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REALIZATION THEORY FOR LINEAR AND BILINEAR SWITCHED SYSTEMS:
A FORMAL POWER SERIES APPROACH
PART II: BILINEAR SWITCHED SYSTEMS *

MIHALY PETRECZKY!

Abstract. This paper is the second part of a series of papers dealing with realization theory of
switched systems. The current Part II addresses realization theory of bilinear switched systems. In
Part I [Petreczky, ESAIM: COCYV, DOI: 10.1051/cocv/2010014] we presented realization theory of
linear switched systems. More precisely, in Part II we present necessary and sufficient conditions
for a family of input-output maps to be realizable by a bilinear switched system, together with a
characterization of minimal realizations. Similarly to Part I, the paper deals with two types of switched
systems. The first one is when all switching sequences are allowed. The second one is when only a subset
of switching sequences is admissible, but within this restricted set the switching times are arbitrary.
The paper uses the theory of formal power series to derive the results on realization theory.
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1. INTRODUCTION

The current paper is the second part of a series of papers addressing realization theory for linear and bilinear
switched systems. Realization theory is one of central topics of systems theory. In addition to its theoretical
relevance, realization theory has the potential of being applied for developing control, model reduction, and
identification methods, as development of linear systems theory has demonstrated. Switched systems are a
subclass of the so-called hybrid systems and they have been studied extensively, see [3].

In Part I [6] we presented realization theory for linear switched systems. In Part IT we will present realization
theory for bilinear switched systems. In both cases, we use an extension of the theory of rational formal power
series. We refer to the introduction of Part I [6] for a more detailed introduction of the realization problem for
switched system and the role of the theory of rational formal power series.

Contribution. As it was indicated in Part I, we present the following results on realization theory of bilinear
switched systems.
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e A bilinear switched system is a minimal realization of a set of input-output maps if and only if it is
observable and semi-reachable from the set of states which induce the input-output maps. Minimal
bilinear switched systems which realize a given set of input-output maps are unique up to similarity.
Each bilinear switched system ¥ realizing a family of input-output maps ® can be transformed to a
minimal realization of ®.

e A set of input/output maps is realizable by a bilinear switched system if and only if it has a generalized
Fliess-series expansion and the rank of its Hankel-matrix is finite. There is a procedure to construct a
realization from the columns of the Hankel-matrix, and this procedure yields a minimal realization.

e Consider a set of input-output maps ® defined on some subset of switching sequences. Assume that
the switching sequences of this subset have arbitrary switching times and that their discrete mode
parts form a regular language L. Then ® has a realization by a bilinear switched system if and only
if the ® has a has a generalized Fliess-series expansion and its Hankel-matrix is of finite rank. There
exists a procedure to construct an observable and semi-reachable realization from the columns of the
Hankel-matrix. But this realization is not necessarily a realization with the smallest possible state-space
dimension.

We will not discuss the algorithmic aspects of realization theory or partial realization theory in this paper. The
main tool for deriving the results above is the theory of rational families of formal power series, explained in
Part I [6]. The results of this paper were announced in [4], but [4] contains no detailed proofs.

Notation of the paper. Throughout the paper we will tacitly use the notation introduced in Part I [6]. In
particular, we refer the reader to Part I for the definition of switched systems and formal power series.

Outline of the paper. In Section 2 we present the main results on bilinear switched systems. Section 3
presents the proof of the results on realization theory of bilinear switched systems. Finally, in Appendix A we
present the proofs of certain technical results for bilinear switched systems.

2. MAIN RESULTS ON REALIZATION THEORY FOR BILINEAR SWITCHED SYSTEMS

The outline of the section is as follows. Section 2.1 recalls the basic results from realization theory of bilinear
systems. These results will be used later on for realization theory of bilinear switched systems. In Section 2.2
we present the definition and some basic properties observability and reachability properties of bilinear switched
systems. Section 2.3 presents the main results on minimality of bilinear switched systems, both for arbitrary
and constrained switching. Section 2.4 states the necessary and sufficient conditions for existence of a realization
by a bilinear switched system.

2.1. Review of realization theory of bilinear systems

Below we recall from [1,2] some basic results on realization theory of bilinear systems. A bilinear control
system is a continuous-time control system determined by the following equations

(t) = Az(t) + Y (Bjz(t))u,;(t), (0) = zo and y(t) = Cz(t). (2.1)

j=1

Here the state-space is the space X = R", n > 0, the input space is Y = R, and the output space is ) = RP.
x(t) € X is the state at time ¢t € T, y(t) € Y is the output at time ¢t € T. The input u(t) € U at time
t € T is assumed to be of the form u(t) = (uy(t),u2(t), ..., um(t))?, i.e. u;(t) is just the ith coordinate of the
vector u(t). In addition, it is assumed that the input function u : T 3 ¢ +— wu(t) € U is piecewise-continuous,
i.e.uw € PC(T,U). Furthermore, A, Bj, j =1,...,m and C are matrices A € R"*" B; € R"*" and C' € RP*"™.

Let 2(0) = xp € X be the initial state of the system (2.1). Denote by x(zo,u,t) the state at time ¢ if the
system (2.1) was started at time 0 with the input map u € PC(T,U). Denote the corresponding output by
y(zo,u,t), i.e. y(zo,u,t) = Cx(xo,u,t). We say that a map f : PC(T,U) x T — Y is realized by the bilinear
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system (2.1), if f(u,t) = y(zo,u,t) for any u € PC(T,U) and t € T. The bilinear system (2.1) is called
a minimal realization of f, if its state-space dimension is the smallest possible among all the bilinear systems
which realize f.

Below we recall from [1,2] the representation of state and output trajectories of bilinear systems as infinite
series of iterated integrals.

Notation 2.1 (iterated integral). For each input vector u = (uy,uz,...,u,)T € U = R™ denote by d¢;[ul,
j=0,1,2,...,m the following scalars d¢;[u] = u; € R, j =1,2,...,m, d¢[u] = 1. Let Z,, = {0,1,...,m}
and in accordance with [6], Section 2.1, denote by Z* the set of all finite words over Z,,. For each word w € Z},
time instance ¢t € T, and input u € PC(T,U) define the iterated integral V,,[u](t) € R recursively as follows:

Vol =1 | e (2.2
wltit) = fot d¢i[u(m)Vs[u](r)dr  if w = sj for some word s € Z?, and integer j € Z,, '
Notation 2.2. Denote the matrix A of the bilinear system (2.1) by By.
With the notation above, the output and state trajectory of a bilinear system are of the form
z(zo,u,t) = 20 + Z Z BianH o Biyw(0)Viy iy iy [u] (1)
k=1 ’Ll ’LQ ..... i
y(xo,u,t) = Cxo + Z Z CB;, Bi,_, ... Bi,z(0)Vi i . [u] (). (2.3)

k= 111,22, ’Lk—o

The bilinear system (2.1) is span-reachable, if the linear span of all the states which are reachable from the
initial state x( yields the whole state-space. A bilinear system is observable if there are no indistinguishable
states, i.e. there exist no states 21 # xo such that y(z1, u,t) = y(z2,u,t) for allu € PC(T,U), t € T. A bilinear
system of the form (2.1) is span-reachable if and only if

n = dim Span({B;, B;,_, - .. Biyxo | i1,%92,...,ik =0,...,m,k > 0} U {zo}). (2.4)

A bilinear system (2.1) is observable (has no pair of indistinguishable states) if and only if

kerCn () () kerCB;Bi_, ...Bi ={0}. (2.5)

k=111,...,ix=0

Both span-reachability and observability of bilinear systems can be checked numerically [1,2]. Minimality of
bilinear systems can fully be characterized as follows; a bilinear system is minimal if and only if it is span-
reachable and observable. Moreover, minimal bilinear realizations of the same input-output map are isomorphic.
As the next step, we recall the necessary and sufficient conditions for existence of a realization by a bilinear
system. To this end, let us recall the notation of classical Fliess-series expansion from [1,2] u from (2.2). We
denote by Z}, the set of all finite sequences of elements of Z,,. We call a map c : Z}, — Y convergent generating
series if there exists reals K, M > 0 such that for all s € Z7,, ||c( )|z < KM¥12. Tt can be shown that the series
Fo(u,t) = >, Zjl,jzpujk:o c(jij2 - k) Viije..ge [u](t), where w € PC(T,U) is absolutely convergent and it
uniquely defines a map F. : PC(T,U) x T > (u,t) — F.(u,t) € Y. Moreover if F, = Fy then ¢ = d. We say
that an input-output map f : PC(T,U) x T — RP admits a Fliess-series expansion, if there exists a generating
convergent series ¢y : Zy, — ) such that f = F.,. We refer to the series ¢y as the generating series of f.

2In the literature, usually the weaker condition ||c(s)||2 < |s|!K M5! is required instead. However, for our purposes it is more
convenient to require the stronger condition ||¢(s)||2 < K M5!,
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It can be shown f is realized by a bilinear systems (2.1) if and only if f has a Fliess-series expansion and the
generating series cy of f is of the form

cf(e) = Cxg and c¢(jij2 ... jx) = CBj, B, .Bj,zg for all j1,j2,...,jx € Zpm, k> 0. (2.6)

Jr—1 -
That is, existence of a bilinear realization of f is equivalent to the existence of matrices B;,C, j € Z,, and
a vector xy such that (2.6) holds. The latter problem is related to the problem of existence of a rational
representation of a formal power series. We define the Hankel-matrix Hy of f as the infinite block matrix,
columns and rows of which are indexed by sequences v € Z},. The p x 1 block entry of H lying on the
intersection of the row indexed by v and the column indexed by w equals ¢(wv). It turns out that the generating
series ¢ has a representation of the form (2.6) if and only if the column rank of Hy is finite. That is, f has
a realization by a bilinear system if and only if f has a Fliess-series expansion and the column rank of its
Hankel-matriz Hy is finite. Realization theory of bilinear systems can be developed by using the theory of
rational formal power series, see [1,2,7].

2.2. Definition and basic properties of bilinear switched systems

Below we present the definition and elementary properties of bilinear switched systems.

Definition 2.1 (bilinear switched systems). A bilinear switched system ¥ is a switched system of the form [6],

equation (2.1) such that for each discrete mode ¢ € Q and input u = (u1, ..., un,)T €U,
m
folz,u) = Agz + Z(Bmac)uj and hy(z) = Cyx (2.7)
j=1
where Cy, Aq, Bqj, j =1,...,mare matrices of the form A, € R"*"™ B, ; € R™*" j=1,...,mand C, € RP*".

We denote the bilinear switched system above by ¥ = (X,U, Y, Q,{(A,, {B, ;}j=12...m:Cy) | ¢ € Q}). Recall
that X = R", n > 0 is the state-space, ) is the finite set of discrete modes, Y = R™, m > 0 is the set of
continuous inputs and Y = RP, p > 0 is the set of continuous outputs of X.

