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for High-Speed Computer Communication Networks!’

TAN Lian-Sheng YIN Min

(Department o f Computer Science, Central China Normal University , Wuhan 430079)
(E-mail: L., Tan@ccnu. edu. cn; yinmin78(@ sohu. com)

Abstract With regard to the flow regulation of the best-effort traffic, 1. e. , the controllable traf-
fic in high-speed computer communication networks, the paper proposes a novel control theoretic
approach that designs a proportional-plus-derivative (PD) controller for congestion controlling.
Based on the traffic model of a single node and on the system stability criterion, it 1s shown that
the PD controller can regulate the source rate on the basis of the knowledge of buifer occupancy of
the destination node in such a manner that the congestion-controlled network is asymptotically sta-
ble without oscillation in terms of the butfer occupancy of the destination node, Simulations show
good performance of such controlled networks.
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1 Introduction

Congestion 1s the state of sustained network overloaded, in which the network reaches
a situation where the demand for network resources is approximate to or even exceeds its
capacity., It is unrealistic to sort this issue out simply by expanding network resources, i.
e. » link bandwidth and buffer space in the routers, for generally both of them are relative-
ly limited and still expensive in many cases. Therefore, high-speed computer communica-
tion networks seem to suffer from congestion problem unavoidably due to uncoordinated
resource sharing, Congestion control has subsequently become a more and more challeng-
ing problem in network engineering.

High-speed computer communication networks are expected to support multimedia
traffic consisting of a variety of traffic classes with different quality of service (QoS) re-
quirements. Two basic classes of service are under investigation: reserved traffic with
guaranteed service, and best-effort traffic with no explicitly guaranteed service. Corre-
spondingly, two classes of congestion control schemes have been discussed: open-loop con-
trol for the guaranteed service, and closed-loop control for the best-effort service''!. Most
of them use end-to-end feedback-based flow control mechanisms for matching the source's
rate to the receiver's rate and the bottleneck's capacity. Typical examples of available-bit-
rate (ABR) traffic control are the single/binary-bit types which include the forward explic-
it congestion notitication (FECN) approach and the backward explicit congestion notifica-
tion (BECN) approach'!. In these schemes, a periodic-sampling feedback control mecha-
nism has been used. At certain intervals, the source rate is proportionally increased or
proportionally decreased to the current cell rate according to network state (buffer occu-
pancy) information stored in a congestion bit carried by the piggyback cell. These schemes
are well known and very effective in conventional low-speed networks. However, they
suffer serious problems of stability, exhibit oscillatory dynamics, and require large amount
of buffer in order to avoid cell loss when applied to high-speed computer communication
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networks. The main reason lies in the fact that the propagation delay is long compared to
the transmission time of a data unit in high-speed networks, the network buffer occupancy
information received in the source end of a virtual connection may be outdated. Thus, the
simple proportional increase and decrease scheme may cause the local controllers in source
nodes and even the whole network to operate at an unstable point, which in turn leads to
the notorious oscillation problem that greatly degrades the network performance. As a
consequence, in order to address the oscillation problem in the FECN and BECN schemes,
an explicit rate (ER) congestion control scheme was developed in [2]. It is demonstrated
by simulation that properly designed ER scheme can significantly outperform FECN and
BECN schemes in terms of much less buffer size and much less queuing oscillation, How-
ever, the dynamic oscillation problem remains unsolved satisfactorily in the ER scheme.
Most of the existing congestion control approaches lack of fundamental analysis of the
closed-loop network dynamics.

Stability of closed-loop system is critical 1n any congestion control scheme to ensure
that the network has a good dynamic characteristic and then avoids data loss. Concerning
this issue, some control-theoretic concepts were proposed in [ 3] for ATM networks, and

were further applied in [ 4-5]. These approaches, however, usually require an online turn-
ing of control parameters to ensure stability and good performance under different network
conditions, which definitely bring inconvenience to actual network implementation. It was
proposed in [ 6 ] a hop-by-hop congestion controller designing method which alleviates the
oscillations, reduces the control delay and hence the reaction time of a network to the con-
gestion at a switching node. In [7], Smith's principle was applied to designing a control
law both for ABR input rates in ATM networks and for TCP/IP congestion windows. In
(8], two linear feedback control algorithms were proposed for the case of a Fﬁngle connec-
tion with a constant service rate, which were further extended to the case of multiple con-
nections in [ 9]. A single-controlled traffic source was considered in [ 10 ] by sharing a bot-
tleneck node with other sources, where H.. control approach was used for designing the
controller.

