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Abstract

This note introduces practical set invariance notions for physically interconnected, discrete—time systems,
subject to additive but bounded disturbances. We offer a concept which allows us to investigate invariance
properties for each of the subsystems separately and, hence, to study invariance properties of the overall system in a
sensible and decentralized way. The analysis part makes use of stability and invariance notions of properly specified
set—dynamics. The developed approach provides a decentralized, non—conservative and computationally tractable
way to study desirable robust positive invariance and stability notions for the corresponding set—dynamics and, in
turn, for the overall system as well as to guarantee safe and independent operation of the constituting subsystems.
These desirable and strong properties are inherited, under mild assumptions, from the classical stability and
invariance properties of the associated vector—valued dynamics which capture in a simple but appropriate and
non—conservative way the dynamical behavior induced by the underlying set—dynamics of interest.

Large-scale Systems, Interconnected Systems, Set Invariance, Stability, Constraints, Uncertainty, Set—Dynamics.

1 Introduction

The analysis of large—scale systems offers many challenging system—theoretic problems. A centralized solution
methodology is, from the analytical point of view, the preferred option for addressing the corresponding issues;
however, it is often not practicable due to, for instance, computational complexity, bandwidth limitations or eco-
nomical considerations. A modular approach is usually employed to circumvent these problems; the core idea of this
approach is to decompose the large—scale system into smaller but interconnected subsystems. The main advantage
is obvious, since within this setting, a number of smaller—dimensional subsystems needs to be analyzed and their
system—theoretic properties, under suitable conditions on the interconnection terms, allow for the corresponding
system—theoretic properties of the overall system to be guaranteed. For an in depth overview of control synthesis—
and analysis—methods for continuous—time decentralized systems, see the important works [18, 19, 4] and references
therein.

In general, the modular analysis and controller synthesis of interconnected systems benefits greatly from the use
of vector Lyapunov—functions [5, 9]. Essentially, instead of a single Lyapunov—function, several Lyapunov—functions
and their dynamics are used to analyze stability properties of the overall system dynamics. Motivated by this
notion and the recent results on set invariance under state and output feedback utilizing set—dynamics [1, 2], in [12]
a different set invariance notion for interconnected systems was introduced and investigated. In particular, it was
shown in [12], that several ”dynamically interconnected positively invariant sets” for the constituting subsystems lead
to similar invariance properties for the whole system, providing that an appropriately designed dynamics of suitably
parametrized sets is stable. The approach of [12] allowed for the non—conservative use of the well-established set
invariance concepts applied to the subsystems which are lower—dimensional, and, hence, it avoided the extremely
demanding and possibly intractable computation of a single positively invariant set for the higher—dimensional overall
system. The practical positive invariance notion introduced in [12] allowed for the independent initialization and
safe operation of the constituting subsystems as well as non—conservative handling of the underlying interconnection
effects via suitably designed dynamical behavior of the employed collection of positively invariant sets.

The prime objective of this note is to generalize the set invariance and stability notions of [12] in order to provide
flexible and practicable notions allowing for safe, stable and independent operation of all subsystems (and, in turn,
the overall system) despite the presence of constraints, restrictions on the amount of information available locally
(this “informational restriction” is inevitably induced by the decentralization of the original system) as well as the
presence of additive but bounded disturbances.

Paper Structure:

Section 2 provides preliminaries and outlines the general problem setting. Section 3 reviews briefly practical set
invariance for a family of sets in the nominal case. Section 4 discusses the extension of practical set invariance to the



robust case and delivers the main contribution of this work. Section 5 addresses the corresponding convergence and
stability issues. Section 6 comments on computational aspects and delivers an illustrative example. Section 7 closes
this note with a few concluding remarks.

Basic Nomenclature and Definitions:

The sets of positive, non—negative integers and non-negative reals are denoted by Ny, N and R,. For each positive
integer ¢ € Ny, Ny, = {1,2,...,¢}. For 7 € Nyg.q, we denote Ny, := {1,...,r = L,r +1,...,q} = Nyi.g\{r}.
A set X is non—trivial, if it is a proper, non—-empty subset of R” and not a singleton. Given two sets X,Y in R™,
the Minkowski set addition is defined by X @Y :={z +y : x € X,y € Y}. For a set sequence {X; C R"}_
where a,b € N, b > a, we define @?Za X, =X,® - -®X,. Given a set X in R™ and a real matrix M of compatible
dimension (possibly a scalar), we define the image of X under M by MX := {Mx : z € X} and the preimage of
X under M by M~'X := {x : Mz € X}. For any matrix M € R"*" p(M) denotes the largest absolute value
of its eigenvalues. A set X C R" is a C-set, if it is compact, convex and contains the origin. A set X C R"™ is a
proper C—set (PC-set) if it is a C—set, which contains the origin in its (non—empty) interior. A collection of sets
{Xi CR™ : i€ N} is a PC-collection if each X; is a PC-set. A set X C R™ is symmetric, with respect to
the origin in R”, if X = —X. A polyhedron is the (convex) intersection of a finite number of open and/or closed
half-spaces and a polytope is the closed and bounded polyhedron. The family of all subsets of R” is denoted by 28",
The family of non-empty compact subsets in R™ is denoted by Com(R™).
For any closed convex set Y in R™, the function specified by:

s(Y,z) :=sup{zTy :y € Y} for z € R",
y

is called the support function. Given a proper C—set L in R", the function given by:

g(L,z) == min{u : x € uL} for x € R",
n=0

is called the gauge (Minkowski) function. If L C R™ is a symmetric, proper C-set, then the gauge-function g(L, -)
also induces the vector L—norm, given by

|z := g(L, z) for x € R".

