(t) = KP(Q(t) - Qref)»

where Kp is a proportional gain. With P-control, the system can
achieve fast response to the error. However, P-control tends to
cause a large overshoot because of an inaccurate control signal
and is not able to eliminate the steady-state error [16]. Thus, an
AQM algorithm with P-control has been shown to have limita-
tions for implementation [9]. For example, the control perfor-
mance of AQM with P-control is very sensitive to the value of
Kp, and thus easy results in queue length oscillation [9]. Thus,
I-control is generally combined with P-control to eliminate the
steady-state error and to improve oscillatory queue length dy-
namics simultaneously, albeit at the expense of responsiveness.

The Proportional-Integral (PI)-controller with a constant de-
sired queue length has been proposed to overcome the draw-
backs of RED and P-control based approaches [9]. Using the
linearized TCP/AQM dynamics (2), Pl-controller has been pro-
posed not only to improve responsiveness of the TCP/AQM dy-
namics but also to stabilize the router queue length around @ ¢.
The latter can be achieved by means of I-control, while the for-
mer can be achieved by means of P-control using the instanta-
neous queue length rather than using the EWMA queue length.
The resulting PI-controller was suggested to be capable of elim-
inating the steady-state error regardless of the load level. The
digitized packet drop probability at time ¢t = k7" [9] is

p(kT) = p((k — 1)T) + adq(kT) — bog((k — 1)T), ()

where f, = 1/T is the sampling frequency, which is recom-
mended to be 10 — 20 times the link speed {9], a and b are con-
stants, and 6¢ = @ — Qqes is a deviation of the queue length
from Q.. The recommended design rules [9] are

jwg
2N~ e T 1)
W= gy KPr=v | Tieg |0 O
N

3In [9], RED was designed as a P controller.
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where w, is the unity-gain crossover frequency and Kp; is a
PI-control gain.

The advantage of the above discretized Pl-controller is that
it requires less computation because the sampling frequency is
much less than the link speed control of RED. However, since
the congestion detection and control function of PI-controller is
dependent on the current queue status or the history of the queue
status (e.g., average queue length), PI-controller is reactive to
current or past congestion not proactive to incipient congestion.

C. Limitations of Currently Proposed AQM Algorithms

Since each TCP source controls its sending rate through win-
dow size adjustment, the aggregate input traffic load (the offered
load) at time t > 0, ), is proportional to the total window size
of all connections, W, i.e., W o« A\(R + @Q;/C), where R is
the average propagation delay of all connections, Q,/C is the
queueing delay at a router, C is the output link capacity, and @,
is the current queue length. Because of limited buffer size and
output link capacity, the carried traffic load, X}, will be a frac-
tion of offered traffic load that is not dropped at a router, i.e.,
A = \(1 — Py), where, P, is the packet drop probability.

In a time-slotted model*, Q; is a function of \}, i.e, Q; =
(A}, — C)At + Qi—1, where At is the unit length of a time
slot. However, the incipient congestion will be a function of
the queue length of the next time slot, (J;11, not a function of
(Q;. Therefore, to detect incipient congestion proactively, not
current congestion reactively, Py should be an increasing func-.
tion of Q11 (or A:41 equivalently). Unfortunately, most AQM
algorithms such as RED [3], REM [23], or PI-controller [9] use
only the past traffic history such as ¢, (or the average queue
length Q) as a congestion indicator. As a result, these AQM al-
gorithms are unable to detect incipient congestion adaptively to
the traffic load variations.

III. PROPORTIONAL-INTEGRAL-DERIVATIVE(PID)-
CONTROLLER

A. Managing the Future: Proportional-Integral-Derivative(PID)
Control

To avoid congestion by detection of incipient congestion, an
efficient mechanism that is able to predict and control expected
error is required. The derivative (D)-control is capable of pre-
dicting future error and generating a predictive control action
proportional to the rate of change of the error, i.c., —%e(t) (161,

[24]. Thus, the D-control signal at time £ is
(t) = Knpe(t)
U = D dt € s

where K p is a derivative time (or the rate time). In addition,
a fast response and better damping (i.e., less oscillation) can be
achieved simultaneously with D-control [16], [20].

