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Abstract. In this paper, a novel sliding mode flow controliesign for the
connection-oriented communication networks is psggbo The networks
are modeled as discrete time systems with theablailbandwidth acting
as disturbance. The proposed controller is desigimeduch a way that
the closed-loop system stability and fast, finitgeterror convergence are
ensured. In order to avoid the problem of excessivatrol signal
magnitude, a sliding mode controller with saturatis proposed. When
this controller is applied no bottleneck link buffeverflow and full
utilization of its available bandwidth are guaraste Furthermore,
transmission rates generated by the controller alvgays upper bounded
and nonnegative.

1. Introduction

High-speed connection-oriented communication ndte/anay allow various
kinds of applications to run under a uniform infrasture. In these networks
the sequence of application data units are tratesiity a source and reach their
destination via a path of intermediate switches. €ath switch a server
schedules and forwards data units along the patm ftheir source to their
destination in the network. The difficulty of thew control is mainly caused by
long propagation delays in the network. If congesbtccurs at a specific switch,
information about these circumstances must be geuvdo all the sources
transmitting data units through the switch. Thifoimation is used to adjust
source rates and may affect the congested switehthe round trip propagation
delay.

Flow control in connection-oriented communicatiogtworks has recently
become an exciting research field and valuablelteefiave been reported in
many papers [3, 6, 106, 17]. Their authors proposed ‘on-off’ [3, 6]assical
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proportional-derivative (PD) [14], fuzzy proport@antegral-derivative (fuzzy
PID) [17], stochastic [11], adaptive [13] and néuretwork based [12]
controllers. Due to the significant propagationagel several researchers also
applied the Smith predictors [3, 10, 15] for th@aflcontrol in such networks.

On the other hand, it is well known that slidingdeccontrol is an attractive
and efficient strategy which offers robustness gmaold dynamic performance of
the controlled systems [2, 5, 7, 16, 18]. Therefaomethis paper we attempt to
apply discrete time sliding mode approach [1, 49]8o the flow control in a
connection-oriented communication network. We adasia model of the
networks which provide feedback mechanism. An exarop such networks is
Available Bit Rate (ABR) service in Asynchronousaiisfer Mode (ATM)
standard. The proposed control algorithms employappropriately defined
sliding hyperplane, which ensures the closed-loggiesn stability and finite
time error convergence to zero. In order to avdid problem of excessive
control signal magnitude, we propose a sliding moatatroller with saturation.
When this controller is applied no data loss arlbliitk bandwidth utilization
are ensured. These desirable properties are dkplpioved. Moreover, the
relation between the data flow rate and the condusaadwidth is derived.

The remainder of this paper is organized as follawsSection 2, detailed
description of the network model is given. Afterdsy in Section 3, the
proposed sliding mode flow controller design anel shistem performance when
the controller is applied are presented. In thadise the important properties of
the controlled network are also stated (in a lenand three theorems) and
explicitly proved. A simulation example, illustragj the discussed properties, is
presented in Section 4. Finally, Section 5 condutie paper.

2. Networ k modd

In this paper a single virtual circuit in a conneatoriented communication
network is considered. Furthermore, it is assumeat there is only one
bottleneck node in the network. The source sents @s determined by the
controller at the bottleneck node) and special robntnits. The control units
carry information about the network state. Afteaaiging their destination, they
are immediately sent back to the source, alongstmae path they arrived.
The information carried by the control units is dise adjust the amount of data
transmitted by the source at each control peridmw dontrol units are processed
by the intermediate nodes on a priority basis they are not queued but sent to
the next node without delay. Consequently, the dotrip time RTT of the
control units in the virtual circuit is constant.okéover, this time can be
expressed as the sum of forward and backward patipagdelays denoted as
andTg, respectively

RTT=T+T§ (2)
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The block diagram of the flow control system comesatl in this paper is
shown in Figure.

|—> Source—»

Further in the papefT represents the discretisation perig¢kT) denotes
the bottleneck queue length at time instakits k=0, 1, 2, ..., andyy >0 is
the demand value of(kT). It is assumed that before setting up the cotomct
the bottleneck buffer is empty, i.gkT < 0) = 0. Moreover, in this paper we
assume that the round trip time is a multiple &f thscretisation period, i.e.
RTT = mxrt T, Wwheremgrris a positive integer.