For X € Com(R") and Y € Com(R"), the Hausdorff semi—distance and the Hausdorff distance of X and Y are given
by:

R(L,X,Y):=min{a : X CY @®alL, a>0}and
H(L,X,Y) = max{h(L, X, V), h(L,Y, X)},

where L is a given, symmetric, proper C—set in R".

2 Preliminaries

Throughout this note we consider a set of N discrete-time, time-invariant, linear interconnected systems given by:
Vi € N[I:N]a .13:'_ = A(i}i)xi + Z A(i,j)xj + w;, (1)
JEN(N, )

where Vi € Njj.n7, 7; € R™ is the current state of the it" subsystem, A5y € R™X™ s the state transition matrix of
the it" subsystem and w; € W; denotes a disturbance acting on the i*” subsystem. The current overall state is given

by = (z1,22,...,2n) € R, with n = Zz‘eN[LN] n;. For each i € Njj.ny and j € Ny ), the it" subsystem is affected

by the j* subsystem via the linear, physical interconnections specified by matrices Ay € R™X™i . The states x;
and disturbances w; are subject to hard constraints:

Vi € Nji.yp, 2 € X and w; € W, (2)
In this note we work under the standard assumption:
Assumption 2.1 For all i € Nj.ny,-
(i) the sets X; are proper C'-sets in R™ , and,
(i) the sets W; are C'—sets in R™:.



Remark 2.1 Throughout this note we work in the autonomous setting due to space limitations. However, the
methods presented here can be easily extended to a much broader setup involving decision making processes/control
syntheses for each of the subsystems (where each local decision maker utilizes both the local as well as global in-
formation patterns from the other subsystems). Nevertheless, the invoked setting is sufficiently broad to allow the
investigation of practical robust positive invariance issues relevant for decentralized control problems of large—scale
systems. Furthermore, this setting captures the commonly studied case [18, 19, 4] in which each decision maker i
uses local state information of the it" subsystem (i.e. the local state x;) and is allowed to employ the linear, static
feedback K;x;, where K; is a matriz of compatible dimension. Clearly, if the open—loop structure of the constitution
subsystems is given by
Vi € N[l:N]7 .%‘j = A(i,i)xi + Bju; + Z A(i,j)l‘j + w;,
JEN(N 1)

where u; € R™ and B; € R"*™i then setting A ;) = (/I(i,i) + B;K;) we are within the considered setting. The
interested reader is also referred to [12] for a more detailed discussion.

The prime objective of this note is to introduce a non—conservative and practical robust positive invariance notion
for the set of N discrete—time, time—invariant, linear interconnected systems given in (1). This naturally leads to the
standard concept of robust positive invariance which is now recalled briefly, cf. [3, 6, 7]:

Definition 2.1 A set Q is said to be robust positively invariant for the system x™ = Ax + w with the constraint
set X and disturbance set W, if and only if Q@ C X and for all x € Q and w € W it holds that Ax +w € Q (i.e.
AQpW C Q).

Evidently, the most obvious way to obtain robust positive invariant sets for the set of subsystems defined in (1) is
to consider the augmented form describing the overall system and given by:

= Az 4w, (3)

where z = (x1,22,...,zx) € R™ is the overall current state, w = (wi,ws,...,wy) € R™ is the overall current
disturbance and A € R™*" is the state transition matrix of the overall system which is composed from the matrices
in A jy appearing in (1). The overall state = (x1,22,...,2y5) € R™ and disturbance w = (wy, ws, ..., wy) € R"
are, in view of (2) subject to hard constraints:

r€Xand weW, where, X :=X; x X5--- x Xy, and,
WI:W1XW2“'XWN. (4)

Indeed, the theory of the maximal and minimal robust positively invariant sets for the system (3) and constraint
sets (4) is well studied and understood [3, 8, 6, 1, 7]. Furthermore, the characterization and computation of the
inner and outer robust positively invariant approximations of the maximal and minimal robust positively invariant
sets, respectively, for the system (3) and constraint sets (4) is also well understood [13, 10, 1, 11]. Although the
algorithmic methods for the computation of the maximal and minimal robust positively invariant sets (as well as
their robust positively invariant approximations) for the system (3) and constraint sets (4) exist, the corresponding
computational procedures are severely limited by the dimension of the considered problem (rendering, in turn, the
standard approaches inapplicable to the case of large-scale systems). Furthermore, the application of the classical
robust positive invariance notions yields a robust positively invariant set for the augmented system (3) and constraint
sets (4) and, hence, does not permit, in general, for the independent initialization and operation of the constituting
subsystems specified in (1) within the corresponding robust positively invariant set. This is due to the fact that once
a robust positively invariant set for the overall system (3) and constraint sets (4) has been detected and computed,
there will always be, in general, a strict dependence between the local states x; of the different subsystems which in
turn does not allow for the independent initialization of each of the processes. This conflicts with our main objective,
namely to obtain a robust positive invariance notion which permits the treatment of the large-scale problems in a
structured way and, in addition, provides guidelines on how the independent initialization and safe operation, under
physical interconnections and disturbances, can be achieved.

Since the approach proposed in this note follows closely the approach of [12] relevant for the nominal case (i.e.
in the absence of the additive disturbances), we provide in the next section an overview of the basic terminology in
a simplified form.