The proportional (P), integral (I), and derivative (D) feedback
in the PID control is based on the past (I), current (P), and future

4In this model, time is divided into small time slots. At the end of each time
slot, the queue size, Q¢, and total amount of queued input traffic, )\Q, is calcu-
lated. For example, the simplest time-slotted model is a model that uses packet
inter-arrival time as a unit time slot.
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Fig. 3. TD, BLUE, and RED as a P controller.

‘D) control error [25]. PID control generates a control signal
which is a linear function that combines the current error (P), the
integral of previous errors (I), and the changing rate of current
zrror (D). A generic control signal of PID control is

u(t) = Kpe(t) + K; / e(r)dr + KD%e(t), 6)
where K p is a proportional gain, K7 is an integral gain®, and
K is the derivative time. With PID control, an AQM algorithm
is able to detect and control the onset of persistent congestion,
io control the current congestion, and to avoid the expected con-
gestion effectively and proactively.

In this section, we first design a continuous PID-controller
as an AQM algorithm based on the linearized TCP flow dy-
namics (2). The design procedure consists of two steps: 1)
Design of a proportional-derivative (PD) control and 2) design
of & proportional-integral (PI) control. Then, we digitize PID-
comgroller for practical implementation at a router. Finally, we
propose a PID control law and control parameters for digital im-
plementation at a router.

8. Design of a PID-Controller

The PID-controller (6) can be expressed as a serial combi-
nation of a PD control and a PI control. PD control can im-
prove damping (i.e., oscillation) and increase the rise time (i.e.,
the speed of response) of a control system, but can not elimi-
nate the steady-state error. In contrast, PI control can reduce the
steady-state error at the expense of a sluggish response. Since
the controlled system, i.e., the TCP flow dynamic model (2), is
a second-order system, time domain performance specifications
such as the rise time, the settling time, the maximum overshoot,
the time constant, and the steady-state error are available ana-
tytically [16]. Thus, we design PID-controller using the time-
domain design and analysis method.

B.1 Performance Specifications

The time domain performance specifications can be classi-
fied into two categories: The fransient performance specifica-

5Ty = 1/K7 is the integral time (or the reset time).
/ 8!

tions such as the maximum overshoot, the rise time, and the set-
tling time, and the steady-state performance specification such
as the steady-state error. In general, a faster speed of response
of a system is accomplished by reduction of the time constant,
T, which was suggested to be bounded by Ry/2 in [17] when
assuming the existence of only persistent elephant FTP flows
in equilibrium. However, to accomplish a fast decay of tran-
sient response in the presence of short-lived connections in size
and lifetime (so called mice) [10], the bound for T should be
smaller than Ry /2. Thus, we choose a proper value for T that
provides satisfactory control dynamics in terms of both speed of
response and steady-state error.

B.2 Design Procedure of a PID Controller

Consider a PID-controller consisting of a PI control portion
connected in serial with a PD control portion as shown in Fig. 4.
Then, the PID control signal (6) in the Laplace transform is

K
D(s) = Kp+Kps+ ?’ = Dpp(s)Dpi(s)

K
(Kp1 + Kpis) (sz + %) , )

Whﬁl’e, Kp = KP1KP2 + KDlKIQ, KD = KD]KPQ, and
K; = KpyKpo. The PD control part is designed first. In gen-
eral, proper K p; and K p; for a PD control are decided so that
a portion of the desired relative stability is achieved [16]. In
the time domain, the relative stability is achieved by obtaining
a desired maximum overshoot. Next, we select the parameters
K5 and Kpy for the PI control part so that the performance
specifications of the PID-controller can be achieved. Finally,
we obtain a PID-controller with three PID control parameters,
Kp, K], andKD.

