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Abstract: This paper links the celebrated Cauchy’s interlacing theorem of eigenvalues for partitioned
updated sequences of Hermitian matrices with stability and convergence problems and results of
related sequences of matrices. The results are also applied to sequences of factorizations of semidefinite
matrices with their complex conjugates ones to obtain sufficiency-type stability results for the factors
in those factorizations. Some extensions are given for parallel characterizations of convergent
sequences of matrices. In both cases, the updated information has a Hermitian structure, in particular,
a symmetric structure occurs if the involved vector and matrices are complex. These results rely on
the relation of stable matrices and convergent matrices (those ones being intuitively stable in a discrete
context). An epidemic model involving a clustering structure is discussed in light of the given results.
Finally, an application is given for a discrete-time aggregation dynamic system where an aggregated
subsystem is incorporated into the whole system at each iteration step. The whole aggregation system
and the sequence of aggregated subsystems are assumed to be controlled via linear-output feedback.
The characterization of the aggregation dynamic system linked to the updating dynamics through
the iteration procedure implies that such a system is, generally, time-varying.

Keywords: Aggregation dynamic system; Discrete system; Epidemic model; Cauchy’s interlacing
theorem; Output-feedback control; Stability; Antistable/Stable matrix

1. Introduction

Stability and convergence properties are very important topics when dealing with both continuous-
and discrete-time controlled dynamic systems. In this context, one of the most important design tools
is the closed-loop stabilization of control systems via the appropriate incorporation of stabilizing
controllers; see, for instance, [1-4] and references therein. In particular, in [1], and in some references
therein, the robust stable adaptive control of tandem of master-slave robotic manipulators using a
multi-estimation scheme is discussed. There are several questions of interest in the analysis, such as
the fact that the dynamics may be time-varying and imperfectly known, and the fact that a parallel
multi-estimation with eventual switching through time is incorporated into the adaptive controller to
improve the transient behavior. The speed estimation and stable control of an induction motor based
on the use of artificial neural networks is analyzed in [2]. Strategies of decentralized control, including
several applications and stabilization tools, are given in [3,4]. In particular, decentralized control is
useful when the various subsystems which are integrated in a whole integrated system are located
in separate areas, or when the amount of information needed presents difficulties with regards to
obtaining completely optimal suitable performance. Thus, the individual controllers associated with
the various subsystems get local information about the corresponding subsystems, and eventually some
extra partial information about the remaining ones to achieve stabilization, provided that the neglected
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coupling dynamics are weak enough. Stabilizing decentralized control designs are described in [3]
for networked composite systems. Some technical aspects and the results of non-negative matrices
of usefulness to describe the properties and behavior of positive dynamic systems, the robustness of
matrices against numerical parameterization perturbations of their entries, and the properties of linear
dynamic systems are discussed in [5-8].

This paper focuses on the study of sequences of Hermitian matrices of increasing order which are
built via block partition aggregation at each iteration, in such a way that both the current iteration and
the next one are Hermitian matrices. The basic mathematical tool is the use of the interlacing Cauchy’s
theorem of the matrix eigenvalues of the matrices of the sequence, which orders the sequences of the
eigenvalues as the iteration progresses [8]. Our main objective is to adapt the interlacing theorem in
order to use it to derive stability or convergence conditions of the sequence of matrices, and to use the
results for the stability of a large-scale discrete aggregation-type dynamic system [9-14]. The paper
is organized as follows. Section 2 is devoted to investigating the properties of boundedness and
convergence of the sequences of the determinants and the sequences of eigenvalues as the iteration
progresses by aggregation of the updated information while maintaining a Hermitian structure. In the
particular case when the matrices describing the problem are real, the updated information has a
symmetrical structure. The results are used, in particular, to give stability or anti-stability (in the
sense that all the matrix eigenvalues of the matrices of the iterative sequence are unstable) conditions
to the matrices used in the standard factorization of Hermitian positive definite matrices. Section 3
extends some of the above results to the convergence of sequences of partitioned Hermitian matrices
constructed by aggregation of the updated information. Note that the concept of the convergence
of matrices is a discrete counterpart of the matrix stability property in the continuous-time domain,
since matrices are stability matrices if all their eigenvalues are in the open complex left-half plane.
The basic idea that complex square matrices are convergent if their eigenvalues are within the open
unit circle centered at zero is taken into account. An example is discussed concerning a SIR epidemic
model with contagions between populations of adjacent clusters in Section 4. Section 5 is devoted to
developing an application for the stability of an aggregation discrete-time dynamic controlled system
whose order increases by successive incorporations of new subsystems as the iteration index progresses,
and whose structure keeps a symmetry. Finally, some conclusions are presented at the end the paper.
The relevant mathematical proofs are given in the appendix in order to facilitate a direct reading of the
manuscript. The system is assumed to be parameterized by real parameters and controlled by linear
output-feedback control laws; it is also assumed that the former whole aggregation system and each
new aggregated subsystem at each iteration might eventually be coupled.

Notation and Mathematical Symbols
If M is a square Hermitian matrix, then M > 0 denotes that it is positive definite and M>0 denotes
it is positive semidefinite. Also, M < 0 denotes, that it is negative definite.

Zo, ={z€Z :220;, Z, ={z€Z :z2>0},

Ror ={zeR:z20; Ry ={zeR : 2> 0},
Cor ={z€C:Rez>0};, Cy ={ze€C:Rez> 0},
n=1{1,2,...,n}

I is an identity matrix specified by I, if it denotes the n-th identity matrix, A > 0 denotes
that the square matrix A is positive definite (positive semidefinite), A < 0 denotes that the square
matrix A is negative definite (respectively, negative semidefinite), A > B, A>B, A < B, A <B denote,
respectively, that A—B > 0,A—B>0,A— B < 0and A — B<0, Apin (M) and Amax (M) denote, respectively,
the minimum and maximum eigenvalue of a square real symmetric matrix M, r(M) is the spectral
radius of any square complex matrix M, sp(M) is the set of eigenvalues of the Hermitian matrix M.
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If such a set is ordered with respect to the partial order relation “ < ” then the ordered spectrum is
denoted by sp<(M). The superscripts * and T stand, respectively, for complex conjugates or transposes
of any vector or matrix, A® B is the Kronecker product of the matrices A, if A € C™™ then its
vectorization is a vector vec(A) € C"™" whose components are all the rows of A written in column in
its order and respecting the order of its respective entries, AT is the Moore-Penrose pseudoinverse of
the matrix A.

2. Technical Results on Partitioned Hermitian Matrices, Cauchy’s Interlacing Theorem
and Stability
The subsequent result relies on the conditions for the non-singularity of a partitioned Hermitian

matrix of order (1 + 1) which is built by aggregation from a principal Hemitian sub-matrix of order .
Mathematical proof is given in Appendix A.

M m
Lemma 1. Consider the partitioned matrix Mr = [ ~] e clr)x(nt1) for any n € Z, where

m* d+d
M e C™" js Hermitian, m € C* and d,d € R. Then,

M
(i) My is non-singular if and only if det[ . 13 ] # —ddet M, equivalently, if and only ifdet[ r]r\l/’{ 1(1)1 } *
m

ao M0

m* d+i

M
(ii)  Assume that M > 0 and d > 0. Then, Ms > 0 if and only ifdet[ . ;;1 ] > —det[ f:{ 2 ] IfM>0
m

M M
anddzomenM/zoyfdet[ ) ’;1]20.1fM<0andngthenM/50ifdet[ o Zi]so.
m

The subsequent result relies on some conditions which guarantee the boundedness of the
determinant and eigenvalues of a recursive sequence of Hermitian matrices which were obtained and
supported by Lemma 1 and Cauchy’s interlacing theorem.