The amount of data to be sent is generated by dmratler placed at
the bottleneck node. The controller output at tkiteis denoted asi(kT). This
amount of data will be sent by the source aftekwacd delayTg and will arrive
at the bottleneck nodg- later. Consequently, the bottleneck buffer for ame
KT <RTTremains empty. It is assumed that before setjnthe connection
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Fig. 1. Network model

u(kT<0)=0 )

The amount of data which may leave the bottleneckeb at time kT is
modelled as ana priori unknown bounded function of time(kT), for
k=0,1,2,... The maximum value ofkT) is denoted byd..x and h(kT)
represents the amount of data actually leavingbttdeneck node at timkT.
Consequently

[1 0sh(kT)< d(KD< ¢y (3)

k=0

Initially, the bottleneck buffer is empty
y(kT=0)=0 (4)

Then, for anjk > 1, the queue length can be expressed as follows
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3. Sliding mode controllers

In this section, the flow control problem for thesdribed network is
considered. First, a chattering free discrete tshding mode controller is
designed so that fast and finite time error coneecg to zero is achieved. Then,
we propose a modified sliding mode control stratedpych takes into account
physical constraints and ensures that the maximdmissible flow rate is never
exceeded.

3.1. Proposed control strategy

This subsection focuses on the design of a distirate sliding mode flow
controller for the communication network, whose mo#as introduced in
Section 2. For this purpose, first a discrete tistete space model of the
controlled system is formulated. Then, an appro@iséiding plane is introduced
and its parameters are determined in such a wayttbaclosed-loop system is
stable and the error converges to zero in finiteeti

Let us consider the following discrete time modahe network

x[(k+D)T] = AX(kT) +bu k) + p { kT

y(kT)=q"x(kT) ©)

wherex(kT) = [x(KT) Xo(KT) ... %(kT)]" is the state vector witky(kT) = y(kT),
A isn x n state matrixp, p andqg aren x 1 vectors

110..0 0 -
001..0 0 0

A=|: ¢ ¢ i b=|i| p=| i ]| q=/: @)
000..1 0 0
000 0 1 0

and n=mrrr+ 1. Alternatively, the state space equation canwpitten as
follows
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x[(k+1)T] = 'D+ %( kKT- K kT
Xz[(k+]-)T] =
X[ (k+1) T] =: x4( kT) @®)
X [(k+2) T] = %, (kT)

X [(k+1) T] = u( k)

In this model the available bandwidtfkT) is represented as unmatched
disturbance. The desired state of the system istddrbyxy = [Xq1 Xa2 --- ><d,JT.
It can be noticed from (8) that all componexjof vectorxqfori =2, ...,n are
equal to zero whem(kT) =0. Let us denote the first state variabig
representing the demand queue lengtlsby

We introduce a sliding hyperplane described byfdlewing equation

s(kT)=cTe(kT) =0 )

wherec' = [c1 C ... & is such a vector that' b+ 0. Similarly as it is usually
done when designing the control systems, now weleneghe effect of
disturbancén(kT) in the controller design process. However, tlissinot imply
that the disturbance is disregarded in the papeillibe given full consideration
when analysing the system performance. The clasmgl-Isystem error is
denoted as eKkT) =xq4—x(kT). Hence, substituting (6) into equation
¢’ g(k + 1)T] = 0 the following feedback control law can beided

u(kT) =( T[xd Ax(kT] (10)

When this control signal is applied, the closedl@ystem state matrix has the

following form AC:[I n—b(ch)_lcT]A. Then the characteristic polynomial of
A. can be found as follows

det(zl ,~A)= 2+ =L A H;C’Hi*2+...+cl%nc2: (11)

n n

which leads to the condition,# 0. Asymptotic stability of the discrete time
system is ensured if and only if all its eigenvaluge located inside the unit
circle. Moreover, in order to ensure the closeglegstem error convergence to
zero in finite time, the characteristic polynomsilould have all roots equal to
zero. Therefore, (11) has to satisfy

det(z ,-A)=2" (12)
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Comparing coefficients on the right-hand sidesidf) (and (12), the following
form of vectorc is obtained

c'=[1 11 .. ic, (13)