B.3 PD Control

PD control can give fast decay of transient response by main-
taining a small time constant and damping ratio. Thus, for the
design of a PD control the transient performance specifications
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Fig. 4. PID control configurations for design: (a) a PID control configu-
ration, (b) an equivalent PD-PI series control configuration.

are used. From (7), the transfer function of a PD control is

Kp1 )

Kp1

Then, the open-loop and the closed-loop transfer function of a
PD control system, G(s) and G¢(s), are

() Ko (o + 522)

Dpp(s) = Kpi1 + Kp1s = Kp; (

G(s) = Dpp(s)P(s) = ,
8

__G(s)
Ge(s) = T+G6) )

c? K
(&) Ko: (s + #2t)

T2 °N L 1, C? °N_ . C2 )
s +(W+RO+2NKD1)S+§(3E+2NKP1

Since performance specifications of a PD control are func-
tions of ¢ and w,, and (9) is a second-order system, PD control
parameters, K p; and K p1, can be determined from the relation
between characteristic equations of (9) and (3) for given accept-
able bounds on the performance specifications.

2N 1 C? 2N
2
as) = s +<RZ‘C Ry 2 Km) RiC
02
+ —Kp; =s° —|—2§wns+w =0. (10)

2N

We first determine the desired maximum overshoot (i.e., the
damping ratio £). Then, the system frequency (w,,) is decided by
fixing the desired speed of response in terms of the time constant
Te = 1/(€wy,). Finally, Kp;y and Ky are obtained from £, wy,,
and (10).

B Example 2:

Using the parameters of Example 1, we set the desired MOS
to 5% (i.e., £ = 0.6901 equivalently) and the settling time () to
the time to reach and stay within +2% of the steady-state value
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Fig. 5. Unit-step responses of a PD control system when T = Ry =
0.246 sec. and T = Ro/2 = 0.123 sec.

in the design of a PD control part for a given sample network
configuration (Example 1). As shown in Fig. 5, the unit step
response of a PD control system with Tx = Ry /2 shows better
control dynamics than with T = Ry in terms of speed of re-
sponse and the steady-state error. Thus, we set R/2 as the time
constant for design of the PD control part. Then, correspond-
ing bounds of the transient performance specifications and PD
control parameters are

o wy = 2/(Rpf) = 11.78 rad/sec.,

e t,. ~0.153 sec.,

o tg ~0.492 sec.,

e Kp; =1.166 x 10—3,

¢« Kpp =9.97 x 1073,

B.4 PI Control

The next design procedure involves design of the PI control
part based on the PD control system. From (7) and (8), the open-
loop and the closed-loop transfer functions, Pr(s) and Px(s),
are

Pr(s) = G(s)Dpr(s)

() Ko (s + 51) | (Kre (o £5)
(++ #5) (s+ %) S
(QN KDIKP2(5+K )(S P2)

(@) (v )

Pp(s)
1+ PF(S)’

(11

Pc(s) = (12)
where K py and K p; /Ky are constants obtained in the design
of the PD control.

In (11), the dominant pole is zgévc because -2 R2C < 7 1n gen-
eral [17]. Since the TCP flow dynamics show severe osc1llatory
step response due to the dominant pole, proper location of the
corner frequency, Ko/ K ps, should be selected to reduce the
transient of the TCP flow dynamics [26]. Thus, we select the lo-
cation of Ko/ K py to cancel the dominant pole, s = — of

RZC’
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Pr(s), i.e., by setting Ki3/Kps = (2N)/(R2C). Then, Px(s)
and P¢(s) become second-order systems.

2
. (&) Kpikps (s + £22)
F(S) - s (S+ _Rlz) )
(§%) KorKea (s + &21)
82 + (RLO + %Klepz) s+ %KlePQ
(14)

(13)

Fs(s) =

The PI control parameters can be obtained from the relation
between characteristic equations of (14) and (3) via.

. 1 c? c?
gls) = s*+4 (— + ——KmKP2> 54+ —Kp1Kp>

Ry 2N 2N
= s+ 2bwps+w? =0. (15)

Finally, the PID control parameters are

Kp Kp1Kp2+ Kp1K12, Kp = Kpi1Kps, and
K1 = KpKo=1/T. (16)
8 Example 3:

Since Kp; = 1.166 x 1073 and w,, = 11.78 rad./sec. for 5%
of target MOS,
CZ
V2 = 11.78% = (5—]\7> Kp1Kps

= (117187.3)(1.166 x 10™°)Kpy = 136.7K ps.