Notation 2.3. In the rest of the paper we use the symbols &Y = R™, Y = RP and @ to denote the continuous-
valued inputs, outputs and the set of discrete modes respectively.

That is, a bilinear switched system is a switched system, continuous subsystems of which are bilinear control
systems. Since we agreed to view bilinear switched systems as switched systems of the form [6], equation (2.1),
the same definition of the semantics (evolution of the state and output) apply as the one defined in [6], Section 2,
for switched systems. In particular, we view the switching signal as part of the input rather than part of
the state. Furthermore, the definition of semi-reachability, observability, input-output map, and realization
presented in [6], Section 2, apply as well. Next, we define the concept of minimality for bilinear switched
system. To this end, recall from [6], Section 2, that the dimension of a bilinear switched system equals the
dimension of its state-space. Let ® be a family of input-output maps. A bilinear switched system realization is
a switched system realization (X, 1) such that ¥ is a bilinear switched system.

Definition 2.2 (minimality). A bilinear switched system realization (X%, p) is a minimal realization of ®, if
(3, i) is a realization of ® and for any bilinear switched system realization (E 1) of &, dim 3 < dim . A bilinear
switched system ¥ is a minimal realization of @, if (X, 1) is a minimal realization of ® for some p.

In simple words, a bilinear switched system is a minimal realization of ® if it has the smallest dimensional
state-space among all the bilinear switched systems which are realizations of ®. A bilinear switched system can
be a minimal realization for ® and can fail to be a minimal realization for another family of input-output maps.
As the next step, we will introduce the notion of bilinear switched system morphism.
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Definition 2.3 (bilinear switched systems morphisms). Let 1 = (X1,U, Y, Q, {(A}, {B} ;}i=1.2..m:Cy) | g €
Q}) and Xg = (Xo, U, ¥, Q,{(A2,{B} ;}j=1.2....m,C2) | ¢ € Q}) be two bilinear switched systems. Let ® be a
family of input-output maps (possibly with constrained switching) and consider maps pu; : & — X;, i = 1,2.
A linear map T : Xy — X is called a bilinear switched system morphism from (31, 11) to (X2, u2), denoted by
T: (%1, 1) — (B2, u2), if it commutes with the matrices of 31 and X9 and with the maps p; and po, i.c.

TAL,=A2T Cl=C2T TB);=B2,T Tu(f)=p(f) forallge@, j=1,2,...,m, fed. (2.8)

T is said to be injective, surjective, an isomorphism, if it is injective, surjective, resp. an isomorphism if viewed
as a linear map T : X; — Xb. If there exists an isomorphism 7" : (31, 1) — (X2, u2), then (X1, 1) and (X2, o)
are said to be isomorphic.

Next, we present the representation of state and output trajectories of a bilinear switched system in terms
of infinite sum of iterated integrals. To this end, we need additional notation.

Notation 2.4 (product of iterated integrals). For each words wy,ws,...,w, € Z%, k > 0, time instances
(t1,ta,...,tx) € T*, and for input u € PO(T,U) define Vip, apy.... wy[u](t1,t2, ..., ;) € R by
le,___7wk [u] (tl, tQ, e ,Ifk) = le [u](tl)Vw2 [Shiftl (u)](tg) . Vwk [Shiftk_l (u)](tk) (29)

where Shift; (u)(s) = u(s + 23‘:1 tj)foralseTandi=1,...,k—1.

Informally, Vi, . w,[uw](t1, ..., tr) is just the product of the iterated integrals Vi, [u](t1), Vi, [Shifty (u)](t2),
etc. of u. The iterated integral Vi, [u](t1) is supposed to capture the evolution of the system at some discrete
mode ¢1, the iterated integral V,,,[Shift;(u)](¢2) is supposed to capture the evolution of the system at the
subsequent discrete mode g2 and so on. The times t1, . . ., tx reflect the time spent in discrete modes q1, g2, - - - , Gk

Notation 2.5 (products of system matrices). Let I,, be the n x n identity matrix. For each ¢ € @ and for any
sequence w € Zy,, define the matrix By ., as follows. If w = €, then By ., = Bg.c = I, and if w = jijo2 ... ji, for
some k > 0, and j1,...,Jr € Zm, then

By = By juByju_ - - Bqjy where By = A, (2.10)

The precise form of iterated integral representation of the state and output trajectories is as follows.

Theorem 2.1 (state and output trajectories). For each state xo € X, input u € PC(T,U) and switching
Sequence s = (thl)(Q%tQ) s (Qkﬂfk) € (Q X T)+7 q1,92;---,q9k € Q7 tl;tQ; s 7t/€ € T7 k>0

rs(zo,u,8) = > (Bye o By wn—s -+ Bayown ©0) Vaos s [U](t1, 2, - Tr) (2.11)
W1 ,W2,..., W ELF,
ys(zo,u,s) = Z (C‘IkBkakaQkflﬁwk—l "'B‘Il,wlzo)vwlﬁwmuwwk[u](tlﬂt25'"7tk)'

W1 ,W2,..., W ELF,

The proof of the theorem can be found in Appendix A.2. We conclude the section with a numerical example.

Example 2.1. Let ¥ be a bilinear switched system of the form (2.7) where @ = {o1,02}, the state-space is
X =R3, U =R? Y =R and the system matrices are as follows:

s BUl,l = ) 301,2 =

s Boz,l = s BU2,2 =

O~ O O NO
_ o O IL\DOO
O =R O O Uto
_ o O IP—‘OO
r
OO O O Wwo
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Consider the states zg1 = (1,0,0)7 € R? and zo2 = (0,1,0)7 € R3. Consider the input-output maps f; =
ys(z04,.), i = 1,2 induced by the initial state zq;, i = 1,2. Let ® = {f, fo} and define the map p : & — R3
as u(fi) = wo4, @ = 1,2. It is immediate from the definition that (3, u) realizes ®. The state and output
trajectories induces by xg;, i = 1,2 admit the following representation. For input w € PC(T,U), switching
sequence w = (q1,t1)(qa,t2) ... (qx, tx) € (Q x T)T,

s (20,i, u, W) = > Ao, (g1, w1) (g2, w2) - (@, W) Vaor ,.oywi [u] (B, - )

W1, W2,..., WL €LY,

ys(2o,i, u, w) = > Cao,, ((q1, w1)(g2, w2) - (@, Wi ) Vaos ooy [0 (B2, - - )

W1 ,W2,..., W ELF,

where for each s = (g1, w1) ... (qr, W), day,(s) € R and ¢y, (s) € R are as follows. For any (q,j) € Q X Zp,
denote by # 4 ;)s the sum of number of occurrences of j in w; for all i = 1,..., k such that ¢; = ¢:

duy  (5) = 3#<a2,1>55#<a2,2>52#<a2,0>5(1,070)T and dy,,(s) = 3#<a1,1>55#<a1,2>52#<a1,o>5(0, 170)T
Cao.s (5) = 3#(0271)55#(022”2#(@,0)5 and Cao.n (5) = 3#(a1,1)55#@1,2)52#((;1,0)5. (2'12)

In the sequel, we will come back to (3, u).

2.3. Minimality, observability and semi-reachability

2.3.1. Conditions for observability and semi-reachability
Semi-reachability and observability of bilinear switched systems can be characterized as follows.

Theorem 2.2 (semi-reachability and observability). Let X be a bilinear switched system of the form (2.7) and
let Xo C X a subset of initial states.

(i) Let W(Xy) = Span{z € X | © € Reach(Xp,X)} be the linear space spanned by the states reachable
from Xy. Then,

*
m?

W (Xo) = Span{ By, w,Bgs 1w 1 -+ - Bgrwi®o | ¢1,-- a6 €Q, k>0, wi,...,wx €Z7, xo € Xp}.  (2.13)

The system X is semi-reachable from Xy if and only if dim W (Ap) = dim X.
(ii) Define the observability kernel Os; of ¥ as the intersection of kernels of Cy, B, wy - - - Bgy wi s 1€

Ox = N ker Cy, Byywn - - - By oy - (2.14)

q1,--,qk €EQ,k>0,w1,..., WK EZ],

Any two states 1,10 € X of X are indistinguishable if and only if x1 — xo € Ox. The system X is
observable if and only if Os, = {0}.

The proof of Theorem 2.2 is presented in Appendix A. Informally, Theorem 2.2 states that (i) the linear
space spanned by the states reachable from X} equals the vector space spanned by all the matrix products of
the form By, w, Bgy 1 wi 1 - - - Bgi,wi o, o € Xp, and (ii) two states x1 and x5 are indistinguishable, if z1 — z2
belong to the intersection of the kernels of all the matrices Cy, By, w, Bgy 1,wi_1 - - - Bgr,wi- DBy means of a
counterexample, it is easy to see that observability or semi-reachability of a bilinear switched system does not
imply observability or span-reachability of any of its bilinear subsystems.

Remark 2.1 (algorithms). Semi-reachability and observability presented above can be checked numerically.
There is also a numerical algorithm for transforming any bilinear switched system realization to a semi-reachable
and observable one. See [5] for further details.

2.3.2. Minimality for arbitrary switching

Consider a family of input-output maps ® with arbitrary switching.
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Theorem 2.3 (minimality: arbitrary switching). Assume that (Zmin, min) S @ bilinear switched system real-
ization of ®. Then the following are equivalent:
(1) (Zmins fmin) 28 @ minimal bilinear switched system realization of ®;
(i) (Bmmin, fmin) 25 semi-reachable and it is observable;
(iil) The dimension of Ypmin equals the rank of the Hankel-matric He of @, i.e. dim Xy, = rank Hg. Here,
the Hankel-matriz of ® and its rank will be defined in Definition 2.8 later on;
(iv) For any semi-reachable bilinear switched system realization (X, 1) of ®, there exist a surjective bilinear
switched system morphism T : (X, 1) — (Zmins fmin)-

All minimal bilinear switched system realizations of ® are isomorphic.

The proof of Theorem 2.3 will be presented in Section 3.1. Note that minimality of a bilinear switched system
does not imply minimality of any of its bilinear subsystems.

Remark 2.2 (minimization algorithms). From Remark 2.1, it follows that minimality can be checked by a
numerical algorithm. In addition, any bilinear switched system can be transformed to a minimal one realizing
the same input-output maps, see Section 3.1. Moreover, this transformation can be made effective, see [5].