Substituting (7) and (13) into (10) the followintate feedback control can be
derived

ukT) = 3= 3 %KD 14)
=

Alternatively, from (8), one can get the state ablesx (i=2,3,...n)
expressed in terms of the control signal generdigdthe controller at
the previous1— 1 samples

x(kKT)=(k-r+ F) 1 fori=2,3,...n (15)

Substituting these expressions into (14) and pyki(kT) = y(kT), we obtain

u(kD) =y ={ kD + GO rD) T+ [ k( R2) Frov [0 «D J=

n-

=gy yKD-3 (ke )T v k-3 Bk ) T

j=

k-1
=ya-y(kD= > o 1) (16)

j=k=mgrr

which actually represents a dynamic sliding modewflcontroller. This
completes the design of the flow control algorittmch guarantees the closed-
loop system stability and fast, finite time erroongergence to zero in
the considered network.

Unfortunately, the strategy proposed in this sectimy generate initial flow
rate of unacceptable magnitude. Therefore, in otdeasvoid this undesirable
effect, further in the paper a modified sliding reodontrol strategy will be
proposed.
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3.2. Modified control strategy

In this section we introduce a new flow controhgtgy. The amount of data
to be sent by the source at tikieis now determined by the controller according
to the following formula

U(kT) =min{yd - )‘ k1)_ g L( J-I)' Hlax} (17)

j=k—mgrr

Where Umax > dmax iS the maximum admissible value of the flow radme can
easily notice that this strategy determines datastnission rates which never
exceed the predetermined valug,.

Let us denote the first argument of the mihffunction in (17) asw(kT), i.e.

k-1
wkT) =y = (K)= > d ) (18)

j=k-mgry
It directly follows from (17) that at any time iasttkT> 0 inequality

u(kT) < W( kT) (19)

is satisfied. Moreover, we will prove that the floate generated according to
strategy (17) is always nonnegative. This is shiowthe following lemma.

Lemma If the proposed control algorithm is applied, tltata transmission rate
u(kT) is always nonnegative, i.e.

k=0

Proof. At the initial time functiorw(kT = 0) =y,. Therefore, the flow rata(0)
either equalsyy or uma. Consequently, inequality (20) is satisfied for 0.
Furthermore, at any time instakT > 0 if the amount of data to be sent by
the source isina then the flow rateu(kT) is also strictly positive. Hence, in
order to complete the proof it is only necessargttow that (20) is satisfied for
anyk > 0 whenu(kT) = w(kT). For that purpose, let us notice that the folloyvi
relation can be derived from (5)

y(kD = (k-0 T+ §( k= mr-2) T- K kD T (21)

which holds for any positive integ&r Since in the analysed casT) = w(kT)
and the bottleneck queue length satisfies (21)pbtain
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W= wkD= y- G- > )=

=Yg~ V(=D T = (k= mrr=1) T+ { k2 ]r—__k_z_1 (0 ir=
=y kD= F W) i
=yd—y[(k—1)T]—._ff ] U M- d(k-D T+ K kD T=
=w[(k-2) 7] - d(k-2) 'ETT+ B k=1 T (22)

Taking into account inequality (19) and the faetttthe consumed bandwidth is
always nonnegative, we obtain

u(kT)z H(k-2) 120 (23)

which shows that inequality (20) indeed holds at ame instantkT > 0 when
u(kT) =w(kT). This conclusion ends the proof of the lemma.

Thus we conclude that controller (17) generatea ttahsmission rate which
is always nonnegative and upper bounded, i.e.

Clearly, this property is of utmost importance ttoe practical implementation of
the strategy in any real network. In the sequekdhtheorems stating further
important properties of the proposed flow contrecheme are presented.
The first one gives the condition which must bessiad in order to eliminate
the risk of data loss as a consequence of excedidéengottleneck node buffer
capacity. Afterwards, the second theorem providesufficient condition for
the full bottleneck link bandwidth utilization. Fly, a relation between
the control signau(kT) and the consumed bandwidth is formulated in kel t
theorem.

