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is bounded uniformly. If the model basis is orthogonal, then the dimen- Smith's Principle for Congestion Control in
sion of the model can be increased arbitrarily without affecting either High-Speed Data Networks

the stability conditions i)—iv) or the state performance transient bound

(the casé: = 0), because\(R,,) = 1. Saverio Mascolo

V. MMARY AND FURTHER RESEARCH . o )
Su v S ¢ Abstract—In high-speed communication networks, large propagation

We have giverLQ-type performance bounds for a class of approxidelays could have an adverse impact on the stability of feedback control
mate-model-based adaptive designs. The results can be easily exteAig8gthms- In this paper, classical control theory and Smith's principle

li-i ith hed . doth imol are exploited to design an algorithm for controlling “best effort” traffic
to multi-input systems with matched uncertainty and other simple Vaﬁ‘l‘high—speed asynchronous transfer mode (ATM) networks. The designed

ants on the control designs. Due to the dependance of the proofs larggdyrithm guarantees the stability of network queues, along with the fair
only on the existence of quadratic Lyapunov functions, extensions aral full utilization of network links, in a realistic traffic scenario in which

also possible to the case of unmatched uncertainty via backstep i tiple available bit rate (ABR) connections, with different propagation

designs; see [3].
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The ATM Forum Traffic Management Group defines the following
four service classes to support multimedia traffic.

1) Theconstant bit rat§ CBR) class, which is conceived for appli-
cations such as telephone, video conferencing, and television.

2) Thevariable bit rate(VBR) class, which allows users to send at
a variable rate. This category is subdivided into two categories:
real-time VBR (RT-VBR), and nonreal-time VBR (NRT-VBR).
An example of RT-VBR is interactive compressed video or in-
dustrial control (you would like a command sent to a robot arm
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to reach it before the arm crashes into something), and that®fiannon theorem to reconstruct a bursty signal, such as the ABR
NRT-VBR is multimedia email. bandwidth.

3) Theunspecified bit rat¢UBR) class, which is designed for those  In this paper, Smith's principle is proposed as a key tool for designing
data applications, such as email, file transfer, etc., that wantdaontrol law for ABR inputrates that is effective over a connection path
use any leftover capacity and are not sensitive to cell loss with any bandwidth-delay product. In particular, first, the dynamic be-
delay; because this class does not require service guarantee, teglior of each network queue in response to data input rates is modeled
losses may result in retransmissions, which further increase caing transfer functions as the cascade of an integrator with a sum of
gestion. time delays. Then, a controller is designed following the Smith prin-

4) Theavailable bit rate(ABR) class which is a “best effort” class ciple. The proposed control algorithm ensures: 1) queues stability, i.e.,
designed for normal data traffic such as file transfer and emaiio cell losses; 2) full and fair utilization of network links in presence
This class does not require cell transfer delay to be guaranteefimultiple connections, with different round-trip propagation delays,
The source, however, is required to control its rate by meanssiaring the network; 3) exponential convergence of queue levels to sta-
a feedback control mechanism that takes into account the caionary values without oscillations or overshoots; and 4) “efficient co-
gestion status of the network. In this way cell loss and retranexistence” of quality-constrained services (CBR +VBR) with “best ef-
missions are minimized, and the network utilization is improvefbrt” service (ABR).

[1]-[3]. To operate the closed-loop control, the ATM Forum pre- |n contrast to [11] and [12], where links with constant available
scribes that an ABR source must send one control cell, called thgndwidth have been assumed, herein links with time-varying avail-
resource management (RM) cell, every NRMB2 data cells. At able bandwidths are considered in order to model the interaction of
the destination, RM cells of a flow carry the minimum input rate\BR with (CBR + VBR) traffic. Moreover, because it is difficult to
computed by all switches encountered along the VC path and @fieasure the available bandwidth, this bandwidth is modeled as a dis-
relayed back to the source conveying this minimum value.  turbance input.