Example 2.2. Recall from Example 2.1 the definition of the realization (X, ) and the set of input-output
maps ® = {f1, fo}. Below we will present the result (X,,, ft,n,) of the minimization procedure applied to (3, u).
Assume that 3, = {(X,,, U, Y, Q, {(A7", {B}"; }i=1,2,..m: C3") | ¢ € Q}). The set of discrete modes @ = {q1,q2}

of ¥, is the same as in 3, the state-space of ¥, is &,,, = R? and the matrices of ¥,, are of the following form:
T
m |1 =0 n 11 0 ,m |1 O m |1
Aol - |:0 2 :| 9 Bal,l - |:O 5:| ) B01,2 - |:0 3:| 9 00'1 - |:_1:| )

T
m 12 0 m |9 0 m _ |3 0 m |1
Aog[o 1:|7B02,1|:0 1:|aB<72,2[0 1]7002[_1] .

Define the map p,, : ® — R? as p,,(f1) = (1,0)7 and p(f2) = (0, —1)%
2.3.3. Minimality for constrained switching

Let L C QT be a set of admissible sequences of discrete modes, and let ® C F(PC(T,U) x TL,Y) be a
family of input-output maps with the switching constraint L. Recall the definition of the set comp(L) from [6],
equation (3.7),

COIl’lp(L) = {CI1CI2- gk € Q+ | q1,92,---,qk € Qa k > 17 Vv € Q* s ¢ L} (215)

The set comp(L) contains those sequences of discrete modes, for which no information on the behavior of the
switched system can be obtained by observing the behavior of the system for admissible switching sequences.
If we apply [6], Definition 2.11, to comp(L) instead of L, we obtain the set T'(comp(L)) of all the switching
sequences for which the sequence of discrete modes belong to comp(L), i.e. T'(comp(L)) = {(q1,t1) ... (qx,tr) €
(Q X T)Jr | Qi ---,qk € Qa tla"'7tk € Ta Q142 - - -qk € COIHp(L), k > 1}

Theorem 2.4 (minimality: constrained switching). Assume that L is a reqular language. If ® has a realization
by a bilinear switched system, then there exists a bilinear switched system realization (X, m) of ®, such that
(3, ftm) s observable and semi-reachable and

Vfed, ue PC(T,U), w e T(comp(L)) : ys,, (im(f),uw,w) =0. (2.16)
In addition, there exists a constant M > 0 such that for any bilinear switched system realization (X, 1) of ®
dim ¥, < M - dim X. (2.17)

The constant M depends only on the set L.
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The proof of Theorem 2.4 will be presented in Section 3.2. A bilinear switched system realization (3, i) of ®
is called quasi-minimal, if (X, ;1) is semi-reachable and observable and it satisfies (2.16) and (2.17).

Remark 2.3 (algorithms). Any bilinear switched system realization of ® can be converted to a quasi-minimal
realization of ®. This transformation will be elaborated on in Section 3.2, and it can be formulated as a
numerical algorithm, see [5].

Remark 2.4 (quasi-minimality is not sufficient for minimality). It is possible to show by means of a counterex-
ample that quasi-minimality is not sufficient for minimality. In Example 2.3 a set L, and family of input-output
maps ® C F(PC(T,U) x TL,Y) is presented, such that (X,,, ptr,) and (3, p.) are both bilinear switched
systems realizing ®, but dim »,, = 2 and dim X, = 4. Moreover, Y. is quasi-minimal.

Example 2.3. Recall from Example 2.1 the definition of system (X, ) and family of input-output maps
® = {fi,fo}. Let L = {0105 | k > 0}. Let fiii = 1,2 be the restriction of f;,i = 1,2 to the set of
admissible switching sequences TL. Consider ® = {f1, fo}. Then (3, ) is a realization of & with con-
straint L. Recall from Example 2.2 the definition of the realization (X, fty,). It follows that (X, ) is
also a realization of ® with constraint L, and dimX,, = 2. However, if we apply the minimization pro-
cedure for system with constrained switching described above, we obtained the realization (X, p.) of (i>;
Yo = (X, UV, Q, {(AG{ By j}i=1,2,..m,Cg) | ¢ € Q}) where the state-space is X, = R* and the matrices
are defined as

(098 0 014 0 098 0 —0.14 0 098 0 —0.14 0 0]"
. o 2 0o o O 5 0 0 . | 0 3 0 o0 . o
A =014 0 002 o[ Poa=|_oaa 0 002 o] Br2T {014 0 002 o %o
0 0 0 0 0 0 0 0 0 0 0 0 0
[0.31 0 024 0 0.78 0 0.59 0 047 0 035 0 —1.13]"
. o o o o . o o o o . o o o of .. |1
A2 = |224 0 160 0| B~ {550 0 422 o] P2 (335 0 253 o] Co: T |—0ss
0 1 0 1 0 1 0 1 0 1 -0 1 1

The map pie : ® — R* is defined as follows; e (f1) = (—0.99,0,0,1.44,0)7 and p.(f2) = (0,1,0,0)7.

2.4. Existence of a realization

Below we present sufficient and necessary conditions for existence of a bilinear switched system realization.
First, we present the notion of a generalized Fliess-series expansion, existence of which is a necessary condition
for realizability by a bilinear switched system. We then formulate conditions for existence of a bilinear switched
system realization, first for the case of arbitrary switching, and then for the case of constrained switching.

2.4.1. Generalized Fliess series expansion

Below we define the notion of a generalized Fliess-series expansion for a family of input-output maps.
In the remainder of this section, L C Q% is the set of admissible sequences of discrete modes and ® C
F(PC(T,U) x TL,Y) is a set of input-output maps with the switching constraint L. Roughly speaking, ex-
istence of a generalized Fliess-series expansion for ® means that every element of ® is generated by a so called
generalized convergent generating series (abbreviated GCGS). For the formal definition, we need the following.

Notation 2.6. Consider the infinite set I' = Q x Z%.. Following the convention of [6], Section 2.1, we denote
by ['* the set of all finite words over F € denotes the empty sequence over F and if w,v € r* , vw denotes the
concatenation of v and w. In addition, [+ denotes the set of all non-empty words over L. Deﬁne the set

JL = {(q1,w1) (g2, ws) - .. (g, wr) € T* | (q1,w1), (g2, wa), ..., (qr, wx) €T, k>0, qiga...qx € L}. (2.18)
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That is, the set JL consists of all sequences of pairs of discrete modes and sequences over Zy, such that the
sequence of discrete modes belongs to L. Next, we define a relation R* on the words over I', such that the
following holds; if two words are related by R* and c is a CGCS and it is defined for both of them, then ¢ should
take the same value on both the words. This is needed to ensure that the input-output map F. generated
by ¢ behaves like an input-output map of a switched system; it should give the same response for the pair of
switching sequences w(g, 0)v and wv, w(q,t)(g,t)v and w(q,t +#)v. The formal definition of R* goes as follows.

Definition 2.4. Let R C I'* x I'* be the relation such that for all words lve f*, (I,v) € R if and only if there
exist h,s € I'* such that either

(1) 1 = h(g,w1)(g,wz)s and v = h(g, wrws)s for some wy,ws € Z% and q € Q; or

(2) 1 =h(q1,€)(g2,w)s and v = h(g2,w)s for some w € Z%,, and q1, g2 € Q.
Let R* C I'* x I'* be the symmetric, reflexive and transitive closure of R; i.e. (I,v) € R* if and only if either
[ = v, or there exist so, 51, ..., 81 € I'*, k > 0, such that for i = 0, ..., k, either (8iySiv1) € Ror (sit1,8:1) € R
and so =1, sp+1 = 0.

The intuition behind the definition of R is the following. Property (2) reflects the scenario when we stay
in a discrete mode for zero time. Property (1) reflects the scenario when we jump to the same discrete mode.
Recall that &/ = R™ is the space of continuous inputs, J = RP? is the space of continuous outputs.

Definition 2.5 (generalized convergent generating series on JL). A map ¢ : JL — Y is called a generalized
convergent generating series (abbreviated as GCGS) on JL if the following conditions hold:

(1) For any two words w and v from JL, if v and w are related by R*, i.e., if (w,v) € R*, then c(w) = ¢(v).

(2) There exists K, M > 0, such that for any (q1,w1) ... (g, wg) € JL, (q1,w1),..., (g, wg) €T, k > 0,
lle((qrswi)(gz, wa) - (g, wi )] < KM gl (2.19)

Here ||.||2 denotes the Euclidean norm on RP.

Notice that ¢ in the above definition is required to yield the same value for any two sequences related by R*.
Moreover, the values of ¢ are required to be bounded according to (2.19). The latter condition is needed in
order to ensure the existence of the input-output map F, generated by c. The notion of GCGS is an extension
of the classical notion of convergent generating series; if L = QT and |Q| = 1, then a GCGS can be viewed as
a convergent generating series from [2,8]. Next, we define the input-output map generated by a GCGS.

Definition 2.6. Let ¢: JL — Y be a GCGS. Define the input-output map F. : PC(T,U) x TL — Y generated
by ¢ as the follows. For each uw € PC(T,U) and switching sequence s (q1,t1)(qa2, t2) ... (qr,tx) € TL,
Qs Qe €Q, t1,... t, €T, k>0,

F.(u,s) = Z c((qr,w1) (g2, w2) - - (qrs k) Vaoy sws.owp [0 (1, - - s EE)- (2.20)

Ww1,W2,..., WL ELS,

Similarly to the classical case it can be shown that the series F.(u,s) is absolutely convergent and hence
any convergent generating series ¢ defines an input-output map. The formal statement will be presented in
Lemma A.1, Section A.1. Notice that the function F, is similar to the input-output function induced by a
classical generating convergent series. In fact, similarly to the classical case, one can show that F. determines
c uniquely, i.e. if F, = Fy for two GCGS ¢ and d, then ¢ = d, see Lemma A.2, Section A.1. Now we are ready
to define the notion of a generalized Fliess-series expansion.

Definition 2.7 (generalized Fliess-series expansion). The family ® is said to admit a generalized Fliess-series
expansion if for each f € ® there exist a GCGS ¢y : JL — Y such that ¢y generates f, i.e. F., = f.

From Lemma A.2, Appendix A.1 it follows that ® admits at most one generalized Fliess-series expansion.
Next, we describe the Fliess-series expansion of ® if ® is realizable by a bilinear switched system.
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Theorem 2.5 (realizability). Assume that X is a bilinear switched system of the form (2.7) and let pp: ® — X.
Then (X, 1) is realization of ® if and only if ® has a generalized Fliess-series expansion such that for each f € ®

the corresponding GCGS cy which generates f, i.e. f = F,, is of the following form:

cf((q17 Uﬂ)((]g, w2) s (Qka wk)) = CQkBQkakaQk—hwk—l s Bmmnﬂ(f) (2'21)

for each (q1,w1)...(qx, wr) € JL, where qi1,...,qx € Q, w1,...,wx € Z%, k> 0.
The proof of Theorem 2.5 can be found in Appendix A.

