Robust synchronisation of unstable linear time-invariant systems
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Abstract— A framework based on the gap metric and inte-
gral quadratic constraints (IQCs) is developed for analysing
robust synchronisation of heterogenous linear time-invariant
networks. Both the agents and the communication channels
are allowed to be dynamic and unstable. Structural properties
of the uncertainty are described by IQCs and exploited in
synchronisation analysis as a means to reduce conservatism.
The homotopy employed in IQC analysis is defined with respect
to the graph topology as induced by the gap metric, whereby
open-loop unstable dynamics are accommodated. The results in
this paper extend recent developments, which have been shown
to unify several existing synchronisation analysis methods in
the literature.

Index Terms— Synchronisation, consensus, multi-agent net-
works, unstable dynamics, integral quadratic constraints

I. INTRODUCTION

The problem of synchronisation of heterogeneous multi-
agent systems is widely studied in various engineering ap-
plications ranging from power system networks to biological
cells. In [1], [2], a unifying framework for the analysis
of synchronisation of heterogenous open-loop stable linear
time-invariant (LTI) agents is proposed. The agents commu-
nicate through an interconnection transfer matrix with stable
dynamics to reach synchronisation. The developed frame-
work incorporates the problem of consensus as a special
case. The approach relies on the use of integral quadratic
constraints (IQCs) [3] to encapsulate structural properties or
uncertainty of the dynamics in order to reduce conservatism
in synchronisation analysis.

In this paper, the framework of [1] is generalised to ac-
commodate open-loop unstable dynamics in both the agents
as well as the interconnection transfer matrix. Heterogenous
distributed-parameter LTI systems are considered. These
include, for instance, time-delay operations. The gap met-
ric [4], [5] is employed to define a homotopy in the IQC
analysis, reminiscing the main results in [6], [7]. Sufficient
conditions for synchronisation based on the blended IQC/gap
metric are provided. These find applications in situations
where the agents exchange information through unstable
dynamic communication channels, for example.

The paper evolves along the following lines. In the next
section, the notation used in the paper is defined and some
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preliminaries on linear analysis and graph theoretic concepts
stated. The problem of synchronisation is formulated in
Section III. The blended IQC/gap metric based analysis
framework for synchronisation involving unstable dynamics
is delineated in Section I'V. Illustrative examples are provided
in Section V. Section VI contains some concluding remarks.

II. NOTATION AND PRELIMINARIES
A. Matrices

Let R and C denote the real and complex numbers
respectively. jR denotes the imaginary axis, C (resp. C )
the open (resp. closed) right half complex plane, and | - |
the Euclidean norm. Given an A € C™*" (resp. R"*"),
A* € Cv™ (resp. AT € R™™) denotes its complex
conjugate transpose (resp. transpose). A;; denotes the (i, 5)
entry of A. The i*" row and j*® column of A are denoted
respectively by A, and A,;. Given a vector v € C",
diag(v) € C™*™ denotes the diagonal matrix whose diagonal
entires are vi,...,v,. Let ® denote the Kronecker product
and @ the direct sum of matrices. Define ;. ; A; =
Ay @ Ay @ ... ® A,. I, denotes the identity matrix of
dimensions n X n.

B. Function spaces

Define the Lebesgue space

Loo:={¢: jR = C|[|¢l|c := supye [#(jw)| < oo}
and the Hardy space

HOO::{¢ € Ly

¢ has analytic continuation into C.
with sup e, [9(s)] = [[¢]loc <00 }
Let C be the class of functions continuous on jRU{co}, and
S := H,NC. Note that C C Lo.. An H € C™*" is said to
be Hermitian if H(jw) = H (jw)* for all w € RU{oco} and
positive semidefinite if in addition, H (jw) > 0 and positive
definite if H(jw) > v for some v > 0.

Given an € > 0 and a point jq € jR, define the semi-circle
of radius € in the right-half plane as

Sc(jq) == {s € C:[s — jq| = &, R(s) > 0}

and Sp(jq) := {}. Given a finite ordered set jQ =

{4q1,7q2, - -,jarx} C jR with 1 > ¢2 > ... > gk, define
a contour parameterised by € > 0 as

Cc(§Q) := jlar + €,00) US(jg1) U jla2 + €, q1 — €]
USc(jg2) Ujlgs +¢€,q2 — €

USc(jgr) Uj(—o0, qx — €.