In this paper, we address the i1ssue of congestion control in a general packet switching
network using classical control theory., Classical control theory provides an established set
of tools that enables us to design algorithms whose performance can be predicted analyti-
cally, rather than by simulations alone. To analyze the performance of the proposed algo-
rithm 1t is sufficient to use the standard z-transform technique. The important advantage
of mathematical analysis 1s that it allows us to demonstrate the properties of the proposed
control law 1n a general setting, whereas the validation via computer simulation i1s inevita-
bly restricted to the simulated scenarios. Notice that the analysis ol transient dynamics is
extremely important in the context of communication networks because these systems nev-
er reach a steady-state condition due to continuous joining and leaving of connections,

With regard to the flow regulation of the best-effort trafiic, 1. e. , the controllable
traffic in high-speed computer communication networks, the present paper proposes a no-
vel control theoretic approach that designs a proportional-plus-derivative (PD) controller
for congestion controlling. Based on the traific model of a single node and on the system
stability criterion, it is shown that the PD controller can regulate the source rate on the
basis of the knowledge of buffer occupancy of the destination node in such a manner that
the congestion-controlled network is asymptotically stable without oscillation in terms of
the buffer occupancy of the destination node. Simulations show good performance ot such
controlled networks.
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2 Network modeling and basic analyses

A data communication network generally consists of a number of source/destination
nodes that are geographically distributed. Packets generated at a source node are delivered
to their destinations through a series of intermediate nodes. To model the traffic flowing

o) through these intermediate nodes, one has to

I___. know the number of source-destination pairs

q‘”&, ~ ” ll:@_’ routed through each node, the rates at which

|2 (£) these sources introduce packets into the net-

2 work, and the service rate of each intermediate

node. In order to simplify the analysis, only a

single switching node (see Fig. 1) is considered

that accumulates two virtual connections (VCs), One 1s uncontrolled tratfic (e. g. , guar-

anteed traific) which is not congested at the source node as long as it confirms to the speci-

fications. The other is controlled traffic (e. g. best-effort traffic) that can only be trans-

mitted when there is no congestion in the network. To the latter, there are two kinds of

delays: 71 is the input delay from the source to the switch and r, is the feedback delay from
the switch to the source.

Let w(z) be the rate of the uncontrolled traffic, and let g(z) be the rate of controlled
traffic of the source node, The component ¢(¢) 1s adjusted by the butter occupancy x(¢)
which is sent to the controlled source node every T seconds. It can be assumed that the
service is based on the rule of first-in-first-out (FIFO) and the packet length 1s constant.
According to the above modeling assumptions, the dynamics of the controlled source node
can be described by the following non-linear, time-invariant and delay-input differential e-
quation"

T

Fig.1 A switching network model

2(8) = Satx{qg(t — 1) +w() — 7} (1)
where K s the buifer size, x(2) 1s the buffer occupancy and the saturation function is de-

scribed by

‘K, y>K
Satx{y} =<y, 0 y<K
O, y < 0

If a feedback control is employed, the input function of system (1) can generate a round
trip delay £’ =1, +1;. Assume the source node transmits packets every T seconds, and the
input delay 71 =17, T+ 7y, where r; is an integer and 0<{y< T. Then equation (1) can be
discredited as

z(n+1) = Satg{:z:(n)—i—&(n*n ,}) d(n) — u) (2)

where the components z(n) and x(n+1) denote the buffer occupancy of the switch at time
t=nT and t=(n+1)T, respectively, the component A(n) =Tqg(nT) denotes the number
of controlled traffic packets transmitted from the source node to the switch in the nth in-
terval of T, the component d(n) = Tw(nT) denotes the number of packets transmitted

from the uncontrolled traffic flow in the nth interval of T, and =Ty denotes the number
of packets sent from the switching node during the nth interval of T.
Now we assume the input delay is the multiple of T, that is y=0. This is a sound as-

sumption because one can add a small delay to the path delay and make it be a multiple of
T otherwise. Then we have

z(n+1) = Satg{z() +a(n—17) +dn) — u) (3)