Example 2.4. The equations (2.12) in Example 2.1 define generalized convergent generating series. The series
¢+ (Q X Z3)* 35+ cy,(5), i = 1,2 defines a generalized Fliess-series expansion for f;, i = 1,2. Recall
the definition of the language L from Example 2.3. The restriction of ¢; to JL is a GCGS and it defines the
generalized Fliess-series expansion of ﬁ-, i =1,2, where fi, 1 = 1,2 is the restriction of f;, ¢ = 1,2 to T'L.

2.4.2. FExistence of a realization: arbitrary switching

In this section we will present the main results on existence of a bilinear switched system realization for the
case of arbitrary switching. For the rest of this section let ® C F(PC(T,U)x (QxT)™,Y) be a set of input-output
maps defined for arbitrary switching, and assume that ® admits a generalized Fliess-series expansion. First, we
define the concept of the Hankel-matrix of ®. To this end, we need additional notation and terminology. For
each map f from ® denote by ¢y the GCGS which generates f. Since L = Q™, ¢y is a map ¢y : It —y.

Notation 2.7. Let I' = Q) x Z,,, be set of all pairs of discrete states and indices from Z,,.

Notice that I' C f, but in contrast to f, I is finite. For each map f € ®, discrete mode ¢ € @), and sequence
w € I'* define the vector S 4(w) € R? as follows:

Stq(w) = cr(w(q,e)). (2.22)

Notice that w(q, €) can naturally be interpreted as a sequence from f*, and hence the right-hand side of (2.22)
is well-defined. The Hankel-matrix is constructed from the vectors Sy ,(w) as follows.

Definition 2.8 (Hankel matrix). Assume that the cardinality of @ is IV, and consider the following enumeration
of Q,

Q ={o1,09,...,0n}. (2.23)
The rows of the Hankel-matrix Hg of ® are indexed by all the pairs (v,i) where i € I = {1,2,...,Np},
and v € T'*. The columns of Hg are indexed by all the pairs (w, f) where f € ® and w € T'*. That is,
Hg € RE™XDx(T"x®) - For each input-output map f € ®, words w,v € I'*, and for each i € {1,2,..., Np} of
the form i = pK + r for some K =0,1,...,N —1land r = 1,...,p, the entry (Hs)(vs),(w,f) of He indexed by
the row index (v,7) and column index (w, f) is of the form

(Ha) (v,3),(w,f) = (St.omi1 (0))r

where (Sf o, (w)), denotes the rth entry of the vector Sy o, (w) € RP. Following the convention of [6],

Section 2.1, the rank of Hg, denoted by rank Hg, is the dimension of the linear space spanned by the columns
of H<1>.

T

Le., the block ((He)(w.i),w,n)i=1...on = [(He)w1),w.p)  (He)w),awp) - (Ho)wnp,wp] € R

of Hg formed by the entries indexed with the column index (w, f) and row indices (v,), i = 1,2,...,pN equals

(Ha) 0.0y (0,1 )iz 1ol = [(Spron (W07 (S, (w0))T oo (Spon (we)) 7]
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Theorem 2.6 (existence of a realization: arbitrary switching). The family ® has a realization by a bilinear
switched system, if and only if ® has a generalized Fliess-series expansion and rank Hg < +00, i.e. the rank of
the Hankel-matriz is finite.

The proof of Theorem 2.6 can be found in Section 3.1.

2.4.3. Euxistence of a realization: constrained switching

In this section we will present the main result on existence of a realization by a bilinear switched system for
the case of constrained switching. In the rest of the section, let L C QF be a subset of admissible sequences
of discrete modes and let ® C F(PC(T,U) x TL,Y) be a family of input-output maps with the switching
constraint L. We assume that ® admits a generalized Fliess-series expansion. Similarly to the case of arbitrary
switching, we will use the GCGS ¢y, f € ® for defining the Hankel-matrix Hg of ®. The only problem is that
cs(s) is not defined on the whole I't. We solve this problem by assuming that the value of cy is zero for those
sequences for which we cannot deduce any information. Then we repeat the definition of the Hankel-matrix
presented for the case of arbitrary switching. The details are as follows.

Recall the definition of the relation R* C I'* x I'* from Definition 2.4 and recall from (2.18) the definition of
the set JL. Define the set JL C I'* as the set of all those words s € I* such that for some w € JL, (w,s) € R*,
i.e.

JL={sel*|3we JL: (w,s) € R*}. (2.24)

The set JL contains all those sequences in I'* for which we can derive some information based on the values
of a GCGS on JL. Recall the definition of Sy from (2.22). Below we present a counterpart of Sy 4, denoted
by T4, for the case of constrained switching. For each discrete mode ¢ € @, input-output map f € ® and for
each sequence s € I'*, where as in Notation 2.7, I' = Q) X Z,,, define T} 4(s) € RP as

Ty o(s) = { cr(w) if s(q,e.) € JL and we JL and (s(q,€),w) € R*. (2.25)
0 otherwise.

The well-definedness of T 4(s) will be shown in Section 3.2. The intuition behind the definition of T 4(s) is
the following. We store in T 4(s) the values of all those ¢f(w) which show up in the generalized Fliess-series
expansion of f(u,v), for some switching sequence v € T'L such that v ends with discrete mode ¢. For all the
other sequences, we set T 4(s) to zero. If L = Q™ then Sy 4(s) = Ty q(s) for all s € I'*. The definition of the
Hankel-matrix Hg is the same as for the case or arbitrary switching if we replace Sy, with T} 4.

Definition 2.9 (Hankel-matrix). Fix the enumeration of @ as in (2.23), i.e. |@Q| = N and Q = {01,02,...,0n}.
The rows of the Hankel-matrix Hg are indexed by pairs (v,4) where i € I = {1,2,...,Np} and v € T'*. The
columns of Hg are indexed by pairs (w, f) where f € ® and w € T*. Hg € RIT*DX(I"%®)  For any map f € D,
words w, v € I'*, and for any i = 1,..., Np of the form i = Kp+r with K =0,...,.N—1landr=1,...,p, the
entry (Hs)(v,i),(w,r) With the row index (v,4) and column index (w, f) is

(H¢)(U7i)1(w1f) = (Tf,UK+1 (U}’U))T

where (T, (wv)), denotes the rth entry of the vector Ty, (wv) € RP. Following the convention of [6],
Section 2.1, the rank of Hg, denoted by rank Hg, is the dimension of the linear space spanned by the columns
of H(I).

Theorem 2.7 (existence of a realization: constrained switching). If ® has a generalized Fliess-series expansion
and the rank of the Hankel-matrixz of ® is finite, i.e. rank Hgp < 400, then ® has a realization by a bilinear
switched system. If L is reqular, then the above condition is also sufficient, i.e. if L is regular, ® has a generalized
Fliess-series expansion and rank He < +00, then ® has a bilinear switched system realization.

The proof of Theorem 2.7 will be presented in Section 3.2.
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Remark 2.5 (construction of a realization from the Hankel-matrix). The proofs of Theorems 2.6 and 2.7
also yield a procedure for constructing a bilinear switched system realization of ® from the columns of the
Hankel-matrix Hg both for the case of arbitrary and constrained switching. For the details see Section 3.

3. PROOF OF THE MAIN RESULTS

3.1. Proof of the main results: arbitrary switching

3.1.1. Ezistence of a realization: proof of Theorem 2.6

In the sequel, unless stated otherwise, ® C F(PC(T,U) x (Q xT)*,Y) denotes a family of input-output maps
with arbitrary switching and it is assumed that ® admits generalized Fliess-series expansion. The proof is based
on the relationship between bilinear switched system realizations of ® and rational representations of the family
of formal power series W¢ to be defined below. More precisely, the family W4 will be such that ® is realizable by
a bilinear switched system if and only if ¥4 is rational. Recall from Section 2.4, (2.22) the definition of the the
vector Sy 4(w) defined for all discrete modes ¢ € @, maps f from ® and words w € I'*. It is easy to see that the
map S¢q: I 2w Sfq(w) € RP can be viewed as a formal power series, i.e. S¢q € RP < IT'* >>. Recall the
enumeration @ = {o1,...,0n} of Q already defined in (2.23). Define the formal power series Sy € RVP < T'* >
such that for all w € T'*,

Sp(w) = [(Spo @)T (Sra@)” oo (Spow )] (3.1)
That is, St is obtained by “stacking up” vertically the values of Sy , for all ¢ € Q). Define the family of formal
power series Vg associated with ® as follows

Uy = {S; e R"P < T >| f € ®}. (3.2)

Note that ¥4 is indexed by the input-output maps from &.

Remark 3.1 (equivalence of Hankel-matrices). It is easy to see that the Hankel-matrix Hy, of the family of
formal power series W is identical to the Hankel-matrix Hg of ® as defined in Definition 2.8, Section 2.4, and
their ranks are identical too.

We will associate a rational representation Ry, with any bilinear switched realization (3, 1) in such a way
that Ry, , is a representation of Ug if and only if (3, u) is a realization of ®. Conversely, we want to construct a
bilinear switched system realization (X g, ug) from any rational representation R, such that R is a representation
of Uy if and only if (Xg, ug) is a realization of ®.

Below we will present the precise constructions for both cases. These constructions will also be used for the
case of constrained switching. For this reason, in the constructions below we will allow ® to be a family of
input-output maps with a switching constraint L C Q*, i.e. ® C F(PC(T,U) x TL,Y).

Construction 3.1 (representation associated with a bilinear switched system realization). Let ® C
F(PC(T,U) x TL,Y) with L C Q, and let X be a bilinear switched system of the form (2.7) and assume
that : & — X. Define the representation Ry, ,, associated with the realization (X, 1) of ® as the representation

Ry = (X, {Bj) }g.jer I,C). (3.3)
The state-space X = R” coincides with that of 3. For each discrete mode ¢ € @ and index 7 = 1,...,m, let
Bq,j) = By,j, and let By ) = Ay. Let 01,09,...,0n be the discrete modes in the enumeration of @ from (2.23).

Then C is obtained by vertically “stacking up” the matrices Cy,,Cy,, ..., Cs, in this order, that is,

c=[ct cr .. cr]"

Finally, the family of initial states I = {I; € X' | f € ®} is defined by Iy = u(f) € X for all f € .
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The intuition behind the definition of Ry, is the following. If L = Q, then we want Ry, to be a
representation of g, if (X, 1) is a realization of ®. We know that the rows of Sy are Sf.o,, St.o0s---, Ston-
Later we show that if ® is realized by (X, p) for each ¢ = 1,2,...,p, then the values of Sy ,, can be expressed
as products of the system matrices B, ; of ¥ multiplied from the right by p(f) and from the left by C,,. By
interpreting the “stacking up” of the matrices C,, as the readout matrix, interpreting the matrices B, ; as
transition matrices, and interpreting the state u(f) as initial state, we get a rational representation of Ug.

We would like to carry out the converse step, that is, we would like to build a bilinear switched system
representation (X g, ugr) from a representation R.