that is, a straight line on the imaginary axis indented to
the right of every point in jQ by a semi-circle of radius
e. In particular, notice that Cy(jQ) = jR for any jO C jR.
Denote by C.F(jQ) the open half plane that lies to the right
of Cc(jQ), i.e

Cr(jQ) ={s=o0+jw e C|a+jw € C(jQ) = o > 7},

and C(jQ) its closure. Let C.(jQ) be the class of functions
continuous on C.(jQ) U {oo}. Given X € C.(jQ)"*™,
define || X|c.jo) = Supec,(jo)0(X(s)), where ()
denotes the maximum singular value. An H € C.(jQ)"*"
is said to be Hermitian if H(s) = H(s)* forall s € C.(jQ)U
{oo}. Let S.(jQ) be the subclass of C.(jQ) containing
functions that have analytic continuation into C(7Q). Note
that S C S.(jQ) for all € > 0.

Let the Lebesgue space Li denote the class of functions
f :]0,00) — R™ with finite energy, i.e. square-integrable,
satisfying || f||3 := J;°|f(t)|*dt < oco. The Fourier trans-
form of f € LI is denoted f(yw) = [ eIt f(t) dt
Note that ||fllz = ||f 2 and f has analytic continuation
into C; and sup,||f(c + )2 = ||f]l2 < oo. The set
of Fourier transforms of functions in L3 is denoted Hj. A
linear operator mapping between Banach spaces X : X — Y
is said to be bounded if the induced norm

[X[|xsy:= sup [ Xflly < oo.

X fllx=1
Note that multiplication by a transfer function in S as an
operator on Hy defines a corresponding causal and bounded
LTI operator on Lo in the time domain via the Laplace
transform isomorphism [8].

For € > 0 and finite subset ]Q C jR, define H}.(5Q)
to be the set of functions f : C.(jQ) — C™ that are
analytic on C(jQ) and square-integrable on C.(jQ), i.e
Hf||ée(]g) = f.Ce(jQ.) \f(s?\st < oc. For notational sim-
plicity, the spatial dimension n and the set of imaginary-
axis poles (jQ) are often dropped from Hj (5Q). Note that
H) = HJ (jQ) when ¢ = 0. Moreover, for all ¢ > 0,
multiplication by a transfer function X € S.(jQ) defines
a bounded operator on Hs. with its induced norm equals
to ||X lc. (jQ) H,. is a Hilbert space with inner product
(u,v)e,(jo) fc (o *v(s)ds. It can be seen that
multiplication by an )2 E S is bounded on Hy. for all
€ > 0. One the other hand, given a ¢ € R, multiplication
= ({jq}) for all € > 0 but not on
H,. In the following, we will not notationally distinguish
between a transfer function and its associated multiplication
operator. For instance, an X € S defines a bounded operator
X : Hy. — Hy, for all € > 0.

Given an ¢ > 0, define the graph of the linear operator
X :dom (X) C HI(jQ) — H3.(jQ) to be

G (X) = {m e Hy ™ (jQ) 1y = XU}~

Similarly, define the (inverse) graph
u n+my -
Yy 6H2€ (]Q)U:Xy .

Denote by the class of linear operators which admit
strong right graph representations in S, i.e. for every X €
F™ " there exists Y € S T™*™ quch that Y has a left
inverse in S™*(™*™) and 4. (X) = YHY for all ¢ > 0.
In particular, F™*" includes the class of proper rational
transfer matrices and the Callier-Desoer algebra [9], where
strong right graph representations can be constructed from
right coprime factorisations.

Fan

C. Graph theory

A graph is denoted by G = (V,E), where V =
{v1,...,v,} is the set of nodes and £ C V x V, E =
{e1,...,en} is the set of edges such that e, = {v;,v;} € E
if node ¢ is connected to node j. A graph is undirected if
{vi,v;} € E then {v;,v;} € E. A path on G of length N is
an ordered set of distinct vertices {vo,v1, ..., vy} such that
{vi,vix1} € E for all s € {0,1,..., N — 1}. An undirected
graph is said to be connected if any two nodes in V is
connected by a path. The adjacency matrix A = [A4;;] €
R"™*"™ is defined by A;; = 1 if {v;,v;} € E and A;; = 0
otherwise. Note that A is symmetric for an undirected graph.
In an undirected graph, let the neighbours of node v; € V
be defined as N; = {v; € V : {v;,v;} € E} and
denote its degree by |N;|. The graph Laplacian is defined as
L := diag(|N;|) — A. L has a zero eigenvalue corresponding
to the vector of ones 1,, € R™. The multiplicity of the
zero eigenvalue is one if the graph is connected [10]. The
Laplacian matrix can be factorised as L = DDT, where
D = [D;;] € R™*™ is the oriented incidence matrix. It is
defined by associating an orientation to every edge of the
graph: for each e = {v;,v;} = {v;,v;}, one of v;,v; is
defined to be the head and the other tail of the edge:

+1 if v; is the head of ey

—1 if v; is the tail of ey
0 otherwise.