Theorem 1. If the proposed strategy is applied, then the quiemgth in
the bottleneck buffer is always upper bounded ®gl@mand value, i.e.

[ y(kD <y, (25)

k=0
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Proof. As it has already been proved, data transmigsitau(kT) is nonnegative
at any time instarkT. On the other hand, by definitiafkT) is smaller than or
equal tow(kT). Therefore, the following relation holds for atitpe kT> 0

k-1
ya-y(k)- > M= vikd= ¢ k=0 (26)

j=k=mgrr

Hence, the queue length satisfies

y(KT)< v - Eftﬁﬂ 27)

j=k—=mgrr

Again taking into account that(kT) is always nonnegative one concludes that
the queue length indeed never exceeds its demdne. Viehis ends the proof of
Theorem 1.

Another desirable property of the analyzed systenfull bottleneck link
bandwidth utilisation. Since the bottleneck linkndevidth d(kT) is fully used if
the queue length(k + 1)T] is strictly greater than zero, then the next teep
specifies a condition which guarantees that theuguength in our scheme is
always strictly positive.

Theorem 2. If Umax > dimax @and the demand value of the queue lengtatisfies
the following inequality

Yaq > (mRTT +1) Unax (28)

then for anyk> mgrr+ 1 the queue length in the bottleneck buffer isagks
strictly positive.
Proof. Let us define an auxiliary function

k-1
p(T)=y(kD)+ > ) (29)

j=k=mgrr

This function represents the amount of data cugremaiting in the bottleneck
buffer queue, and the amount of ‘in flight' data. ithis data which has already
been sent by the source but not yet arrived abdtéeneck node, and that data
which will be sent by the source because the cbetrbas already sent out an
appropriate command signal to the source.

Substituting formula (5) into (29), one can expriesgtion ¢ (KT) as
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pu=yia)s 3= 3 (- AN S -
=S u(im) - (i) @)

i=0
Hence, taking into account condition (28) kot 0
#(KT)=¢(0)=0< 4 = (Merr+ D) than < Yo~ Yo (31)

Furthermore, if for somk the following inequality@(kT) <y — Umax IS Satisfied,
then

k-1
wkD =y - (k)= > = y-4( k> (32)

j=k=mgrr

which implies thatu(kT) = uma. Consequently, SiNCBnax > dmax We conclude

that if @(KT) <y4—Umax then functiong increases at least at the ratgy— dmax
Moreover, since for any timel < RTTthe consumed bandwidtitkT) = 0, then
if @KT) <yq—Umax and condition (28) is satisfied, thef(kT) increases at
the rateuyay, reachingmrrrUmax at the timamgrT.

On the other hand, the consumed bandwidth for img KT> RTT satisfies
inequality h(KT) < dnax This implies thatp(kT) can decrease at most at the rate
dmax Further, we will show that functiog(kT) after reachingngrrUmax NEVEr
decreases below this value, i.e. we will demonstitaat the following inequality
holds for anykT > RTT

¢ (kT) > IT]RTT l'#nax (33)

In order to prove this we will apply the principé mathematical induction. Let
us first check whether (33) holds o= myrr+ 1. If condition (28) is satisfied,

then ¢(n‘h-|--|-T) = MRr7TUmax < Yd — Umax This |mp||eS that u(rrhTTT) = Umax
Consequently

¢|:(mRTT+1) T] =¢(Merr D)+ U Mgrr = Myrr =
= Mirrlnax + Unax— M Merr 12 (34)
2 Mer1Unax + Umax™ dmax> MRTT Umax

which shows that (33) is indeed true for mgrr+ 1. Now, let us assume that
(33) holds for som&> mrrr+ 1. We will show that this implies that (33) isal
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satisfied fork + 1. For this purpose we will consider the follagitwo cases:
the first one whenu(kT) =w(kT) and the second one wham(KT) = Unax
In the first situation, from (28), (32) and ineqtialmay > dmax We obtain

l(k+)T]=g(kT)+ U KT - K KT=¢( KT+ W K- (h KE
=¢(KT)+ yy —#(KT) - H{ K= y- § k)= (35)
2 Y4~ Omax > Ya = Umax™ MirT Unax

