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Abstract

This note presents a stability condition for time-
variant uncertain discrete delay systems, where the
uncertainty set is finite and constraints on the allow-
able sequences of system matrices are imposed. The
proposed stability condition is necessary and suffi-
cient and can be viewed as a modified combination
of two existing conditions for time-variant systems
with polytopic uncertainties. The introduced sta-
bility test is especially useful in the area of network
embedded control systems and network congestion
control where time-variant delays with constraints
occur.

Keywords: stability tests, time-varying systems,
uncertain dynamic systems, time delay, communi-
cation networks.

1 INTRODUCTION

The problem of robust stability of uncertain, time-
variant discrete time system with polytopic uncer-
tainties has been the subject of several publications,
for example see [1-3]. This type of system finds ap-
plications in fields such as fault tolerant, adaptive,
switched and network embedded systems. The typ-
ical system investigated has a zero input state space
representation, where the time-variant system ma-
trix A(n) is taken from a matrix polytope. In some
problem settings, additional constraints on the rate
of change of the system parameters (system matrix)
were imposed [4,5]. Asymptotic/exponential stabil-
ity was shown using a number of conditions, three
of which were shown to be equivalent in complexity
as well as necessary and sufficient in nature [1-3,6].

Motivated by the applications in network embed-
ded control and congestion control systems, this pa-
per investigates the problem of asymptotic stability
of time-variant uncertain systems where the uncer-
tainty set is finite and constraints on permissible
matrix sequences exist. The derived stability condi-
tion is necessary and sufficient and can be viewed
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as a modified combination of two existing neces-
sary and sufficient stability conditions on polytopic
uncertain systems. The developed approach drasti-
cally reduces the computational complexity of the
test. The gains over existing methods will be illus-
trated by several examples from the area of network
control.

2 PROBLEM FORMULATION

Consider the linear, time-variant and uncertain zero
input system of the form:

z(n+1) = A(n)z(n) (1)
An) € S, S={A,A4,,...,Axn} C RF*I(2)
An) =A4;=> An+1)€e S, CS (3)

where the S4, are non-empty subsets of S that are
dependent only on the choice of the matrix A(n)
at time instant n, i.e. on A;. Let there be a non-
empty subset! S4, of S for each 4;, i = 1,...,N.
(This problem reduces to the typical robust stabil-
ity problem for time-variant systems with polytopic
uncertainties, if S is replaced by the convex hull of
the matrices in S and condition (3) is dropped.)

The problem that is addressed in this note is to de-
cide asymptotic stability of the system in (1) under
the constraints (2),(3). It is well known [6] that this
problem is NP hard even if the set S contains only
two elements and condition (3) is dropped.

Two special cases deserve mentioning:

(a) If each S4;, © = 1,...,N is of cardinality 1,
then the system is time-variant with a known coef-
ficient trajectory. This system (except possibly for
some initial states) is periodic and its stability is eas-
ily analyzed using the eigenvalues of the full period
transition matrix.

(b) If Sy, =S, i =1,...,N we have no additional
constraints and the result obtained for this system
also guarantees stability of the entire convex hull
defined by the vertex matrices Ai,...,An. [1,2]

I The exact definition for each of the Sa,; is application
dependent and will be illustrated in the section 5



3 THE STABILITY TEST

The following theorem is a slight generalization of
the results in [1] and provides a necessary and suffi-
cient condition for time-variant systems with poly-
topic uncertainties.

Theorem 1 The system
z(n+1) = An)z(n), A(n) € conv(Ay,...,AN)

is exponentially stable, iff 3 a sufficiently large inte-
ger k such that

||A11Alk||§’)/<]. V(il,...,ik)E{].,...,N}k

where by conv(Ay,...,An) we denote the convex
hull (conver matriz polyhedron) of the set of con-
stant matrices {Ay,...,An} and || - || is any vector
induced matriz norm.

Comments:

e Theorem 1 is more general than the main result
in [1] due to generalization of the norm type [6] and
of the polytope form. Exponential stability was ex-
plicitly shown in [6].

e The problem is NP hard and the test is often in-
conclusive due to the required k being very large.

e The theorem is only theoretically necessary and
sufficient since instability cannot be determined in
practice.

The practical implementation of the stability test
implies testing the norms of all the combinations
A -...- A;. The number of combinations is N*
which limits the test usability for large values of k.
We may be able to use a lower product length & if
instead of applying Theorem 1 to the original system
we first transform it and then apply the theorem:

Corollary 2 The system

z(n+1)=An)z(n), A(n) € conv(Ay,...,AN)
is exponentially stable, iff 3 a sufficiently large inte-
ger k such that
[P Ay A Pl <y < 1 V(ig,...
where P is some invertible matrix.