Construction 3.2 (bilinear switched system realization associated with a rational representation). Denote
by L is the set of admissible sequences of discrete modes, i.e. L C Q" and let ® C F(PC(T,U) x TL,Y) be a
family of input-output maps with the switching constraint L. Let

R = (X, {Mj}qper: 1.0

be a rational representation such that the family of initial states I = {I; € X | f € ®} is indexed by the
elements of ¢ and and the range of the readout map C lies in RPN , i.e. R is an pN-® representation. If X" is
not R™, then replace the rational representation R by its isomorphic copy T'R described in [6], Remark 12, such
that the state-space of TR is R™, n = dim &". In the rest of the construction we assume that that the state-space
of Ris X = R". Hence the state-transition maps M, ;), ¢ € Q, j = 1,...,m can be viewed as n X n matrices,

and the readout map C can be viewed as a pN x n matrix. Define the bilinear switched system realization
(3R, tr) associated with R as follows. Let X i be of the form (2.7). The state space of ¥ coincides with that
of the representation R. The system matrices of ¥ are derived from those of R as follows. For each discrete
mode ¢ € Q, Ay = Mgy and By = My, j =1,...,m. The matrices Cy, ¢ € @ are defined as follows.
Consider the enumeration @ = {o1,02,...,0x} from (2.23). For any ¢ = 0y, i = 1,2,...,N, r =1,...,p, the

rth row of the matrix C, equals the (i — 1)p + rth row of C, i.e.

c=[cr cr .. cr )"

Finally, define the map ug : ® — X as follows; ur(f) =1I; € X for all f € ®.

Intuitively, the matrices of (X g, ) are defined in such a way that if R is a representation of ¥4 then (2.21)
of Theorem 2.5 holds for (Xg, ur), i.e. (Xg,ur) is a realization of ®. It is easy to see that Constructions 3.1
and 3.2 commute in the following sense.

Lemma 3.1. Ry, . is isomorphic to R and (XRy, ,, iRy, ) = (5, ). If the state-space of R is of the form R™,
then Ry, ., = R.

Theorem 3.1 (correspondence between rationality and realizability). Assume that ® is a family of input-output
maps defined for arbitrary switching, and assume that ® admits a generalized Fliess-series expansion. (X, i) is
a realization of ® if and only if Ry, is a representation of We. Conversely, R is a representation of Vo if and
only if (g, pr) is a realization of ®.

Notice that if R is a representation if Wg, then a suitable isomorphic copy of R satisfies the condition of
Construction 3.2, and hence (X, upr) is defined. We present the proof of Theorem 3.1 at the end of this section.

Proof of Theorem 2.6. By Theorem 2.5 if (3, ) is a bilinear switched system realization of ®, then ® has a
generalized Fliess-series expansion, and from Theorem 3.1 we get that then Ug is rational. Conversely, if ®
has a generalized Fliess-series expansion and V¢ is rational, then by choosing an appropriate representation R
of Ug, from Theorem 3.1 it follows that (g, ur) is a realization of ®. By [6], Theorem 4.1 and Remark 3.1,
Vg is rational if and only if rank Hy, = rank He < +00. [l
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We devote the rest of the section to proving Theorem 3.1. To this end, we need a number of technical results.

Define the map ¢ : f — I by (;S((Qaw)) - (Q7]1)(qaj2) e (Qajk) where w = j1j2 .. ]E S Z;fm jlana cee 7jk S
Zm, k>0, and ¢((g,¢)) = e. The map ¢ can be extended to a monoid morphism?® ¢ : I'* — I'* given by

o((q1, w1)(g2, w2) - .- (g, wr)) = ¢((q1,w1)) (g2, w2)) - .. P((q> W) (3.4)

for each (g1,w1), (g2, w2), ..., (g, wy) € f, k>0. If k=0, then we set ¢(¢) = e. That is, ¢ simply “unwraps”
every element of the form (¢, w) into a sequence of pairs (q, j1)(q, j2) . .. (¢, Jx) where the second component of
each pair consists of one single letter. It is also clear that any element of I' can be thought of as an element
of I'. Tt is also easy to see that ¢(w) = w for any word w from I'*. Below we state a number of technical lemmas
which describe the relationship between ¢ and the relation R* from Definition 2.4.

Lemma 3.2. If (I,v) € R*, then ¢(I) = ¢(v) for any I, v € T*.
Lemma 3.3. For any v € I'* and for any q € Q, (v(g,€),0(v)(g,€)) € R*.
The proof of Lemmas 3.2 and 3.3 can be found in Appendix A.3.
Lemma 3.4. For any input-output map f € ®, wordw € f*, and discrete mode q € Q, cf(w(g,€)) = Sy q(o(w)).

Proof of Lemma 3.4. Lemma 3.3 implies that for all ¢ € @, (w(q,€), p(w)(g,€)) € R*. Since ¢y satisfies Part (1)
of Definition 2.5, it follows that cf(w(q,€)) = cs(¢(w)(g,€)). But from (2.22) it follows that S 4(d(w)) =
cr(p(w)(q, €)), hence we get the statement of the lemma. O

Lemma 3.5. Assume that ® is a family of input-output maps with the switching constraint L C QT, ¥ is of
the form (2.7), p: ® — X, and Ry, is of the form (3.3). For each sequence qi,...,q; € Q, wn,...,wy € Z},
k>0,

Bth,wquz,ﬂ& s BQky'LUk = B¢((Q17w1)(qmw2)---(%,wk))' (3'5)
Here, on the right-hand side we used [6], Notation 4.1, for products of state-transition matrices of Ry ;.

Proof. For ji,...,j1 € Zm, 1 >0,

B jijaeii = BajiBajioy - Bagi = Big,j)Blagi-1) - - Blajn) = Boajuja-in)- (3.6)

By repeatedly applying (3.6), we get the statement of the lemma. U

Proof of Theorem 3.1. It is enough prove Part (a). Part (b) follows from Part (a) by using that fact that Rx;, .5
is isomorphic to R, established in Lemma 3.1. First we show that if (3, 1) is a realization of ®, then Ry, , is a
representation of Ug. Assume that (3, p) is a realization of ® and assume that 3 is of the form (2.7).

For each s = (q1,71) .- (qk,jk) € T*, k >0, q1,...,qx € Q, J1,---,Jk € Zm, apply (2.21) to s(q,€) € T*.
Notice that s = ¢(s), By, = I, and use Lemma 3.4, formula (3.5), and construction of Ry ;. Then,

Sr.a(5) = S1.q(d(5)) = ¢5(s(q,€)) = CqBay gy - - - Bay,js #(f) = Co By Iy = CyBsly. (3.7)

By stacking up Sy ,(s) and taking into account the definition of Sy(s) from (3.1) and the definition the readout
matrix 6’, we get that for any s € I' and f € ®, S¢(s) = élef, i.e. Ry , is a representation of Vg.
Conversely, assume that Ry , is a representation of U. This is equivalent to saying that for any discrete mode
g€ Q,word s € ' and map f € ®, Sy 4(s) = CyBsI;. Consider the sequence v = (g1, w1)(g2, w2) . .. (gr, W) €
f*, Q-5 qe € Q, wi,...,wp € Z¥%, k > 0. Notice that (v(gw,€),v)R*, hence, c¢(v(gr,€)) = cy(v).

3Recall that a monoid is a semigroup with identity. A monoid morphism is a map between two monoids which preserves the
multiplication and maps the identity element to the identity element.
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By combining the remarks above Lemma 3.4, (3.5) and the definition of Iy, we get that

Cf(’U) = Cf(U(Qka 6)) = Sfﬂk (¢(U)) = CQkB¢(v)If = CQkBQk7kaQk—lawk—1 .- 'thwuu(f)' (3'8)

By Theorem 2.5, (3.8) is equivalent to (3, u) being a realization of ®. O

3.1.2. Minimality: proof of Theorem 2.3
We reduce minimality of a bilinear switched system realization to minimality of the associated rational

representation. To this end, we first relate observability and semi-reachability of a bilinear switched system
realization with observability and reachability of the corresponding rational representation.

Lemma 3.6. Assume that ® is a family of input-output maps with the switching constraint L C QT, X is of
the form (2.7), and p : ® — X. Then (X, p) is observable if and only if the associated representation Ry,
is observable. (X, u) is semi-reachable from Im p if and only if Ry, is reachable. Conversely, if R is a
pN-® representation, then R is reachable or observable, if and only if (Xr,pur) is semi-reachable respectively
observable.

Proof. Since R is isomorphic to Ry, .y, it is enough to prove the first statement of the lemma. From (3.5) in
the proof of Theorem 3.1 we get that for any (¢1,w1),..., (¢, wr) €T, k > 0,

ker CB¢((Qkfwk))B¢((Qk—lywk71)) R be((ql,wl)) = ﬂ ker Cq By, wy, Bgy—1 w1 - - Bay s - (3.9)
q€Q

Recall from Theorem 2.2 the definition of Ox. Since By, = I, and thus Cy = CyBy., (3.9) implies that
Os. € Opy.,,- On the other hand, (3.9) and the definition of Og,, , imply that Og,, , € Os.

Recall from (2.13), Theorem 2.2 the representation of the set W (Imu). Notice that Imp ={u(f)| fe®}=
{I; | f € ®}. Hence, using (3.5) we get that W (Imyu) = Wgy, ,. Then the lemma follows from Theorem 2.2 and
the definition of observability and reachability for representations. O

Lemma 3.7. Assume that ® is a family of input-output maps with arbitrary switching. Note that dim R =
dimXg, and dim¥ = dim Ry, ,. Hence, if R is a minimal representation of Ve then (Xg,ur) is a minimal
realization of ®. Conversely, if (X, ) is a minimal realization of ®, then Ryx., is a minimal representation
Of \I/q> .

Next, we present the relationship between representation morphisms and bilinear switched system morphisms.

Lemma 3.8. Assume that ® is a family of input-output maps with the switching constraint L C Q%, (X, 1) and
(X', 1) are bilinear switched system realizations, and ® is the domain of i and p'. Then T : (3, 1) — (X, 1)
is a bilinear switched system morphism if and only if T': Ry, , — Ry s is a representation morphism.

Proof. Assume that ¥ is of the form (2.7) and X' = (X", U, Y, Q, {(Aq, {qu}j 1.2,...ms ’) | q € Q}) Assume

that Rx ,, = (X, {Bq. }@q.j)er: 1 C) and Ry v = = (X, {B(qj)} (@.5) GF,I C"), where I' = {If €X' | fed})
Then T is a bilinear switched system morphlsm if and only if for each discrete mode q € Q)

TA; = A:;T Cy = C;T TBy; = B;,jT Tu(f) =n(f)

where j = 1,2,...,m and f € ®. This is equivalent to T'B(, ;) = B(qj)T for each j € Zy,, TIy = T,u(f)

p(f) = I} for each input-output map f € ® and C = cr .. CZN] = [(C’UIT) .. (C’UNT) ] =C'T.
The equalities above are equivalent to T" being a representation morphism.

