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Since random early detection (RED) was proposed in 1993, many active queue management (AQM)
algorithms have been proposed to support better end-to-end Transmission Control Protocol (TCP)
congestion control. In this article, the authors introduce and analyze a feedback control model of the
TCP/AQM dynamics. Then they suggest the concept of an AQM algorithm that can detect and avoid
congestion proactively. Finally, they propose the proportional-integral (PI) proportional-derivative
(PD) controller using proportional-integral-derivative (PID) feedback control to overcome the reactive
control behavior of existing AQM proposals. The PI-PD controller is able to provide proactive
congestion avoidance and control using an adaptive congestion indicator and a control function.
A comparative simulation study under a variety of network environments shows that the PI-PD
controller outperforms RED and the PI controller in terms of the queue length dynamics, the packet
loss rates, and the link utilization.
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1. Introduction

The Internet has been designed to provide best-effort
traffic, and the end-to-end congestion control mecha
nism performed at the transport layer in end systems
has been developed to support and manage this Inter-
net traffic efficiently. The current Transmission Con-
trol Protocol (TCP)—based end-to-end congestion control
mechanism operates with first-in, first-out (FIFO)—based
tail-drop (TD) queue management at routers. Since TD
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has some drawbacks, such as low link utilization, high
queuing delay, and unfair bandwidth alocation caused
from full-queue and lockout phenomena [1], the perfor-
mance of TCP congestion control is still unsatisfactory,
even with improvements on the end-system algorithms
such as slow start, fast retransmit, and fast recovery.

To remedy the performance degradation of the current
TCP congestion control over TD at routers, active queue
management (AQM) algorithms such as random early de-
tection (RED) [2] have been introduced. An AQM algo-
rithm monitors and controls traffic within a router where
thecongestion occursandiscontrolled using moreaccurate
congestion information than at sources. Another advantage
of AQM isthat in the absence of cooperation from sources,
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or if sourcesarenot responsiveto congestion control, AQM

iscapable of controlling congestion solely at routers. Thus,

the AQM algorithm plays like an admission controller at a
router to detect and control congestion effectively.

Twomainfunctionsare usedinAQM: oneisthe conges-
tionindicator (i.e., how to detect congestion), and the other
is the congestion control function (i.e., how to avoid and
control congestion). The TD mechanism uses the instan-
taneous queue length as a congestion indicator and drops
packetswhen the buffer becomesfull. Sinceitissimpleand
easy to implement, TD is the most currently used queue
management at Internet routers. RED enhanced the two
functions by introducing queue length averaging and prob-
abilistic early packet dropping. In particular, RED usesthe
exponentially weighted moving average (EWMA) queue
length not only to detect incipient congestion but also to
smooth the bursty incoming traffic and its resulting tran-
sient congestion. Following RED [2], many AQM-based
extensions such as BLUE [3], Adaptive-RED [4], SRED
[5], and so on have been proposed.

One important drawback of currently proposed AQM
agorithms is that their congestion detection and control
functions depend only on the current queue status or the
history of the queue status (e.g., average queue length).
Hence, the congestion detection and control in these algo-
rithmsarereactiveto current or past congestion, not proac-
tive to incipient congestion [6, 7]. For example, RED can
detect the long-term traffic patterns using exponentially
weighted average queue lengths and notify the onset (per-
sistent) congestion to sources. However, it is unableto de-
tect the incipient congestion caused by short-term traffic
load changes. It has been observed that the dynamically
changing traffic is mainly caused by short-lived connec-
tions in size and lifetime (so-called mice) traffic [8-10],
which consists of 50% to 70% of TCP flows. In this case,
theimplicit congestion notification that is fed back to end
hosts by a packet drop may be the wrong control signal
and can possibly make the congestion situation worse.

To address these problems, it is necessary for an AQM
algorithm to have amore efficient congestion indicator and
control function. Toavoid or control congestion proactively
before it becomes a problem, both the congestion indica-
tor and control function of an AQM should be adaptive to
changes in the traffic environments such as in the amount
of traffic, the fluctuation of traffic load, and the nature of
traffic.

In this article, we propose a proportional-integral (PI)
proportional-derivative (PD) controller algorithm that can
detect and control the incipient congestion as well as the
current congestion effectively and predictively. The goals
of the PI-PD controller are to control congestion predic-
tively, to make the queue length agree with adesired level,
and to give smooth and low packet loss rates. It isimpor-
tant to have an efficient congestion prediction and control
capability to achievethese goals. The concept of aclassical
proportional-integral-derivative (PID) feedback control is
used in designing the PI-PD controller not only to have
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the anticipatory congestion detection and control capabil-
ity but also to achieve the long-term control performance,
such as acceptabl e queue length behavior (or, equivalently,
delay), acceptable packet lossrates, or highlink utilization.

Recently, the AQM problem has been studied using dif-
ferent techniques of control theory [11-14]. In particular,
the concept of PID feedback control has been introduced
indesigning an AQM agorithminafew studies[7, 15-17].
In these studies, continuous PID controllers are designed
first by using the linearized TCP/AQM dynamic model
derived in Hollot et al. [18], and then they are digitized
for practical implementation using the emulation method
[19]. In particular, to design a continuous PID controller,
the time domain design method is used in Ryu and Rump
[7], whereas the frequency domain design method is used
in Fengyuan and Chuang [15] and Yanfei, Fengyuan, and
Chuang [17]. On the other hand, in Ryu and Cho [20], the
PI-PD controller was proposed as an AQM agorithm de-
signed based on the concept of PID feedback control using
the direct design method [21]. In the direct design method,
adiscrete PID feedback control equation is used to obtain
feedback control equations.

In this article, the PI-PD controller [20] is extended in
various ways. First, additional analysis of recently pro-
posed AQM algorithmsis performed in the context of feed-
back control theory. In addition, control performance of
the PI-PD controller is evaluated extensively under var-
ious traffic situations and compared with those of other
AQM agorithms such asthe PID controller [7], RED [2],
and the PI controller [18]. The key features of the PI-PD
controllers are the following:

e The PI-PD controller is able to not only control existing
congestion reactively based on the current (P) and the past
(1) congestioninformation but &l so avoid theincipient con-
gestion proactively based on the future (D) congestion.
To achieve these control capabilities, the PI-PD controller
is designed based on the concept of the PID feedback
control.

» The PI-PD-controller controls traffic effectively by main-
taining the queue length around a desired level, with ac-
ceptable deviation around it to avoid unnecessary packet
drop. So, the PI-PD controller can absorb bursty traffic
and gives very low and stable packet loss over time as a
result.

« The PI-PD controller can achieve two conflicting design
goals—stability and responsiveness—simultaneously by
means of Pl control and PD control.

» The PI-PD controller maintains only two parameters, the
control gain (o) and the sampling timeinterval (7). This
feature makes the PI-PD controller scalable and robust.
In contrast, RED, for instance, maintains five parameters
(maxsp, ming,, max,, Wy, Qavg; See [2]), and tuning
these parameters to the dynamically changing traffic situ-
aion is extremely difficult.

« ThePI-PD controller givescomparably |esscomputational
overhead. For example, the PI-PD controller can be easily
implemented with less sampling frequency compared to
the link speed implementation of RED.
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Figure 1. Feedback control modeling of Transmission Control
Protocol (TCP) congestion control with the active queue
management (AQM) algorithm

Thisarticleisorganized asfollows. In the next section,
wereview and analyze some representative TCP/AQM dy-
namics, including RED [2], the PI controller [18], BLUE
[3], Adaptive Virtual Queue (AVQ) [22], and the PID con-
troller [7], in the context of feedback control theory. Then,
we design the PI-PD controller using PID feedback con-
trol and propose a practical implementation method at a
router. We compare the control performance of the PI-PD
controller with that of other AQM algorithms, such as the
PID controller, RED, and the PI controller, under various
traffic situations via ssimulation using ns- 2 [23]. Finally,
we conclude our study with suggested directionsfor future
study.