Lemma 2. Consider the recursive sequence of Hermitian matrices {M(”)}:J ; for a given initial M(") €
=no
C"oX"0 for some given arbitrary ng € Zy , where M € C™"; Vn(> ny) € Z, defined by M"+1) =
M) m(n)
[ mm* 4 4 gln
that W mmMm(n) < ) equivalently kg) > (~+£(n) Vm (), VYn(=ng) € Z+ , where k(Mn) =

kﬂ

) ]; Vn(=ng) € Z4 and assume that there is a real sequence {e(”)}j ,
=Hho

c [0, 1) such

M 57 d
‘Amin(M(n))| < K(Mn) - /\max(M(n)) / d(n)‘ € [kl(in), Ksn)],' d(n) € I:kgz), Kc(ij)]/ VI’Z(Z 7’10) € Z+ with
Kb(i") > K[(i_” ) and kc(;l) > k[(i_n ), V(= ng) € Z;. Then, the following properties hold:

(i) limsup((detM(”“)| - (detM(”)D < 0, |detM)| < |detM™)| for any given n(> ng) € Z if 4™,

(m)
1-K;

(n) (1) arti () .
ad\" and m satzsfytheconstmzntl(; S1+(2"+1—1)s(")’

S(n 1-|dt) ; n n n S(n
4] < ﬁ Vn(z o) € Zy if [d] = K" = K" < 1 and |a"

Yn(=ny) € Z;.

Vn(=ng) € Z; with K;”) <1, which becomes

- 7

— K@) — k(”)
d d
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1-k"
(i) Assume that sps( M )) {A("),/\g ), ..,A,S")} and that KE(;) < W with K(") <1,
Vn(>ng) € Z., for some given n(= ny) € Z.y. Then, the following relations hold:
(n)
/\(n+1)| < H:l 1 /\ |detM n | (1)
n+l | =
:1 ) n+1 ‘Hn A(n+1 ‘
If, furthermore, M"Y >0 and M"+1) >0 for some n(> ngy) € Z, then
(n) (n+1) -1 4(n) 15 (n+1) (n)
RO A" A - 5 A" IS A" A )
n n+1 ?:1 Ai(nH) Afln) ;1:1 A§n+1) ;1:2 Algn) /\gn—&-l)

(iii) Assume that the constraints of Property (ii) hold with M(")>0; Vn(> ng) € Zy and, furthermore,
limsup(d(”)—l—giv(”)) < 1 and m™ = min( (lIM ||) (

n—oo

)), which is guaranteed if m") =

min(o(K](\Z) ), o(Kf?"))). Then, M(”)zo and M(”“)zo; Yn(=ng) € Z4, {detM(”)} n is
=ho
bounded and the sequence {sp(M(”))}Zo . is bounded, if detM() is finite, and then
=ho

lim sup(detM("+1) - detM(")) <0.

n—oo

Remark 1. Concerning Lemma 2 (i), we can focus on the following particular cases of interest A:

(@ m" = 0 and |detM(”+1)| < |detM(”)( fails for all n(>np) € Z4 and some np(=ng) € Z4.

Then, |detM+D| = |detM () [d) +d1")| > |detM™| so that K + K > |at) +d0| > 1
_g(n)
and ﬁ > Klg;) > 1—K‘§") so that 1 < 1 +(2n+1_1)s(ﬂ) < 1, a contradiction.

Thus, one has (detM(”“)| < )detM(")| for any n(>1y) € Z. such that m" = 0 and also
lim sup((detM(”+l)| —~ |detM(”)|) <0.
n—oo

)  d"W +d" =0 and |detM(”+1)| < |detM(”).fails for all n(=np) € Z4 and some np(=ny) € Z.

Note from the definition of the recursive sequence {M(”) }Zo ; that
=ho

detM(+1) = det[ 7]’\14((”7;1 dgi) ]—f—det[ n]\;l((n’;)* Zi(( )) ]
= d"detM ™) +det[[ M(;n) "{81) Mlnﬂ +[ M(O) 1/2(71) H m((zf)* m(()n) ]D ©)
—%)detM<n>(1 —det(lnﬂ +[ M(g)l ~ 1/Od(n) H m(on)* m(()n) D] Vn(=7g) € Z4
Since W mmm) < &) gnd {e(”)}:;n — 0 then

d

lim sup| | detM"+1) /detM )| -

n—oo

= lim sup| detM"+) /detM ”)) =0

n—oo

0 M )
1 —det n+1+ (1/d ) (n)* 0
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and lim sup('detM("H)| - 'detM(”)D < 0 since, otherwise, if lim sup(|detM<”+1)| - |detM(”>|) > 0 then
n—oo n—oo
lim sup (detM(”H) /detM(”)| € (=00, -1) U (1, +0), a contradiction to lim sup| detM (1) /detM(”)’ =

n—oo0 n—-oo

0. Note that if d™ = 0 then |d(”)| < 1 under the given constraints so that if {m(”)} nng — 0;
(c) Yn(=mnp) € Z4 and some ng = ng then lim sup<|detM("+l)| - |detM(”)|) <0.
n—oo

Now, one gets from Lemma 2 [(ii), (iii)] the subsequent dual result concerning the recursion
obtained from the inverse of M("). The use of this result will make it possible to give sufficiency-type
conditions regarding the non-singularity of the recursive calculation for any positive integer 11, and also
as n tends to infinity.

Lemma 3. For some given arbitrary ny € Z and all n(> ng) € Z ., define:

M(H) = M(n)l(ln +m™ (d(n) +d™ - m(n)*M(”)1m(”))_1m(”)*M(”)l) 4)
7™ = MO () (d(") L m(n)*M(n)_lm(n))_l )
E(n) —i—; " = (d(”) 44— ;71(71)*‘1\/101)_1m(n))_1 ©)

and assume that:

(9

(1) there is a real sequence {E(”)} C [0,1) such that <~ — i " < W Nn(> ng) € Z. , where
k

=" knt (kg

];g) = ‘Amin(ﬁ(n)) < Eg) = ‘Amax(]\_/f(n))

,_ E(”) c [—L(i”) ) Kgln)]r'

" - =(n)
( 0)50, limsup d(n) +d

n—oo

— — =(n)
2 M <1 andm™ = min(o(llM( )||), o(d )), which is Quaranteed if

(n+1)

mm = min(o(f,(\;}) ), O(ng))).Then, ]\_/I(n) >0 and M >0¥n(=ng) € Z4, {det]\_/l(n)} is bounded,
n=nop

MY det (M1

(n+l)‘

the sequence{sp(]\_/f(n))} is bounded, if det ]\_/I(n0) is finite, and then lim sup(det ) <0.
n=nyp

n—oo

One gets by combining Lemma 2 and Lemma 3 the two subsequent direct results:

Lemma 4. Assume that M("0) > 0 for some given arbitrary ny € Z, and assume also that the conditions of
Lemma 2 (iii) and Lemma 3 hold. Then, M("+1) > 0; ¥n(> ng) € Z,.

Lemma 5. Assume that, for some finite ng € Z., A"0) € C"X"0 s g stability matrix and construct a sequence
[0e]
{M(”) }n ; according to the recursive rule:
=ho

M) — A(nt1)x g (1) —

M ) ]

Am)x A(n) m(m)
mm= g(n) 4 gn) [

() 4(n) I c‘i(n) ]} VYn = ng

with initial condition M("0) = A(m)*A(%0) 5 0. Assume also that {M(”)}:) ; and the sequence of its inverses
=no

satisfy the constraints of Lemma 2 [(ii) (iii)] and Lemma 3.
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o . g e .
Then, {A(”)}n . Is a sequence of stability matrices.
=no
The above result can be directly extended for the case when Almo) e cmoxno jg antistable, that is,
when all its eigenvalues have positive real parts and M(") > 0. Then, by using similar arguments, as in
the proof of Lemma 5 based on the continuity of the matrix eigenvalues with respect to its entries and

[ee)

supported by Lemmas 2,3, according to Cauchy’s interlacing theorem, one concludes that {A(”) }n ;
=np

consists of antistable members.