Then, Kpo = 1.02 and Ko = 0.5258 x Kps = 0.534. Finally,
PID control parameters for 5% of target MOS are

Kp=124x10"%, Kp=102x107%,

and K; = 6.23 x 1074 a7

Fig. 6 shows unit-step response of the PID control system for
5% of target MOSs.

C. Digitization

Once continuous control systems are well established, we can
take advantage of good continuous design features by finding
an equivalent discrete controller. This method is called emula-
tion [27]. First, we find the sampling frequency ( f,) analytically
or empirically from the system frequency (f) of a continuous
system. The sampling frequency is recommended to be 10 — 30
times the system frequency {27]. Then, we find a digitized
PID control equation using a digitization method. Finally, the
digstized PID control equation is obtained using Z-transform,
1e.. Tustin’s method for integration and the backward rectangle
method for differentiation. Hence,

Uy = Up_1 + Aup, = ug_1 + a1ex —brex_1 + crep—a, (18)
whete, ay = (Kp + 42 + 75 ). b = (Kp + %2 — ),
Kp

and01 =T
8
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Fig. 6. Unit-step responses of the PID control system for 5% of target
MOSs.

D. Tuning of PID Control Parameters

Although we can explore the key factors governing the
TCP/AQM dynamics through simplified theoretical analysis,
this simplification may introduce substantial error [28]. In gen-
eral, three external signals, the reference input (Q),..7), load dis-
turbance, and measurement noise, affect a control system [20].
However, the simplified TCP dynamic model (2) does not in-
clude load disturbances such as the slow-start and time-out
mechanisms. In detail, since (2) was developed under the as-
sumption of existence of the long-lived FTP elephant flows only,
we could see the effect of the load disturbance mainly caused
from the mice flows under realistic traffic environments consist-
ing of mice flows (2/3) and elephant flows (1/3). As a result,
the analytically designed PID-controller generates a more ag-
gressive control signal (i.e., aggressive packet drop probability)
than necessary, and shows poor control performance under re-
alistic IP traffic environments via ns-2 [18] simulation. Thus,
the PID control parameters (17) need to be tuned to generate
proper control signals.

However, as mentioned in [15], we could not use existing
tuning methods such as Ziegler-Nichols method for design of
a PID controller. Since simulation is used not only to check the
correctness of analytic approaches but also for allowing explo-
ration of complicated network situations that are either difficult
or impossible to analyze [28], PID control parameters can be
tuned and a proper sampling frequency found empirically via
extensive simulation studies. First, we use simple tuning meth-
ods for PID control parameters in which these parameters are
tuned by multiplying a fractional value (called a tuning con-
stant), k, to make the PID-controller generate a less aggressive
control signal. Second, a proper sampling frequency is chosen
to provide better control performance with tuned control param-
eters. After extensive simulation study, we selected x = 0.05
and f, = 10f = 29.5 Hz as tuning constant and sampling fre-
quency, respectively, for digital implementation.
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Fig. 7. Simulation network topology.

IV. SIMULATION STUDY

In this section, we examine the control performance of the
PID-controller and other AQM algorithms such as RED and PI-
controller via simulation study over a wide range of traffic envi-
ronments using the ns-2 [18] simulator.