2. Control-Theoretic Design Consideration of an
AQM Algorithm

2.1 Feedback Control and TCP Congestion Control
with AQM

TCP congestion control dynamics with an AQM can be
model ed asafeedback control system (Fig. 1). Inthismod-
eling, the feedback control system consists of (1) adesired
queue length at arouter (i.e., a reference input), denoted
by Q,.;; (2) the queue length at a router as a plant vari-
able (i.e., acontrolled variable), denoted by Q; (3) aplant
that represents a combination of subsystems such as TCP
sources, routers, and TCP receiversthat send, process, and
receive TCP packets, respectively; (4) an AQM controller,
which controlsthe packet arrival rateto therouter queueby
generating packet drop probability asa control signal; and
(5) afeedback signal, which is a sampled system output
(i.e., the sampled queue length) used to obtain the control
error term, Q — Q,.;.

In Misra, Gong, and Towsley [24], a system of non-
linear differential equations for TCP/AQM dynamics was
developed using fluid-flow analysis while ignoring the
TCP timeout and the slow-start mechanism. Then, in Hol-
lot et al. [25], alinearized and simplified TCP/AQM dy-
namic model was developed and analyzed, especially for
TCP/RED dynamics, in terms of (feedback) control the-
ory. The open-loop transfer function of the plant, P(s) =
Prep(s) - Pouewe(s), Was given by

P(S) P (S)Poee ()

AQM [ ) W q
Controller eso 1 PTCP (S) » PQueue (S) -1

f

Figure 2. A feedback control model of the Transmission
Control Protocol (TCP)/active queue management (AQM)
dynamics

RDC2 N
P(S) — 2N2 . Ro , 1
(s + % s+ @)

where N isaload factor (the number of TCP connections),
R isroundtriptime, and C isthelink capacity. A block di-
agram of alinearized TCP/AQM dynamic model is shown
in Figure 2.

Since the open-loop transfer function of TCP flows (1)
has two nonzero poles, it is a type O system [26]. Thus,
there always exists constant steady-state error for the step
function input [26]. Since lim,_, P(s) = (R,C)3/(4N?),
the steady-state error of the open-loop transfer function is
e, = M/(1+lim,_, P(s)), where M isthe magnitude of
areferenceinput.

ExaMPLE 1. A SampleNetwork Configuration. The TCP
flow dynamics (P (s)) isshownto bestablewhen N > N~
and Ry < R* [25]. If weset N~ = 60 and R* = 0.246,
similar to the network configuration in Hollot et al. [18,
23],

- _ 1nsr3
(s + %)(s + ) " (s +0.53)(s + 4.05)°

P(s) =

Then, the undamped system frequency (,), the damping
ratio (&), and the time domain performance specifications
[26] are asfollows:

e w, = 342.3rad/sec, & = 4.5793/(2w,) = 0.0067.

* ¢g5 = the steady-state error = 1/(1 + limg_,o P(s)) =
1/54985.1 > 0.

— /12
* Themaximum overshoot (MOS) (%) = 100e TE/y1-§ =
97.92%.
e Therisetime (¢,) = 1.8/w,; = 5.26 msec.
¢ Thesettling time (¢5) >~ 4/(Ew,) = 1.75 sec.

Figure 3 shows the MATLAB simulation result of the
unit-step response of the TCP flow dynamics (1). Because
of the longer settling time relative to a very short risetime
(¢.) with a very small damping ratio, ¢ = 0.0067, TCP
flow shows severely oscillating output signal dynamics.
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Figure 3. Unit-step response of the linearized Transmission
Control Protocol (TCP) flow dynamics to the unit-step function

Therefore, awell-designed AQM controller should be able
to compensate for the oscillatory TCP dynamics and give
satisfactory control performance such as fast and stable
control dynamics.

2.2 The RED Controller

With RED, a link maintains the EWMA queue length,
Qe = (L —wg) * Que + wy x O, where Q isthe current
queue length and w,, isaweight parameter, 0 < w, < 1.
When Q,,,, islessthan the minimum threshold (min,,), no
packetsaredropped (or marked). Whenit exceedsthe max-
imumthreshold (max,,), al incoming packets aredropped.
When it is in between, a packet is dropped with a proba
bility p, that is increasing in function with Q,,,. More
specifically, if min,, < Q.,, < max,, then the packet
drop probability, p,, is calculated as

Qe — min

avg th

D4 = max, ¥ ——————, (2
max,, — min,,

where max, isthe maximum value of p,.

RED attempts to eliminate the steady-state error by in-
troducing the EWMA error terms® [27] as an integral (1)
control to the open-loop transfer function. However, since
RED introduces a range of reference input values (i.e.,
[min,,, max,,]) rather than a unique reference input for
the | control, the TCP/RED model shows oscillatory sys-
tem dynamics. Moreover, avery small weight factor value
(we = 1/512 = 0.002) to the current queue length in
calculating the EWMA queue length is one of the main
reasons for queue length oscillation and the bias against

1. Thefiltering of the queue length is equivalent to the filtering (in-
tegration) of the error terms.
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bursty sources[28, 29]. In addition, the small value of w,
brings an effect of large integral timein | control and may
accompany large overshoot [28]. As aresult, RED shows
oscillatory queue length dynamics and gives poor control
performance under awide range of traffic environments.

2.3 The PI Controller

Theideabehind the PI controller [18] isto make the queue
length agree with the desired queue length, Q,.,, by intro-
ducing an | control to an AQM. The Pl controller has been
designed analytically based on thelinearized TCPflow dy-
namics model (1) not only to improve responsiveness of
the TCP/AQM dynamics but also to stabilize the router
queue length around a desired queue length. The latter can
be achieved by means of | control, while the former can
be achieved by means of proportional (P) control using
the instantaneous queue length rather than using the aver-
age queue length. Thus, the resulting Pl controller is able
to eliminate the steady-state error regardiess of the load
level. The PI controller can be implemented at a router as
an alternative AQM algorithm by digitization, where the
packet drop probability attimer = kT is

p(kT) =a@Q)(kT) —b®Q)(k — DT + p((k — 1)T()§)

where f, = 1/T isthe sampling frequency, which is rec-
ommended to be 10 to 20 times the system frequency (1)
[18]; a and b are constants; and 3Q = Q — Q,,, isade-
viation of the queue length from the desired queue length,
Q... The recommended design rules[18] are

2N7 (P:uu.(:z + 1)
Yo = (Rryece T T W T wer | (4)
@N- )2

where w, = 2n f is the unity-gain crossover frequency,
and K »; isaPI control gain.

2.4 BLUE

BLUE [3] was proposed to overcome the drawbacks of
RED and other AQM agorithms that use the (EWMA)
gueue 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,
freeze_time, when a packet loss or alink-idle event oc-
curs. 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
a modified, multipositional ON-OFF controller or a re-
lay controller with hysteresis freeze_time and two con-
trol outputs [30]: if there is a packet loss (ON), the relay
sends a control signal of d_inc units, and if there is an
link idle (OFF), the relay sends a control signal of d_dec.
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However, since BLUE adjusts p only after the packet loss
or link-idle event occurs, BLUE controls congestion re-
actively based on the current or past congestion informa-
tion. Thus, some degree of performance degradation, such
as multiple packet losses and link underutilization, is not
avoidable. Moreover, because of fixed values of the control
parameters—d_inc,d_dec,and freeze time—BLUE is
unableto provide adaptive control to the changing network
traffic situations.