Then, in the second situation, i.e. WhgkT) = Uy, We can write

Lk+)T]=(kT)+ LK)~ {KJ=4( KT+ o= b KR

(36)
2 ¢(kT) + Unax ~ dmax> ¢( kT) > M7 Unax
Therefore, we conclude that relation (33) actuadids for any timé&T > RTT.
Finally, taking into account relations (29), (33dahe fact that the flow rate
generated by our controller is always upper bounbledi,., for any time
KT >RTT, we get

k-1
y(kT)=¢(kD= > U N> Mrr thax™ Mrr Ha=0 37)

j=Kk=Mgrr

which ends the proof of Theorem 2.

The theorem shows that using strategy (17) withditimm (28) we ensure
full bottleneck link bandwidth utilisation for anyme kT >RTT. Further, in
the next theorem, a relation between the flow aste the consumed bandwidth
is stated and proved.

Theorem 3. If the designed sliding mode flow controller is heg@, the demand
queue lengtlyy > Unax and the maximum flow rat@a., > dnax then there exists
such a nonnegative integersatisfying

d max

that for anyk > k, the following relation holds

u(KkT) = H(k-2 T (39)

Furthermore, whegy < umay relation (39) is satisfied for ary> 1.
Proof. First, let us consider the situation when ineyal < Unax holds. It will
be shown that then the following relation is alwagsisfied
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k=0

which directly impliesu(kT) = w(kT).

In order to prove that relation (40) is indeedsfegd for any time&kT> 0, we
apply the principle of mathematical induction. Athet initial time
W(0) =V4 < Umnax Therefore, inequality (40) holds f&r= 0. Now let us assume
that (40) is true for some> 0 and we will show that it is also satisfied kor 1.
Using equations (18) and (21), and taking into aatthatu(kT) = w(kT) we get

k) Tz g () T > (9

j=k=Mgrr+.

k
=yy— Y(KT) = U (k= Marr h kT- ir=
yd y L{( n& ) ﬂ * ]‘:k_;RTTH' (J J)- (41)

=yq — y(kT) - ki U - L KD+ K KI=

j=k—Mgrr

=w(kD) - u(kD+ K kT= B kIS @< Ya

This ends the proof of inequality (40).
Since it follows from (40) that at any time instaqf> 0 the flow rate
u(kT) =w(kT), then using expression (22), for day 1, we obtain

u(kT)=w(k-D 1= §( kD T+ B kD = K 2 b (42)

Equation (42) shows that, ¥ < umax then (39) indeed holds for any positive
integerk.

Now let us consider the situation whgn> um,,. If for somek inequality
@(KT) <yq —Unmax IS satisfied, then it follows from equation (3@)daassumption
Umax > dmax that functiong increases at least at the ratgy—dnax Thus, there
exists such a finite time instakiT, when the following condition

¢(kT) 2 Yy~ Unax (43)

becomes satisfied for the first time.

We will determine the latest time instant when ueddy (43) can become
satisfied for the first time. Since functig#(kT) is smaller than the difference
Yd — Umax Until k < ko, then



Sliding mode approach to congestion control ... 5¢

ky—2

¢[(ko—1)T]=§u( -3 W< v e (@)

j=0

Moreover, since the flow rate for aky ko is equal tauna, then inequality (44)
can be rewritten as

N

Ko—

(kO _1) Umax ~ h( JT) < Yo~ Unax (45)
=0

Numberk, in this equation is the biggest, when for any tifream 0 up to
(ko= 2)T, the consumed bandwidth has its greatest possiblae dmay
Consequently, from relation (45) we get the follogvinequality

(kO _1)(umax_ dma)) < Y~ Una (46)

which gives the estimate kf specified by relation (38).