3 Practical Positive Invariance

In [12], we considered the nominal case, namely systems of the form

Vi e N[l:N]a .fj = A(W;)fi + Z A(i,j)fj, (5)
JEN(N 1)



where Vi € Nj1.n),7 € Niwvg), T € R, Ay € R0 Ay ;) € R"*™ . The local states Z;, i € Njj.n) are subject
to hard constraints:
Vi € N[l:N], Z; € Xiv (6)

where the constraint sets X;, i € Npj.y) satisfy Assumption 2.1 (). The main role in the examination of practical
set invariance is played by the induced, independent, set-dynamics specified, for all i € Njy.nj, by:

XF = F(X), with

2

F(X):=Au0Xi® P AupnX. (™)
JEN[: N
where X = (X1, Xo,..., Xy) € 28" x 28" x...x2R"™™  Within this setting, the exact set invariance problem requires

the characterization and determination of an invariant family of sets. The complexity of the exact set invariance
problem is in [12] alleviated by the introduction of practical positive invariance notion. Namely, the notion that
utilizes a parameterized family of sets S(S, ©) specified by:

S(S,0) :={(0151,0252,...,0nSN) : 0 €O}, (8)
where S is a prescribed collection of sets given by:
S:={S : i€ Npupn} (St,...,Sv) € 28" x .. x 2B, (9)

and © C Rﬂ\: is a suitably defined set. More specifically, it was shown in [12] that, under Assumption 2.1 (i), the
collection of sets S can be taken to be a PC—collection of sets (without loss of generality in an adequate sense).
Simple linear functions specified, for all i € Nj;.np, by:

9;'_ = Z IL,L(ZJ)GJ, with V(Z,]) S N[l:N] X N[l:N]?
JEN[1:N]

Hiingy 7= glzuol{ﬂ s Ag)Si € pSi} (10)

are associated with the parameterized family of sets S(S, ©) (which is itself induced from a prescribed PC—collection
of sets S and the suitable set ©). These linear functions capture the dynamics of the scaling factors 6 = (01,05, ...,0N)
which takes the form of a linear autonomous discrete-time system:

ot = Mo, (11)

where 0 € Rf is the current value of the scaling factors, 67 € Rf is the successor value of the scaling factors and
M e RfXN is the matrix composed from the scalars p(; ;) € Ry, (i,7) € Njp:nj x Npp.y) defined in (10). We note
that, by construction, given a current value of the scaling factors 6 € Rf it is guaranteed that, for all ¢ € Njj.nq,
it holds that F;((0151,62953,...,0nSN)) C G;FSZ-. The main idea in [12] was to avoid the use of the exact induced,
independent, set—dynamics (7) and instead utilize the outer—bounding approximate set—dynamics restricted to the
parameterized family of sets S(S, ©); this, in turn, leads to computationally practicable set invariance notions. The
dynamical behavior of the outer-bounding approximate set—dynamics is fully characterized by the simple #—dynamics
given by (11) which are standard vector—valued dynamics. The satisfaction of state constrains (6) is enforced by
imposing the constraints on the scalings 6 as specified by:

©p == {0 € RY : Vi € Ni.np, 0,5 € X} (12)

The set © appearing in the parameterization of the family of sets S(S, ) is taken to be a positively invariant set
(potentially the maximal positively invariant set) for the —dynamics and constraint set ©g, i.e. the set © satisfies:

© C Oyand MO C O. (13)

The notion of practical positive invariance as introduced and analyzed in [12] is specified by the following definition:

Definition 3.1 A family of sets S(S,©) specified in (8) with S given by (9) and © C RY is said to be a positively
invariant family of sets for the system (5) and constraint set (6), if for all i € Njy.n) and all (011,025, ...,0N8SN) €
S8(S,©) it holds that:

QZSZ Q Xi, Fi((9151,02527 N ,QNSN)) Q 9;5“ cmd,

(0 81,05 Sa,...,05SN) € S(S,0). (14)



It was demonstrated in [12] that, under Assumption 2.1 (i) and when S is a PC—collection of sets, the sufficient
condition for the existence of a non—trivial positively invariant family of sets for the interconnected system (5) and
constraint set (6) is the strict stability of the matrix M € Rf *Ninducing the scaling dynamics in (11). In fact, it
was also shown in [12] that, under these assumptions, the system (5) can be initiated and operated in an independent
fashion while guaranteeing the constraint satisfaction of the overall system as well as stability of the origin with the
well-defined domain of attraction (which is induced from the collection of sets S and the corresponding positively
invariant set ©). For a more comprehensive overview of the corresponding notion, its system—theoretic implications
and the underlying computational issues we refer the interested reader to [12].

The framework of [12] offered a theoretically sensible, non—conservative and computationally practicable set
invariance notion for decentralized systems. It is therefore of great theoretical interest as well as of practical rel-
evance to generalize the corresponding framework in order to address the robust case. This note, therefore, aims
to utilize ideas of [12] and provide the practical robust positive invariance notions which lead to non—conservative
and computationally practicable set invariance notions for decentralized systems subject to additive but bounded
disturbances.