2.5 Adaptive Virtual Queue

Adaptive virtual queue (AVQ) [22] uses a modified token
bucket model asavirtua queue (VQ) to regulate the buffer
utilization rather than the queue length. AVQ adjusts the
size and link capacity of the VQ proportiona to the mea-
sured input rate and drops packets when theV Q overflows.
Indetail, AVQ maintainsavirtual queuewhose capacity of
alink, C, islessthan the actual capacity of alink, C, and
whose buffer sizeis the same as the buffer size of the real
gueue. At each packet arrival, the virtual queueis updated
according to the differential equation

C =a(yC —1).

where ) isthe packet arrival rate, y isadesired link utiliza-
tion, and a isadamping factor. If the new packet overflows
thevirtual queue, the packet isdropped inthevirtual queue,
and the real packet is dropped in the real queue.

AV Q shows lower average packet |oss rates and higher
link utilization than other AQM algorithms, such as RED
and the PI controller, with a packet-marking mode un-
der acertain traffic situation consisting mainly of elephant
FTPflows[22]. However, the control performance of AVQ
should be examined under more realistic traffic situations
consisting mainly of web-like, short-lived miceflowsunder
the packet drop mode. Moreover, the link speed control of
AVQ will give very heavy computational overhead to the
router or be impossible to implement at a router as the
network evolves to high-speed networks.

2.6 PID Controller

Recently, the concept of classical PID control hasbeenin-
troduced in designing an effective AQM algorithm [7, 15,
17]. In Fengyuan and Chuang [15] and Yanfel, Fengyuan,
and Chuang [17], the frequency response method was used
indesigning an AQM algorithm, whereasthetimeresponse
method? is used in Ryu and Rump [7]. In general, the
choice of adesign method depends on the designer’s pref-
erence[26]. PID controllersare commonly designed using
time domain methods when the plant model is a second-
order system [26].

The PID controller [7] was designed to improve the
speed of response and to eliminate (or minimize) the
steady-state error of the TCP/AQM system at the same

2. Frequency response and time response methods are often called
frequency domain and time domain methods.

time by applying the classical PID feedback control mech-
anism. Theresulting PID controller consists of aPl control
portion connected in seria with a PD control portion. The
PD control part is designed to improve the damping and
speed of response of a control system but cannot elimi-
nate the steady-state error [26]. In contrast, the Pl control
part is designed to eliminate the steady-state error at the
expense of an increase of response time. Then, the PID
control equation (7) (in Laplace transform (s-domain)),
D(s) = K» + K, /s + Kjs, becomes an equation consist-
ing of the PD and the PI control parts as follows:

K
D(s) (Kp1 + Kpys) KP2+T

= Dpp(s)- Dpi(s), )

whereKp = Kp1Kpo+Kp1Ki2, Kp = KpiKpp,and K; =
KpiK .

The PID controller was designed based on the TCP
flow dynamics (1) as aplant model by applying (5). Since
the controlled system, the TCP flow dynamics (1), is a
second-order system, time domain performance specifica-
tions such astherise time, the settling time, the maximum
overshoot (MOS), the time constant, and the steady-state
error are available analytically [26]. Thus, the PID con-
troller has been designed in Ryu and Rump [7] using the
time domain design and analysis method.

The PD control part is designed by finding values of
PD control parameters, Kp; and K, for given accept-
ablebounds of thetime domain performance specifications
[26]. Once K, and K, are decided in the design of the
PD control part, the PID controller is obtained by finding
values of the Pl control parameters, K », and K;,. Then,
three term PID control parameters, K », K, and K, are
obtained from (5).

The resulting PID controller can be implemented at a
router by finding an equivalent discrete controller from a
continuous model by emulation[19]. Particularly, oncethe
sampling frequency (f, = 2nw, = 1/T,) is decided ana-
Iytically or empirically, the digitized PID control equation
is obtained using Tustin’s method for integration and the
backward rectangle method for derivation.

pak) = patk—1) + Apy(k)
= pitk —1) +are, — brer1 + cre,2, (6)
where p, (k) is the packet drop probability at time k =
UMJ:QLth:(m+%+%>h:
(KP + 21;—\" - ZTT‘I)y = KT—fy and e, = Qr — Q,er-

3. PI-PD Controller

3.1 Adaptive Congestion Indicator and Control
Function

Since each TCP source controls its sending rate through
window size® adjustment [31], the aggregate input traffic

3. Total number of TCP sessions (or |P packets) outstanding in the
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load (the offered load), ), is proportional to the total win-
dow size of all connections, W (i.e, W « \,(R+ Q,/C)),
where R is the average propagation delay of al connec-
tions, Q,/ C isthequeuing delay at arouter, C isthe output
link capacity, and Q, isthe current queue length. Because
of limited traffic processing capacity at arouter (e.g., finite
buffer size and output link capacity), not al the offered
trafficload \, iscarried at arouter. Thus, the carried traffic
load (or queued traffic, equivalently), &/, will be afraction
of theoffered trafficload that isnot dropped at arouter (i.e.,
\ = N(1— P,)), where P, isthe packet drop probability.

In atime-slotted model,* the current queue length, Oy,
isafunctionof X, (i.e, Oy = (A, — CO)T; + Q_1), Where
C is the output link capacity and At is the unit length
of atime dot. However, the incipient congestion will be a
function of the queuelength of the next timesdlot, Q, 4, not
afunction of Q,. Therefore, to avoid upcoming congestion,
anAQM algorithm should be ableto detect and regul ate the
i nci pient congestion proactively, not the current congestion
reactively. On the other hand, an AQM al gorithm should
be able to control current congestion using the current and
past congestion information. Therefore, it is necessary for
an AQM to generate the packet drop probability, p,, based
on not only the current and/or the past congestion but also
the incipient congestion to provide effective congestion
control and avoidance at arouter.

Unfortunately, most AQM algorithms such as RED [2]
or the Pl controller [18] use only the past traffic history
such as Q, (or the average queuelength Q) asacongestion
indicator. As aresult, these AQM algorithms are unable to
detect incipient congestion adaptively to the traffic load
variations.

3.2 Proportional-Integral-Derivative Control

To detect and control the incipient as well as the cur-
rent congestion proactively by regulating the queue length
around adesired level (Q,.,), an elaborate controller hav-
ing the ability to predict and adjust control performanceis
required. Thiscan beachieved by the PID feedback control.
The proportiona (P), integral (1), and derivative (D) feed-
back inthe PID control isbased on the past (1), current (P),
and future (D) control error [32]. In particular, PID control
generates a control signal proportional to alinear combi-
nation of current error (P), the integral of previous errors
(I, and the changing rate of current error (D). Thus, the
derivative term plays a very important role in controlling
the future error (i.e., the incipient congestion). A generic
PID control equation is a differential equation:

1 d
u(t) = Kpe(t) + Fz / e(tydt+ KDEe(t)

network.

4. Inthismodel, timeisdivided into small time slots (7). At theend
of each time slot, the queue size, Oy, and total amount of queued input
traffic, A, are calculated, wherek = |7/75] =0,1,2, - --.
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1 d
=K, {e(t) + F/e(r)dr + K;,—te(r)} . @
1

where u(t) is a control signal at timer > 0O, K, isthe
proportional gain, 7, = K,7,° isan integral time (or the
reset time), and K, = K,/ K, isaderivative time (or the
rate time). Then, the corresponding discrete PID control
equation obtained from (7) for a small time interval, T,
becomes a difference equation [33].

k=1

u(k) = Kp |:e(k) + ; > el +

I =0

Kb
T;

[e(k) —e(k — 1)]],
®

where u(k) is a control signal at a sampling time, k =
lt/T,] = 0,1,..., and e(k) is a sampled error term at
timek.