Lemma 6. Lemma 5 holds “mutatis-mutandis” if A) e C"*" s antistable.

3. Some Extended Results Related to Sequences of Convergent Matrices

In order to be able to adapt the above results to discrete dynamic systems, the well-known result
that that the stability domain of a convergent matrix (i.e., a “stable” discrete matrix) is the open unit
circle of the complex plane centered at zero has to be taken into account. Note that, in particular,
A e C™"is convergent if sp(A) € C; = {z € C : |z < 1} so that {A™}” — 0 as m — co. It turns out that
convergent matrices describe the stability property in the discrete sense. In other words, the solution
of the discrete difference vector equation z,,1 = Az, where A € cn converges to 0 € R” for any
given zp € C" if and only if A € C"™" is convergent. The relevant results of Section 2 can be extended to
this situation as follows, provided that A € C'"™" is also Hermitian. Consider the following cases:

Case a: sp(A) c C14 = {z€ C: 0<z <1} cCysothat A(e C™") > 0. Then, it is convergent if and
only if (I, — A) > 0. The proof is direct since if (I, — A) > 0 then x*Ax < x*x for any x(# 0) € C". Thus,
by taking any A(# 0) € sp(A) of eigenvector x € C", one determines that A < 1if A # 0and A = 0
directly fulfills the constraint. This proves the sufficiency part. The “only if part” follows, since if
(In —A) > 0 fails, there is A(# 0) € sp(A) of eigenvector x € C" such that x*Ax > x*x then A > 1 and A
is not convergent.

Case b: sp(A) c Ci- = {zeC: -1<z<0} c Cy so that A(e C™") < 0. Then, it is convergent
if and only if (I, + A) > 0. The proof is direct, since if (I, +A) > 0, then x*Ax > —x"x for any
x(# 0) € C". Thus, by taking any A(# 0) € sp(A) of eigenvector x € C", one determines that 0 > A > —1.
The remainder of the proof follows Case a closely.

Case c: sp(A) C Cy so that A%(e C™") > 0 so that sp(Az) C Cy4. Then, it is convergent if and only
if (In - A2) > 0 according to Case a by replacing A — A?. Note that Case c is included Case a and
Case b.

Now, for Case a, replace M+ defined in Lemma 2, by I+ - M(n+1)
1, — M —m(m)
—mm* 1= (d(n) +4n
is also Hermitan, and (In - M(”O)) > 0 for some ng € Z then (In+1 - M("+1)) > 0; Vn > ny.
I, + MM m ()
mm* 1 4dm 4 g
guaranteed that if M (1) ijs Hermitian, then (In +M (”)) is also Hermitan, and (In + M(”O)) > 0 for some
ng € Z; then (1n+1 +M(”+1)) > 0; ¥n > ng.

For Case c, note that (In - M(”)z) = (In + M(”))(In - M(”)) so that

)) ] and it has to be guaranteed that if M™) g Hermitian, then (In -M (”))
For Case b, replace M+ <1n+1 +M("+1)) - [

) ] and it has to be

I ]\/I(n)2 _ I "‘M(n) m(n) I —M®) —m(n)
(n_ )_ m* 1 4d) 4 g0 —m0 1 (d) 4 g0)
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then, replace

I, — M2 _((d(n) + ;{(n))ln + M("))m(")

2
M+ (In-i-l _ M) ) _ [ m(")*((d<”) N &T"))In . M(”>*) 1- (d(n) + C’l‘(n))2 — i (m)* (1)

and it has to be guaranteed that if M” is Hermitian and (In - M(”O)z) > 0 for some ny € Z; then

( 1l — M(+1) ) > 0; ¥n > ng. Since A > 0 is Hermitian, it is of the form A = E*E for some full rank

n-matrix E. Then, A2 = (E*E)* = E*EE'E = A*A. If

A < 0 then (-A) > 0 and (-A)*> = (F'F)* = FFFF'F = (-A*)(-A) = A*A for some full rank
n-matrix F. Then, Cases a and b can be dealt with using Case c by replacing A — A*A.

By taking advantage from the fact that a complex square matrix A is convergent (i.e., stable in
the discrete sense) if and only if the Hermitian matrix A*A is convergent, we now build a sequence
{M(”)}mi 0 of Hermitian matrices as follows, in order to discuss the convergence of its members,
provided that M("0) is convergent for some given 1y € Zg, or, with no loss in generality, provided that
M) is convergent. Then,

) A0 ) MO 0 0 AWmm
i) _ | M m _
M —[ A e ) ]—[ ]+[ A o

];‘ YneZopy (7)

with (A} ' [0, 1).Then,

MO D) ) M 0 -
/\max|: A1) 4y (m)* 5 ] < [Amax 0 5(n) + | Amax A1) () 0

= max(’)\maX(M(n)> , (n)|)_|_/\(n) ()%, (1) 8)
< max(l — e, |6(”) )) + A0 N W) < 1 — M), v ez,

which holds if

() (1) 5(@,))2; Vi€ Zos )

< Tz (1 —elm) max(l — e

or, IIm(”)llz < ﬁ(l —en) —max(l —eln) ‘6(”) )) Vn € Zy4, provided that entl) < ). vy € Zy.,
that is { s(”)};’l"zo c [0, 1) is strictly decreasing, so { (”)} — 0, and |6 ) <1-et); ynezy,.

Now, assume that the iterations to build { ("H)} o do not add a new row and column to obtain

M) from M via the contribution of the members of an updating sequence {]\_/I(n)} ;VneZoy
n=0

but a set of the, in general. Then, one may get that:

(n) Ok (n) ™
Moty = | M AEME [ Me ]+ O UM Lvmnezo, o)
AWM Al 0 A A(m) 0
so that
M A" M o 0o Amm™
AmaxM(n+1) = |Amax < /\max|: ” Amax
| | |:A(n>M(VL)* A(”) 0 A(n) + A(”)M(n)*
= max(‘/\max )‘ '/\max () ) ( /\rln/aZX(M( ) M( >) (11)

Smax( 1—¢e )|) /\1/2(]\_/1 - (n))<1—e("+1);Vn€ZO+
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which holds by complete induction if M() is convergent and

1\_/1(") z 1 A_/I(")*A_/I(") 1 (1 (nt1) 1—em |1 (A >

Ml = Amax < g\l —max{1-e™, max( )| ; (12)
Vn S ZO+

or, IIA_/I(n)||2 < A(ln) (1 — ent1) —max(l —en) /\maX(A(")) )), V¥n € Zy+, provided that etl) <« o)

thatis {e(”)}fl"zo c [0,1) is strictly decreasing, so {e(”)};ozo — 0,and |/\max(A(”))| <1-emtl).yp e Zy,.
This implies that {M(”) }:: , Is convergent.

In the particular case that for some A € [0,1), A = A1 vy e Zy,such a A is a forgetting factor
of the iteration.