4 Practical Robust Positive Invariance

As in the disturbance free case, the requirement for the independent operation of the set of N subsystems affected
by the additive uncertainty as specified in (1) leads naturally to induced, independent, set—dynamics given for all
i € Ny and all X = (X7, Xo, ..., Xy) € 28" x 28" x  x 28" by

where W =W; x Wy x ... Wy and
F(X,W)=A,0Xi® P AuyX; e W (16)
JEN(N, 1)

Within the framework of set—dynamics (15)—(16) several robust positive invariance notions can be considered. In
this sense, a potentially interesting alternative is to look for a robust positively invariant set of a particular form
consistent with the decentralized form of the overall system. Namely, to aim for the characterization and computation
of a robust positively invariant set €2 taking the form ©Q = ; x 2 x ... x Qx where, for all i € Ny, 7, €2; € R" and
the sets (); are detected separately and computed locally. Within this setting, a possible notion of robust positive
invariance is reflected via the following definition:

Definition 4.1 A collection of sets & := {Q; : i € N}, is a robust positively invariant collection of sets for the
system (1) and the constraint sets (2), if and only if, for all i € N1,y it holds that

Q; CX; and (17a)
Fi((Q1,9Q2,...,0n), W) C Q. (17b)

However, the conditions (17) in Definition 4.1 are, in general case, rather strong and lead to restrictive and
unrealistic requirements for the existence of a collection of robust positively invariant sets. More specifically, the
condition (17b) is not fully compatible with the induced, independent, set—dynamics specified in (15)—(16) as does
not take appropriately into account the underlying set—dynamics. A non—naive and exact robust positive notion is
possible but it requires the utilization of a suitable family of sets as specified by:

Definition 4.2 A family of sets X C 28" x 28" x . 28" s said to be a robust positively invariant family of sets
for the system (1) and constraint sets (2) if and only if, for all X = (X1, Xa,...,Xn) € X and all i € Ny, it holds
that:

Xi € X, (18a)
Fi((X17X27...,XN),W) ng_, (M’Ld, (18b)
Xt=(X{,X,..., X ex (18¢)

The concept of robust positively invariant family of sets in Definition 4.2 is fully compatible with the induced,
independent, set—dynamics specified in (15)—(16) and allows us to capture appropriately the physical interconnection
effects by directly relating them to the dynamical change of the sets X € X. From a conceptual point of view,
Definition 4.2 provides a framework, in which the theoretical analysis can be carried out quite conveniently. However,
our equally important aim is to provide computationally tractable robust positive invariance notions and to this end
we proceed to analyze a sensible trade—off between naive and conservative notions of Definition 4.1 and general



and flexible notions of Definition 4.2. The main idea is to reach a reasonable trade—off by considering, as in the
disturbance free case, a parameterized family of sets S(S, ©) specified by:

S(S,0) = {(6:51,055s,...,0xSy) : 0 €O}, (19)

where § = (61,02,...,0N) € Rf, e C Rf and, for all i € Nyj.np, S; € 2R™ by invoking the following concept of
practical robust positive invariance:

Definition 4.3 Given a collection of sets S = {S; : i € Nj.nj} with (S1,S2,...,5n) € 28" x 2™ x | 2R"™™ and
a set © C Rf, the family of sets S(S, ©) specified by (19) is said to be a practical robust positively invariant family
of sets for the system (1) and the constraint sets (2) if and only if, for alli € Njj.ny and all (0151,02S>,...,08SN) €
S(S,0), it holds that:

0,9 C X, (20a)
Fi((ﬂlSl,GgSg,...,GNSN),W) Q 9:—5“ and, (QOb)
(07 81,05 Ss,...,055N) € S(S, 0). (20c)

The main rationale behind the practical robust positive invariance notions of Definition 4.3 is to restrict the
exact set—dynamics (15)—(16) to a suitable parameterized family of sets S(S, ©) as specifed in (19) and employ, for
computational simplicity, outer-bounding set—dynamics induced from the dynamics of the scaling factors §. The
basic assumption on the collection of sets S = {S; : i € Njj,n1} is, as in the nominal case [12], invoked without loss
of generality due to Assumption 2.1:

Assumption 4.1 The collection of sets S = {S; : i € Nj.n1} is a PC—collection of sets.

The one-step set—dynamics condition (18b) in the exact robust positive invariance notions of Definition 4.2 is
replaced by a computationally simpler condition (20b) in the practical robust positive invariance notions of Defini-
tion 4.3. The requirement (20b) motivates the introduction of a suitable collection of functions {s; () : i € Ny}
with u; (+) Rf — R, capturing the dynamics of the scaling factors 6. The optimal selection of the collection of
functions {y; () : i € Ny} with g () RY — R4, in the sense of the tightness of the involved set inclusions, is
to consider the exact functions y (-) given, for all 4 € Njj,y and all 6 € Rﬁ by:

1 (0) = IJIZH(}{M o P 04655 & Wi C pSi}. (21)
JEN[1. N
The relevant topological properties of the collection of exact functions {uf (-) : 7 € Njp.n]} are summarized by:

Proposition 4.1 Suppose Assumptions 2.1 and 4.1 hold. Then, for all i € Nj1.nj, the functions g (-) : Ri\_’ — Ry
specified in (21) are convex and continuous functions.

Albeit the collection of exact functions {u (-) : i € Njj.n]} enjoys interesting properties established in Proposi-
tion 4.1, the practicability motivates the utilization of the collection of simpler, affine functions {; () : i € Ny}
specified, for all 7 € Njj.x) and all 6 € Rﬁ, by:

pi(0) ==Y s + i, (22)
JEN[: N
where, for each i and 7,
H(ig) *= 151;101{# o Ag)S; € pSi}, and, (23a)
Q= m>i%1{a : W; C asS;} (23b)

Clearly, by construction, it follows that, for all i € Njj.nj and all 6 € Rf , we have 0 < u¢(0) < p;(6). The collection
of affine functions {p; (-) : ¢ € Ny} given via (22)-(23), leads to the introduction of the dynamics of scaling
factors taking the form of a simple affine, discrete-time autonomous system:

0 = M6 + a, (24)

where 6 is the vector of current scaling factors, 6% is the vector of successor scaling factors, and the 6-transition
matrix M € RfXN as well as «, the offset vector, are composed, respectively, from the scalars p(; ;) € Ry, (i,]) €
Nii:n) X Npi.yp and the scalars «;, i € Npp.np specified in (23). Evidently, the system-theoretic analysis of the
affine dynamics of the scaling factors is simpler compared to the case of the exact, non—linear, dynamics and,
hence, it further enhances computational practicability. Furthermore, this affine representation yields additional



insights into the corresponding considerations; namely, the diagonal terms of the matrix M can be directly linked
to the stability properties of the local subsystems, while the off-diagonal characterize the physical interconnection
effects. Obviously, the successor scaling factor 87 is composed from the two components, the first one being M@
which captures the effects of the physical interconnections, while the second one is a which represents the effect
of the uncertainty induced from the disturbance sets W,. Clearly, by construction, it follows that for any 6 € Rf
and any X = (X1,Xo,...,Xn) € 28" x 28" x 28" such that, for all i € Njj.n7, X; C 6,5; it holds that
Fi((X1,Xa,...,XN),W) C F;((6151,025,...,0nSn), W) C 6;S; with 6] = p1;(6). Hence, the condition (20b) in
the practical robust positive invariance notions of Definition 4.3 is ensured by considering the #—dynamics as specified
in (24). In order to ensure the satisfaction of the condition (20a) it is necessary to restrict the values of the scaling
factors 6 to an adequate subset © of the set of constraint admissible scaling factors Oy given by:

Bp:={0¢€ Rf : Vi€ Ny, 0:5: C Xi}. (25)

We note that the set © is, under Assumptions 2.1 and 4.1, a convex and non—empty compact subset of Rf . In order
to guarantee the non—emptiness of a suitable set © C O as well as to ensure the satisfaction of the condition (20c)
we provide the following set of natural sufficient conditions:

Assumption 4.2 (i) The matriz M inducing the 0-dynamics in (24) is strictly stable, i.e. p(M) <1,
(ii) the unique fized point of the equation @ = MO + « say 0 is such that 6 € O, and,

(iii) the set © C Rf is a non-trivial convex and compact positively invariant set for the system (24) and constraint
set (25), i.e. Y0 € © C Oy, MO+ a € O.

Remark 4.1 We note that Assumption 4.2 (i) is an usual requirement which is also utilized in the nominal case [12].
Assumption 4.2 (ii) is also a reasonable condition since p(M) < 1, so that the fized point 0 = > ;2  MFa =
(I — M)~a is a globally stable attractor for the O-dynamics specified in (24). Finally, the satisfaction of Assump-
tion 4.2 (iii) is guaranteed under Assumptions 2.1, 4.2 (i) and 4.2 (it). In particular, the corresponding set © as
specified in Assumption 4.2 (iii) can be obtained by the standard set iteration:

Yk €N, Opr1 = M~ ({—a} @ 6)[ ) O,

where M is specified in (24) and ©¢ given by (25). Under Assumptions 2.1, 4.2 (i) and 4.2 (ii), the set iteration
above results in a sequence of convex and compact sets {Oy ren such that, for all k € N, {§} C Op1 C Op. In
fact, the set sequence {O }ren admits the limit, say O, with respect to the Hausdorff distance which is the mazimal
positively invariant set for the system (24) and constraint set (25). Furthermore, the standard results [8, 11] imply
that the limit O of the set sequence {O}ren is, under Assumptions 2.1, 4.2 (i) and 4.2 (it), finitely determined,
i.e. there exists a finite integer k™ such that O+ = Op«11 = Oc; tn addition, the set O is a polytopic subset of Ri\_]
which is guaranteed to contain the set [0,01] X [0,02] x ... x [0,0n] (here 0; are the coordinates of the corresponding
fized point = (01,04,...0x)).

Utilizing the preceding construction and invoked assumptions we are able to offer our first main result, which verifies
the existence of non—trivial robust positively invariant family of sets S(S, ©):

Proposition 4.2 Suppose Assumptions 2.1, 4.1 and 4.2 hold. Then the family of sets S(S,0) given by (19) is a
non-trivial, robust positively invariant family of sets.

5 Convergence and Stability

We now turn attention to the issues related to convergence and stability. As in the previous section, the §—dynamics
given in (24) is employed to discuss the corresponding system—theoretic properties for set of N subsystems (1) subject
to the constraints (2). Under our assumptions, as already indicated, for any § € © and any X = (X1, Xs2,...,Xn) €
28" 5 2B™ 5 2R™Y such that, for all i € Npj.np, X; C 6;5; it holds that:

Fi((X],XQ, ey XN),W) g Fi((HlSl, 92527 N ,QNSN),W), (26&)
Fi((9151,02527...,HNSN),W) Q 9;574, With, (26b)
0 = wi(0) € ©. (26¢)

Motivated by this fact we proceed to demonstrate how the stability properties of the f—dynamics in (24) can be
utilized to obtain guaranteed robust stability properties of the exact induced, independent set—dynamics in (15)—(16)
as well as the original set of N systems specified in (1).
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Figure 1: The illustration of the #-dynamics.
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For the subsequent analysis, let X (Xo) denote, for any Xo = (X(0;1), X(0;1), - - - » X(0;n)) € QR o QR o ORTN
the sequence { Xy = (X k1), X(k:2), - X(k;N)) fren, generated by (15)—(16), i.e. for all k € N and all i € Njz.ny,

)