Proof of Theorem 2.3. (Xmin, fmin) 18 a minimal realization if and only if that Ruyin = Ry, pum. 1S minimal
representation, that is, by [6], Theorem 4.2, R,.;, is reachable and observable. By Lemma 3.6 the latter is
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equivalent to (Zmin, ftmin) being semi-reachable from Im p and observable. That is, we get that (i) < (ii).
By [6], Theorem 4.2, a representation Ry, is minimal if and only if dim 3,,;, = dim Ry, = rank He, =
rank Hg. Here we used Remark 3.1 to derive the last equality. That is, we showed that (i) <= (iii). To
show that (i) <= (iv), notice that (Xmin, imin) i & minimal realization if and only if Rs,,, 4. 15 a minimal
representation. By [6], Theorem 4.2, Ry, is minimal if and only if for any reachable representation R there
exists a surjective representation morphism 7: R — Ryin. It means that (Zmin, f4min) is minimal if and only if
for any reachable representation R of g there exists a surjective representation morphism 7: R — Ryx_ . ...
But any reachable representation R gives rise to a semi-reachable realization of ® and vice versa. That is, we get
that (Zmin, fmin) s minimal if and only if for any realization (Z/,,u/) of ® such that (E/,,u/) is semi-reachable
from Imy there exists a surjective representation morphism 7' : Ry W Ry By Lemma 3.8 we get that

min;HMmin *
the latter is equivalent to T : (E/,u/) — (Zmin, #min) being a surjective bilinear switched system morphism.
From [6], Theorem 4.2, it follows that if (¥, 1) is a minimal realization of ®, then there exists a representation
isomorphism T : RZ', u Ry which means that (X, ftmin) gives rise to the bilinear switched system

min;Hmin

isomorphism 7T : (2/, u/) — (Znins Mmin), that is, (2/,;/) and (Xmin, min) are isomorphic. O
In the procedures below we assume that ® is a family of input-output maps with arbitrary switching.

Procedure 3.1 (construction of a minimal realization from the Hankel-matrix). Using [6], Procedure B.1,
construct a minimal representation R of Wg from the Hankel-matrix Hy = Hyg,. Construct the bilinear
switched system realization (X g, ugr) associated with R. By Lemma 3.7, (X g, pr) is a minimal realization of ®.

Procedure 3.2 (minimization). Let (X, ) be a bilinear switched system realization of ® and compute the
associated rational representation Ry, ,, of Ug. Use [6], Procedure B.4, to transform Ry ,, into a minimal rational
representation R of Ug. Construct the bilinear switched system realization (X g, ug) associated with R. Then
by Lemma 3.7, (Xg, ugr) will be a minimal bilinear switched system realization of ®.

3.2. Proof of the main results: constrained switching

3.2.1. Ezistence of a realization: proof of Theorem 2.7

For the rest of the section, let L C QT be the set of admissible sequences of discrete modes and let ® be
a family of input-output maps with the switching constraint L. We also assume that ® admits a generalized
Fliess-series expansion. We will follow the same approach as in Section 3.1.1 for the case of arbitrary switching.
That is, we associate with ® a family of formal power series Vg and we will relate realizations of ® with
representations of Wg. The family Vo will consist of formal power series indexed by elements ®. An element T’
of ¥y indexed by f € ® will contain an encoding of the values of the GCGS ¢y which generates f. For those
sequences, for which c; is not defined, the value of T will be zero.

Below we formalize the approach outlined above. To this end, recall from (2.25), Section 2.4 the definition
of the vectors T 4(s) for f of @, ¢ € @Q and s € I'*. Define that formal power series Ty 4 as Ty q : I* 3 s +—
Ty 4(s) € RP. Below we will formally prove that T (s) is indeed well-defined for any word s € T'*.

Lemma 3.9. For any s € I'* the value of Ty 4(s) as defined in (2.4) is uniquely defined. Hence, the function Ty,
is a well-defined formal power series.

The proof of Lemma 3.9 is based on the possibility of extending any GCGS ¢ defined on JL to a GCGS
defined on JL (see (2.24) for the definition of JL). The existence of such an extension not only provides a proof
of Lemma 3.9, but it is also useful for simplifying notation in the subsequent proofs. The definition goes as
follows.

Definition 3.1. Consider a GCGS ¢: JL — Y and the set JL from (2.24). Define the GCGS ¢ : JL — Y as
follows; for any s € JL choose a word w € JL such that (s,w) € R* and let ¢(s) = c(w).

Lemma 3.10. This extension ¢ is well-defined. In addition, ¢ and ¢ coincide on JL.

The proof of Lemma 3.10 can be found in Appendix A. Now we are ready to present the proof of Lemma 3.9.
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Proof of Lemma 3.9. Let us apply Definition 3.1 to the GCGS ¢ and denote the resulting extension of ¢y by ¢y.
) if s(q,e) € JL
0 otherwise

of T 4(s) is uniquely determined for all s € T'™*. O

Notice that (2.25) implies that T 4(s) is of the form T (s) = { cr(s(g€) . Hence, the value

Notation 3.1. In the sequel, we identify any CGCS ¢ : JL — ) with its extension ¢ to JL from Definition 3.1.

Recall the enumeration Q) = {01, 09, ...,0n} of the discrete modes defined in (2.23). Define the formal power
series Ty € RNP <« I'* >> by requiring that for all s € I'*,

Ty(s) = [(Tron ()T (Trow(s)T oo (Tron(s)7]"

That is, the values of T are formed by vertically “stacking up” the values of Tt 5,7 6y,..., 1,55, in this
order, starting from the top and ending in the bottom. The intuition behind the definition of T is the
following. The values of Ty are just simply encodings of the values the GCGS ¢y whenever cy is well-defined
and zero otherwise. Recall the formal power series Sy from (3.1) defined for the case of arbitrary switching. The
series Ty is completely analogous Sy; the only difference is that we replace Sy, by Ty, for alli =1,...,N.
Notice that if ¢y is defined for any sequence, then the definition of Sy, and T}, coincide, and hence in this
case Sy and Ty coincide as well. Define the set of formal power series W associated with ® as follows

(3.10)

Uy = {Ty e RY? < T* >| f € ). (3.11)

That is, Uy is simply the collection of the formal power series T’.

Remark 3.2 (equivalence of Hankel-matrix definitions). The Hankel-matrix Hg of ® as defined in Definition 2.9
and the Hankel-matrix Hg, of ®g coincide, and hence their ranks coincide too.

In order to prove Theorem 2.7 we first state a number of results, proof of which will be presented at the end
of the section. Recall from [6], equation (4.1), the notion of Hadamard product.

Theorem 3.2. There exists a family of formal power series Q¢ such that the following holds. If (¥,p) is a
bilinear switched system realization of ®, then there exists a family of formal power series Ky, such that

(i) The family Ky, ,, is rational and its elements depend only on the parameters of (X, ).
(ii) The family of formal power series Yo is the Hadamard product of K, ,, and Qg, i.e.

Vo = Ky, © Q. (3.12)

Moreover, the elements of Q¢ depend only on L, and if L is reqular, then Qg is rational.
The proof of the theorem will be presented later. The theorem above has the following simple corollary.
Corollary 3.1. If ® has a bilinear switched system realization and L is a regular language, then Vg is rational.

Proof of Corollary 3.1. Take a bilinear switched system realization (3, ) of ®. From Theorem 3.2 we get that
Ky, is rational, and if L is regular, then {2 is rational too. From [6], Lemma 4.3, it follows that the Hadamard
product of two rational families is rational, and hence from (3.12) we get that ¥4 is rational. (]

In the sequel we will state the converse of Corollary 3.1. That is, we will claim that if U4 is rational, then ® has
a bilinear switched system realization with constraint L. To this end, recall from Construction 3.2 the definition
of a bilinear switched system realization associated with a representation. Recall from [6], equation (3.7), the
definition of comp(L).

Theorem 3.3. If R = (X, {Ba}aep,l,é) is a representation of Vg, then (Xg,ur) is a realization of .
Moreover, for each f € ®, w € T(comp(L)), and uw € PC(T,U), ys,(ur(f),u, w) =0.
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The proof of the theorem will be presented at the end of the section.

Proof of Theorem 2.7. Recall from Remark 3.2 that the Hankel-matrix of Hy, and the Hankel-matrix of ® as
defined in Construction 2.9 coincide. Hence, if the Hankel-matrix Hg is of finite rank, then it means that the
Hankel-matrix Hy, of Ug is of finite rank. Hence, by [6], Theorem 4.1, U is rational. Take a representation R
of ¥g and apply Theorem 3.3 to R. We get that (Xg, pur) is a realization of ®. That is, first statement of
the theorem is proved. Assume that L is regular and ® has a realization by a bilinear switched system. Then
Corollary 3.1 implies that Wg is rational. By [6], Theorem 4.1, the latter implies that Hy, = Hg is of finite
rank. (]

We will proceed with the proof of Theorem 3.2. We start with defining the family of formal power series (1g
from Theorem 3.2. Recall from (2.24) the the set JL C I'*. For each discrete mode ¢ € @ define the set

L,={seT*|s(qe) e JL}. (3.13)

Lemma 3.11. s € L4 if and only if there exist w € f*, (q,v) € T such that w(q,v) € JL and (s(g,e€),
w(q,v)) € R*.
Lemma 3.12. If L is regular, then the languages Ly, q € Q) are regular.

The proof of Lemmas 3.11 and 3.12 can be found in Appendix A. Lemma 3.11 implies that for any f € ®,
and any word s € Ly, cf(s(g,€)) is defined. For each ¢ € Q and s € I'*, define Z,(s) € R? as

)T ifse L,
Zq(s) = { 0 otherwise. (3.14)

Recall from Section 2.4, (2.23) the enumeration QQ = {oy,...,0x}. Define the formal power series Z € RN?
< I' > by requiring that for each word s € ',

Z(s) = [(Zo, ()T (Zow ()T - (Zon(s))T]

That is, Z(s) is obtained by “stacking up” the values of Z,, (), Zy,(s), ..., Zoy(s) in this order, from top to
bottom. We define the family of formal power series (¢ as follows:

(3.15)

Qs = {Z; e RPN < T* > | f € ®} where Z; = Z for all f € . (3.16)

Corollary 3.2. If L is regular, then Qg is rational. In addition, rank Hq, depends only on the language L.

Proof. First we show the formal power series Z is rational, if L is regular. From this, the statement of the
corollary follows. Indeed, assume that {Z} is rational and let R = (X, {As}oer, {B},C) be a minimal, and

hence reachable and observable, representation of {Z}. Then define the indexed set B = {Ef le ®} by
Ef = B for all f € ®. It is easy to see that R = (X, {Ag}aep,é,C) is a representation of Q¢. Hence,
Qg is indeed rational. It is easy to see that R is reachable and observable, and hence minimal. Hence,
rank Ho, =dim R = dim R = rank Hyzy. Notice that the definition of Z depends only on L, hence, the rank
of the Hankel matrix of Z depends only on L as well.