3 Idea of PD feedback congestion control and algorithm
One of the main aims in congestion control is that the congestion controller can adjust
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the rate of the source node in order for the destination's buffer occupancy not to overflow

and 1n the meantime to be stable. For the sake of simplicity and without loss of generali-
(3]

ty-"', we remove the non-linearity saturation imposed on the network dynamic description
(3) and only study the following equation

x{n+1) =xn) +An—17) +dn) — pu (4)
whose z-transform is

(z = DX(2) = 2712(2) + D(2) — £ (5)
where X(z)= Z:r:(n)z"*" y A(2)= Ek(n)z_" D(z)= Ed(n)z_".

n={
We propose the following PD (proportlonal plus~der1vat1ve) congestion controller
/1(??) “—‘u}__[d‘(l'(?lﬂfz) Ig)‘}_ﬁ(ﬂl‘(n—'fz)_l'(n“—fg—‘1))] (6)

where r=1, +1,, r; 15 the standardized feedback delay, that 1s, for some positive integer
s s =1 T. The component z, denotes the pre-specified threshold of the buffer occupancy
which is essentially an indication of the congestion level, u4; 1s the maximum rate allowed
for the source node to transmit packets into the network in interval T, ¢ is the proportion-
al coefficient, @is the derivative coetficient, which will be specified on the basis of the ana-
lyses to the stability of closed-loop system. Taking the z-transform of (6), one yields

r

. 3 I z " - Tr N 4 —_—
M) =15 a5 X0 — 254 g — 2w HX(R) |=
Flz LIIUZ L —t, - "I'z_l
E B (@ X () 4 g X (2) (7)

By substituting (7) into (5), one has

(z— DX (2) = 20 |5 L &2 (4 gy e X(2) + = X(2) [+ | D(z) — 5]
lz—1 =2 —1 ] L z— 1
After certain manipulation, the above equation takes the form
Par +2 - -
Al X(2) = z_1<m+ax0>+zrﬂ D(z)-—f’—l (8)
where we have denoted
Alz) =27 (z2— D +(a+Pz—f (9)

The form A(z) is the characteristic polynomial (CP) of the closed-loop system (4) and
(6), which determines stability of the system. For the sake of simplicity, we only consider
a special case where a= —f in the sequel. For this case the CP (9) is turned out to be
Alz) = 27 (z— 1) — 8

From the control-theoretic point of view, when all the zeros of the above CP lie within the
unit disc, the closed-loop system (4) and (6) i1s asymptotically stable in terms of the buff-
er occupancy (the state). This is a prerequisite to guarantee that the buffer occupancy of
switching node has no steady state oscillation and thus the network has the least packet
loss rate when designing a congestion controller. With regard to the location of zeros ot
the above CP, the following theorem establishes an interesting observation,

Theorem 1. Consider the polynomial A, (2) =27 (1 — 2) + &, where r 1s an integer.
There exists a positive number ¢ such that for any §€ (—e, 0), all the roots of A.(2) =0
lie within the unit disc. In this situation the original system is stable.

Proof. Assume that z,(&) (=1, 2, -»»,rt1)are the roots of A,(z)=0. Obviously,

2 (0)=0,t=1,2, -y 7y 24, (0) =
Since z,(&) is a continuous function ot &, there exists a positive integer g; such that V &¢&

(—e s 0), \zi(é)|<é—, 1 =1, 2, *+, 7. Whereas izr+1(E)|>—%-. Because the roots

should be conjugated,for any &€ (—e-, 0),2.4+; (& should have positive real part. Further
assume there is & € (—¢,,0) such that z..; (&)=1. Therefore,
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AED (zzﬂ (50)) —= (Zrﬂ (50.))r(1 — ZrH (Eo)) ’|—50 ‘-~‘<.~. Eo <_ 0

The above statement contradicts the fact that 2.1, (&) is the root of A (2) =0. One thus
draws the conclusion that all the roots of A.(2) =0 lie within the unit disc. _

Remark 1. The main significance of Theorem 1 is that one can choose any value of 3
near the origin to achieve the stability of the control system. Apparently, such choices of ¢
and (8 exist in great numbers, a class of controllers can subsequently be devised. Under all
these control schemes, the network is asymptotically stable in terms of the buffer occupan-
cy. Based on this class of controllers, one can further specify one such that other perform-
ances of the congestion-controlled network are also good. This mechamism will be presented in
the following simulation analyses.