Dy, ==

Note that the Laplacian matrix is invariant to the choice of
orientation. Define also the unoriented incidence matrix D €
R™*™ whose entries are the absolute value of those of D.

ITII. SYNCHRONISATION PROBLEM FORMULATION
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Fig. 1. Feedback setup for synchronisation.

Consider the feedback interconnection in Figure 1. There,
@; , P, = diag(P;) with the SISO dynamical



agents P, € F and T' € F"*" denotes the interconnection
matrix. Z is a SISO proper rational transfer function that
has a finite number of poles on jR. Throughout the paper,
79 =14q1,7q2,-..,Jjqx} is used to denote the set of poles
of Z on the imaginary axis. These poles/modes describe the
trajectory of the output signal y under synchronisation. The
interactions between the agents is determined by an underly-
ing undirected and connected graph G = (V, E), where each
node v; € V is associated with a corresponding P; and the
edges describe the communication/connections between the
agents. Figure 1 models the problem of synchronisation of
a network of heterogeneous agents interconnected through a
dynamic matrix.

The following standing assumption is made throughout the
paper.

Assumption 3.1: For every jq € jO,

. 1
Shgg;q WF(S)]% =0,
where m, denotes the multiplicity of the pole jg of Z.
Furthermore, there exists no z € C", x # 1, such that
I'(jg)z = 0. In other words, det(I'(s)) has a zero at every
s = jq € jQ of multiplicity m, corresponding to the null
space span{1,}.

In the case where Z has non-repeated poles on jR, I
can be set to L, the graph Laplacian matrix for the graph
G. Dynamics can be included via the expression I' =
D diag(T;) DT, where D denotes the incidence matrix and
I'; e Ffori=1,...,m;see Figure 2. This models a hetero-
geneous network configuration of agents interconnected via
dynamically weighted matrices. Note that for both cases I'
satisfies Assumption 3.1 by the connectedness of the graph

g.

diag(P;) > Z -1

v

D DT

T— diag(T;) 4——‘

Fig. 2. A synchronisation setup with dynamical interconnection matrix.

Definition 3.2: The interconnection in Figure 1 is said to
reach synchronisation if

lyi(t) —

forall 4,5 € {1,2,...,n} and e, f € Ls.
In other words, tlim y(t) lies in the subspace spanned by
— 00

yi(t) >0 as t— o0

1y, i.e. span{1,,}. This means the output y; of each of the
agent P; synchronises to the same trajectory defined by the
imaginary-axis poles of Z.

Remark 3.3: If Z(s) = 1, one recovers the standard
setup of feedback interconnection, whereby synchronisation
in the definition above corresponds to feedback stability. By

defining Z(s) := %, one recovers the standard consensus

problem where all y;’s are to asymptotically converge to the
same constant value. By contrast, if Z(s) := 92‘17[1)(2) and
synchronisation takes place, then each y; will converge to
a sinusoid of frequency wy and the same phase/magnitude.
Another example is Z(s) := 25, where the system outputs
synchronise to a ramp function.

IV. ROBUST SYNCHRONISATION ANALYSIS

This section introduces a unified framework within which
to analyse the problem of synchronisation using integral
quadratic constraints (IQCs) [3]. To this end, some results
from robustness of closed-loop interconnections are needed
and provided next.

A. Feedback robustness

~— G

Fig. 3. Standard feedback configuration.

Definition 4.1: Given e > 0, A : dom (A) C H3.(§Q) —
H7(jQ) and G : dom (G) C H3(Q) — H5.(59Q), the
feedback interconnection of A and G in Figure 3, denoted
(A, G

{v:Aw+f 0

w=Gv+e

is said to be Hy.-stable if the map (v, w) — (f,e) has a
bounded inverse on H3".