Hence, it is left to show that Z is rational. Notice that for any [ = 1,2,..., Np, [ is always of the form
l=p(z—1)+ifor some z=1,2,...,Nand i = 1,2,...,p. From (3.14) it follows that for all s € f*, the [th
1 ifsel,,
0 otherwise
(Z(s)); € R. By [6], Lemma 4.2, the regularity of L,, implies that Z; is rational for alll = 1,..., Np. From [6],
Lemma 4.4, it follows then that {Z} is rational. O

coordinate of Z(s) is of the form (Z(s)); = . Consider the formal power series Z; : [* 3 s
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Consider a bilinear switched system realization (3, 1), where ¥ is of the form (2.1) and p : ® — X. As
the next step, we will define the family of formal power K, from Theorem 3.2. Recall from [6], Section 2,
the definition of the input-output map yx(u(f),.,.) of ¥ induced by the state p(f). Consider the family of
input-output maps Ox, , = {y=(u(f),.,.) | f € ®} defined for arbitrary switching. The following holds for Oy, ,,.

Lemma 3.13. ¥ is a realization of Oy, ,,. Hence, Oy, ,, has a generalized Fliess-series expansion and the family
of formal power series Ve, , associated with Ox ,, as defined in Section 3.1.1, (3.2), is rational.

Proof. Consider the map g : ©x, — X such that for each g € Oy, 1(g) = u(f) where f is an element ®
such that ¢ = ys;(u(f),.,.). Assume that there is another f € ®, such that g = yg(u(f'), o). But (X, ) is a
realization of @, hence it follows that for all w € PC(T,U), w € TL, f(u,w) = g(u,w) = f/(u,w), e f=f.
Hence, 1 is well-defined. Then it follows that ys(z(g),.,.) = g for all ¢ € Oy, hence (X, 1) is a realization
of ©g . The rest of the lemma follows from Theorem 3.1. O

Now we are ready to define the family of formal power series Ky ,,. Assume that
Vo, , ={S; eERN"? < T*>| g€ Ox,}.
For each map f € ®, denote by Gy the formal power series S, where g = ys(u(f),.,.). Then define Ky, , as
Ky, ={G; e RRT" >| f € ®}. (3.17)
That is, Ky, is simply a re-indexing of ey, ,. The reason this re-indexing is necessary is that Ve is indexed
by ®, hence both families on the right-hand side of (3.12) have to be indexed by ®. We have the following.

Lemma 3.14. The family Ky, is rational and rank Hg,, , = rank Hey, ,.

Proof. Define the map U : & — Ox , by U(f) = ys(u(f),.,.). It is easy to see that Gy = Sy(y) and U is
surjective, and from Lemma 3.13 it follows that We , is rational. Hence, from [6], Lemma 4.5, we get that
Ky, is rational and rank Hp,, , = rank H\yez L= rank Hey, . O

Proof of Theorem 3.2. Part (i) of the theorem follows easily from the construction of Ky , and Lemma 3.14.
Next, we will prove Part (ii) of the theorem. Recall from the proof of Lemma 3.13 the map f : Oy, — X. For
each f € ®, denote by cy : JL — Y the GCGS which generates f, i.e. F., = f. Denote by dy : I'* — Y the
GCGS which generates ys(u(f),.,.), i.e. Fa, = ys(u(f),-.):

Recall the equality (3.5). Using this equality and Theorem 2.5, we get that (3, 1) is a realization of ® with
constraint L, if and only if for all f € ®, w € I'* and (q,v) € T such that w(g,v) € JL,

Cf(w(Q7 U)) = Cqu,vB¢(w),u'(f)' (318>

Similarly, by applying (3.5) and using Theorem 2.5 for the case of Oy ,, we get that (3, 1) is a realization
of Oy, ,, if and only if for each f € ®, and for each w € I'* and (¢,v) € T’

df(w(g,v)) = CqBqwBgw)i(ys(1u(f), ;) (3.19)

Recall from (3.13) the definition of the set L,. By Lemma 3.11, if s € L, then there exists a word w(q,v) € JL
such that (w(q,v),5(q,€)) € R*. Hence, if 5 € Ly, then c;(s(q,€)) — cs(w(g,v)), and d;(s(q, )) = d; (w(g, v))
holds. By applying the equality above, (3.18) and (3.19) to w(q,v), and using u(f) = w(ys(u(f),.,.)), we get
cy(s(q,€)) = CyBgwBguyp(f) = dg(s(q,€)). That is, for each g € Q, f € ®, s € L, we get that

Tyq(s) = cp(s(a:€)) = df(5(4,€)) = Sys(u(s)...).a(s)- (3.20)

Notice from (2.25) and (3.14) that for each s ¢ Ly, Ty4(s) = 0 and Z,(s) = 0. That is, Ty, = Sy,q @ Z, and
therefore Ty = Sy (u(f),..) © Zy, for all f € ®. Formula (3.12) follows now from the definition of Kx ,. O
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Proof of Theorem 3.3. First we show that (X, ) is a realization of ®. Let (X, 1) = (Xg, ptr) be the realization
associated with R as in Construction 3.2 and assume that ¥ = X is of the form (2.1). Recall that by possibly
replacing R with an isomorphic copy whose state-space is R”, n = dim R, we can assume that R = Ry ,,
and hence we can apply (3.5). Using the fact that R is a representation of ¥4, and the construction C of
the readout map of R, we get that for all f € ® and s € IT'*, Ty ,(s) = CyBsI;. Consider a word v =
(g1, w1)(q2,w2) ... (s, w) € JL, q1,...,qx € Q, w1,...,wx € Z%, k > 0. From Lemma 3.3 it follows that
(v(qr,€), p(v)(qr,€)) € R* and evidently (v(qx,€),v) € R*. Hence, (¢(v)(qk,€),v) € R* and from (2.25) for all
f€®, cr(v) =cr(ep(v)(ge,€)). From this, Lemma 3.10, and (3.5) we get that

Cf(v) =Ty q ((;5(1))) = CQkB¢(11)If = quchmwk s Bquwlu(f)' (3'21)

From Theorem 2.5 we get that (3.21) implies that (Xg, ug) is a realization of ®.

Consider the switching sequence v = (q1,%1)(q2,t2) ... (g, tx) € T(comp(L)), q1,q2,-..,qk € Q, t1,t2,...,
ti € T. We show that for all u € PC(T,U), ys(u(f),u,v) = 0. It follows from [6], equation (3.7), that qu =,
where Eqk was defined in [6], equation (5.11). Then for each s € I'* of the form s = (g1, w1)(g2, w2) - . . (qr, wi)
for some wy,wa,...,w, € Z¥ , we get that ¢(s) §é Lq, . Indeed, Eqk = () and from the proof of Lemma 3.12,
presented in Appendlx A, we know that L, = prg, Y(Ly). If ¢(s) € Ly, then we get that pro(é(s)) € qu =0,
a contradiction. Hence, it follows from the deﬁmtlon (2.25) of T},q, that Ty g (¢(s)) = 0 for each f € @
and s = (q1,w1) ... (qk,wr), where ¢1,...qx € comp(L). But g = ys(u(f),.,.) has a generalized Fliess-series
expansion, since it is realized by . Denote by ¢, the GCGS which generates g, i.e. ¢4 is such that F. = g.
Then from Theorem 2.5 and the fact that R is a representation of Wg, it follows

Cg((Q17w1)(q27w2) v (Qka wk)) = CQkBQk7kaQk—lawk—1 v Bth,ﬂ/u“(f) = quBrb(s)If = Tf,Qk (¢(5)) =0. (3'22)

Here, we used (3.5) again. Then (3.22) together with the definition of g = F,, implies that g(u,v) = F¢, (u,v) =0
for v = (q1,t1) ... (g, tx) and u € PC(T,U). Since g(u,v) = ys(u(f), u,v), we get that ys(u(f),u,v) =0. O

3.2.2. Quasi-minimality: proof of Theorem 2.4

Proof of Theorem 2.4. Assume that L is regular and that ® has a realization by a bilinear switched system.
Then Theorem 2.7 implies that Wg is rational. Consider a minimal representation R of Wg. Construct the
bilinear switched system realization (X, pur) associated with R as described in Construction 3.2. We claim
that (3, tm) = (XR, ur) satisfies the statement of the theorem. Indeed, Theorem 3.3 implies that (£,,, pm) is
a realization of ® and (2.16) holds for (X,,, ftm). Moreover, since R is minimal, it is reachable and observable.
Lemma 3.6 then implies that (X, ttm) is semi-reachable and observable.

It is left to show that (2.17) holds for all realizations (3, ) of ®. Consider a bilinear switched system
realization (X, p) of ®. Recall from (3.17) the definition of Ky, and recall the definition of the family of
input-output map Oy, ,. Notice Ky, , is obtained from Wg,, , by re-indexing its elements. Recall from the proof
of Lemma 3.13 that (3, 1), is a realization of Oy ,. Hence, Theorem 3.1 implies that Ry j is a representation
of e, , and hence, the rank of the Hankel-matrix of Ve, , satisfies rank Hy,_ < dim Ry j = dim 3. Since
Ky, is just a re-indexing of Ve ,, from [6], Lemma 4.5, it follows that rank HKE < rank Hy,_ < dim3.
Since (3.12) holds for K, ,, and Ug, from [6], Lemma 4.3, and the discussion above it follows that rank Hy, =
rank Hry, 00, < rank Hg,, , -rank Ho, < rank Hgq, -dim X. We proceed to prove that (2.17) holds. From [6],
Theorem 4.2, it follows that dim X, = dim R = rank Hy,. Choosing M = rank Hq, and using the discussion
above we get (2.17). The statement that M depends only on L follows from Corollary 3.2. (]

Procedure 3.3 (construction of a realization from the Hankel-matrix). Assume that L is a regular language.
Construct a minimal representation R from Hg using [6], Procedure 8.1. Construct the bilinear switched system
realization (X g, ur) associated with R. By Theorem 3.3 (Xg, ug) is a realization of ®, and from the proof of
Theorem 2.4 it follows (Xg, ur) is a quasi-minimal realization of ®.
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Procedure 3.4 (quasi-minimization). We can transform a bilinear switched system realization (X, 1) of ® to
a quasi-minimal one as follows. Using (X, u) we can construct the Hankel-matrix He of ®. Then we can use
Procedure 3.3 to construct a a quasi-minimal realization of ®.