Proof The proof is straight forward and follows
from a similarity transformation on the polytope.
Consider the following transformation:

z(n) = P#(n). (4)
If P is invertible, equation (1) becomes with (4):
F(n+1) =P *A(n)Pz(n). (5)
Defining
P rA(n)P = A(n) (6)

we now have an equivalent description of the system
in (1):

>Zk) € {1)"')N}k

where S = conv(Ai,...,Ay). Now applying the
condition in Theorem 1 to the new vertex matrices
A; = P71 A; P yields the desired result. m|

If one would be able to find a similarity transforma-
tion which will simultaneously make all the norms
||A;]] smaller than one then Corollary 2 would be
satisfied for £k = 1. However, for a square matrix P
this is not always possible [2].

Theorem 3 [2] The system
z(n+1) = A(n)x(n), A(n) € conv(4y,...,An),

with {Ay,...,An} C REXE is exponentially sta-
ble, iff 3 a matrix P = (p1,...,pm) where
pi, 1 =1,..., M are column vectors with rank(P) =

dim(A(n)) = L < M such that the matrices A;, i =
1,...,N, A; € RMXM~deﬁned by:

ATp=pPAT i=1,...,N
satisfy the condition:

|Aillo <1 i=1,...,N

As we already mentioned Theorem 1 (and Corollary
2) cannot be used to prove instability. We will in-
troduce a sufficient condition for instability in the
next Lemma.

Lemma 4 The system (1)-(3) is unstable, if there
exists a sequence (i1, ia,...,ix) € {1,..., N}* such
that the matrices A, ..., A;, satisfy condition (3)
and p(Ai o Ay) > 1

where by p(-) we denote the spectral radius of a ma-
triz.

Proof: The result follows immediately if one con-
siders the periodic sequence A;,, A4;,, ..., A;, which
results in an unstable full period transition matrix
Ap = A, - - A;, if the condition of Lemma 4 is
satisfied. |

The system (1)-(3) is different from the one consid-
ered in Theorem 1: it has a finite number of possible
system matrices: Ay, ..., Ay and it additionally im-
poses condition (3) on permissible matrix sequences.
We will next present a Lemma which tailors Corol-
lary 2 to the system (1)-(3).

Lemma 5 The system (1)-(3) is exponentially sta-
ble, iff 3 a sufficiently large integer k such that
||P71AZkA“P||S’)/<1 V(Zl,,lk) (8)

such that A;;,, € SAiJ- where P is any invertible
square matriz of appropriate dimension.

Proof

Sufficiency: Since P is invertible we can use a sim-
ilarity transformation as in equation (4). Applying
equation (5) recursively we can write:
z(k+1) =P A(k)A(k — 1) ... A(1)Pz(1).

If there is an integer k such that equation (8) is
satisfied then the equation (3) is a contraction map-
ping which assures that the system (1)-(3) is asymp-
totically stable. Additionally, since ||z(kn)|| <



Y"[|z(0)]] it can be easily shown that it is exponen-
tially stable.

Necessity: Assume that there exists no k such that
equation (8) is satisfied. Therefore, given an arbi-
trary value for k£, we may always satisfy:

1P~ Ay - Ay P > 1 (9)
for some choice of a sequence A(1),..., A(k). Then
there exists in initial vector (1) such that
|Z(k+1)|| > ||Z(1)]|, independent of the choice of k
which contradicts the condition for globally asymp-

totic stability for the transformed system which in
turn contradicts the stability condition for the orig-

inal system. O
Comments

e In [1,2] it was shown that the stability of the vertex
matrices Ay, Ay, ..., Ay is necessary and sufficient

for the stability of the entire convex hull
conv(Ay, A, ..., AN).

e The cost of performing the test in Theorem 1 (or
Corollary 2) is O(N*), i.e. it grows exponentially
with k.

e The cost of performing the test in Lemma 5 de-
pends on the cardinality of the sets S4,. For ex-
ample, if card(Sa4,) = Q Vi = 1,...,N then the
complexity of the test is O(QF).

e The stability conditions in Theorem 1, Corollary
2 and Lemma 5 are highly dependent on the chosen
norm. Moreover, for some norms one might find a
quadratic transformation matrix P which satisfies
Lemma 5 for £ = 1, while for others it may not be
possible [2].

e A well chosen similarity transformation P in
Lemma 2 or Lemma 5 can significantly decrease the
necessary number of matrix products k, and since
the complexity of the stability test increases expo-
nential with & a good algorithm for computing P is
warranted.