X (k1) = Fi(Xp, W), (27)

where the maps F; (-,-), ¢ € Npj.y] are given by (16). Let also Y (Yp) denote, for any 6y = (6(0.1),0(0;2), - - - » O(o;n)) €
Rf and YO = (9(0;1)51, 9(0;2)52, SN 70(0;N)SN)7 the sequence {Yk = (9(1@;1)51, O(k;g)SQ, ce G(k;N)SN)}keN, where for all
ke Nandall i € N[I:N}v O, = (G(k;l),ﬂ(k;g), .. .,G(k;N)) and

Ok+1 = MOy, + a. (28)

Our next main result complements practical robust positive invariance properties established in Section 4 with
the corresponding convergence properties:

Theorem 5.1 Suppose Assumptions 2.1, 4.1 and 4.2 hold. Consider the family of sets S(S,0) given by (19) and
any sequence Y (Yy) generated by (28) with Yy € S(S,0). Then for all k € N,

(i) Yi € S(S,0),
(it)
ZH(Lz‘, 010y Si, 0:5;) < akaH(Li,e(o;i)Si,éiSi)
1€EN[1. N 1€N[1: N

for some scalars a € [0,1) and b € (0,00), and,
ii3) H(L;, 0(4:ySi,0:5;) — 0 as k — oo, where 0 = (01,02, ...,0x) is the fized point specified in Assumption 4.2 (ii).
(ks3)

As illustrated in Figure 1, the invariance and stability properties of the 6—dynamics yield in a transparent way
the corresponding invariance and stability properties of the outer-bounding set—-dynamics which generate sequences
{Ye = (Ok;1)51, Os2) 2, - O ks Ny sy ) Fren-

The relationships indicated in (26) allow for a direct utilization of Theorem 5.1 to discuss guaranteed invariance
and convergence issues for the exact induced, independent set—dynamics in (15)—(16). Namely, while Theorem 5.1
yields convergence with respect to the Hausdorff distance, the guaranteed inclusions in (26) allow us to discuss
the convergence for the exact induced, independent set—dynamics in (15)—(16) with respect to the Hausdorff upper
semi—distance.

Corollary 5.1 Suppose Assumptions 2.1, 4.1 and 4.2 hold. Consider the family of sets S(S,0) given by (18) and
any two sequences X (Xo), Y (Yo) generated by (27) and (28) with, for all i € Np.nj, X0,y € Y{oy) for some
Yy € S(S,0). Then for, all k € N and all i € Npj.nj,

(1) Xy € Yiksi)s

iii) h(L;, X (k-),0:5:) = 0 as k — oo, where 8 = (01,04,...0x) is the fived point specified in Assumption 4.2 (ii).
(ks7)



Remark 5.1 Coming back to our initial problem specified in Section 2, stability and convergence properties are now
easily discussed. Utilizing Theorem 5.1 and Corollary 5.1 we can analyze the behavior of the set of state sequences
{% (ki) bren, @ € Njny of the N physically, interconnected systems that satisfy, for all i € Nj1.n) and k € N,

Terti) € ATy + D Awp) Tk ® Wi, (29)
JEN(N, 1)

with given initial conditions x (o), @ € Np.nj. As a consequence, we can also deduce from Theorem 5.1 and Corol-
lary 5.1 that for all k € N and all i € NNy, it holds that x (1. € X (ki) C O(xyi)Si- More precisely, any set of state
sequences { X (. tren, @ € Np.ny that satisfies (29) is such that, for all k € N and all i € Npy.ny, it holds that

T(ksi) € Oy Si © X

providing, of course, that x (o, € 0(0,)Si, 1 € Nji.ny and 0o = (00,1, 0(0:2), - - - Oo;v)) € © and {0 }ren is generated
via (28). Furthermore, we also have that, for all k € N and all i € Nyy.nj, it holds that, ZieN[l:Nﬁ(Li’ {Z @iy}, 005:) <

Zz‘eN[M@](LivG(k,i)siﬂgisi) and, hence,:

Z h(Li, {x (i)}, 0:5:) < akbzh(Liae(O,i)Siaéisi)

1€N[1. N 1E€N:N)

for some scalars a € [0,1) and b € (0,00) and where 0 = (01,04,...0x) is the fized point specified in Assump-
tion 4.2 (ii). In turn, it also follows that h(Li,{x(k,i)},@Si) — 0 as k — oo. In addition, the initialization
of the subsystems (1) is also simplified, since each individual subsystem does not need the exact knowledge of the
initial states of the other subsystems; in other words the only requirement for the safe and independent opera-
tion of the interconnected systems specified in (1) under uncertainty is the condition that x(o;) € 0(0.4)Si, with
0o = (9(0;1), 9(0;2), ey 9(O;N)) €0, fO?” all i € N[I:N]-

6 Computational Remarks

In this section we consider the case when the state and disturbance constraint sets are, respectively, PC— and
C-polytopic sets and are given, for all ¢ € Ny, yj, via their irreducible representations:

X = {x; € R :Vj € Nppq,), (i jy@: <1}, and, (30a)
W, := {w; € R™ : Vk € Npppy), mf; pywi < taw ), (30b)

where, for all j € Nj1.4,) and k € Nj1.p.), L j) € R™, my; py € R™ and £(; ) € Ry, respectively, for all i € Ny, nj.