Given an Hy.-stable [A, G], define the generalised robust-
ness margin with the ambient space taken to be Ho.(5Q) by
[v+wlle. o

[vlle.jo)
Furthermore, given two systems A; dom (A1) C
H,.(jQ) — H3(jQ) and Ay : dom (A) C Hy (jQ) —
H? (jQ), define the generalised gap metric as follows:

0°(A1, Ag) := [Ty, (a,) — Ty, (a,)

2)

€ P
MG L ed. (A)weD! (@)

C(49)

— max {5(A1, As), 5(As, Al)} 9
where the directed gap
0 (Ak, A) =7 (Mg (a))- Ty, ()
T — T ; 4
:xkez}?()m)ﬁeggﬁl) H ﬁwk cle(jeg(;g). "

See [5] for the original definitions of the robustness margin
and gap metric with respect to the ambient space Ho.

Proposition 4.2: Suppose [A1,G] is Ha-stable with
ba,.¢ > 0°(A1, Ag), then [Ag, G] is Hy,-stable.



Proof: The claim can be established following the
arguments in [5, Thm. 3] or [11, Prop. IIL.1], where the result
is proven with respect to the ambient space H. [ ]

B. IQC conditions for synchronisation

Throughout, jO = {jq1,jq2,...,Jqk } is taken to be the
finite set of poles on jR of Z and given a linear operator
X, the shorthand notation ZX is used to denote (Z - I,,)X.
First, a blended IQC/gap metric result on the generalised Ho,
feedback stability is given below.

Theorem 4.3: Given ¢ > 0, the feedback interconnection
of A : dom(A) ¢ H3.(jQ) — H3(jQ) and G
dom (G) C H3.(jQ) — H. (5Q) in Figure 3 is Hoy.-stable
if there exist a homotopy 7 € [0,1] — G, with G; = G
that is continuous in the gap metric 6¢(+,-) and a Hermitian
T € C.(jQ)mtm)x(n+m) guch that:

(i) [A,Gy] is Hac-stable;

(i) (v,Mv)c,(jo) > 0 for all v € ¥, (A);
(iii) there exists a v > 0 for which (w,Hw)c ;o) <
—yllwlg, ;o for all w € F/(G) and 7 € [0, 1].
Proof: Foliowing the first part of the proof for [1, Thm.
4.4], it can be shown that there exists an 1 > 0 for which

o+ w2, ;o) = w2, o)
Yo €Y. (A),we 9 (G,),Tel0,1].

Since the feedback interconnection [A,G,] is Hac-stable
for 7 = 0 by hypothesis, inequality (5) implies that the
corresponding robust stability margin b} o, > n > 0;
see (2). By continuity in the gap metric, there exists an
¢ > 0 such that 6°(Gp, Gpryr) < n for all 7 € [0,¢] and
h € [0,1 — ¢]. Application of Proposition 4.2 then leads to
the feedback interconnection of A and G- being Hy,-stable
for 7 € [0,(]. By (5), it follows again that bac. = 1> 0.
Repetitively applying the aforementioned arguments yields
H,,-stability of the feedback interconnection [A,G] for
T € [(,2¢],[2¢,3(], ... in succession, and eventually for
T =1, as required. [ ]

The unified IQC/gap metric based result on synchronisa-
tion is in order.

Theorem 4.4: Consider the feedback configuration in Fig-
ure 1, where Z is a proper rational scalar transfer function
with poles in jO, P := @, P, : P, € F; P,(jq) # 0Vjq €
jQ, and I' € F™*" satisfies Assumption 3.1. Suppose P and
" have no poles in jQ. Let 7 € [0,1] — P, € F"*" be a
homotopy that is continuous in the gap metric §°(-,-) such
that [ZPy,T’| reaches synchronisation and P; = P. Then
the feedback [Z P, T reaches synchronisation if there exists
a Hermitian II € C?"**" such that for all w € R\ Q =
(q1,00) U (g2, 1) U... U (gK,qrx—1) U (=00, gk ),

() [V(iw)rn(jw) {VU:“)} > 0;

&)

U((JW; (jw)]” oo (jw) Yz (jw)
o | Z(Jw)Yr(jw) | Z(w) Y (Jw )

V7 € ]0,1] and some v > 0,
where [ ;] and [;?T ] are, respectively, strong right graph rep-
resentations for I' and P, which satisfy ¥, (I') = [}, | Ha.
and 9/ (P;) = [ " | Ha for all € > 0.