3.3 A Summary of the PI-PD Control Concept

The PI-PD controller is designed to detect the incipient
congestion as well as the current congestion by adopting
an adaptive congestion indicator and a control function.
For predictive congestion control, the PI-PD controller
enhanced the control function with the introduction of a
predictive traffic measure for the adaptive congestion in-
dication. The goals of the PI-PD controller are to avoid
and control congestion proactively by anticipating incip-
ient congestion, to stahilize the queue length at a router
around a desired queue length (Q,.,), and to provide ac-
ceptable bounded queuing delay, higher link utilization,
and so on.

For practical implementation of the PI-PD controller,
the traffic history of two recent time slotsis used for sev-
eral reasons: (1) the dynamic changes of network traffic
with time, (2) the recent observation of Poisson-like net-
work traffic behavior under heavy traffic loads® [34, 35],
and (3) derivation of the rate of change of thetraffic load to
estimate the traffic load for the next time dot in the prac-
tical implementation of PD control. In general, the linear
extrapolating method [36] is used to obtain the estimated
traffic measure for the next time slot using the slope of
the current measure, that is, e(r + T,) >~ e(t) + TS%e(I).
However, in cases of monotonic increasing and decreasing
traffic patterns, we can obtain a more accurate estimated
measure using the rate of change of the traffic load in two
recent timedots, e(r + T,) >~ e(t) + TJ;’TZZe(t).

Since one mgjor goal of the PI-PD controller is to re-
solve two conflicting control targets—the responsiveness

5. K} = 1/T; istheintegral gain.

6. As the network traffic load and types of the traffic sources in-
crease, the long-range dependence of the network traffic decreases to
independence. Moreover, because of the statistical multiplexing of the
traffic sources, it has been observed that at ahigher traffic rate, the packet
interarrival processes are expected to behave like Poisson arrivals with
independent service times, while at alower rate, there exists long-range
dependence.
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Figure 4. Two cases of traffic load change situations: (1) surplus slack traffic and (2) rapidly changing case

(the short-term control performance) and the stability (the
long-term control performance)—it is designed based on
two parts, a Pl control part for stability and a PD control
part for responsiveness. In addition, to stabilize the queue
length to the desired level, Q,.,, the concept of a velocity
PID control [33] isalso used in the digital implementation
of the PI-PD controller. Therational e for using the concept
of avelocity PID control isthat it updates the control sig-
nal recursively by summing the current rate of change of
the control signal, Au(k), and the previous control term,
u(k—1).Also, avelocity control can provide better control
performance from its anticipatory control nature.

If two recently sampled queuelengths, O, and Q,_;, are
larger (smaller) than Q,., (Fig. 4), thereisasurplus (slack)
amount of thetraffic load. Inthis case, the control signal—
that is, the packet drop probability (p,)—can be adjusted
by taking the surplus (slack) amount of traffic load into
account for adjustment of p, to maintain the queue length
around Q,.,;.

When Q,_; and Q, are located in different regions
against Q,.r, asshown in Figure 4 (e9., Qy-1 < Q.. OF
O« > Q,.r), itmeansthat theinput traffic load is changing
rapidly and tending away from Q,.,. Inthiscase, it is nec-
essary to estimate amore accurate queuelength for the next
timedlot than using thelinear extrapol ating method for reg-
ulating therapidly changing traffic around Q,. , effectively.
For example, if 0,1 < Q.. and Q, > Q,., (Fig. 4), then
the queue length, Q,_,, sampled at time k — 2 is needed to
get the tendency of the traffic load change in the past two
timedots, [k — 2,k — 1) and [k — 1, k). Inthiscase, there
are three possible cases, as shown in Figure 5.

* When Q;_» > Qy_1 (case 1inFig. 5), thelinear extrap-
olating method can be used to estimate the queue length
for the next time slot, O x+1, because traffic tendency has
been changed in the last time dot. Thus, a will be the
estimated value for Q.

Queue
Length

our method based on
the rate of change \ b

Linear
extrapolating

2Q,Q

1 S Il s Il S Il .
T T T T =

k-2 k-1 k k1 time

Figure 5. Example cases of the traffic load change in two
recent time slots

e When Q;_2 < Qj_1 (cases2 and 3in Fig. 5), the queue
length in the past two time slotsis monotonically increas-
ing. In these cases, application of the rate of change of
thetraffic load will give abetter estimated value for Qk+1
than of the linear extrapolating method for it. However,
there will be two different estimated values for Qk+1 de-
pending on the rate of change, as shownin Figure 5 (i.e.,
b for case 2 and ¢ for case 3).
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Figure 5 describes three possible cases for the estima-
tion of Q.1 and shows the superiority of our method in

accuracy on estimating Q,.., over the linear extrapolating
method.

3.3.1 PI Control

The first part of the PI-PD controller is the PI control.
A discrete Pl control equation is obtained from (8) when
K;, =0.

T k-1
uk) = Kp |:e(k) + F Z e(i)j| )

I k-2

Then, thevel ocity control implementation of thisPI control
isu(k) = u(k — 1) + Au(k). Since the integral time, 77,
is assumed to consist of two time slots (7, = 27T,) and
ek —1) +etk—3) = (Qk1— Qref) + (Qk-3 — Qref) =
Qi1+ Oi3—20,.;, theinstantaneous PI control signal,
Au(k) =uk) —uk —1),is

Au(k)

Kp {e(k) — % [etk — 1) +e(k — 3)]}

Since the current queue length, Q,, and at most two recent
queue lengths, Q;,i = k — 1, k — 2, can be used for the
integration (or summation) of errors, (9) ismodified to use
at most two recent queue lengths rather than using Q;_s
for a discretized velocity Pl control. In particular, if both
0, and Q,_, are greater than Q,, (or lessthan Q,.;), the
averagesurplus(or slack) amount of trafficiscal culated us-
ing the trapezoidal-integral rule[26]. Then the packet drop
probability p, is adjusted proportionally to the amount of
surplus or slack traffic. In the case of surplus traffic, the
packet drop probability becomes aggressive by increasing
pa proportional to the amount of surplustraffic. Inthe case
of dack traffic, the packet drop probability becomes con-
servative by decreasing p, proportional to the amount of
slack traffic. Thus, the PI control equation is

O+ Qi1

Pd(k)zpd(k—l)‘i‘(x[ >

- Qref} ) (10)
where o isacontrol gain. For better scaling of the Pl con-
trol implementation, the current amount of surplus/slack
traffic, [(Q, + Q,-1)/2] — Q,.;, is normalized by Q,.,.
Thisvalue represents the fraction of the amount of current

surplus/slack traffic to the desired queue level. Thus, the
normalized Pl control equation is

[(Qt + Qtfl)/z] - Qref:l
Qref ’

patk) =p;(k—1) +a |:
(11)
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3.3.2 PD Control

The second part of the PI-PD controller is the derivative
(D) control. A discrete D control equation isobtained from

/

K*’TKD [e(k) —e(k — 1)}.

K

u(k) =

Then, similar to the Pl control part, adiscretized velocity D
control isu(k) = u(k — 1) + Au(k), and theinstantaneous
control signal, u(k), is

KK
Au(k) = T[e(k) —2e(k — 1) + e(k — 2)]

s

KK, [e(k) —ek—1) B etk —1) —e(k — 2)i| .