We will now demonstrate that for any tirk& > kT condition (43) is indeed
satisfied. For that purpose we take into accoumesk>k, and we consider
the two cases: the first one whew(kT) <um.,, and the second one when
W(KT) > Umax In the first case from relations (18) and (29)ofeain

W(KT) = vy =@ (KD < Yoy (47)

From this inequality it can be easily noticed thandition (43) actually holds
for anyk > k.

Now let us consider the second case, i.e. thetsituahenw(kT) > Uyax IN
this situation, in order to show that condition Y4®Ilds for anykT > koT, one
can apply the principle of mathematical inductiowe have already
demonstrated that there exists such a morkght when inequality (43) is
satisfied. Now, let us assume that for some inskdrnt k,T the considered
condition holds, and we will show that this impligeat the condition is also
satisfied at the time instakT + T. Since in the analysed casékT) > Unay then
u(kT) = umax. Taking into account equation (30) and inequalityy > Omax WeE
get

Sl(k+D)T]=4(KT)+ LK)~ K KF=4( KT+ g b K

(48)
2 ¢(kT) T Upax ~ dmax>¢( kT) 2 ¥~ Unax
Consequently, we conclude that for &y ky inequality (43) is always satisfied.
Condition (43) implies that for aryT > koT, WKT) < Umax andu(kT) = w(kT).
Therefore, it immediately follows from equation J2Rat relation (39) is indeed
satisfied for ank > k,. This ends the proof of Theorem 3.
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4. Simulation example

In order to verify the properties of the sliding aeoflow control strategy
proposed in this paper computer simulations of mtieéwork described by
equations (6) —(8) have been performed in MatiauBnk® environment.
First, the model of the network was constructedosting to the description
given in Section 2. Then the system parameters whiasen as follows:

the discretisation period was selected as 1 ms and the round trip time i

the virtual circuit was assumed to bRTT=mrrT=10ms Tr=3 ms,
Tg = 7 ms). Consequently, the system ordermgrr+ 1 =11. The maximum
available bandwidth of the bottleneck link was &®tl..x = 4.8 Mb per second,
and the maximum admissible flow rate ag.=6.1Mb per second.
The bandwidth actually available for the data tfens shown in Fig.2. Sudden
changes of functiod, visible in the figure, reflect the most rigoraustworking
conditions.

According to Theorem 2, when strategy (17) is agghlthe demand value of
the queue length required to assure full bottledetkbandwidth utilization in
the analyzed network must be greater than 0.0671 Kbnsequently,
Vg = 0.0687 Mb, which is equivalent to 170 ATM cellds chosen.
The transmission rate generated by the controfidrthe queue length evolution
are shown in Figs.3 and 4, respectively.

It can be clearly seen from the figures that tledmission rate is always
nonnegative and never exceeds the maximum wglyeFurthermore, the queue
length actually never grows beyond its demand vgluerhich ensures no data
loss in the network and no need for data retrarsams Moreover, after initial
period of 11 ms, i.e. for any time greater tham:{+ 1)T = 11 ms, the queue
length is strictly positive, which implies full liiation of the bottleneck link
available bandwidth.



61

Sliding mode approach to congestion control ...

120

60 80
time, ms

40

20

Fig. 2. Available bandwidth at the output link b&tbottleneck node

120

80

60
time,

40

20

ms

Fig. 3. Transmission rate generated by the comtroll
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5. Conclusions

A new discrete time sliding mode flow control sé@gy for a single virtual
circuit of a connection-oriented communication ratwhas been presented.
The strategy is designed so that the closed-lostesy stability and fast, finite
time error convergence are ensured. In order tadathe problem of excessive
control signal magnitude, a sliding mode controiéth saturation is proposed.
When this controller is applied, full bottleneckdaolink utilization and no data
loss in the controlled network are guaranteed. ddweditions ensuring these
favorable properties are formulated and explicigyoved. Consequently,
the need for data retransmission is eliminated tardmaximum throughput is
achieved. Moreover, as the flow rate generated Hey dontroller is always
nonnegative and bounded, the proposed mechanistmectzasibly incorporated
in real communication networks. Our further reskafocuses on adapting
the control strategy proposed in this paper fortirswlurce networks.
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