4 THE ALGORITHM

It was shown [7] that computing the generalized
transformation P in the Theorem 3 is itself an NP
hard problem. We will present an algorithm which is
simple to implement but does not guarantees that it
will reduce the necessary product length k to k = 1.

By assumption, all matrices 4; i = 1,...,N
have the eigenvalues in the unit circle. For any
matrix (without repeated eigenvalues) we can find
a transformation P; which will diagonalize the
matrix, such that Pi_lAiPi = D; where D; =
diag(N\i1, ..., \in). Obviously || Dilly = ||Dille <
1. Unfortunately the matrix P; which results in
|P7'A;P;|l; < 1 does not necessarily results in

|P;'A;P;||y < 1 for j # i. Therefore the follow-
ing scheme is proposed:

Compute the weighted average Ag of the matrices
Ai 1= ].,...,N:

pi = Al Vi=1,...,N (10)

N
! AL
4y = Zmbidi (11)
Zi:l i
Then compute the matrix P which will diagonal-
ize the weighted average Ag and use it as a similar-

ity transformation to obtain the transformed system
(7).

We can repeat the algorithm for the transformed
system until the results do not further improve. In
order to measure the “improvement” the following
approach is taken:

Obviously, the best measure is the minimum prod-
uct length k& which will satisfy the condition in equa-
tion (8). This k needs to be minimized. But finding
the minimum product length k is equivalent with
performing the proposed stability test itself, which
is NP hard. Hence one needs to find different, less
ideal but easily computable, measures.

One candidate for such a measure is the lower bound
on the necessary product length. This is computed
as the minimum positive integer v such that ||A] || <
1 Vi=1,...,N. Of course, one needs to minimize
the lower bound ~ on the necessary product length k&
in the hope that this will result in a lower necessary
product length. Note that v < k.

Another measure candidate is the number of the
matrices Ai with the norm smaller than 1: § =
card({A; | ||As]] < 1}). & should be as high as pos-
sible, primarily since it may enable us to avoid the
test in equation (8): one can compute the matrix
norms fi; = ||A;|| beforehand and if

II <t (12)
i€{i1,...,ik }
then there is no need to compute the matrix multi-
plications and the norm in equation (8) since:
|PA;, - Agy - - AP < [ <t
i€ {i1 e nvin}

The third measure candidate is the maximum of all
the norm of the matrices A;: v = max;{||4;]|}. As
this maximum decreases the chance that the replace-
ment test (12) will hold increases.

It was observed that the iterative application of the
algorithm converges quickly (a few iterations) and
that it does not always converges to the optimal
solution. Therefore the choosing of the optimum
number of iterations is divided in two phases: in
the first phase, a fixed number of iterations (Iy) is
performed and the measures for each iteration are
recorded. In the second phase, after the recursion



is stopped the optimum number of iterations o is
chosen based on the performance measures recorded
during the iteration phase. Notice that I is usually
not the optimum number of iterations. Since we
have more than one performance measure we will
give priorities as follows: the highest priority is given
to the lower bound 7 on the product length k, the
second highest priority is given to the number of
matrices 0 with norm smaller than 1, and finally,
the maximum norm v receives the lowest priority.

Therefore we will use the following procedure to
choose the optimum number of iterations:

e First find the set I; of the number of iterations
that result in the minimum lower bound ~. I is a
set because there might be more than one iteration
which results in the minimum ~.

e Second find the set I, subset of I, of the number
of iterations such that the number of matrices with
the norm smaller than 1 is maximized.

e Third, find the set I3, subset of I, of the num-
ber of iterations such that the maximum norm v is
minimized.

e Finally, choose the minimum element of the set I3
to be the optimum number of iterations o.

L= {jhy = min {7}} (13)
L= {jl6; = max{d;}} (14)
I = {jlv; = min{vi}} (15)
o = min{j} (16)

Example:

Assume that during the iteration phase the mea-
sures presented in Table 1 have been recorded. We
denoted with ~;, d; and v; the measures v, §
and v respectively, measured after the jt* itera-
tion. Then choosing the optimum number of iter-
ations according to equations (13)-(16) will result
in: I ={3,4,5,6}, [ = {4,5}, Is = {4} and 0 = 4,
i.e. one should use the transformation matrix P
produced at the fourth iteration.

In the rare case that the weighted average Ao can-
not be diagonalized, one can use a different norm
(which changes the coefficients p;), a different type
of weighted average, or use a different system repre-
sentation.