Congestion control is critical in both ATM and non-ATM networks The paper is organized as follows. Section Il describes the data net-

[23], and it is the most essential aspect of traffic management. Nowgork model. In Section Il, the control law is designed and its perfor-
days, the interest in a control-theory—based approach to this issuenignce is evaluated via mathematical analysis and computer simula-

ever increasing. tions. Finally, Section IV draws the conclusions.
To briefly summarize the algorithms proposed for ABR traffic

control, we start by recalling the binary feedback schemes that

were first introduced because of their easy implementation [2],

[7], [18], [19], [27]. In these schemes, if the queue level in Il. THE DATA NETWORK MODEL

a switch is greater than a threshold, then a binary digit is set

in the control management cell. Because of the binary feedbacklhe network employs a store-and-forward service; thatis, cells enter
information, problems of stability and performance develop. In [#e network from the source edge nodes and are then stored and for-
and [8], an analytic method for the design of a congestion controllgarded along a sequence of intermediate nodes and communication
which ensures good dynamic performance along with fairness liAks, finally reaching their destination nodes [1], [2], [7], [25]. The net-
bandwidth allocation, has been proposed. This algorithm, howeveégrk can be considered as a graph consisting of &set {1, - -, n}
requires a complex online tuning of control parameters to ensu#énodes (properly switches) connected by aket {1,---,1} of
stability and to damp oscillations under different network condition§ommunication links. For each nodes N, letO(i) C L denote the
moreover, the authors were unable to prove its global stabiliggt of its outgoing links andi(i) C L denote the set of its incoming
because of the complexity of the control strategy. In [9], a dudinks. Each node maintains a queue for each outgoing link, where cells
proportional-derivative (PD) controller has been suggested to mdRdoe transmitted are temporarily stored. Each lifkcharacterized by
easier the implementation of the algorithm presented in [7]. In [26]S transmission capacity = 1/t; (cells/s), wherg; is the transmis-

the algorithm proposed in [7] has been implemented using per-\&®N time of a cell, and by its propagation delay afs. Each node has
first in first out (FIFO) queuing. In [10], Smith's principle has beer® processing capacity df/t,.; cell/s, wheret,..; is the time between
exploited to design a control law in case a per-VC FIFO queuirtje moment a cell is received by the node and the moment it is placed
is maintained at switches. In [11], two linear feedback contrdh the queue of its outgoing link. It is assumed that the processing ca-
algorithms have been proposed for the case sfgle connection Pacity of each node is larger than the total transmission capacity of its
with a constant service rateln [12], these algorithms have beenincoming links so that congestion is caused by transmission capacity
extended to the case of multiple connections with the same rou@ly. In high-speed communication networks, Hendwidthx delay

trip delay sharing the bottleneck queue, and the robustness of thegducte;tq; is an important parameter that represents a large number
algorithms for the nonstationary service rate has been analyzeficells “in flight” on the transmission link. These cells are also called
In [13] and [14], proportional-integral (PI) type controllers havén pipe cells

been described. In [15], a single-controlled traffic source, sharingThe network traffic is contributed by source/destination pairs
a bottleneck node with other sources, is considered. The traffic(i§, D) € N x N forming the set of active connectiois The number
modeled by an ARMA process, whereas tHeinfinity approach of active connections:. is the cardinality ofC. To each(S, D)

is used for designing the controller. In [20] and [28], the flonconnection is associated a VC mapped on the path D) [1], [7],
control problem is solved within the framework of decentralizefR5]. The pathi is specified by the sequence of link&5 - - - e; that
linear quadratic (Gaussian) team theory. The (CBR + VBR) traffitie VC; traverses as it goes through the network.

is modeled by an autoregressive process. The algorithms proposed/e assume a deterministic fluid model approximation of cell flow;
in [16] and [17] compute the input rates dividing the measuretiat is, sources transmission rates are described by the continuous vari-
available bandwidth by the number of active connections. Thableu(t), measured in cells/s. An ABR source is expected to declare
measurement of the ABR bandwidth, however, which is burstgnly its peak cell rate, that is, its maximum transmission speeg

is a hard task. In fact, the sampled control mechanism via RMt,. Moreover, we assume that ABR sources always have a cell to
cells makes it difficult to supply the sampling rate required by thgend; that is, they angersistensources [2].
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Switch: O 1) Bottleneck FIFO queue;(t), which is modeled, in the Laplace
Buffer: i domain, by the integratdr/s.
2) Link service ratel;(t), which is modeled as ammeasured dis-
turbance in fact, the ABR bandwidth is left over by the high pri-

Sl

> DI ority (VBR + CBR) traffic loading the link, and it may change
= : drastically. As a consequence, the measurement of ABR band-
X b width is a hard task.