We now consider the matrix factorization M(") = A()*A (1) ; Yn € Zo4. By construction, M) s
Hemitian (then square), even if A is not square; Yn € Zy;. In the case when A™M is not square,
and since its order strictly increases as n increases, it is possible to consider the convergence of the
sequence {A(”)} oo (without invoking the values of its eigenvalues) as the following property {A(”) }Zo: 0

is asymptotically convergent if n%im {} LA+ =AM |m} =10 forany given £ € Z . {A(”)}:o:0 is
convergent if lim {A(”)m} ® o = 0. The following related results are direct of simple proofs given in

Appendix A:

Lemma 7. If {A(”)} o Is convergent then it is asymptotically convergent. The inverse is, in general, not true.

Lemma 8. Assume that M) = A*AM); iy e Zy, is a complex square matrix of any arbitrary order. Then:
(1) IfIIA(”)HZ <1,V¥n € Zy, then {A(”)} >, and {M(”)} o re convergent sequences.

(ii)  IFIMM|, < 1; Vn € Zo, then {M(”)} oo and {A(”)} o are convergent sequences.

(iii) For any n € Zoy, A, < 1 if and only if IMM]], < 1. {A(”)}Z":O is convergent if and only if

{M (1) } o Is convergent.

0

4. Example of SIR-Type Epidemic Models of Inter-Community Clusters

The stability of the equilibrium points of the epidemic models is an interesting topic which is of
great relevance to healthcare management. See, for instance, [15-19]. Now, we discuss an epidemic
based-model related to stabilization under the given framework of the Cauchy’s interlacing theorem.

Example 1. Consider the subsequent continuous-time linearized epidemic model with Q community clusters:

Siv1 = vi(1— )l —Bir1Sin1
Iiy1 = BiaSiv1 —vipalin (13)
Riy1 = vipapinli
fori=0,1,...,Q -1 with $;(0) = Sjg > 0, ;(0) = Ij > 0, R;(0) = Ry > 0; Vi € Q are the initial conditions
of the susceptible, infectious and recovered subpopulations, respectively, and Iy(0) = 0, vo = 1. In this
model, the infectious subpopulation 1; of a community i € Q = {1, 2, ..., Q} may infect the population of the
neighboring community (i + 1). The parameterization is as follows: B ) are the disease transmission rates, v
are the removal rates and .y are the separation constants which bifurcate the disease rate between the local
community and the total community. Note that the assumption uy = 1 implies that the first cluster is not
affected by contagions from any other cluster, [15]. A simple analysis of the trajectory solution of the first cluster
shows that
S1(t) = €7ﬁ1t510 — 0 ast— o
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at an exponential rate, irrespective of the initial conditions, and is definitively bounded,

I(t) = ey + [ e 1708, (v)do= e—wf(lw S ! e(vl—ﬁl)TdT)

_ —p1t _,—vqt
= (E Vit[ o + %510) —0ast — o0
if vi # B1. If vi = By then Iy (t) = e 1! (o + S1pt) — 0 as t — oo. In both cases, the convergence is of
exponential order, irrespective of the initial conditions, and is definitively bounded, and

—P1T_,—V1T
Rq(t) = Rio +V1H1f0 T)dt= Ryp + Vlylfo( Tl 4 S Sy )
P1T_p—V1T
= Ry + V1,u1f0< T + %Slo)ﬂh

_, vt S _ _ _
= Ry +v1y11101 f/l ! + 1%510(3 Pit _ o Vlt) — Ry + Mlll(l + iflﬁw( Bit _p Vlt)

ast — oo

if v1 # By with solution which is definitively bounded, and, if vi = B then

Ri(t) = Ry + Vl#lft e~ (I1g + S1o7)dt
= Ryo + Hl[(l - e_vlt)llo + (%(1 _Ult) fe_vlt)slo] — Ryo + #1[110 + ]

t— oo

with a solution which is definitively bounded. As a result, the total subpopulation at the first cluster is
also definitively bounded, and it converges asymptotically to the limit value of the recovered subpopulation.

-1 0 0
The solution trajectory is also definitively nonnegative since the matrix of dynamics | p1  —-v1 0 |isa
0 V1l 0

Metzler matrix and the initial conditions are non-negative. Interpretation shows that the total equilibrium
subpopulation is that of the disease-free equilibrium which only has a recovered subpopulation. It can be
surprising at a first glance to see that the usual nonlinear term B1S1(t)I1 (t) is the susceptible and infectious
subpopulations evolutions of the corresponding SIR Kermack-Mcendrick model counterpart is replaced by a linear
term. However, for stability purposes, there is no substantial distinct qualitative behavior between both models,

t t
since in this case, S1(t) = e Pl (x) 4t 5.0 is strictly decreasing fort > 0 and I (t) = eh (PrS1(m)=v1)drp s also
strictly decreasing for t > 0 provided that S1g < ﬁ Now describe the whole model (14) of Nclusters in a more

compact way through the individual states x; = (S;, I; ,R,) ;i € N and associated matrices of self-dynamics for
each i € N and coupled dynamics with the respective preceding cluster (i—1) € N:

-6 0 0 _ 0 vig(I-pi1) O
A; = ﬁi —-v; 0|, YieN; Ai,i—l =[0 0 01, (14)
0 Vildi 0 0 0 0
Vi(Z 2) €N; Apg,-1 =0
so that (13) is equivalently described as
%i(t) = Apxi(t) + Ajiaxica (), %(0) = xip(2 0); Vie N (15)

with xo(t) = 0 for t > 0, and compactly, as follows:

x(t) = Ax(t), x(0) = xo (16)
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where x(t) = (xir(t) x5, -, xlfj(t))T and

Aq 0 0 0
Apq Ap 0 0
A= . . 17
0 . A32 A30 cee . s 0 ( )
0 0 --- o 0 AN,N—l AN ]

Thus, system (15), like (16), (17), can be interpreted as an aggregation model given by starting with the
first cluster and successively incorporating the dynamics of the remaining clusters. Now, define the symmetric
matrix M = M(N) = ATA. Then, define:

MW = AT4,
T AT T T T
M(Z):[Al Al ][ A 0 ]:[A1A1 +AyAn Ay A
0 A [[ An Az AJAn AJA;
MY AT A, | =
— 21 +M(2)
[ ATAy  AJA; |
Al A0 A0 0 M@ 0 B
M(s) = 0 Ag A:]’;Z A21 Ay 0 = A§2A3 +M(3)
0 0 Al 0 An A 0 AlAsn  AfA (18)
) MN-1) 4, (N-1) — )
MYV = i (N-1)T ATA, +M
AT Ay 0 0
— AT A — 21
Wi _[ 210 21 8 ], MO — 0 ALAs 0
0 0 0
[ AT An 0 0
0 ALAn 0 0
M(N) = 0
T
0 AN, N-1ANN-1

O A
if N > 2 and ML = 0. By inspection of (18), one concludes that ||]\71(n)|| = O( Z:z supzllm(”)ll) for

i=2,3,..., N which concludes that, if {An—l,n}l,jzz — 0 as N — oo in such a way that {IImU)II};\]:2 -0
as N — oo, for instance, if the convergence is at exponential rate, then I\}l_r)r;o Z;Ij:z sup?|lm™|| < Ky, < +o0.
Furthermore, if Ay is a stability matrix of absolute stability abscissa which are sufficiently larger than K,
then the dynamic system (16),(17) is globally asymptotically stable according to Lemma 5. In particular, note that
if there is any pair of stable complex conjugate eigenvalues s15 = p+iv (u <0, v > 0) for the first cluster,

then there is a submatrix of M 1),

AV o
v ou -V U 0 p? +v? (

| 1)}
0o A

in the real canonical form. Since u") = y < 0 then )\gl) = /\él) = u? +v2 > 0. The maximum and minimum

(1) (1)

corresponding eigenvalues of M*?) are no less than Ay 1

and no larger than A3, respectively, from Cauchy’s
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interlacing theorem. Since the eigenvalues are continuous functions of the matrix entries, and since M*™ is
. [Se]
positive definite any critical eigenvalue of a member M®\) of the sequence, {Ms (1) }n: ) implies a lot of stability of

the corresponding A?. This is avoided if I\%im ij:z sup?|im™|| < Ky, < +oo, implying also that {m(”)};\, -0

as N — oo, and the sequence of separation constants {{, }1::2 — 1 as N — oo if Ky, is small enough related to
. The physical interpretation relies on the fact that the contagion link from a cluster to the next one is weakened
sufficiently quickly as the cluster index increases, due to the fact of the numbers of the infected subpopulations
are rapidly decreasing as the cluster index increases at a sufficiently large rate.