T, T

From the relation between a differential equation and a
difference equation,

de) et —2e(k—Dtek -2
dr? (T;)?

’ d2
Auk) ~ KpK, [Tgﬁe(t)]

Thus, Y}j—tzze(t) represents the predicted amount of an ac-
celeration of changes on e(¢) in time 7, ahead, that is,
et +T,) = e(t) + Kpr[Tv;—;e(t)]. Then, the tendency
(acceleration) of the input traffic is obtained from the dis-
cretized implementation of avelocity D control using the
traffic history. The derivative time, K, is assumed to be
the unit length of atimedlot (i.e., K;, = T,). Hence,

Aul) = KoK, |:e(k) — 2e(k —Tl) +e(k — 2)j|

= KP[Qk — 201+ Qk—2i|- (12

To obtain the predicted amount of error for the next time
slot, J}.j—;e(t), and the incipient congestion indicator (i.e.,
the predicted queue length for the next time slot (Q;.1)),
the traffic status at sampling time i, S;, is set from the
surplus or slack amount of traffic, v, = Q; — Q;_1:

1 ,if 3,0
S = { —1 , otherwise. (13)

Then, the tendency of the input traffic of the previ-
ous two time dlots, S = S, * S,_1, is used to predict the
queue length change. If S = 1, then this indicates ei-
ther a monotonic building or draining of queued traffic,
in which case the tendency (or changing rate) is v, /vi_1,
and the predicted amount of change in the queued traffic
ISV = Ve(Ve/vi-1). If § # 1, then thisindicates that the
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tendency of the input traffic has changed, in which case
the predicted amount of change in the queued trafficis ob-
tained by linearly extrapolating [36] the current changein
the queued traffic (i.e., ¥, = T, (v«/T;) = vi). Thus,

Yk .
. vi— Lif §S=1
Yit1 = Vit ) (14
Yk , otherwise.

With the above two cases of the velocity D control im-
plementation, PI-PD is able to give a more accurate esti-
mate of the predicted error and generate a more accurate
control signal for the next time slot. The predicted queue
length for the next time slot is Oy1 = 7,,4 + Qx, and the

corresponding predicted error isé(k + 1) = Qpyq — Qe
Then the D control equationis

Pak) = patk — 1) + a[ Q1 — Qyerl,

wherea isacontrol gain. For better scaling of D control for
implementation, the predicted amount of surplus or slack
traffic in the next time slot, é(k + 1) = Q41 — Q.. iS
normalized by the surplus buffer capacity, B — Q,.,. Since
the normalization factor, B — Q,.;, represents the buffer
capacity for absorbing the transient surplus bursty traffic
without | osses, the normalized val uerepresentsthefraction
of the amount of surplus/slack traffic to the surplus buffer
capacity. The normalized D control equation is

(15)

patk) = patk = 1) + [M} _

B — Qref

4. Simulation Study

In this section, we compare the control performance of
the PI-PD controller with the other AQM algorithms such
as the PID controller [7], RED [2], and the Pl controller
[18] interms of the queue length dynamics and the packet
lossrate viasimulation over awiderange of traffic environ-
mentsusingthens- 2 simulator [23]. First, weexaminethe
control performance of AQM agorithms to different traf-
fic load levels. Then, we evaluate the sensitivity of AQM
algorithms to two different cases: (1) a case of a sudden
increase of traffic load and (2) acase of increased roundtrip
time.

4.1 Simulation Setup

We use a simple bottleneck network topology with two
routers, nc0 andnc 1, and 9 TCP/Reno sources and 9 log-
ically connected destinations.” These 9 pairs of TCP/Reno
sources and destinations are connected to nc0 and nc1,

7. In general, Internet flows go through many routers and may expe-
rience congestion at some of those routers on the way from asourcetoits
destination. However, if congestion at arouter ismore severethan conges-

respectively. The link between ncO and nc1 is assumed
to have 30 Mbps of link speed and 10 msec of propaga-
tion delay. Since all TCP connections are connected to the
routers, nc0 and nc1, with link speed of 50 Mbps, the
link between nc0 and nc1l is the only bottleneck. Each
logically connected pair between the TCP source (sr ci )
and the destination (dest i ),i = 1,---, 9, is connected
with propagation delays from 40 to 200 msec. We consider
two types of traffic flows: an elephant long-lived FTP flow
and mice short-lived flows. To obtain realistic TCP flows,
n FTP flows and 2n with 1 second of average lifetime are
connected to each sr ci . Then, 66% of TCP flows will be
mice flows. The network setup is shown in Figure 6. The
packet is assumed to have an average size of 1000 bytes.
All sources and destinations are assumed to use TD queue
management with sufficient buffer capacity. The buffer at
the bottleneck link uses an AQM algorithm and has a ca
pacity of 800 packets, which istwice the bandwidth-delay
product (BDP).2

We compare the control performance of the PI-PD con-
troller with that of the PID controller [ 7], RED [2], and the
Pl controller [18] under the packet drop mode. In RED,
recommended parameter values [37] are used. In the PI
controller, we use the parameters a, b and T, used in Hol-
lot et al. [18]. In the PI-PD controller, the sampling time
interval (7,) must be selected so that the buffer does not
experience overflow or underflow. The amount of packets
that arrivein a 7T, is \ * T, where \ is the packet arrival
rate. Consider a design requirement that the queue length
should not be increased/decreased by the amount of Q,.,
in a T,. Then, 7, should be less than Q,.,/C to prevent
the buffer from underflow. On the other hand, the maxi-
mum number of queued packetsinaT,, \(1 — p,) * T,
must be less than the buffer capacity (B) to prevent the
buffer from overflow, where p, is the packet drop proba-
bility. Thus, T, must be selected so that the buffer does not
experience overflow. For example, if the maximum packet
gueuing rate is assumed to be twice the link capacity (i.e.,
M1—p,) = 2-C = 7500 packets/sec), inthisnetwork con-
figuration, the maximum surplus traffic will be 3750 - T,
packets. Therefore, to satisfy the design requirement, 7,
should belessthan Q,,,/C = 200/3750 = 53.3 msec. In
this article, we use T, >~ 50 msec as a T, for the PI-PD
controller.

The amount of unit adjustment (i.e., unit increase or
decrease) of p, (or increase or decrease of queued pack-
ets) in a T, is a function of a. Thus, the value of the

tion at other routers, the network topology can be simplified into asimple
dumbbell shape having a single congested router. In this simplification,
congestions at other routers can be considered as additional propagation
delaysfor each flow. Therefore, in this study, we used asimple dumbbell
network topology with different propagation delays ranging from 40 to
200 msec.

8. Since the average propagation delay is 120 msec, BDP is 450
packets (120 msec - 30 Mbps) and 2 - BDP = 900 packets. However, to
compare AQM algorithms under the same network configuration used in
Hollot et a. [18], we set the buffer size at 800 packets.
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src:1,2,3  \

50Mbps
5/10/15 ms

@ 50Mbps

-EH 20/25/30 ms

src: 3,4,5

Router (nc0)

50Mbps
35/40/45 ms

src:7,8,9

Figure 6. Simulation network topology

control gain is proportional to the buffer capacity (B).
However, a should be determined by a trade-off between
two conflicting design goals of an AQM, that is, the re-
sponsiveness (the short-term design goal) and the stability
(the long-term design goal) to produce satisfactory con-
trol performance. We select afractional value of the buffer
size, B-107% = 8.0- 1074, asacontrol gain of the PI-PD
controller empirically via extensive simulation studies.