4 Simulation studies and performance evaluation

Because the congestion controller is designed to adjust the rate of the source node, we
are mostly interested in analyzing the transient behaviors of the network. In the perform-
ance analysis, the duration of response time and steady state of buffer occupancy are the
main concerns.

In simulations, we assume the transmitting rate of switch node y =200Mbps, which
1s also the maximum transmission rate of the source node, and the sampling time T =
Imsec., Also it is assumed that the threshold parameter x, = 100cells, the uncontrolled
source generates the traffic data at a constant transmission rate of 15 Mbps and 55 Mbps.
Assume the input delay r; = 3msec and the feedback delay r; = Zmsec. Thus the total
round-trip delay r=1r, +1; =5msec. Figures 2—~5 show the dynamic behaviors of a single
controlled source node based on the system model (4) implemented with the PD congestion
control algorithms described in (6) under different chosen values of « and 8. The values of
a and 8 in Figures 2 and 3 are chosen such that the network system is stable whereas those
in Figures 4 and 5 are chosen such that the network is not stable. There are four sub-fig-
ures in Figures 2-5, they are (a) the assumed input rate of uncontrolled traffic, (b) the simula-
ted input rate of controlled traffic, (¢) the simulated total rate of the input rates, i. e. , the sum
of controlled and uncontrolled traffic rates, and (d) the simulated buffer occupancy.

~ 60 g ' 200 .
77 — ~
oo %0 ' A \
&) " .
=2 4 | 3180 /‘
EE 30 5
-
S RTRVATATR!
- = 20 l—- 1 L
=¥ | - ] L =
E n
T T 100 200 300 400 1405 0 20 00 4
. 100 200 300 400
time »n tlme n
(a) (b)
260 — - . 1500 ; : ~
1000}

total input
rates(Mbps)

oy
-
(-

r.

= 2 B 3
P
—
/“f——'ﬁ
—

occuga}lr{cf:fés (kb)

/

-

. oo

- -
:-\\_‘__\\

0 100 200 300 400 %0 100 200 300 400
time n time 7
(c) (d)

Fig.2 Performance of a network implemented with a PD congestion control
scheme with a=-—03=0. 05
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Fig.4 Performance of a network implementec with a PD congestion control
scheme with a=—8=—0.2

Figures 2 and 3 indicate that in the time interval [0,z |, the switch node only transmits
the packets of uncontrolled traffic into the network because the packets of controlled traf-
fic have still not arrived during this interval. But in the time interval [rl ,7 ], packets begin
to accumulate in the buffer because the feedback information from the switch node to the
source node has not still reached the source and the source node still transmits packets at
the maximum rate. After a round-trip delay the source node adjusts its transmission rate
and then after a relatively short period the buffer occupancy becomes steady.

Generally, a shot response time of buffer occupancy indicates that the controlled net-
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Fig. 5 Performance of a network implemented with a PD congestion control
scheme with a=—3=0.9

work achieves stability quickly., This is essential for the network to have a least packet
loss rate. A small upper bound of buffer occupancy usually leads to a larger throughput,
the pertormance of the network 1s subsequently promising. Comparing Figure 2 with Fig-
ure 3, one finds that both cases have short response time but the upper bound of butfer oc-
cupancy in Figure 3 is less. This then suggests the control schemes with the parameters
a= —[=0. 2 corresponding to Figure 3 is better in terms of performance. From Figure 4
(b), it is seen that though at the beginning period of time the controlled traffic rate is ad-
justed, after this period it is not adjusted any more, 1. e. , this rate 1s fixed at 200 Mbps.
Further observation in Figure 4(d) finds that, in this situation no stability of the buffer
occupancy is guaranteed, the buffer occupancy diverges and goes to unbounded, and con-
sequently the buffer will overflow. The network will consequently lose packets in this sit-
uation. By observing Figure 5, one can see that there is a dramatic change in the dynamic
of controlled rate, very heavy oscillations have appeared in the dynamic of buffer occupan-
cy. The controlled network will also lose packets in this situation, In summary, among all
the four control schemes corresponding to the four different kinds of control parameters,
namely, a=—f3=0.05,a=—f8=0.2, a=—p=—0.2, and a=—£=0. 9, respectively, the
one corresponding to ¢=—f=0. 2 is the best, the one corresponding to a= —=0. 05 1s
acceptable, while the last two are not acceptable.
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