5. Dynamic Linear Discrete Aggregation Model with Output Delay and Linear Feedback Control

In this section, the convergence results of Section 3 are applied to a dynamic discrete system
which is built by the aggregation of discrete dynamic subsystems subject to linear output feedback
control. Since we are dealing with a physical system, it turns out that the formalism of Section 2 can be
developed by invoking conditions related to real symmetric systems, rather than to complex Hermitian
ones, when necessary. It would suffice to describe the state by expressing the matrix of dynamics in
the real canonical form and to transform the control and output matrices by the appropriate similarity
matrix. The necessary mathematical proof is given in Appendix A.

Consider the aggregation linear discrete dynamic system subject to r point delays under linear
output-feedback:

O1) 400500 1 4000 g0) 3 B0y 4 5l 19
=1

y) = O (20)

w1 — ZK](,")y(n—j) — ZK](.H)CX(”_j) (21)
j=0 j=0

Vn € Zy,, with initial conditions x0(0)

= xo, where {n;};"; is a sequence of positive integer numbers,
x(" e RLiz0" is the “a priori” vector state at the n-th iteration, ") € R™ is the aggregated “a
priori” new substate at the n-th iteration (that is basically, the new information needed to update the
state vector and its dimension) and x0("*1) € RZi=0" is the “a priori” whole state at the (1 4 1)-th
n-1 n n
iteration. Also, x%(") € REi=0™, 4(") € RZizo™ and y(") € R~ are, respectively, the “a priori”
input and measurable output vectors at the n-th iteration and r C Z is a sequence of delays
[
n=0’
)\~ : (m~ — o (57 m) (T i)
control {Bo } , output-state coupling {Bj } for j € 7 are of members A" € R(Zi~o™ i—0 ")
n=0 n=0 .
Al e REZom) % ang Bén) e R(Zi0 ™) X(Eio™i) and Bgn) e R(Eom) x(Eigp) for j € 7 and the output
(9]
matrix C(") € R(ZizoP)X(Zio™)  The sequences of matrices {K](.n)}

n=0

influencing the global dynamics. The sequences of matrices of dynamics {AO(")}:; 0 and {AO(”)}

, with K e Ry mi) x(Ziopi)
]

(o8]

for j € ¥ U {0}, are the output-feedback control gains which generate the control law sequence {u(”)}nz o

The dynamics of the new dynamics at the (1 + 1)-th iteration aggregated to the former global
aggregation system of state x(") obtained at the n-th iteration, are assumed to be described by:

QUMD 40+ () (D<") T B(”’)fw + Y (ByD 4 B g ) 4 50t @)
=1
9(") — C(m)4(n) (23)
200 N (R0 plni) 4 ga) ()| _ Y (0D @ gln-i) 4 gD ) -
ufZ(].y]—i—K].y])f (ijJ+1<].fo) (24)
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Vn € Zyy, where £("t1) € R™+1 is the “a posteriori” state of the aggregated subsystem at the
(n 4 1)-th iteration whose “a priori” value is £(n) e RM™, 9(") e RPr, () ¢ R, An+1) ¢ RinraX(Zispmi)
ﬁ(()”) € RMn+1%Mn Bg”) € R”n+1XPn—j, B’;(”) c R”Hlx(Z?:_é pi) for j€ 7 Cn=j) ¢ Rp,,_ann_,', K](n) c Rmn+1><pn—f,
K’]Z.(n) e R+ X(Ziopi) for j € 7U {0}, and D), E(W)
forjer,Vn e Zyy.

Note that the aggregated subsystem (22)—(24) is coupled to the former global state x(") describing
the total system’s dynamics prior to the aggregation action. It can be seen that the coupling terms

€ R+ and B € Rimsr i, B ¢ R Py
J

do not necessary demonstrate infinite memory requirements as n tends to infinity, since the matrices
Alnt1) Bﬂ.(n) and K? (n) can contain nonzero columns associated with the most recent state/output data
related to the previous aggregation system; see, for instance, [12]. Note also that, due to the coupling
between the a priori whole state at the n-th iterations with the a priori new aggregated substate, it can
happen that the a posteriori vector after the new aggregated substate has a higher dimension than its a
priori version. The various dynamics, control and output matrices have the appropriate orders.
After incorporating the control law, we can write this whole system of extended states x(n) =

(xo(”)r, J?(”)T) e RE-0"; Vn e Zy, ina compact way:

D) :[ K00+1) ]_ A0y gl e A0n) [x(”) ]
#(n1) A1) BRI ) pion) 5" 1 Bgmen || £
(BB )e 0 ey ()
TLjm (B2 4 B &)l (B 4 BR( ) et

so that x(”),xo("+1) € RL=0" and (") € R™ and £("+1) ¢ R+ imply that x("+1) € R i, (1) =
(xO(n+1)T’ 2T ¢RI i

In order to construct a state vector which includes delayed dynamics we now define the modified
extended state ¥ defined by X — (x(”)T i x("‘l)T, .., x(n=7) ) e RE-n- +Zho 0"i:n € Zy,. Thus,
one determines from (25) that:

—=(n+1 —(m)_(n
D = A3 v ez, (26)
where
00+ Ké Aot (Bi") +B((JI’JK;H))C(H 1) 0 B 4 B0 K el 0
" A1) +B‘(} Kf D 4 D )+ny )Ko &) (gi(") +I§(<]")IZ(;("])C( -1) (B;") +B((;1>K§ ))C( -1) (B (n) *BS”)KC(” ) ) (B( )+B((;!)K( )) -
—(n
4= ’z;':u‘ . (27)
Iynory, 0 0

— n+1 j n
Vn € Zyy, with A(n) e R(Ej=nr iz "X (K- Ziom) . Now, consider the symmetric matrices:

AO(n+1)TA0(n+l) A o(n+1)T BO(n+1) ]
BO(n+1)" A0(n+1)  gO(n+1)" gO(n+1) (28)
R(Z?+01n X L(EL o nitn))X (L it Yo ,(Z, oM +n,))

M) =

Vn € Z0+
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where the relations between the a priori dynamics of the new iteration after the aggregation of a new
substate to the whole dynamics with the a posteriori dynamics of the former iteration are given by:

AO(n+1) — [ Aln) Opgret,

imo "MXM ]

B AO(H)+B(()n)K(()n)C(n) A0(n) 0 R(Z”H )X (5 ) (29)
| A o A(()")Kg(”)c(”) Dl )+D( )+B( )K(()”)C(n) 0
)+ ”)K(” )C(Vl 1) 0 (Bg”) +B(()’7>K£”))C(n—r)
)

)etn (B 4+ BURMICD T (B BRI oo (B + 8K e | (30)
€ REES mX(Ef, (B mietny))

Vn € Zy. which are built in order to complete a square a priori matrix of dynamics of the (1 + 1)- the
aggregated system which was obtained after the aggregation of the (n + 1)-th subsystem.