Proof: First note that by hypothesis, [ZP, '] is Ha,-
stable for all € > 0. Let ¥ := 2II 4+ I. The quadratic
inequalities above can thus be restated as

{z(g?)ggwq v [Z(ﬁd}(if‘)]w)] < 6

V(jw)}* . [V(jm]

0o v [5G =

for all w € R\ Q and 7 € [0,1]. Given ¢ > 0, define
U, € C(jQ) by U (s) := ¥(jw) for s = o+ jw € C(jQ).

Since Z, X, Y;, U, and V are analytic on C,, it follows
that there exists a sufficiently small ¢* > 0 such that

) v R <5
pia] v o] = 3
S

for all s € C.(jQ), T [0,1], and 0 < e < €*. These
imply that (v, Ucv)c (jo) = 0 for all v € &, (') and
(w, Vew)e,jo) < —F[wlZ, ;o) for all w € F/(ZP;) and
T € [0,1]. Also from analyticity of X, and Y; on C_,
continuity of 7+ P, in §(-,-) follows from that in 6°(-, -),
since the integral contour Cy(jQ) can be continuously de-
formed into C.(jQ). By Theorem 4.3, it thus follows that the
feedback configuration [Z P, T] := [ZP;,T] is Hae-stable for

all 0 < € < €*. In turn, this implies that
Z(s)P(s) (I - T(s)Z(s)P(s)) "

=) (551 r<s>P<s>>1

has no poles on C \ jQ, i.e. det(7 —T'(s)P(s)) has no
zeros on C 4 \ j Q. Moreover, by Assumption 3.1, det(ﬁ[ -
I'(s)P(s)) has a zero at every s € jQ corresponding to the
null space A satisfying P(s)A C span{1,}, and the multi-
plicity of the zero is the same as that of the pole s of Z. As
such, (6) has a pole at every s € jQ of the same multiplicity
as Z. This implies that the synchronisation subspace defined
by the imaginary-axis poles of Z is asymptotically stable, as
required. [ ]

(6)

V. NUMERICAL SIMULATIONS

In our numerical simulations we consider a scenario of
perturbed consensus with uncertain but bounded communi-
cation delays. Consider n = 10 agents deployed on a circle,
each connected with the leftmost and rightmost neighbors,
whose dynamics are described by h;(s) = Z(s)Pi(s), i =

1,...,10, where Z(s) = 1 is the nominal model and P;(s) is
an unstable multiplicative perturbation. In particular, P;(s) =
ﬁ, 1 = 1,...,10, where the poles the perturbations are

chosen randomly according to \; € U[Anom — O, Anom + 9]
For the simulation, we set A o, = 1 and d, = 0.2.
The interconnection operator takes the form

['(s) =T's(s)I + DE(s)D”

where T's(s) = 222,

so that, as required, T'(0)1 = 0, I is an
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Fig. 4. A typical trajectory of the system described in Section V. The
perturbed agents reach consensus despite delayed communications.

identity matrix, D is the incidence matrix of the graph, and
E(s) is a diagonal transfer function whose (e, e)-th element,
corresponding to link e = (i, j), for some (4, 5), is Fee(s) =
e~ d, being the delay on channel e. We consider fixed
communication delays, and we set d. = 0.25.

Since the graph is a circle, let the nodes be numbered
in such a way that the ¢-th node communicates with 7 — 1
and ¢ + 1 (modulo n). Also, number the edges as follows:
e=1=(1,2),e=2=(2,3), ..., e=n=(n,1). Then
the incidence matrix of the graph is

10 0 -1
-1 1 - 0
0 -1
D=1o o
0 0
0 0 1 0
L0 0 -1 1]

A typical trajectory of the system is depicted in Fig. 4,
in which it is shown that the system reaches consensus on a
non-zero value.

In order to establish synchronization of the proposed
systems, we employ Theorem 4.4 by looking for IT € C20%20
such that

o it holds true
[zow) 10, Y (jwq i) [Z(m 10, Y (juw)
®;2, X} (jw) ®;2, X} (jw)

< —, vr e 0,1], Yw >0

where L;: } is a strong right representation for P%(s) =
T for i =1,...,10, and Where the net-
work in which to each P; we substitute P} = ﬁ,
Ao > 0, reaches synchronization. For this example, it

suffices to consider

Yi _ _1
{T(S) St i=1,...,10

i s—(1=1)\° =7\,
’XT(S) = &=t 3411

e it holds true,

] e [ 20, e

where [ ;] is a strong right representation for I'. Notice that,

for \° = 1 the network achieves synchronization, as it can
be checked using the techniques proposed in [2].
Let TI(jw) be