A. Simulation Setup

We use a simple bottleneck network topology as shown in
Fig. 76. The network consists of two routers, nc0 and ncl,
with 9 TCP/Reno sources and 9 logically connected destina-
tions. All TCP connections are connected to the routers, nc0
and nc1l, with link speeds of 50 Mbps. The propagation delay
between TCP source i (srci) and nc0 as well as between ncl
and destination i (desti)is bims, ¢ = 1,---,9. The bottle-
neck link between nc0 and nc1 is assumed to have a link speed
of 30 Mbps and a propagation delay of 10 ms. Thus, the logi-
cally connected source and destination pairs are connected with
propagation delays ranging from 40 ms to 200 ms. All sources
and destinations are assumed to use TD queue management with
sufficient buffer capacity. The buifer at the bottleneck link uses
an AQM algorithm and has capacity of 800 packets, which is
about twice the bandwidth-delay product (BDP). With this net-
work configuration, the capacity of bottleneck link C' is set to
3750 packets/sec. and the round-trip time (RTT) ranges from
93.3 ms to 253.3 ms.

We consider two types of traffic flows: Elephants (long-lived
FTP flows) and mice (short-lived flows). There are n elephant
flows connected to each TCP source. Also, mice flows are con-
nected to each TCP sources at the rate of 2n flows per connec-
tion with 3 seconds of average lifetime. Each packet is assumed
to have an average size of 1000 bytes.

61n general, Internet flows go through many routers, and may experience con-
gestion at some of those routers on the way from a source to a destination. How-
ever, if a congestion at a router is more severe than congestions at other routers,
we can simplify the network topology into a simple dumbbell shape by assuming
that there is a single congested router. In this simplification, congestion at other
routers can be considered as additional propagation delays for each flow. Thus,
in our simulation study, we used a simple dumbbell topology with propagation
delays ranging from 40 ms to 200 ms (see Fig. 7).

Table 1. A summary of parameter setting of each AQM algorithms.

RED

wg = 0.002, maz, = 0.1, mazy, = 200,
minth =70
a=1.822x107°,b=1.816 x 10~°,
Qres = 200, f; = 160 Hz
Kp=62x10"% Kp =5.1x 10775,
K;=312x107%, f, = 10f = 29.5 Hz

PI-controller

PID-controller

We compare the control performance and the sensitivity of
PID-controller with other AQM algorithms such as RED and
PI-controller under packet drop mode. In RED, recommended
parameter values [29] are used. In the Pl-controller, we use the
parameters, a, b, and 7', used in [9]. The desired queue length
(Qrey) for PID-controller and PI-controller is set to 200 packets.
A summary of the parameters setting of each AQM algorithm is
shown in Table 1.

In [9], the system frequency of PI-controller, f = w,/(27),
where w, = 0.53 rad./sec., has been derived analytically, and
the sampling frequency (f;) for implementation has been rec-
ommended at 10 ~ 20 times the system frequency. For ex-
ample, under the network configuration shown in Fig. 7 with
the number of background flows, N~ = 60, the recommended
sampling frequency is about 3 ~ 6 Hz. However, a much faster
sampling frequency, 160 Hz, was used in [9] for implementation
of PI-controller via simulation. Through extensive simulation it
turns out that PI-controller with a lower sampling frequency, i.e.,
3 ~ 6 Hz, shows poor control performance. Therefore, in this
study, we use the high sampling frequency (160 Hz) to examine
control performance of PI-controller.

B. Performance Metrics

B.1 The Queue Length

Control performance of an AQM controller can be measured
by two measures: the transient performance (i.e., speed of re-
sponse) and the steady-state error control (i.e., stability). We
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PIC Queue length,n=7(189 flows)
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Fig. 8. The queue lengths of PID-controller, Pl-controller, and RED under 189 (upper) and 378 (lower) flows.

use the instantaneous queue length as a performance metric
for the transient performance. For the steady-state control per-
formance, we use the quadratic average of control deviation
(QACD) [30] defined as

. X
N+l D Qi = Qrep)? (19)
i=0

where (. is the desired queue length, J; is the ith sampled
queue length, s = 1,--- , N, and N is the number of sampling
intervals.

B.2 The Packet Loss Rates

Since one of the goals of an AQM algorithm is to remove
the bias against bursty sources, maintaining stable packet loss
rates are important. High and bursty packet losses involve many
packet losses at about the same time. If these packets belong to
different flows, these flows experience losses at about the same
time, and then experience global synchronization as a result. On
the other hand, if these packets belong to bursty sources, there
exists a bias against bursty sources. In general, the bias against
bursty sources and the global synchronization can be eliminated
effectively by achieving stable packet loss rates over time. In
addition, to achieve higher throughput (or goodput) or to accom-
modate more traffic, maintaining low average packet loss rates
1s aiso important.