The stability of the aggregation dynamic system (19) to (24) under discrete delays is now discussed
via the modified extended system (26), subject to (27), which can be obtained via Lemmas 7,8 from the
convergence of the symmetric matrix (28), subject to (29),(30). The following result holds:

Theorem 1. The following properties hold:

m

(i) {M(”)} o and {Z(H)} o are convergent, and also asymptotically convergent, if and only if lim Z(H) =
= =i 1M—>00
0;VneZy,.
} = O
=0

n

(ii) {M(”)} o o and {Z(n)} g Are asymptotically convergent if and only if lim_ {‘ IIZ(HE) |- lA "

forany givenn € Zoy ,E€Z.
(iii) If {Z(n } (and then M { )} ) is convergent, then the state of the modified extended system, (26),

converges asymptotically to zero, i.e. XM 5 0 and also (™M) = 0 as m — oo for any given initial
condition x©) and any n € Zy, so that the aggregation system is globally asymptotically stable.

(iv) If {Z(”)};":O (and then {M(”)};’l"zo) is asymptotically convergent then "+ M) 5 0
as m — oo for any given n € Zgy,& € Z, and any given initial condition x\©) and also

[lac(ntm+8) — x(tm)|| — 0 as m — oo for any given initial condition x'©) and any givenn € Zy, ,& € Z.,
so that the incremental aggregation system is globally asymptotically stable.

Ao BOV BV < min(1 €410, ) — ) v € 2o,

for some strictly decreasing real sequence{s(”)}io c [0, 1). Then, M|, < 1;V¥n € Zoy and{ M )}

(v)  Assume that M) is convergent and that

o0

n=0
(o9

and {A(”)}ni o Are convergent sequernces.

It is of interest to now discuss how the stability properties of the aggregation system of Theorem 1
can be guaranteed or addressed by the synthesis of the basic controller (21) on the current aggregated
system, and how its updated rule (24) can be applied to the new aggregated subsystem to generate the
aggregated system for the next iteration step. This discussion invokes conditions to guarantee that the
equation of dimensionally compatible real matrices

BKC = A, — A (31)

is solvable in K for a given quadruple (A, B, C, Ay,) with A and A,, being square, A, being convergent
(basically stable in the discrete context) and defining the closed-loop system dynamics after linear
output-feedback control # = Ky = KCx via the linear stabilizing controller of gain K; A, B and C are the
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open-loop dynamics (i.e., the one being got for K = 0) and B and C are the control and output matrices.
Equation (31) is written in equivalent vector form for the unknown K as follows:

(B ® CT) vec (K) = vec(Am — A) (32)

It turns out that (31) is solvable in K if and only if (32) is solvable in vec (K), that s, if mnk(B ® CT) =

mnk[ B® CT, vec(Am - A)] according to the Rouché-Froebenius theorem for solvability of linear
systems of algebraic equations. Note that if A, satisfies the constraint A,, = EA, for some square matrix
E of the same order as A, then ||A;ll, <1 (so that A;,; is convergent) if ||E|l, < 1/]|All,. In particular,
if Ay, = pA with p € R then Ay, is convergent if ‘p| < 1/]|All,. A preliminary technical result concerning
the solvability if the concerned algebraic system (31), or equivalently (32), is (either indeterminate or
determinate) compatible to be then used follows:

Lemma 9. Assume that A € R™", B € R"™" and C € RP*". Then, the following properties hold:

(i) linear output-feedback controller exists which stabilizes the closed-loop matrix of dynamics A, = EA for
some E with ||E|l, < 1/||Allp, [5,71, which satisfies the rank constraint:

rank(B® CT) = rank[B&C", (1& AT) vec(E) - vec(A)] (33)

If (33) holds, then the set of stabilizing linear-output feedback controllers of gains K which solve (32),
equivalently (31), which is a compatible algebraic linear system, for Ay, = EA, are given by

vee (K) = (Bo CT) [ (1@ AT) vec(E) - vec(A)] + [1 -(BoCT) (Bo CT)] ke (34)
with ky, being any arbitrary real vector of the same dimension as vec (K). Assume that (B ® CT)Jr =

-1
(B ®CT) (a necessary condition being min(m,p) > n). Then (32) for Ay, = EA is a compatible
determinate, and the unique solution to (33) is

vec (K) = (B ® CT)Jr [ (I ®AT) vec(E) — vec(A)] (35)

If Ay = pA with )p| < 1/|Allp then (33), (34) and (35) become, in particular,

mnk(B ® CT) = rank [B eCT, (p- 1)Uec(A)] (36)
vec (K) = (p - 1)(B ® CT)+ vec(A) + [I - (B ® CT)+<B ® CT)] ky (37)

and
vec (K) = (Bo CT)' (B CT)' vec(A) (38)

(ii)  Assume that A,, = EA and

rank [B eCT, (I ®AT) vec(E) — vec(A)] = mnk(B ® CT) +1 (39)
Then, (32), equivalently (31), is an algebraically incompatible system of equations, and

vec (K) = (B ® CT)+[(I ®AT) vec(E) — vec(A)] , ie. (40)
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i.e., Equation (34) for ki, = 0, is the best least-squares approximated solution to (32) in the sense that the
corresponding controller gain minimizes the norm error ||BKC + A — Am||§~ If (39) holds for any A, of
the form A, = EA then there is no solution to (31) in K; only best approximation solutions exist.

Particular cases of interest which are well-known from basic Control Theory (see e.g., [13]) are:

(1) p=n,CeR"™ isnon-singular and (A, B) is stabilizable, i.e., any unstable or critically unstable
mode of the open-loop dynamics can be closed-loop stabilized under linear state feed-back control.
Thus, rank [Al, — A, B] = n; YA € C with [A] > 1 (discrete form of Popov-Belevitch-Hautus
stabilizability test [6,13,14]). Then (31) becomes BK = (A, — A)C~!, which is solvable in K,
and there is always an output-feedback stabilizing linear controller generating a stabilizing
controller of gain K, generating a control u = Ky = KCx, such that the closed-loop dynamics is
defined by a convergent matrix A,, = A 4+ BKC.

(2) InCasel, C = I,. Then, the control law is a linear state-feedback control, and a state-feedback
stabilizing linear controller generating a control u = Kx exists, leading to closed-loop dynamics
defined by the convergent matrix A, = A + BK.

Lemma 9 is useful to guarantee the relevant results of Theorem 1 in terms of the controller gains
choices under certain algebraic solvability conditions. This feature is addressed in the subsequent result:

Theorem 2. Assume that% .
D mnk(B(n)(X) ') = rank{B" @ A}”) =A%) so that A + BYUKICO) = AL s
solvable in K for some convergent matrix A of appropriate order; ¥n € Zo+,mnk( B g cln )T)

mnk(Béﬂ> ® C(")T,A;(HH) —A(”“)) so that A(”*l) + B(")K( )C( ) = A" s solable in Ka( for some

A A =)
matrix A f("H of appropriate order; Vn € Zo+,mnk(Bé " e = mnk( ;n+1) DM _D )

R =(m)
so that A}") DM+ D+ B( )K(n) (1) is solvable in K for some matrix A of appropriate order; Vn € Zy.,
(2) and that subsequent mnk condztzons hold:
mnk(Bén) ® C("_i)T) = rank B(()") ® C(n=) ,Bf") (n~ ))
mnk(ﬁén) ® C(”_i)T) = rank f}(()") ® Cn=i) ,El(”) Cln= >)
mnk(l?én) ® C(”‘i)T) = mnk(B(()”) ® Cn-i) ,B‘:( )C(”‘l>)

Vi € 1 50 that the following matrix equations are solvable in the delayed controller gains Kl.(n), IZZ.(") and IZ?("):

J¢n-i) = g -,

Yier,VYneZy,.