With the requirement of the independent operation and the objective to detect and compute locally the candidate
sets Sj, 7 € Nj1.n] in mind, a meaningful way is to employ the so-—called A—contractive sets [7]. Namely, the underlying
idea is to consider, for all i € N, the set of N subsystems whose dynamics and constraints take the form:

z} = Aypm +w;, and, (31a)
z; € X; and w; € W;. (31b)

The interconnection terms A jyx; are neglected in (31), but their effect is compensated for indirectly by

JEN(N, 1)
computing the maximal or just A—contractive sets S;,i € Nj;.y). The corresponding A—contractive sets S;, i € N,
are such that:

A Si @ W © AS; and S; C X, (32)

where the contraction factors \;,i € Nyi.n) satisfy, for all i € Njj.yp, A; € [0,1). Hence, the value of contraction
factors A; should be made as small as possible in order to increase the size of sets (1 — \;).S; which can be used
to compensate for the effect of the neglected interconnection terms Zjer,i) A jyrj. The computation of the \—
contractive sets S;,i € Njj.ny) for the subsystems and constraints sets can be realized efficiently by employing the
standard methods [7] or more recent results on the parameterized A—contractive sets [15, 16]. It is worth pointing
out that sufficient conditions for the existence of the corresponding A—contractive sets, reduce to the conditions
that, for all i € Npj.yj, the matrices A(; ;) are strictly stable (i.e. p(A;;)) < 1) and that the minimal robust
positively invariant sets [8, 13, 10, 1] given, for all i € Njj.n1, by X(0os) = o A’("m.)Wi satisfy, for all i € Npj.ny,
X(s0,i) C interior(X;). In fact, under these conditions it follows that the maximal A-contractive sets are computable
in finite time; furthermore, in this case, they are PC—polytopic sets and, hence, admit irreducible representations
given, for all i € Nj1.p, by:

Si = {si €R™ :Vp € Nj1.r,}, ¢ s <1}, (33)



where, for all p € Nj1.r,}, ¢(i,p) € R". The computation of the scalars p; ;) forming the matrix M is efficiently
done by using the basic properties of the support function [14, 17]. Namely, the set inclusions A; ;yS; C pi(;,5)5; are
satisfied, for all i € Nj.y) and all j € Njy.p, if and only if, for all p € Nj1.,,), it holds that s(Sj, Aaj)gb(i,p)) < H(ig)-
In turn, it follows that, for all 7 € Nj;.5) and all j € Ny, nj, the corresponding scalars p; jy are given by:

Wiy = m;mx{s(Sj, A57j)¢(i7p)) : p €Ny} (34)

and can be computed by solving a sequence of well-defined linear programs. Likewise, the set inclusions W; C «;.S;
are satisfied, for all i € N.nj, if and only if, for all p € Njj.;,; , it holds that s(W;, ¢(; ) < ;. Hence, for all
i € N[1.n7, the corresponding scalars «; are given by:

Q= ngX{S(Wi, Pip)) + PENpry} (35)

and, as above, can be computed by solving a sequence of well-defined linear programs. Finally, the set Oy specified
in (25) takes the polytopic form given by:

©p={0¢ Rf 1 Vi€ N[l:N]7 0; < max S(Si,l(i,j))}, (36)

JEN[1:¢;]

and, consequently, the polytopic set © (see Assumption 4.2 (ii¢)) can be computed as indicated in Remark 4.1.

6.1 Illustrative Example

We consider a nine dimensional, discrete-time linear system, x+ = Az + w, where

01 03 0 |-01 0 O 0.1 0.1 0
0.1 0 03] O 0 0 0 01
-03 03 03] 0 0 01 0 0 0

0 0 0 0 05 0 |-01 01 0
A= 0 01 O 0 0 05 0 0 0 ,
0 0 01]-01 02 0.3 0 0 01
0.1 0 0 0 0 0 0.1 0.1 0
01 01 O 0 0 0 0 0 01
0 0 01 0 0 01] 03 -01 02

o

and treat it as three interconnected systems with the matrices A(; ;) as indicated by the partition of the matrix A.
The corresponding state and disturbance constraint sets are:

X; =X, =X3={z€R®: |2]on <1}, and,
Wi =Wy = W3 = {w S R3 : |w|oo < 01}

The collection of sets {S1, Se, S2} is obtained by computing PC-polytopic, A-contractive sets, for the subsystems
= Agiyxi, for i € {1,2,3}, with the contraction factors (0.595,0.589,0.459). The \-contractive sets .S;, for
1 € {1,2,3} are shown in Figure 2. The matrix M and vector « are computed by using relations (34) and (35); the
matrix M is strictly stable. The set O is given by ©g = {# € R3 : 61| < 1.202, 5| < 1.2045, |05| < 1.2786} while
the set © is computed according to Remark 4.1 and depicted in the upper part of Figure 2. The corresponding fixed
point @ is, in this case, given by 6 = (0.8986,0.7444, 0.6891) and it lies in the interior of the set © C ©,. Hence, all
our assumptions are satisfied. We select 8y = (0.6328,1.0097,1.0469), which is an extreme point of the set ©, and
simulate several sets of state trajectories, with initial conditions being equal to the extreme points of the sets 0(.;)5;,
for i = {1,2,3}.

As a comparison, in Figure 2 the set of state trajectories for the nominal case, i.e. W; = {0} for i = {1,2,3},
and the robust case are both shown. As expected in view of Theorem 5.1 and Corollary 5.1, in both cases the state
constraints are satisfied, and the trajectories converge to the sets ;S5;, for s € {1,2,3} in a stable fashion (while for
the nominal case, convergence to and stability of the origin is guaranteed).