S2

ve2 3) Round-trip delay; of each ABR connection which shares the
\ O bottleneck queué: = 1,n).
D2 4) Controller transfer functiof; (s), which computes the admis-
sible input rate:;(t) = u;;(t) for any: such thaVC, € C;.
Fig. 1. Scheme of tweirtual circuits (S1, D1) and(Ss, D») sharing links 5) Set pointr;(t), which sets a threshold for the queue level.
l, andl. The feedback control scheme works as follows: the controller com-
pares the reference signgl(+) with the bottleneck queue level; (¢)

We assume that each output link maintains an FIFO queue thagifl then inputs the difference into the controliéy(s), which com-
shared by all VC's flowing through the link. Fig. 1 shows two VC conputes therate;(¢). The inputrate: (¢) of the connectioV'C; reaches
nections sharing links andi,. Letz;(t) be the queue level associatedthe bottleneck queue as an effective inflow rate after the round-trip time
with the link ;. By writing the flow conservation equations, the queud: - It is assumed that propagation delays are dominant compared with
level ;(t), starting at = 0 with ;(0) = 0, is the timeintegral of ~ Other delays (processing, queuing, etc)s a consequence, round-trip

the input rates minus the output rate delays are assumed to be constant and measured when a new VC is es-
N tablished.
1 7
z;(t) = /0 <_df(7) + ;'””(T - Tif)) Hdr () B. Design of the Control Law Using the Smith Principle
The objective of the control law is to guarantee that the input rates
where f the sources promptly utilize all “best effort” bandwidth. At the same
nj cardinality of the set; of VC's sharing the queue 0 promptly )

time, buffer overflow must be avoided. This goal can be formally stated

associated with link;; . ) .
! with the following conditions.

ui;(t) > 0 inflow rate caused by thah VC;

T; propagation delay from thiéh source to thgth queue; 1) Stability:

d;(t) 2 0 rate of packets leaving thih queue. o xj(t)<r° fort >0andforanyjsothat; € L  (2)
Lettingb..,;(t) > 0 be the ABR bandwidth at link;, the relationship o ) ) -
with the depletion rate ig;(t) = bau.,(t) - h(x;), whereh(x;) is wherer” is the queue capacity. This condition guarantees that
shown at the bottom of the page. network queues are bounded, i.e., no cell loss.

Thus, itresults; (¢) > 0. Notice that (1) is linear because it neglects 2) Full Link Utilization:
the saturation effect because the buffer capacity is finite. Therefore, it ;. (+) >0  fort > 7}, andforanyj sothat; € L  (3)
holds only if the queue level never exceeds the buffer capacity. As will

be shown in Section I, this condition will be always satisfied by the ~ Which guarantees full utilization of network links, i.2ay; () =
controlled queue dynamics. d;(t), because a link has always data to send.

The time T}, in (3) takes into account the round-trip propagation
time inside the control loop and the transient time of the dynamics.

Now, letting the set point; (¢) be the bottleneck queue capacity

In this section, we first develop a general model of the controllatie control variable:;(t) seeks to fill in the bottleneck queue at its
ABR flows and then we design the congestion control law. To desidull capacity, whereas the disturbanég+) seeks to empty the queue.
the controller and analyze the performance of the controlled systeBacause of the possible large propagation delays inside the feedback
we use the standard Laplace transform technique; that s, transfer fuaep, queue level dynamics might exhibit oscillations, and even become
tions are used to model and analyze the input—output dynamics of thestable. Because we have seen that the model of the communication