Bén)K(n)C(n_l) _ B(”)C(n i).B

A o (n
i i ’ 0 "%
ggwlg?(n)c(n—l) _ ( ) cln- i)y

Then, the matrix equations

A,(fn) — D 4D 4 BWRMEm B K( )C( i) — _Bfn)c(n—i),. (41)

T
=
04
&
>
=
X
|
|
= <
=
(@Y
?
fS
m
>
<
Iy
m
N
o
+
S~—
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(n)

are solvable in the controller gains K("), Kl.(") and Kl. ;Vier; ¥Yn € Zyy leading to the solutions

(k) = (80 € ) e - 400) 1 (5 ) (5

0 f 0 0 0
+ +
vec(Kg( )) = (Aé”) ® Cm ) vec(z‘i”f("+1> —A(”“)) +|I- (Bé”) ® C(")T) (A(()") ® C( ) vec(ng<”))
R R . . ) . T\ [ . N
vec(Ké">) = ( (()”> ® C(”)T) vec(Aj,nH) DM —D ! ) + [I - B(()") ® C(">T) (B(()n> ® ¢ )) vec(Kg<n)) (42)
+ +

with Kg("), ng(”), IZS("), Kf(”), Kf(") and K?v("); Vi €1, Vn € Zy being arbitrary matrices of appropriate
orders for the corresponding equation (above) in each case whose equivalent vector expressions are denoted
by vec (.).

It should be pointed out that it can be of interest to apply the results on interlacing Cauchy’s
theorem and some of its extensions (see e.g., [20-22]) to the stability of aggregation models based on
dynamic systems formulated via differential, difference or hybrid differential/difference equations.

6. Conclusions

This paper relies on partitioned Hermitian matrices and Cauchy’s interlacing theorem and the
associated stability results. Based on the fact that convergent matrices are a discrete counterpart of
stability matrices, the results presented above are then extended to sequences of convergent matrices.
Then, an example of a SIR-type epidemic model continuous-time consisting of intercommunity clusters
is discussed relative to the previously given stability theoretic results under the proposed framework
based on Cauchy’s interlacing theorem, and which may be of interest for healthcare management.
Later, a dynamic linear discrete aggregation model is discussed, which involves output delay and linear
output feedback, and which can be also be reformulated for linear-state feedback by identifying state
and output, that is, by taking the output matrix equal to the identity, provided that the state is available
for measurement. The studied aggregation model is built through the successive incorporation of
discrete subsystems with particular coupled dynamics. Stabilizing decentralized controllers are
proposed and discussed for this type of aggregation model.
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Appendix A Mathematical Proofs
Proof of Lemma 1. From the given assumptions, M is Hermitian, and note that

M 0 M m M 0 M m M 0 M m
detM/ = det det 2| = det — |+ det = det — |+ det .
e e[m*d]+e[m*d] e[m*d]+e[m*d] e[m* d+d]+e[m"0]
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Thus, Properties (i) to (iii) follow directly from the above relations by noting, furthermore,

that det[ M (c) ] = cdetM. O

*

Proof of Lemma 2. First, note that
Ky =k < - 1d) < a4+ d) < K+ K (= o) € 24
Thus,

(n) (n) (n)
detMm(m+1) = det[ M(n)* 0 ] et M( g ]
m

MM 0 Mm™ 0 0o mn
=dn () 4 det ~ I, ~
d"WdetM\") 4- de ([ 0 d(n) ]( +1 +[ 0 1/(1(”) [ m(n)* 0 ] (Al)
0 )

M0 o e )
0 1/d™ || m 0 |

Vn(>ng) € Z+

— ) detM®) ;i<n>dem<n>det[1n+l N

if {M(”)_l} a exists so that detM (™) # 0, thatis, if 0 < K — ’Amin(M(”)) <
n=ng M

+o00; Vn(= ng) € Z. Thus,

Mm™ 0 0o  mn
n+1) n
|detM 1) < a0 detm ()] 4 |4 detn () det[n+1+ 0 1/dm [mW* 0 ]
n+1
< KK +n1<<”>1<<”>[1 b o V) (A2)
m G

< kK kK (14 e00) kR kR (14 (20 - 1))
Vn(=ng) € Zy

since /\max(m(”)*m(”)) = mm*p(n), VYn(=ng) € Z4. Since it is assumed the existence of a real sequence
e1™ <0, 1) such that —L— Vinm( < ¢); Vn(> ny) € Z, and since
n=ny ")k(”

d

(1+8( )n+1_Zn+l( 7’1-1‘-1 ) (n)! _1+Zn+l( n-i‘-l )g() <1+<2n+1 1)8(71),.

i (A3)

Vn(>ng) € Z4
thus, it follows that |detM (n+1) | <(n+ 1)K(n+l) < nK( ") holds for any given n(>ng) € Z, if
nKK) an”Kj\Z)(l + (21 - 1)5“‘)) <k
for any given n(> ng) € Z, thatis, if

nKﬁ)(KC(,n) ~ 1) N anq)K](&z)(l " <2n+1 B 1)g<n>) <0
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for such n € Z, equivalently, if nK{?)(l + (Z”Jr1 - 1>e<n)) < n(l —K;n)), equivalently if K'gn) <1,

and furthermore, and accordingly to the restriction on the sequence =€(”) }n " if
=no

() (1-x") (1K i
KX/ < <

d = n+1 _ 1)e™ T (n), (n n n)#40,(n
1+ (2 1)e k](w)ké ) + (2141 - 1) /\max(m( *m( ))

(A4)

for such an n € Zy, . In particular, if )d(”)| = Kl(i") = k;n) <land 'ZiZ”) = Kc(if) = kgl) for some given
n(=ngy) € Zo, then (A4) holds if
1-]d 1= a0 a0
pole 0B e .

T 1+ (2”+1 - 1)801) B k$)|d(”)‘ + (2n+l _ 1) /\max<m(")*m(”))

and Property (i) has been proved. On the other hand, since Property (ii) assumes that the constraints
of Property (i) hold the constraint (1) is a direct consequence of Property (i). Also, if M(")>0 and
M) >0 then the constraints (2) follow directly from (1) and Cauchy’s interlacing theorem of the
eigenvalues which are real non-negative. Property (ii) has been proved. Property (iii) follows since
lim sup(det| M(”+l)| —det |M(") |) < 0 directly from (A1) and the given assumptions. O

n—o0

Proof of Lemma 3. By the inversion of a block partitioned matrix, one gets:

-1 —(1) —(n)
M(nJrl)_l:[M(n) m ] | M . (A6)
e g 4 3n) A
where 1
A"~ ) (1n+m< (4 0 = 0pg 0™ ) m(")*M<")_1) (A7)
) — _pp(n n)~! ™ (d(n) 1 4 _ gy ()= (n)*lm(n))—l (A8)
33" = (2 d0) < ) )

since M is non-singular and A 2 (M) (1) — g (i.e., (d(”) ) — (M) gy ()
is non-singular). The proof follows directly from Lemma 2 [(ii)-(iii)] by replacing

_ _ -1
M+ M("H) = M("H) ;Vn(=ng) € Z,. O

Proof of Lemma 4. Since M(") > ( then its inverse is also positive definite and then both of them fulfil
the positive semi-definiteness constraint of Lemma 2 [(ii),(iii)] and Lemma 3. The proof follows directly

_1|)) < +o0 then

o ‘) < 400 and lim sup(supmax(|det

since supmax(|det
n—oo

nxn

M > 0 for n > ng if M"0) > 0, lim supM™® > 0 and lign infM(™ > 0. o
n—00 —00
Proof of Lemma 5. Note that M("0) = A("0)*A("0) » 0 since A(™0) is a stability matrix. From Lemma 2
and Lemma 3, the sequence {M (1) }ZO . consists of positive definite members. Thus, the singular values
=no
of the elements of the sequence {A(”) }n - are positive and bounded. Since A(m) s stable and since the
=g

eigenvalues of any square matrix are continuous functions of its entries there is no zero eigenvalue
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in any member of the sequence {A(”) }:o

. Any member of this sequence has no eigenvalues at the
imaginary complex axis other than zero 0(i.e., any nonzero critically stable eigenvalues) since then
the corresponding M(") = A("*A(") is not positive definite contradicting the given assumption. As a
result, no member of the sequence {A(”)}:;no has a critically stable eigenvalue (i.e., located on the
imaginary complex axis) or unstable eigenvalue (i.e., located on the complex open right half plane).