In the PID controller [7], we set the desired maximum
overshoot to 5% (i.e., £ = 0.6901 equivalently) and the
settling time (z,) to the time to reach and stay within +£2%
of the steady-state value in the design of a PD control part
for agiven network configuration. We set Ry/2 asthetime
constant for the design of the PD control part because it
gives better control dynamicsthan R, in terms of speed of
response and the steady-state error. Then, corresponding
bounds of the transient performance specifications and PD
control parameters are w, = 2/Ry§ = 11.78 radian/sec,
f, >~ 0.492 sec, Kp; = 1.166- 1073, K, = 9.97 - 105
Then, w? = 11.78% = (117187.3)(1.166 - 10K, =
136.7K p,.° Finally,

K, =124%10"° K, =102%10"

and K, = 6.23% 107, (16)

Although we can explore the key factors governing the
TCP/AQM dynamics through simplified theoretical anal-
ysis, this simplification may introduce substantial error
[38]. Ingeneral, threeexternal signals—thereferenceinput
(Q,.), load disturbance, and measurement noise—affect a
control system[36]. However, thesimplified TCP dynamic
model (1) does not include load disturbances such as the
slow-start and timeout mechanisms. Thus, PID control pa-
rameters (16) need to be tuned to generate proper control

9. See Ryu and Rump [7] for details of the design process for the
PID controller.
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Bottleneck Link

30Mbp1/ 10ms

/ dest:1,2,3

50 Mpbs
5/10/15 ms

50 Mbps
20/25/30 ms

Router (ncl)

dest: 4,5, 6

50 Mbps
35/40/45 ms

dest: 7, 8,9

Table 1. A summary of the parameter setting of each active

gueue management (AQM) algorithm

Kp=62-10"° Kp =5.1-10"5,
K;=312.1075, f;, =295Hz

PID controller

PI-PD controller a=80-1074%,
Ty = 50 msec (fy = 20 Hz),
RED wo = 0.002, maxp = 0.1,

maxgp, = 200, ming, = 70

a=1822.10"° b =1.816-10">,
Oref = 200, fs = 160 Hz

PI controller

signals. Since simulation isused not only to check the cor-
rectness of analytic approaches but also for allowing ex-
ploration of complicated network situations that are either
difficult or impossible to analyze [38], tuned PID control
parameters and a proper sampling frequency can be found
empirically viaextensive simulation studies. From thetun-
ing processviasimulation study, we selected k = 0.05and
f, = 10f = 29.5 Hz as the tuning constant and sampling
frequency, respectively, for digital implementation.

The desired queue length (Q,.,) for the PID controller,
PI-PD controller, and Pl controller is set to 200 packets. A
summary of the parameter setting of each AQM algorithm
isshownin Table 1.

Note: InHollot et a. [18], the frequency of the PI control
system, w, = 0.53 rad/sec, has been derived ana-
lytically, and the sampling frequency (f;) for imple-
mentation has been recommended at 10 ~ 20 times
of the system frequency (f = w,/(2n)). For exam-
ple, under the network configuration of Figure6 with
the number of background flows, N~ = 60, therec-
ommended sampling frequency isabout 3 ~6 Hz in
Hollot et al. [18]. However, a much faster sampling
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frequency, 160 Hz, was used in Hollot et al. [18]
for implementation of the Pl controller via simula-
tion. Through extensive simulation, it turns out that
the PI controller with a lower sampling frequency
(i.e,, 3 ~ 6 Hz) shows poor control performance.
Therefore, in this study, we use the sampling fre-
guency (160 Hz) that is higher than recommended
(3 ~ 6 Hz) to examine the control performance of
the Pl controller.

4.2 Performance Metrics
4.2.1 The Queue Length

The control performance of an AQM consists of two el-
ements. the transient control performance (i.e., speed of
response) and the steady-state error control (i.e., stability).
We use the instantaneous queue length as a metric for the
transient control performance. For the steady-state control
performance, we use the quadratic average of control de-
viation (QACD) [33], defined as follows:

e J N + 1 Z(Ql - nf)za (17)

where Q; istheith sampled queuelength,i = 1,..., N,
and N isthe number of sampling intervals.

4.2.2 The Packet Loss Rate

Since one of goals of an AQM algorithm isto remove bias
against bursty sources, maintaining astable packet |ossrate
isimportant. A high and bursty packet |oss involves many
packet losses at about the same time. If these packets be-
long to different flows, these flows experience losses about
at the same time and then experience global synchroniza-
tion as aresult. On the other hand, if these packets belong
to bursty sources, there exists bias against bursty sources.
In general, the bias against bursty sources and the global
synchronization can be eliminated effectively by achieving
astable and low packet loss rate over time. In addition, to
achieve higher throughput (or goodput) or to accommodate
more traffic, maintaining alow average packet lossrate is
important.

4.3 Control Performance of AQM Algorithms

First, weexaminetheeffect of thetrafficload on the control
performance of the PI-PD controller, PID controller, Pl
controller, and RED in terms of the queue length and the
packet loss rate under two different traffic load levels (i.e.,
189 flows and 378 flows consisting of 33% FTP and 67%
mice flows).

4.3.1 The Queue Length Dynamics

Figure 7 shows the queue length dynamics of the PI-PD
controller, PID controller, PI controller, and RED, respec-
tively, under 189 flows (left) and 378 flows (right). The

Table 2. Summary of ANOVA analysis of traffic load factor on
guadratic average of control deviation (QACD) of active queue
management (AQM) algorithms

AQM
Algorithms F p Fritical
PI-PD controller 1.6426 0.2122 3.3541
PID controller 4.7159 0.0175 3.3541
PI controller 426.3 3.76 .10~ 2 3.3541

PI-PD controller and PID controller show good control
performance under two different traffic load levelsin terms
of the queue length dynamlcs staying around Q,,, = 200
packets. As shown in Figure 7, the Pl controller fails to
maintain the queue length around Q,.,. Instead, the queue
length stays below Q.. most of time under al traffic load
levels. Thus, the Pl controller behaves like a TD having
a buffer size of Q,.; with severe fluctuation. RED main-
tains the (average) queue length between min,, = 70 and
max,, = 200 effectively under 189 flows. However, RED
behaves like a TD with a buffer size of Q,., under 378
flows, similar to the PI controller. This means that as the
traffic load increases, RED behaveslikeaTD with abuffer
sizeof max,,, asobserved in Ott, Lakshman, and Wong [5].

The steady-state control performance of the PI-PD
controller, PID controller, and Pl controller is evaluated
in terms of the QACDY for three different traffic load
levels of 189, 270, and 378 flows. Table 2 shows a sum-
mary of the analysis of variance (ANOVA) of the traffic
load factor on QACD of the PI-PD controller, PID con-
troller, and Pl controller. We run 10 different simulation
runs for each combination of an AQM agorithm and a
traffic load level. As shown in Table 2, the p value of the
PI-PD controller is larger than the significance level (o)
(i.e, p = 0.2122 > o = 0.05). However, the p value of
the PID controller and Pl controller issmaller than a (i.e.,
p = 00175 < 0.05and p = 3.76 - 102 = 0 < 0.05).
Thus, weconcludethat the PI-PD controller shows satisfac-
tory steady-state control performance in terms of QACD,
independent of the traffic load level. However, the traffic
load level significantly affects the steady-state control per-
formance of the PID controller and Pl controller in terms
of QACD.

Figure 8 shows 95% confidence intervals of the QACD
of the PI-PD controller, PID controller, and Pl controller
for each traffic load level. The PI-PD controller and PID
controller show robust and stable control performance re-
gardless of traffic load level. However, the Pl controller
showstraffic load-dependent performancewith larger vari-
ance than the PI-PD controller and PID controller, and the
steady-state control error (QACD) isreduced asthe traffic
load increases.