C. Control Performance of AQM Algorithms

In general, the control performance of an AQM algorithm is
affected by several network components such as the buffer size
{ B). the link capacity (C), the traffic load factor (i.e., the number
of flows (/V)), and the round-trip time (RTT). Since the buffer
size and the link capacity are fixed when an AQM is installed in

a router, these parameters are static (i.e., time invariant) factors.
In contrast, the traffic load factor (/V) and the RTT are dynamic
(i.e., time-varying) factors that change dynamically over time.
Thus, it is important for an AQM algorithm to have adaptive
and robust control performance to the dynamic factors. In this
section, we examine the sensitivity of the control performance
of PID-controller, PI-controller, and RED to the changes of the
network environment, particularly on the dynamic factors, the
traffic load factor (V), and the round-trip time (RTT).

C.1 The Effect of the Traffic Load Factor (V)

We first examine the control performance of PID-controlier,
PI-controller, and RED under two different traffic load levels,
ie.,n = 7(189 flows) and n = 14 (378 flows).

The queue length dynamics

Fig. 8 shows the queue length dynamics of PID-controller,
Pl-controller, and RED, respectively, under 189 flows (left) and
378 flows (right). PID-controller shows good control perfor-
mance under two different traffic load levels in terms of the
queue length dynamics staying around Q,-.y = 200 packets. As
shown in Fig. 8, Pl-controller fails to maintain the queue length
around Q.. Instead, the queue length stays below (,.; most
of time under both traffic load levels. Thus, PI-controller be-
haves like a tail-drop (TD) with buffer size of (},.;. The main
reason is the difference between properties of traffic assumed
in analytical modeling, i.e., existence of only the elephant FTP
flows, with those used in this simulation study. As shown in
Fig. 8, RED maintains the queue length between min,, = 70
and maxy, = 200 effectively under 189 flows. However, RED
behaves like a TD with buffer size of ¢,y under 378 flows,
similar to PI-controller.

Fig. 9 shows distributions of frequencies of the queue length
of PID-controller, PI-controller, and RED under 189 and 378
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Fig. 9. Distributions of the queue lengths of PID-controller, Pl-controller, and RED under 189 flows (upper) and 378 flows (lower).
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Fig. 10. The quadratic average of control deviation (QACD) of AQM
algorithms for different traffic load levels.

flows. PID-controller shows invariant distributions of frequen-
cies of the queue length Q.. = 200, independent of the traf-
fic load. Most of the queue lengths under RED are distributed
between ming, and maxy, for 189 flows, but are distributed
around mazx,, = 200 for 378 flows. In PI-controller, most of the
queue length are located below Q.5 under 189 and 378 flows.
The steady-state control performance of PID-controller and
Pl-controller can be evaluated in terms of the QACD’ for three
different traffic load levels 189, 270, and 378 flows. Table 2
shows the mean and variance of QACD for PID-controller and
PI-controller under three different traffic load levels. As shown
in Table 2, PID-controller shows robust steady-state control per-

7Since only PID-controller and Pl-controller maintain unique desired queue
length, Q. 7, QACD can be used for these two AQMs to compare the steady-
state control performance.

Table 2. Summary of mean and variance of QACD of PID-controller
and PI-controller under three different traffic load levels.

Number of | PID-controller PI-controller
(flows) mean | variance | mean | variance
189 435 1.89 90.6 431
270 42.9 1.14 78.5 5.05
378 42.0 0.56 65.1 2.14

formance to changes of traffic load in terms of QACD. In con-
trast, the QACD of Pl-controller is sensitive to traffic load, i.e.,
it is significantly reduced as the traffic load increases but higher
than PID-controller. Fig. 10 shows 95% confidence intervals of
QACD of PID-controller and PI-controller under three different
traffic load levels.