To conclude the description of the algorithm we
present the pseudocode in Appendix A.

5 APPLICATIONS IN
COMMUNICATION NETWORK
CONTROL

To illustrate our results we will present two exam-
ples from the field of network congestion control.

The objective of a congestion control system is to
regulate the data flow through the network such that
there are no packet losses (due to buffer overflows in
the intermediate switches) and the network is fully
utilized, i.e. there is always data to be sent in the
buffers. One way to achieve these objectives is to
design a set point control system for the buffers of
the intermediate switches. Such a control system
is shown in Figure 1 for the particular case of the
Available Bit Rate (ABR) option in Asynchronous
Transfer Mode (ATM) Networks [8].

U ) y(n)Queue : ‘
b Queue model :: ~% " Controller: 5b0$
0 !
‘ -1 Y(n)ﬁ}h Cz)]_20M): 1
e g
L ; =
. Rate o‘g'
Control |&:
O
g

Figure 1: System model for an ATM congestion
control system with time-variant delays: C'(z) is the
rate controller, w; are constant weights, M, is the
number of active connections, T is the controller
sampling rate, y(n) is the buffer occupancy level, yo
is the set point for the buffer occupancy, by is the
bandwidth of the outgoing link and Ab(n) is the
total rate change as computed by the controller.

The congested switch controls the rates of the
sources by providing explicit rate requests to the
sources through the return path. The feedback data
transmitted by the switch encounters time-variant
delays as it propagates through the network. The
sources adjust their transmission rate to the one
specified in the most recently received rate request
and continue to transmit at that rate until another
request arrives. We assume that the time-variant
delays on the return paths are bounded:

OSTl,i(n)Si—l,i 1=1,..., M,. (17)

Figure 2 depicts the model for a communication link
with time-variant delays. The time-variant coeffi-
cients a;(n) satisfy a;(n) € {0,1}Vj =1,...,7 and
at each time instant exactly one of the coefficients
is not-zero, resulting in:

Zaj(n) =1 (18)
=0

Since the source “holds” the same rate until it
receives “fresh” information from the switch, we
model the delays on the return path 71 ;(n) as time-
variant delays with a Hold Freshest Sample (HFS)
interface (also called input variable delay in [8]). For



Iteration j 0 1 2 3 4 5 6 7 8 9 10
V5 237 9 5 4 4 4 4 5 5 5 5
0 0 1 4 4 5 5 4 4 4 4 4
vj 445|152 | 143 | 1.37 | 1.40 | 1.54 | 1.48 | 1.45 | 1.46 | 1.46 | 1.46

Table 1: Example of recorded measures during the iteration phase

Linear Time variant Linear
System delay System
u(n) Hl  y(m
(@ S, (2 (n) g S, (2
u(n) 71 . 71 .
(b) | a n) | afn) | afn) ol y(n)

Figure 2: A network signal propagation/interface
delay model. (2a) Signal propagation delay model
interfaced with a linear system. (2b) Detailed block
diagram of a signal propagation delay/interface.

an HFS interface the coefficients a;(n) cannot vary
arbitrarily from one time instant to another: the in-
teger delay 7(n) is restricted by 7(n+1) < 7(n)+1,
and hence we have:

ajn)=1=ar(n+1)=0Vk>j+1 (19)

In other words the used sample from the time-
variant delay output maximally ages with time, but
not faster.

Corresponding to each combination of the delays
Ti,it=1,..., M, we have a different system matrix
A(n). We thus have N = Hf\il (71, + 1) matrices in
the polytope S. Since the delays on an HFS inter-
face cannot vary arbitrarily the system matrix A(n)
cannot vary arbitrarily inside the polytope. There-
fore the sets S; in equation (3) are often smaller than
the entire polytope S.

The delays 13; ¢ = 1,..., M, correspond to the de-
lays encountered by the transmitted data on the for-
ward path. For simplicity we assume they are con-
stant.

5.1 The case of two sources

We will consider the case of a single congested switch
with two sources (M, = 2). We will use the following
parameters for our system:

e by = 106 cells/s.
o T =103s.

T =Ti2 = 2-1073 s, i.e. there are three possible
delays: 0,1 and 2.

[] Tg’l(n) = 7—2’2(71) =10"3s
e wi(n) = wa(n) = 0.5.
e We used a proportional controller with a gain G.