10. Since only the PI-PD controller and Pl controller maintain the
unique desired queue length, Q,.r, we use QACD to compare steady-
state control performance of these three AQMs.
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Figure 7. The queue lengths of the PI-PD controller, PID controller, PI controller, and RED under light (n = 7, left) and medium
(n = 14, right) load levels
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Figure 8. The quadratic average of control deviation (QACD)
of the active queue management (AQM) algorithms for
different traffic load levels

4.3.2 The Packet Loss Rate

Figure 9 showsthe packet lossratesof the PI-PD controller,
PID controller, PI controller, and RED, respectively, over
time under the same traffic load levels used in Figure 7.
The PI-PD controller and PID controller show stable and
low packet loss rates over time for each traffic load level,
which are slightly increased as the traffic load increases.
RED shows stable and low packet loss rates under 178
flows, whereasthe Pl controller shows ahigh and severely
fluctuating packet |oss rate. However, the Pl controller and
RED show fluctuating and high packet lossratesunder 378
flows. Asaresult, the PI-PD controller can removethebias
against bursty sourceseffectively, whereasthe Pl controller
and RED may give bias against bursty sources because of
multiple packet |osses.

Figure 10 shows distributions of the frequencies of the
packet loss rates of the PI-PD controller, PID controller, Pl
controller, and RED under 189 and 378 flows, respectively.
As shown in Figure 10, most packet loss rates of the PI-
PD controller, PID controller, and RED under 189 flows
are distributed below 0.07, whereas a significant amount
of the frequencies of the high packet loss rates appears
with the Pl controller. Thus, under 189 flows, the PI-PD
controller, PID controller, and RED can remove the bias
against bursty sources and/or global synchronization by
maintaining low and stable packet loss rates. However,
as the traffic load increases (under 378 flows), the packet
loss behavior of RED changes significantly and gives high
packet loss rates, whereas the PI-PD controller and PID
controller show the same smooth and low packet loss
pattern with a slightly larger average value. Thus, RED
fails to remove bias against the bursty sources and may

cause aglobal synchronization. Packet loss rates of the PI
controller become higher and burstier as the traffic load
increases.

Figure 11 showsthe average packet |oss probability and
thelink utilization of each AQM algorithm under different
traffic load levels. Packet lossrates of the PI-PD controller
and PID controller arestableandlow (i.e., robust) over time
and significantly lower than that of other AQM algorithm
under al traffic loads. The link utilization of the PI-PD
controller is almost the same as that of the PID controller
and higher than that of the PI controller and RED.

4.3.3 Summary of Control Performance Study

In this experiment, we examine the control performance
of the PI-PD controller, PID controller, Pl controller, and
RED under two different traffic load levels (i.e., 189 and
378 flows), consisting of 33% FTP and 67% mice flows.
ThePI-PD controller and the PID controller outperformthe
PI controller and RED interms of the queue length dynam-
ics and the packet loss rates. In particular, the PI-PD con-
troller control straffic effectively by maintaining the queue
length around the desired queue length, Q,.,, with accept-
able queue length deviation from Q,., to avoid unneces-
sary packet drops. Also, the PI-PD controller shows ro-
bust steady-state control performance independent of traf-
fic load leve interms of QACD.

In contrast, the queue length of the PI controller stays
below Q,,, instead of being regulated around Q,.,. Thus,
the PI controller behaves like a TD with a buffer size of
0,.r. The steady-state control performance of the Pl con-
troller is highly dependent on the traffic load level interms
of QACD. RED shows a good control performance un-
der 189 flows by maintaining the queue length within the
desired range [min,,, max,,]. However, as the traffic load
increases, RED behaves like a TD with a buffer size of
0,.r,» Similar to the PI controller. Furthermore, the PI con-
troller and RED give more multiple packet losses as the
traffic load increases.

4.4 Sensitivity Analysis

Ingeneral, thecontrol performanceof anAQM algorithmis
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 [N]), and the roundtrip time (RTT).
Since the buffer size and the link capacity are fixed when
an AQM isinstalled in arouter, these parameters are static
(i.e., time-invariant) factors. In contrast, the traffic load
factor (N) and the RTT are dynamic (i.e., time-varying)
factors because they are changing dynamically over time.
Thus, itisimportant for anAQM algorithmto have adaptive
and robust control performance for the dynamic factors. In
this section, we examine the sensitivity of the control per-
formance of the PI-PD controller, PID controller, Pl con-
troller, and RED to the changes of network environments,
particularly on the dynamic factors, the traffic load factor
(N), and the RTT.
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Figure 9. The packet loss rate of the PI-PD controller, PID controller, Pl controller, and RED under 189 flows (left) and 378 flows
(right)
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under 189 and 378 flows

4.4.1 Sensitivity to the Number of Flows

In this experiment, we examine the control performance
and adaptability of AQM algorithmsto sudden traffic load
changes over time. In Floyd and Kohler [39], it is shown
that recently proposed AQM algorithms such asthe Pl con-
troller and REM [40] perform poorly withtraffic situations,
where traffic consists of mostly web-like, short-lived mice
traffic and the traffic |oad varies over time. Thus, we exam-
ine the control performance of the PI-PD controller, PID
controller, Pl controller, and RED under atraffic situation
consisting of 75% mice flows and 25% elephant flows,
with the traffic load varying over time. The simulation be-
ginswith alight traffic load that consists of three sources
spawning 30 FTP and 90 mice flows. Thus, theinitial total
number of flows is 120. Then, an additional three sources
(i.e., 30 FTPand 90 miceflows) are added at time 50.0 sec.

Thus, fromtime50.0, thetraffic consistsof six sourceswith
240 flows (60 FTP and 180 mice). Finaly, an additional
three sources(i.e., 30 FTP and 90 mice flows) are added at
time 100.0 sec. Thus, from time 100.0, the traffic consists
of nine sources with 360 flows (90 FTP and 270 mice).
Figure 12 shows the above traffic scenario.

Figure 13 shows the control dynamics of AQM algo-
rithmsin terms of the queue length and the packet lossrate
with respect to time. We analyze the control dynamics of
AQM agorithms in terms of the queue length first. The
queue length of the PI-PD controller staysaround Q,.;, in-
dependent of the traffic load levels. The PI-PD controller
shows transient overshoots of the queue length when the
trafficload isincreased suddenly at time50.0 sec and 100.0
sec. However, these transient responses vanish rapidly, and
the queuelength staysaround Q, ., most of time. Thequeue
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Figure 12. A scenario of varying traffic load over time

length of the PID controller staysaround Q,.,, except dur-
ing thetimeinterval [0.0, 50.0] sec, because the number of
elephant (FTP) flows (30) in this time interval is smaller
than the lower bound (N~ = 60) assumed in (1) [7]. The
queue length of the PI controller stays below Q,., and
fluctuates over time. In particular, under alight traffic load
(i.e., inthetimeinterval [0.0, 50.0] sec), the queue length
severely fluctuates and shows underutilization of the link
by allowing the link to idle occasionally. RED maintains
the queue length within the range between min,, = 70 and
max,, = 200. However, as the traffic load increases, the
(average) queue length approaches Q,., = 200 and stays
around Q,., especially under heavy trafficloads(i.e., after
100.0 sec).
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In terms of the packet loss rate, the PI-PD controller
and PID controller show low and stable dynamics under
thistraffic situation. In particular, the PI-PD controller and
PID controller can effectively prevent the buffer from mul-
tiple packet losses by allowing acceptable queue length
deviation from Q,.,. On the other hand, the PI controller
allows multiple packet losses over time, and it becomes
more frequent as the traffic load increases. RED is able to
maintain stable and low packet lossrates under light traffic
(i.e., inthetimeinterval [0.0, 50.0] sec). However, as the
traffic load increases, RED alows more multiple packet
losses.