7 Conclusions

In this paper, we discussed exact and practical robust positive invariance notions for physically interconnected,
discrete—time systems. For computational tractability, we provided a relaxation of the exact notions, by employing
a suitably parametrized family of sets. It was shown, that under mild and natural assumptions, the derived notions
allow for the safe, independent operation for each of the physically interconnected subsystems, regardless of the
presence of additive bounded disturbances.
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-1 1 -1 1

(e) Subsystem 1: Robust case (f) Subsystem 2: Robust case (g) Subsystem 3: Robust case

1

Figure 2: 0-dynamics, with initial condition 6y, and sets of sample trajectories initialized in the sets 6,;)S5;, with
the constraint sets X, for ¢ € {1,2,3}.
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A Proofs

Proof of Proposition 4.1

Conwerity: Pick any X such that 0 < A < 1 and any 0! € Rf , 0% ¢ Rf . By properties of Minkowski set addition
and definition of 4 () the relations

P W+ 1-NA S, W= P MjAinS; e P (1—N0AG;,S; ©W; Cuf(A0' + (1 - 1)62)S;

JEN[1: N JEN[: N JEN[: N
(37)
hold true and, similarly, we also have:
B A0jAHS; AW =X @ 0jAu,S; W) C Mg (61)S;, (38)
JEN.N JENP: N
and, by the same token,
B (1-N0AG;HS;® (1= NW; C (1—\)pf(6%)S;. (39)

JEN[1: N

By assumption W; are convex and compact sets and, hence, W; = (1 — \)W; & AW, so that by utilizing (38) and
(39) we obtain:

P A4S e D (- NEAus8 & Wi C N (01)S5 & (1A (02)S: = (1A (02)+Auf (01))S:.
JEN[1:N] JEN[1: N
(40)
Hence, in view of (37) and (40), by optimality of u$(A0' + (1 — X\)6?), yields that u¢(AO* + (1 — N)6?) < Aug(0) +
(1 — A pg(6?) verifying convexity of pf (-).
Continuity: The continuity of any yu$ (-), i € Ny, follow from its definition in (21) due to Assumptions 2.1 and 4.1.

Proof of Proposition 4.2
Let 0 = (61,02,...0n) € ©. By construction, relations (22)—(23) imply that, for all i € Nj;.nj, we have
Fi((0151,0252,...,08SN), W) = @ 0;A.)S; ®W; C @ 0;10i,5)Si © i S; = ( Z 0,5 + i)S; = 0 S;.
JENQ:N) JENp:N) JENm:N

By Assumption 4.2, © is a robust positively invariant set, i.e. V0 € ©, M@+« € O, so that 07 = (07 ,05,...0%) € ©
and, hence, (051,05 Sa,...0%Sn) € S(S,©). By Assumption 4.2, © C Oy and, hence, for any 0 = (61,60s,...0y) €
© and all i € Njj., it holds that 0;9; C X;. The fact that S(S, ©) is non-trivial follows from Assumption 4.2 (i7i)
under which © is a non—trivial set (the proof that non—trivial robust positively invariant set © of Assumption 4.2 (i)
exists under Assumptions 2.1, 4.2 (i) and (i) can be constructed analogously as in [12] and is therefore omitted).
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Proof of Theorem 5.1

(i) Since S(S,©) is a robust positively invariant family of sets, we have that Y, € S(S,©) implies Yi41 € S(S, 0).
But Yy € S(S,0) and the claim follows by induction.

(ii) By assumption, for all i € Nij.n), S; are proper C-sets and L; are proper symmetric C—sets. Thus, there exist
scalars 11 € (0,00), 12 € (0,00), such that n;L; C S; C noL;. If 0; < 6;, then trivially 6;5; C 6,5; and

0:S; @1 (0; — 0;)L; C 0,S @ (0; — 0;)Ss = 0:S; € 0;S; ®n2(0; — 0;) L.
Similarly, if 6; < 6; then 6;S; C ;5; and
0;S; & (0; —0;)L; = 0,S; ®m(0; — 0;)L; C 0;S; & (0; — 0;)S; = 0;5; C 0,S; ®no(0; — 0;)Li = 0;S; & m2(0; — 0;) L.
By the definition of the Hausdorff distance it follows that:
ml|0; — 0;| < H(L;i,0:5:,0;5;) < 12]6; — 64

Summing over i € Nj;.y) we obtain:

m oY 10— 0l < D H(Li, 0:5:,0:8) <2 Y [6: — 6il.

1€N[1 N i€N[1 ) 1€EN[1: N
Since p(M) < 1, there exist scalars @ € [0,1) and b € (0, 00) such that:

|0, — 0] < a*bl6o — 0],
Furthermore, there exists scalars 73 € (0,00) and 14 € (0, 00) such that:

n3l0 — 0|, < Z H(L;,0;5:,0;5:) < mal6 —0].
iEN[l;N]

Using the preceding relations, we can always find scalars a € [0,1) and b € (0, 00) such that

> H(Li, 01y, 0:5:) < a¥b > H(Li,00,:)S;,0:5;)
1€EN[1: N 1€N[1: N

(iii) By (ii), Ez‘eN[LN] H(Li,H(k’i)Si,éiSi) — 0 as k — oo so that, Vi € Ny, H(Li,G(k,i)Si,éiSi) — 0 as k — oo.

Proof of Corollary 5.1

(l) Follows by induction since F(X(k,l;i),Wi) = X(k,z) - F(Y(,g,l;i),W,») = Yv(k;i) S S(S, @) and X(O;i) - YV(O;Z-). (11)
and (iii) follow immediately from (i) and Theorem 5.1 (47).
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