I1l. THE CONTROL LAW

controlled system. system is known, a controller can be successfully designed following
the Smith principle [21], [22].
A. Model of the Flow-Controlled Data Network Smith's principle is well known as an effective dead-time compen-

We assume that each switch-nadeas a congestion controller asso-Sator for a stable process with large time delay. The main advantage of
ciated with each outgoing link. This controller computes a unique aa“n_l_s techm_que is that the time delay is eliminated from_the character-
missible transmission rate for all VC's sharing the same outgoing linfetic equation of the closed-loop system. Thus, the design problem for
Thus, the controlled system results to be a single-input—single-outfifg Process with delay can be transformed to the one without delay.
(SISO) linear system with a disturbance. More precisely, Fig. 2 ShowslATM switches can give priority to control cells over data cells. Thus, the

the block diagram of the controlled system consisting of the followingLieuing time of control cells is zero and the round-trip time is constant and
functions. equal to the propagation time.

1, if 2;(t) >0

h(a;) = a(t)/bao,j(t), if z;(t) =0, wherea(t) = min <Zj wij(t — Tij), bau,j(t)>
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Proof: By equating the transfer functions of the systems reported

in Figs. 2 and 3
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the controller (4) is derived after a little algebra. O
By looking at the controller (4) shown in Fig. 2, it is easy to write
the rate control equation that is

u(t) = 7"_1 (,.o —a(t)=n /O‘L u(r) - dr + i/:_n u(r) - dr>

Herein, following the Smith principle, we look for a controllgf s )2 n o
so that the input—output dynamics of the system reported in Fig. 2 = k (,.0 —a(t) — Z/ w(r) - dr) . (5)
becomes equal to the input—output dynamics of the system shown in n i=1 Jt—1
Fig. 3. The target system in Fig. 3 has been carefully chosen to sati$his equation can be intuitively interpreted as follows: the computed
all of the following points. input rate is proportional, through the coefficidnt:, to the available
1) The closed loop part of the target system is delay free; that fsomin the bottleneck queué—x(#) decreased by the number of cells
delays are pushed out of the feedback loop (Smith's principleyeleased by each VCduring the last corresponding round-trip time
2) Delays are in cascade connection with the delay free systeéf, Notice that (5) requires that the switch keeps track of the number
which is a simple first-order dynamic system described by thef active sources.
transfer functiork /(% + s). This system is asymptotically stable
for anyk > 0. C. The Reference Signal and the Disturbance
3) AcontrollerG(s) exists that renders the input—output dynamics The controlled system reported in Fig. 2 is an SISO system with a
of the system reported in Fig. 2 equal to the input-output dyfisturbance. The system input) sets a threshole’ for the bottleneck
namics of the desired system reported in Fig. 3. queue length. The disturbandét) models the bottleneck link service
Notice that a nice feature of the chosen target system is that, lettiage. We normalize to unity the link transmission capacity, so that, if
the set point:(¢) be the step function® - 1(¢), the output exponentially all link bandwidth is suddenly available for ABR connectiong at
converges to the steady valuwithout oscillations or overshoots. In t,, then the available bandwidth..(¢) is equal to the step function
fact, the output is the sum of several delayed responses of a first-ortler— t,). Lettingb(t) < 1 be the bandwidth consumed by coexisting

A 4

Fig. 3. Block diagram of the desired input—output dynamics.

system to a step function. (VBR + CBR) traffic, it results
Propos_ition_ 1: The transfer functions( (s)/R(s) of _the systems 0 < bao(t) < 1(t) = by - 1(t) = a - 1(1)
reported in Figs. 2 and 3 can be made equal by using the controller ] , )
described by the transfer function whereby, = mine{b(t)}, 0 < b < 1,anda = (1 = bn), with
0<a<1.
G(s) = k/n @ In other words, the ABR bandwidth is bounded by the function

k/n o 1(t),witha € [0, 1]. This function representsseorst-case disturbance
1+ o (n - Z e”z‘) that models a bandwidth that is suddenly available-at0.
i=1 In the next section, we will show that the proposed control law en-
2From now on, the subscrigtin z(t), d;(t), G,(t), etc., which is used to SUres queue stability and full link utilization even in the presence of the
refer the generic output link, is dropped. worst-case disturbance- 1(¢).
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D. Performance Evaluation of the Control Law Via Mathematical of network links, that is:(¢) > 0 for ¢t > T, if the capacity-° of the
Analysis network queues satisfies the following condition:

Classical control theory provides an established set of tools that en- ) 1 <&
ables us to design algorithms whose performance can be predicted ana- r>a (T + n Z Ti) : (6)
lytically rather than relying on simulations. To analyze the performance ) =1 )
of the proposed algorithm, itis sufficient to use Laplace transform tech- Proof: Using the controller (4), the queue dynamics of the system
nique. The important advantage of mathematical analysis is that it §-Fig. 2 in response to(¢) andd(t) is
lows us to demonstrate the properties of the proposed control lawina  ,(¢) = 2,(t) + 2a(t)
general setting, whereas the validation via computer simulations is in- o
evitably restricted to the simulated scenarios. T Z (1 - e,*k(t”f)) 1t —To)
Proposition 2: Considering the reference signdk) = r° - 1(¢), [t

the worst-case disturbandé¢t) = a - 1(¢), with 0 < a < 1, and the 1 ‘
controller (4), the output queue level satisfies ttability condition ta (‘t “1(t) + - > <(t -Ti)-1(t-Tv)
x(t) < »° for anyt > 0. =1

Proof: From Proposition 1, the input—output dynamics of the sys- 1 (1 _ 0—A~(t—T7-)) At — T')) )
tems reported in Figs. 2 and 3 are equal. Therefore, assuming the ini- ) / ‘ )

tial conditionz(0) = 0, we can consider the Laplace transform of th

output of the system in Fig. 3 in response to the set pdint (¢); that Fort > max,(T,)+4r = T,,, the exponential terms can be considered

exhausted, and(¢) reaches the steady-state value

is
n . a a
- r’ 1 1 s w(t)=ws=1"— — Z T — —. (7
X, = — " — > ]
(5) s (1+s/k) n ; ¢ noO k
_ _ _ S _ Thus, Proposition 3 is derived by requiring that> 0 for ¢+ > T;,.. O
and, by antitransforming back to time domain, it results in Remark 2: Proposition 3 guarantees full utilization of network links
o o if each queue capacity is at least equal to the number of “in flight” cells
. ! —k(t=1;) : ! . . . . .
@ (t) = o Z (1 - ¢ ) 1t = To). contained in “a pipe” with propagation delay+ (37, T:)/n.
kZ:1T _ Finally, the following proposition shows that the “best effort” band-
Becaus& !, (1 — e *'"9)) . 1(t — T}) < n, it tumns out that width is equally shared by the VC's.
x.(t) <r°, fort > 0. Proposition 4: In the steady-state condition, the VC's capture all

available ABR bandwidth in a fair way.
Proof: Considering (5), the steady-state valugs= x(t — o)
andu, = u(t — oc) satisfy the relation

Moreover, the transfer function frod(¢) to the queue levet,(t) of
the system reported in Fig. 2 is given by

Xa(s) 1k 1 1 "=,
D(s) s t n s(s+k) ; ¢ ' Us = W (8)
Assuming the worst-case disturbanbés) = a/s and by antitrans- nr ;T’"

forming X 4(s) back to time domain, it results in L . .
9 Xals) Substituting in (8) the value of, obtainable from (7), it turns out

1« a
za(t) =a < t(t) + ; <(t T)-1(t—T;) ue= "
1 - which means that the ABR bandwidthis equally shared by the
-2 (1 _ 64-(15717-)) 1t - Ti)) ) . VC’s. O
Remark 3: A continuous-time model of the flow-controlled data
Because network dynamics has been derived. In ATM networks, however, each
" ’ 1 k(1) ABR traffic source interleaves control cells (RM cells) with data cells
> <(t -T)-1t-T) - T (1 e ’ ) 1t - TL)) in a periodic way. Each congestion controller, associated with each
=1 outgoing link, computes a unique, admissible transmission rate for all
< mt-1(t) VC's sharing the same outgoing link and stamps this computed value
it follows that on the RM cells only if itis less than the rate already stored. At the des-
tination, the RM cell carries the minimum input rate over all switches
zq(t) <0, fort > 0. belonging to the same VC and it comes back to the source conveying the
minimum allowed rate. Upon receiving this minimum rate, the source