Figure 14 shows the average packet loss rates of the
PI-PD controller, PID controller, Pl controller, and RED
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Figure 13. The queue length and packet loss rates of active queue management (AQM) algorithms over time (continued on next
page)
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algorithms for three different time intervals: [0.0, 50.0],
[50.0, 100.0], and [100.0, 150.0]. The average packet loss
rate of the PI-PD controller and PID controller is shown
to be almost the same under threetime intervals and lower
than those of the Pl controller and RED under all time
intervals. Therefore, for the same average packet loss rate
requirement, the network can accommodate more traffic
with the PI-PD controller (and the PID controller) than
with the Pl controller and RED.

4.4.2 Sensitivity to the Roundtrip Time

Anincrease of RTT not only degrades the control perfor-
mance of an AQM algorithm but also leads the system to
fall into instable status. Thus, the effect of RTT should be
taken into account in designing an AQM that is robust,
especialy in wide-area networks (WAN) environments.
In this experiment, we examine the effect of an increase
of RTT on the control performance of the PI-PD con-
troller, PID controller, PI controller, and RED. We use the
same network configuration shown in Figure 6, except that
the link delay between routers nc0 and nc1 isincreased
from 10 to 60 msec. Thus, RTTs of all pairs of sources
and destinations are increased from [93.3, 253.3] to
[193.3, 353.3] msec.

Figure 15 shows the queue length dynamics of the PI-
PD controller, PID controller, PI controller, and RED under
270flows. The control performanceof the Pl controller and
RED isvery sensitiveto theincrease of RTT and may lead
the system to fall into instable status. The PI-PD controller
and PID controller areless sensitiveto theincreaseof RTT
thanthe Pl controller and RED, and they regul atethe queue
length around Q,., with aslightly larger deviation than for
the case of asmaller RTT.

Figure 16 shows the average packet loss rate of the PI-
PD controller, PID controller, Pl controller, and RED al-
gorithms to the increased RTT under different traffic load
levels. Both the PI-PD controller and PID controller out-
perform the Pl controller and RED under al traffic load
levels. In particular, by allowing a dightly larger devia-
tion than the PID controller, the PI-PD controller is able
to achieve a lower average packet loss rate than the PID
controller. The PI-PD controller shows significantly lower
average packet loss rates than the Pl controller and RED
under al traffic load levels. Moreover, the difference on
the average packet |oss rate between the PI-PD controller
and other AQM algorithms such as the PI controller and
RED becomes larger as traffic load increases.

4.4.3 Summary of the Sensitivity Analysis

In the sensitivity analysis, we first examine adaptability
and sensitivity of the PI-PD controller, PID controller, Pl
controller, and RED to suddenly increased traffic loads
over time. The PI-PD controller and PID controller show a
satisfactory transient and steady-state control performance
in terms of the queue length dynamics and the packet loss
rates. In addition, these two AQM algorithms, designed
based on the classical PID control mechanism, are able to
maintain a low and stable packet loss rate over time. The
control performance of the Pl controller is sensitive to the
traffic load factor (), especialy to the number of FTP
flows. The PI controller shows fluctuating queue length
dynamics below Q,., and multiple and high packet losses
over time. RED is able to maintain the queue length within
the desired range of [min,,, max,,] and shows stable and
low packet loss. However, asthetrafficload increases, RED
gives more multiple and high packet losses and behaves
like aTD with a buffer sizeof Q,.,.

Second, we examine the sensitivity of the control per-
formance of AQM algorithms to the increased RTT. The
PI-PD controller and PID controller outperformthe Pl con-
troller and RED in terms of the queue length dynamicsand
the packet loss rate. In other words, the PI-PD controller
and PID controller arelesssensitiveto the changeson RTT
than the PI controller and RED.

5. Conclusion

It is necessary for an AQM-based congestion control algo-
rithm to control congestion adaptively under awide range
of traffic loads to provide an acceptable quality of service
(QoS) such as a bounded and stable delay, a low packet
loss rate, and a high link utilization. We have outlined re-
quirementsfor an AQM to avoid and/or control congestion
adaptively to dynamically changing traffic loads. These
requirements include an ability to detect and control con-
gestion proactively based on the incipient congestion, not
reactively based on the current congestion.

We designed an adaptive and proactive AQM algorithm,
called the PI-PD controller, using the concept of classical
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Figure 15. The queue lengths of the PI-PD controller, PID controller, Pl controller, and RED with 270 flows and longer roundtrip

time (100 msec) (continued on next page)

PID feedback control. On one hand, with the introduction
of a PD control, the PI-PD controller was able to achieve
the short-term system performance such as fast response
and proactive control to the changing traffic load viaantic-
ipatory traffic prediction and control. On the other hand,
with the introduction of a Pl control, the PI-PD controller
was also able to achieve long-term performance such as
the elimination of steady-state error. In the Pl controller,
the unit sampling time interval for digital implementation
is determined by the system frequency, that is, the TCP
flow dynamic model (1). Unlike the PI controller, the PI-
PD controller does not rely on assumptions on the plant
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dynamic model. For example, the unit sampling time in-
terval of the PI-PD controller is determined by the buffer
size and the input traffic load, independent of the plant
dynamic model.

Control performance of the proposed the PI-PD con-
troller has been examined and compared with that of other
AQM algorithms, such as the PI controller and RED, un-
der avariety of traffic situations via extensive simulation
studies using the ns- 2 simulator. In addition, to take ad-
vantage of awell-designed continuous PID controller, the
control performance of the PI-PD controller also has been
compared with that of the PID controller [7], developed
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based on TCP flow dynamics (1) and digitized by emu-
lation. The PI-PD controller shows robust and adaptive
congestion control performance to a variety of traffic sit-
uations in extensive simulation studies. In particular, the
PI-PD controller outperforms other AQM algorithms such
as RED and the PI controller in terms of the queue length
dynamics, the packet | ossrates, and thelink utilization. The
steady-state control dynamics (QACD) of the PI-PD con-
troller is robust and independent of the traffic load. More-
over, the PI-PD controller shows a robust control perfor-
mance to the changes of network environments, such as
the traffic mix, the traffic load, and the roundtrip time. In

contrast, the PI controller and RED show very sensitive
control performance to the changes of the above network
environments.

In practical implementation, the PI-PD controller has
comparably little computational overhead. In RED, the
EWMA queue length and the packet drop probability are
calculated at every packet arrival while maintaining severa
parameters such as wy, min,,, max,,, max,, and soon. In
contrast, the PI-PD controller can be easily implemented
with less sampling frequency (20 Hz) compared to the link
speed (i.e., 3750 Hz) implementation of RED and 160 Hz
of the PI controller while maintaining fewer parameters
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than RED. Therefore, the computational complexity and
overhead at arouter can be reduced significantly with the
PI-PD controller.

There are several issues for further study. First, by ex-
amining theimpact of the queuelength sampling frequency
(or, equivalently, the length of the time slot value, T') on
the performance of the PI-PD controller, we hopeto find a
relationship between the optimal T value and the offered
trafficload. Then, the PI-PD controller can beimplemented
with an adaptive sampling timeinterval to the dynamically
changing traffic situations. We are also working on find-
ing the optimal control gain, o, and the stability margin
of the PI-PD controller control through control-theoretic
modeling and analysis. In this study, we focused only on
the end-to-end congestion control of TCP traffic. Control
of the traffic consisting of TCP and UDP flows will be
another future study issue.
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