M) > 0 for some given arbitrary ny € Z and assume also that the conditions of Lemma 2 (iii)
and Lemma 3 hold. Then, M"+1) > 0; Vn(> ng) € Z,. O

Proof of Lemma 7. It is direct since lim {A(”)m} w_o = 0 implies that lim {)IIA(”J”()H - ||A(")||‘m} =0
n= m—00 =

m—00

for any given£ € Z . O

Proof of Lemma 8. If for any given n € Zy, ||A(")||2 < 1 then lim AWM = 0 for any n € Zoy,
m—00

2 2 4
then lim {A(m}e "= 0, IM™)], = AC*AM]||, < A, < 1 and then M|, <1, lim M()™ =0
= m—-00

m—00

and lim {M(”)m}

m—00

S}

o = 0 for any given n € Zy. Thus, if {A(”)}:: , is convergent then {M(”)}Zo o 18

convergent, hence Property (i) holds. On the other hand, since M(") is semidefinite positive Hermitian
by construction; Vn € Zy, then the condition ||M(")||2 < 1; V¥n € Zy; leads to the convergence of
{M(”)} o4, and if IIM(”)||2 < 1 for some n € Zy then

P(MO) = Aman (M M) = Afgy (AT AM) = 250 (M) = MO <1

1/2
2

Then, [[AM|, = A1/2 (A(”)*A(")) — IM)|

max

< 1. Thus, if the above holds for any n € Zy,
one concludes that {A(”)} :;0 is convergent if {M(”)} o is convergent. Hence, Property (ii) follows.

Property (iii) is a combination of the other two properties since for any n € Zy, (1M () b <1, |A(m <1
implies that [M(")], < 1 and [M™)|}, < 1 implies that A, < 1. O

Proof of Theorem 1. Properties (i),(ii) follows from Lemma 7and Lemma 8 by taking into account the
factorization (28). Property (iii) follows from Property (i) and (20) since

m—1 .
[T
i=0

and then %! — 0 as m — oo for any n € Zy,. Property (iv) is proved in the same way as
Property (iii) via Property (ii). The proof of Property (v) is made by comparing (28) with (10)-(12) by
replacing /\(”)]\_/I(n) — AM'B0 and A — B B One gets, via complete induction, that if M(?)
is convergent and, furthermore,

—(n+m) —(n) —(n=i) "™ (),
Il x Il < Ix*ll < max ||A™ 7|l [IXx™V|; Vne Zoy,VmeZy (A9)
0<i<m-1

n+m)

2

Amax(BOV AMA®TBO) < (1= 0D — ma{1 - 0, || .

Vn e Z0+

)\max(B(”)TB("))

Then, {M(”)}ZOZO is convergent, since MO is convergent, provided that et < &) that is
{e(”)}:zo c [0, 1) is strictly decreasing, and
). i e Zo., (A11)

‘AmaX(B(")TB(”)) <1

The constrains (A10), (A11) are jointly fulfilled if
Vn e Zo+.|:|

/\maX(B(")TB("))

< min(l — glntl) o(n) _ g(”ﬂ))/-
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Proof of Lemma 9. Since A,, = EA = [EA then vec (EA) = vec(IEA) = (1®AT) vec(E), and (32)
becomes for I being the identity matrix of the same order as E and A:

(B ® CT) vec (K) =vec((E-DA) = (I®AT) vec(E) —vec(A) (A12)

whose solutions are given by (34) if (33) holds and the whole set of solutions reduces to (35) if the
solution is unique. The corresponding Equations (36)—(38) are got for the particular case when A, = pA
with |p( < 1/]|All,. Property (i) has been proved. Property (ii) follows since the least-squares best
approximation to the corresponding incompatible algebraic system (31), or (32), is (40), that is, (34) for
ko = 0,[13,14]. O

Proof of Theorem 2. The solvability of (41) in the form (42) follows from the Rouché-Froebenius rank
conditions from the algebraic compatibility under Assumptions 1,2. By defining
A0(n+1) _ [A(n) Ot ] BO(n+1) _ p(n)
(ZI 0 )Xty 4
in order to complete a square “a priori” matrix of dynamics of the (n 4 1)-the aggregated system
obtained after the aggregation of the (1 + 1)-th subsystem, note that

0(n) (1) (1) ~(n) £0(n)
oty | AT By Kot C ~(,1§4 01 REL mxELTm)  (A13)
A1) 4 g Rat co) pin) B 4 BIRMEm) 0
(Bfll(")JrB(()")Klll(H))C(nfl) (BY')JrB() ())@( 1) (Bf(")+géﬂ)lg«:("))c(nﬂ) (B;n)JrB(()n) E))C(n ) (A14)
i)

REES xS, (£ m)

Vn € Zyy. From (41), with corresponding associated controller explicit solutions (42), one gets that the
(n+ 1)-th aggregated delay-free dynamics is described by the matrix:

A(”) Ao0(n) 0

0(n+1) _ n f (ZHH ;)X ( ,n n;).
A% )_[A() 0 Aj}”*” A}”) 0 0"); VneZyy (A1)

(S0 )Xy 41 ] -

Having in mind (27), construct

AW 4o(n) 0 E(lJ(n) Aj((n) Aom E(l)(”)
Mn+D) — (n)Z(n)T: Aa(n+1) Aj(n) 0 E(z)(n) Aa(n«H) A(n) 0 Eg(n) T
i(§0<”))l 0 z(EO ”))1 0
(n) A0(n)
T R T A T (T T A A
AP AN Ao jomT L BB A AT o AT BB D 40
f
- m) 2
Afn AO(VI) (EO("))I
Aa(n+1) A(n) !
f (n) (n)
0(n
m) 07 | zom 20T 1 TOWRMT () el o am? | mzom’ | A A
APAT  RAT L BB A A 4 o0 4 ;> +By B 4o Al
f
= " pa(n+1)T
[ Af A ] (_0("))5(")1
[ AT 4007 ]
f f

* "(§0<”))[ ; 1 _g<n>)1 ]
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where

(A16)

(@) i(EO(n)) is a binary indicator function defined as i(go(n)) = 1if (Eo(n)) # 0 and i(ﬁo(n)) =0if

(—O(n)

B ) = 0. The reason of the use of this indicator is that, in fact, if the delayed dynamics is

zero then the dimension of the extended state, so that of Z(n)

identity matrices are removed,

b) {5}

, decreases since the resulting block

:o:O c [0, 1] is a design sequence which satisfies {6(”)}:):0 - 0.

Note that the fact that  — i(EO(”))I _ i(EO(”))es(n)I + i(EO(”)) (1-60) I justifies (A16). O
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