Pt [T 1]

where k(jw) is a non-negative integral function on the imag-
inary axis. Since I' = UV 1, clearly we have —T'V +U = 0
and therefore

] o ] 2o o

Using this II, the condition

Z(jo) ®i2 Y2 ()] ) [20) @12 Y2 ()
®i2, X7 (jw) 921 X2 (j)
vr € [0,1],

< —l, Yw > 0

boils down to
— k(jw)M (jw)* M (jw) < —vI, Vr €[0,1], VYw>0

for M(jw) = ®}2, X (jw) — T(jw)Z(jw) 12, Y] (jw).
Since x(jw) is an arbitrary non-negative integral function
on the imaginary axis, the above-mentioned condition holds
as long as the maximum eigenvalue of —M (jw)*M (jw) is
bounded away from zero all 7 € [0, 1] and all w > 0.

Figure 5 shows the result of the numerical study. In
particular, in the figure we plot, for w € G,

r(w) = max A (=M (jw) M (jw))

Amax (A) is the maximum eigenvalue of the square matrix A,
and G, and G. are grids at which the frequency responses
are evaluated. In particular, G, = [0,0.01,...,1] and G,
contains [0.01,...,0.09,1,...,999,1000] and the opposites
with respect to zero frequency (the latter being included for
sake of completeness). Since clearly the maximum eigen-
value of —M (jw)* M (jw) is bounded away from zero for
all 7 (in the considered grid) and all w > 0 (in the considered
grid), we can conclude that the network reaches consensus
by employing Theorem 4.4.

VI. CONCLUSIONS

The paper presents a unified framework for analysing
synchronisation of multi-agent networks in which the agents
and the dynamical interconnection operator are allowed to be
open-loop unstable. It encompasses numerous results, such
as those based on Nyquist criterion, as shown along the lines
in [1]. An interesting future research direction involves the
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Fig. 5. Numerical check of inequality ii), Theorem 4.4, for the numerical
example.

study of cooperative formation control within the developed
framework.

[1]

[2]

[3]

[4]
[5]

[6]

[7]

[8]

[9]

[10]

[11]

REFERENCES

S. Z. Khong, E. Lovisari, and A. Rantzer, “A unifying
framework for robust synchronisation of heterogeneous networks via
integral quadratic constraints,” [EEE Trans. Autom. Contr, 2014,
submitted. [Online]. Available: http://www.control.lth.se/media/Staff/
EnricoLovisari/SynchUnifiedlQCKhongLovisariRantzerPreprint.pdf
——, “Consensus analysis via integral quadratic constraints,” in Proc.
21st International Symposium on Mathematical Theory of Networks
and Systems, 2014.

A. Megretski and A. Rantzer, “System analysis via integral quadratic
constraints,” IEEE Trans. Autom. Contr., vol. 42, no. 6, pp. 819-830,
1997.

T. T. Georgiou and M. C. Smith, “Optimal robustness in the gap
metric,” IEEE Trans. Autom. Contr., vol. 35, pp. 673—686, May 1990.
C. Foiag, T. T. Georgiou, and M. C. Smith, “Robust stability of
feedback systems: A geometric approach using the gap metric,” SIAM
J. Control Optim., vol. 31, pp. 1518-1537, 1993.

M. Cantoni, U. T. Jonsson, and C.-Y. Kao, “Robustness analysis for
feedback interconnections of unstable distributed systems via integral
quadratic constraints,” IEEE Trans. Autom. Contr., vol. 57, pp. 302—
317, 2012.

M. Cantoni, U. T. Jonsson, and S. Z. Khong, “Robust stability analysis
for feedback interconnections of time-varying linear systems,” SIAM
J. Control Optim., vol. 51, no. 1, pp. 353-379, 2013.

G. Weiss, “Representation of shift-invariant operators on L2 by H>
transfer functions: An elementary proof, a generalization to LP, and a
counterexample for L>°,” Math Control Signals Systems, vol. 4, no. 2,
pp. 193-203, 1991.

R. F. Curtain and H. J. Zwart, An Introduction to Infinite-Dimensional
Linear Systems Theory, ser. Texts in Applied Mathematics 21.
Springer-Verlag, 1995.

R. A. Horn and C. R. Johnson, Topics in Matrix Analysis. Cambridge:
Cambridge University Press, 1991.

M. Cantoni and G. Vinnicombe, “Linear feedback systems and the
graph topology,” IEEE Trans. Autom. Contr., vol. 47, pp. 710-719,
2002.