A time invariant analysis of the system (i.e. ana-
lyzing stability of all the frozen time systems) yields
the following (necessary) stability condition:

G € (0, 445) (20)
The sufficient stability condition for the time-variant
case introduced in [9] yields the following stability
condition:

G € (0, 77.06) (21)
Using Theorem 1 directly to determine stability is
impractical due to the large product lengths k. In
Table 2 the minimum product length that needs to
be checked for G = 1 is shown for several matrix
norms.

Using Lemma 5 results in a dramatic reduction
of the necessary product length. By choosing the
transformation P appropriately we managed to have
the 2 norm of all matrices smaller than 1 for G up to
66.8, which corresponds to k = 1. In Table 3 the re-
sulting bounds for the controller gain G are shown.
It can be seen that the results are significantly less
conservative than the sufficient condition presented
in equation (21).

It should be mentioned that only the upper limit of
the interval for G is obtained using the algorithm
based on Lemma 5. The lower limit is known to be
zero from [9].

Corresponding to each combination of the delays
71,1(n) and 71 2(n) we have a corresponding system
matrix A(n). Let us denote with A;;(n) the sys-
tem matrix corresponding to the delays 7 1(n)
i, ma2(n) = j4; i,j € {0,1,2}. The entire matrix
polytope S is given by S = {4;,;]0 <i <2, 0<
j < 2}. The matrix sets Su, ; are given by: Su, |
{Ak110 <k <min{2,i+ 1}, 0 <1 <min{2,j + 1}}

For example, S4, ,
{A070, A071 , A072, A170, A171, A172}. For the results
presented in Table 3, we used the phase variable
representation for the system matrices A(n).

The transformation matrix P corresponding to the
product length of 6 and the gain G = 366.4 is for
example given in Figure 3.

For this transformation matrix P, 7 out of the 9 A;
matrices had a norm smaller than 1. This enabled
use to use the replacement test in (12) in 58.8% of
the cases. Moreover, only 26% of all the possible
combinations are “HFS compliant”, i.e. satisfy the
HFS constraints in (19). Combining the two im-
provements, we performed the norm test in (8) only
for 10% of the cases.



Used Norm

1 2 00

Minimum Product Length & >

1387 | 696 | 1387

Table 2: Minimum product lengths in Theorem 1 for various matrix induced norms

Product length & 1

2

3 4 ) 6

Controller gain 0 < G < | 66.8

118.3

254.3 | 279.1 | 322.7 | 366.4

Table 3: Provable stabilizing gain ranges for G as a function of k in Lemma 5 (two source case)

6 CONCLUSION

The article presented a new stability test for time-
variant uncertain systems, where the uncertainty
set is finite and additional constraints on the time-
variance of the system exist. The main result is
based on two previous results on stability of dis-
crete time-variant systems with polytopic uncertain-
ties. It is shown that the introduced necessary and
sufficient stability condition is especially useful for
systems with time-variant communication delays.
These systems presently occur in network congestion
control, networked control systems, tele-operation
and sensor/actuator networks.

7 ACKNOWLEDGEMENTS

We would like to thank Dr. Kamal Premaratne,
Mr. Ernest Kulasekere and Mr. Jinsong Zhang for
several fruitful discussions and insights.

A PSEUDOCODE FOR THE STABILITY
TESTING ALGORITHM

In this appendix we provide the pseudocode of the
stability testing algorithm based on Lemma 5 and
described in section 4. In steps 2-8 the transforma-
tion matrix P is computed in constant time, while in
the steps 9-13 the stability test presented in Lemma
5 is implemented. The pseudocode tests the condi-
tion in Lemma 5 for a given gain of the controller G
and for a given product length k:

(1 ) Generate all vertex matrices A( )(G) Vi
1,...,N;

(2) for] =1to In,
3) ) AV vi=1,.
(4) Z-f A(J) (J)

,N;

; (5) Compute P such that

N (J)
i=1Hi

diagonalizes A(()] (i.e. P_IA(()j)P = diag(A ;) ) )
0

6) AV - P14V P vi=1,..,
(7) next j

N;

(8) Choose the optimum iteration o as described in
equations (13)-(16).

(9) Generate the first compliant index combination
of length k: (i1, io,...,ix);

(10) if TIF_, ||A£l°)|| < 1 then goto step 12 else goto
step 11;

(11) if || Hle ASZO)H < 1 then goto step 12 else the
test is inconclusive;

(12) Generate the next compliant index combination
of length k: (i1, ia,...,0x);

(13) If all compliant index combinations have been
tested conclude that the system is stable, else goto
step 10

By compliant index combination we understand a
index combination that satisfies the matrix sequence
constraint from equation (3).
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