The packet loss rate

Fig. 11 shows the packet loss rates of PID-controller, PI-
controller, and RED over time under the same traffic load levels
used in Fig. 8. PID-controller shows stable and low packet loss
rates over time, and can remove bias against bursty sources ef-
fectively as a result. As shown in Fig. 11, under 189 flows, RED ‘
shows stable and low packet loss rates whereas Pl-controller
shows high and severely fluctuating packet loss rates. However,
both Pl-controller and RED show fluctuating high packet loss
rates under 378 flows. Thus, PI-controller and RED drop mul-
tiple packets, and may give a bias against bursty sources as a
result.

Fig. 12 shows the average packet loss rate and the average link
utilization of each AQM algorithm under different traffic load
levels. PID-controller shows significantly lower average packet
loss probabilities for all traffic load levels than other AQM al-
gorithms. The average link utilization with PID-controller is
higher than with RED and PI-controller for all traffic load lev-
els.
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Fig. 11. The packet loss rate of PID-controlier, Pl-controller, and RED under 189 (left) and 378 flows (right).
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.2 Sensitivity to the Sudden Increased Traffic Load

In [31], it is shown that recently proposed AQM algorithms
such as Pl-controller perform poorly in situations where traf-
fic consists of mostly web-like short-lived mice traffic and the
wraffic load varies over time. Thus, in this experiment, we exam-
e the control performance of PID-controller, PI-controller, and
RED under traffic situations where the traffic consists of 75% of
mice flows and 25% of elephant flows, and the traffic load sud-
deniy varies over time. The simulation starts with a light traffic
0ad consisting of 3 sources at level n = 10 spawning 30 ele-
shant and 90 mice flows. Thus, the initial total number of flows
is 120. Then, an additional 3 sources, i.e., 30 elephant and 90
mice flows, are added at time 50.0 seconds. Thus, from time
50.0, the traffic consists of 6 sources with 240 flows (60 elephant
and 180 mice). Finally, an additional 3 sources, i.e., 30 elephant
and 90 mice flows, are added at time 100.0 seconds. Thus, from
time 100.0, traffic consists of 9 sources with 360 flows (90 ele-
phant and 270 mice). Fig. 13 summarizes the traffic load over
rime in this experiment.

Fig. 14 shows the queue length dynamics and the packet loss
rates of PID-controller, PI-controller, and RED under the traffic
scenario shown in Fig. 13. The queue length of PID-controller
stays around Q)¢ except during the time interval [0.0, 50.0]
seconds because the number of elephant (FTP) flows (30) in this
time interval is smaller than the lower bound (N~ = 60) as-
sumed in (2). PID-controller shows fast response to the sudden
increase of the traffic load. The queue length of PI-controller
stays below ).y and fluctuates over time. In particular, un-
der a light traffic load (i.e., in time interval [0.0,50.0] sec.),
PI-controller shows severely fluctuating queue length dynam-
ics. It also shows under-utilization of the link by allowing the
link to idle occasionally. Moreover, Pi-controller allows multi-
ple packet losses over time, which become more frequent as the
traffic load increases. RED maintains the queue length within
the range between min,,, = 70 and max:, = 200. RED is able
to give stable and low packet loss rates under light traffic. How-
ever, as the traffic load increases, RED allows multiple packet
losses more frequently.
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Fig. 15 shows the average packet loss rates of the ooe Average Packet Loss rate
PID-controller, Pl-controller, and RED algorithms for the 55 //
three different time intervals, [0.0,50.0], [50.0,100.0], and oo - oo e
[100.0,150.0]. The average packet loss rates of PID-controller ///// P
is lower than PI-controller and RED in all time intervals. There- o4 il
fore, for the same average packet loss rates, the network can T
accommodate more traffic with PID-controller than with PI- o v
controller and RED.
0

C.3 The Effect of the Round-Trip Time (RTT)

An increase of RTT not only degrades the control perfor-
mance of an AQM algorithm but also leads the system to insta-
bility. Thus, the effect of RTT should be taken into account for
robust design of an AQM, especially under a wide area networks
(WAN) environment. To examine the effect of RTT on the con-

[6.050.0] [50.0, 100.0]

Time Intervals

[100.0,150.0f

Fig. 15. The average packet loss probability in each time interval.

trol performance of AQM algorithms, we increase the link delay
between routers nc0 and ncl from 10 ms to 60 ms. Thus, RTTs
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of all sources are increased by 100 ms from [93.3, 253.3] ms to
193.3, 353.3] ms.