Thus, it can be concluded that sets the input rate to this value [3], which means that feedback informa-

2(t) = @, () + wa(t) <z (t) < r°, fort > 0; tion is relayed in RM cells, and thus not available in continuous time,
thatis, the queue is upper bounded-Byor any worst case disturbancePut rather in sampled form. Therefore, the control equation (5) should
a-1(4). ] betransformed into discrete time form; thatis, the controller should up-

Remark 1: The queue dynamics(#) is characterized by the time date the input rate evefdj, units of time, in whichT’, is the sampling
constant = 1/k. Therefore, the transient can be considered exhausté@e- For the sake of brevity, this discrete time analysis is not reported
after the timeT;, = max; (7T;) + 47. [10], [14], [24].

The following proposition states a condition on the buffer capacit
that guarantees the full utilization of link bandwidth even in the pres=
ence of bandwidth that is suddenly available. In this section, computer simulations are carried out to confirm the

Proposition 3: Considering the worst case disturbar¢e) = « - validity of the proposed algorithm. Four ABR VC's, sharing an FIFO
1(#), with @ € [0, 1], the controller (4) guarantees the full utilizationbottleneck queue with (VBR + CBR) traffic, are considered (Fig. 4).

. Computer Simulation Results
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Switch: O

Bandwidthxdelay product of the link: T

=10

S2 D2

(VBR+CBR) 53 >y R — £ (VBR+CBR)
=5 =5 =30 O\
T=20
S4 D4
Fig. 4. Network topology and traffic scenario.
0.6 T T T T T T functiond(t), which is shown in Fig. 5. This function is equal to the
ABR bandwidthb, . (t); that is, all “best effort” bandwidth is used by
sk | ABR traffic. A constant gairk = 0.1/s and a buffer capacity’ = 40
£ ) cells, which strictly satisfies the (6), are assumed. Fig. 6 shows that the
2 bottleneck queue dynamics is upper boundedognd lower bounded
§ 0.4} by zero; that is, no cell loss and full link utilization are guaranteed.
3
J?:l 0.3l i IV. CONCLUSION
g Classical control theory and Smith's principle have been proposed as
i) key tools for designing an effective congestion control algorithm for the
3 0.2F | class of ABR traffic in ATM networks. The suggested algorithm works
& in a realistic traffic scenario consisting of multiple ABR connections
< 0.1} 4 that share available bandwidth with VBR and CBR traffic. Mathemat-
ical analysis and simulation results show the validity of the algorithm.

In particular, it has the following advantages:

% 200 400 600 800 1000 1200 1400 1) itis a relatively simple algorithm;
time 2) itrelaxes the too unrealistic hypothesis made in [11] and [12], in
which connections with the same round-trip delay were assumed;
Fig. 5. ABR bandwidttb. (#) and used bandwidt(t). 3) itrelaxes the assumption made in [11] and [12] of links with con-
stant service rate, because with this assumption it is not possible
40 J T T T T T to consider a realistic traffic scenario with (CBR + VBR) traffic;
4) it allows us to analyze transient and steady-state behavior via
8 mathematical analysis;
30 5) it ensures fast exponential convergence of queue levels to sta-
tionary values without oscillations or overshoots;
25 6) it allows us to prove the global stability of the network queues
2 along with the full and fair utilization of network links;
2 20 7) itdoes not require the tuning of any control parameter to react to
§ the changing traffic condition;
15 8) in contrast to [16] and [17], it does not require the measurement
of the available bandwidth that is here modeled as a disturbance
10 input.
5 ] Further research should focus on the issue of guaranteeing the re-
quired QoS in real-time communications.
0o 200 400 600 800 1000 1200 1400
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