Since the pipe size of the round-trip path between sources and
destinations (i.e., the network capacity) is increased due to the
increase of RTT, we examine the control performance of AQM
algorithms under 378 flows. Fig. 16 shows the queue length dy-
anamics of PID-controller, PI-controller, and RED in this case.
As shown in Fig. 16, PID-controller shows stable queue length
dynamics after the increase in RTT while having slightly larger
deviation from @,.; than under the smaller RTT (Fig. 8). In
comrast, the queue length dynamics of PI-controller and RED
show very sensitive control performance to the RTT when com-
pared to the queue dynamics shown in Fig. 8.

Fig. 17 shows the average packet loss rates of the PI-
controller and RED algorithms to the increased RTT under dif-
ferent traffic load levels. PID-controller shows the lowest av-
erage packet loss rate for all traffic load levels, and difference
nf the average packet loss rate between PI-controller/RED and
PID-controller becomes larger as the traffic load increases.

V. CONCLUSIONS AND FURTHER STUDY ISSUES

In this paper, we argue that, under dynamically changing traf-
fic loads, an AQM algorithm should be able to detect and control
congestion proactively based on incipient congestion, not reac-
qvefv only based on the current congestion. Thus, to overcome
the reactive congestion control of existing AQM algorithms, we
designed a predictive and robust AQM algorithm, called PID-
controller, using classical PID feedback control using the sim-
plified TCP flow dynamics model (2) as a plant model. PID-
controller showed robust and adaptive congestion control perfor-

mance under various traffic situations via extensive ns-2 [18]
simulation studies. In particular, PID-controller showed stable
queue length regulation around a desired level while giving low
and smooth packet loss rates. PID-controller outperformed other
AQM algorithms such as RED and PI-controller in terms of the
queue length dynamics, the packet loss rates, and the link uti-
lization.

In practical implementation, PID-controller has comparably
less computational overhead than other AQM algorithms such
a RED and Pl-controller. In terms of the sampling overhead,
the EWMA queue length and the packet drop probability are
calculated at every packet arrival with RED. In contrast, PID-
controller can be easily implemented with a smaller sampling
frequency as compared to the link speed (i.e., 3750 Hz) imple-
mentation of RED and 160 Hz of Pl-controiler. In addition,
PID-controller maintains small number of parameters that can
be tuned easily and which give robust control performance to
the dynamically changing network environment. In RED, for in-
stance, more parameters such as wgq, min,, MaZyp, and mazx,
are maintained, and tuning of these parameters under dynam-
ically changing traffic situations is extremely difficult [1], [6],
[13]. Therefore, the computational complexity and overhead at
a router can be reduced significantly with PID-controller.

There are some issues for further study however. First, the
traffic process assumed in the analytic design of TCP flow dy-
namics (2) is different from complicated real IP traffic. Thus,
the control performance of PID-controller under realistic IP traf-
fic environments has been shown quite different from the con-
trol performance designed analytically. Therefore, we are try-
ing to find a more precise TCP flow dynamic model than (2) to
reduce the effect of the load disturbance and the measurement
noise. The standard approach to control system design is to de-
velop a linear model of the process for an operation condition
and to design a controller having constant parameters. How-
ever, the control parameter for an operating point will not be
optimal after some time because the network traffic is changing
dynamically over time [14]. To take dynamically changing net-
work traffic into account, we are trying to apply adaptive control
techniques such as the gain scheduling and the auto-tuning PID-
controller [26], [32] in the design of an AQM algorithm.
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