4. CONCLUSIONS

This paper represents Part II of a series of papers on realization theory of linear and bilinear switched
systems. In this paper we presented a solution to the realization problem for bilinear switched systems. The
paper uses the theory of formal power series to deal with realization problem for switched systems. Topics of
further research include realization theory for piecewise-affine systems, and non-linear switched systems.

Acknowledgements. The author thanks Jan H. van Schuppen, Pieter Collins and Luc Habets for for the useful discussions
and suggestions. The author thanks the anonymous referee for the useful comments.

A. TECHNICAL PROOFS

In Section A.1 a number of results is presented on GCGSs and input-output maps generated by them.
Section A.2 presents the proof of Theorems 2.1, 2.5 and 2.2. Section A.3 presents the proof of some technical
results used in Sections 3.1 and 3.2.

A.1. Technical results on generalized Fliess-series expansion

The goal of this section is to present a number of results on input-output maps of bilinear switched systems.
In the sequel, we use the notation of Section 2.4. Recall the notion of a GCGS. First, we show that the map F
generated by a GCGS c is well-defined.

Lemma A.1. If ¢ : JL — Y is a GCGS then for each input w € PC(T,U), and switching sequence s =
(q1,t1)(q2,t2) ... (qr,tx) € TL, q1,...,qx € Q, t1,...,tx € T, k > 0, the series F.(u,s) defined in (2.20) is
absolutely convergent.

Proof of Lemma A.1. For any natural number N € N denote by Wy ; the set of all sequences of words
Wiy, Wi € Zpy, such that |wq| + |wa| + ... + |wg| < N. Define the finite sum Sy by

Sy = Z ||c((q17w1)(q27w2)'"(qkawk))'lvwhwm---,wk[u](tlv"'atk)l' (A1)

w1, Ww2,..., wr EWN k

In order to show that F.(u, s) is absolutely convergent, we have to show that Sx, N € N is bounded from above.
Since u is piecewise-continuous, there exists R > 1 such that max{|u;(¢)| | j =1,2,...,m, t € [0, Zle ti]} < R.
Then by induction it is easy to see that for all w € ZZ,, the absolute value |V,,[u](¢;)| is bounded from above by

% for all w € Z},. Hence, for any sequence wy,...,wy € Z7,,
k R [
— . wi |+ wk
|V’LU1,UI2,...,’LUk[u](t17"'7t1€)| _HZ:1|VWL[U](t'L)| S |’LU1|' |’LU2|' |wk|'R ! . (A2)

Using (A.2) and the fact that ||c((q1, w1)(ga, w2) . .. (qr, wy))|| < K MwilHlwelt 4wl we get that

RIS S
Sy < K(MR w1y w2|T...TWe| L, k| A3

w1, W EWN K
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For each Iy,...,l; € N there are precisely (m + 1)l1+l2+'“+l’“ sequences of words wi,...,w, € Z}, such that
|wi|] = l;; i = 1,...k. Hence, if in (A.3) we collect all the k tuples of words wy,...,wy such that each w;,
i =1,...,k is of the some fixed length [;, we get the following

tll tl2 t Ly N Tl
Sx< Y K(MR(m+ 1)t L2 < NN R (MRE(m 4+ 1) < KeMRMmIDT (A g)
11! 15! !
Lh+.. 4+l <N =0
where T' = 21 . Here we used the equality >, ., | = # = k. That is, each Sy is bounded from
above by KeIVIR’“("“‘I)T7 and hence the series F.(u, (q1,t1)(g2,t2) ... (qx, tx)) is absolutely convergent. O

It is a natural to ask whether ¢ determines F,. uniquely. The following result answers this question.
Lemma A.2. Let L CQ* and let d,c: JL — Y be two convergent generating series. If F, = Fy, then ¢ = d.

Proof of Lemma A.2. It is enough to show that for any k& > 0 and any language L C Q*, and any convergent
generating series d,c : JL — )Y, if F; = F, then for each sequence qi1q2...qx € L, q1,...,qx € @, and each
Wi, ..., W €L7%,
(g1, wi)(g2, w2) .. (qr, wi)) = d((q1, w1)(g2, w2) - .. (q1, wi)). (A.5)
We proceed by induction on k. If k = 1 and ¢; € L, then consider the series ¢ : Z}, 3> w — ¢((¢1,w)) and
d:7: 3w d((qu,w)). The series ¢ and d are convergent series in the sense of [2]. If F, = F,, then with
the notation of [8], Fi[u|(t) = Fe(u, (q1,t)) = Fa(u, (q1,t)) = F;[u](t), which by [2] implies that ¢ = d, that is,
c((q1,w)) = d((q1,w)) for each w € Z%,.
Assume that (A.5) holds for each k < N and for any language L C Q*. Let qiga...qn+1 € L for
Qs qn+1 € Q and let ¢,d : JL — RP be two GCGS. Consider the language H,, = {w € Q" | qqw € L}.

Denote by JH,, the set of all those sequences (o1,w1)(02,w2)... (0%, ws) such that o1,09,...,06 € Q,
w1, Wa, ..., wg € Zy, and the sequence 0103 ...0x € Hy,. Let w € Zy, and define the map c(g, ) : JHy — Y, as
C(qr,w) (8) = (g1, w)s). (A.6)

It is easy to see that for all v = (s1,21)...(sk,21) € JHy,, 51,...,8c € Q, 21,..., 2k € L}y, ||c(gr,u)(V)]] <
KMWWIKMIzFFlzl e ¢ is a GCGS. Recall from [6], equation (2.5), that by TH,, we denote the

set of all the switching sequences s = (01,71)(02,72) ... (0k,7k) € (Q x T)* such that o1,...,04 € Q and
0103 ...0% € Hgy . Fix a switching sequence r = (o1,71)...(0k,7%) € THy, T1,...,7 € T and fix a input
u € PC(T,U). Since c(q, ) is a GCGS, it induces an input-output map Fe,, ., with a well-defined value
Fe, w(usr) at (u,r). Define the map

Foq (u,r) 7y, 5w Feiw (u,r). (A7)

We claim that F, g, (u,) is a generating convergent series in the classical sense of [2,8]. Indeed, from the proof
of Lemma A.1 it follows that |[Fe ., (u,(o1,71)... (0%, 7k))[| < MWl KeMBN(mAD I, 7 for some K > 0,
where R > max{1, max{|u;(¢)| | j = 1,2,...,m, t € [0,3}7:]}}. That is, R, K and eMEN(m+1)(205 ) are
independent of w and hence Fig, , is indeed a convergent generating series in the classical sense. In the next
step, we need the notion of concatenation of two input functions; for any pair of inputs f, g € PC(T,R™), and
any time instance 7 € T the concatenation f#,9 € PC(T,R™) of f and g at time instance T is defined as
[ r) i< .
f#-9(t) = { o) ift>T With the notation above, for any v € PC(T,U),

Fo (v, u, (g1, t1)r Z Fe, o (u,m)Vip[v](t1). (A.8)

weZy,
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That is, the value of F, for v#, v and (q1,t1)(01,71) ... (0, T) is the same as output of the input-output map
induced by the classical convergent generating series F¢ 4, for v. We use this fact in the induction step below.
For the convergent generating series d define the convergent series dg, ., the map Fy, ., and the corresponding
convergent generating series Fy g, (u,7) in a similar way as it was done for ¢ in (A.6), and (A.7).
Assume that F. = F,; holds. In particular, we get that for all inputs v € PC(T,U), and for all t; € T,

FC(U#tua (QIa tl)r) = Fd(v#tua (qlv tl)r)' (Ag)

By taking into account (A.8), by induction hypothesis for k¥ = 1 we get that for each fixed v € PC(T,U), for
each switching sequence r € TH,,, and for all w € Z3, F..,  (u,r) = Fy, ,(u,7). Then by induction hypothesis
for k = N and for L = H,, we get that cq, w(v) = dg, w(v) for all words w € Zj,, and v € JH,, such that
|[v| < N. In particular, for each sequence of words wy,ws, ..., wyy1 € Z5,, we get

c((qr, w1)(g2, w2) - - (qN+1, WN+1)) = C(qy 1) (T) = d(gy 0y (@) = d((q1,01) (g2, w2) - .. (gN+1,wN+1))  (A.10)
where & = (g2, w2) ... (qn4+1, wn+1). But (A.10) is the same as (A.5), hence (A.5) holds for k < N + 1. O

A.2. Proof of Theorems 2.1, 2.5 and 2.2

Proof of Theorem 2.1. To show absolute convergence of the series we will use the notion of a convergent gen-
erating series defined in Section 2.4.1. Using the notation of Section 2.4.1 define the series ¢, : It — X
by ¢z ((q1sw1) ... (s, wk)) = Bgpwy - Bgrwn®o for all ¢1,....,qx € Q, w1,...,w € Z¥,, k > 0. Then
[leao|] < ||$0||MZ§:1 lwil where M = max{||B,,|| | ¢ € Q, j € Zn}. That is, ¢, is a convergent gener-
ating series and by Lemma A.1 the series on the right-hand side of the first equation of (2.11) is absolutely
convergent and equals Fr, (u, s). This also implies the absolute convergence of the right-hand side of the second
equation of (2.11).

It is left to show that the right-hand sides of (2.11) equal the respective left-hand sides. We will pro-
ceed by induction on k. If k = 1, then axn(zg,u,(¢1,t)) is the state under input w at time ¢ of the bi-
linear system #(t) = Ag x(t) + Z;n:l(thjx)uj with initial state zp. By classical results [2] on bilinear
systems x(xo,u, (q1,t)) = Zwez% By wroVip[u](t). Assume that the statement of the proposition is true
for all & < N. Notice that for each s = (q1,t1)(g2,t2) ... (qn,tn) € (Q x T)*, xx(wo,u, s(qnt1,tN+1)) =
s (s (o, u, 8), Shiftzlw ¢, (W), (qn+1,tN+1)). Using the induction hypothesis one gets

mz(xmuas(qN-i-latN-i-l)) = Z BQN+1,1UN+1$E($07U’5 S)sz\z+1[uN](tN+1)

wWN4+1€Z5,

Z BQN+1,U/N+1V'U)N+1 [U’N](tN-i-l) Z BQN,UIN .o 'th’un xOthm,wN [u] (tla cee atN)

’LUN+1€Z*m ’Lul,v».,’UJNEZ*m

= E : Byy 1w 1 Banwn -+ - By wi @0 Vay wa,. w14 [u](ty,. .., tn11)
W1,...,WN+1€ZY,

where uy = Shifty-~ .. (u). The rest of the statement of the theorem follows easily from the fact that

i

yZ(rTO, u, (qlatl)(QQat;):' <. (Qk,tk)) = qul'z(l’o,u, (QIatl)(qQatQ) cee (Qkatk))' 0

Proof of Theorem 2.5. If (X, ) is a realization of ®, then by Theorem 2.1, for each f € @, for each u € PC(T,U),
and w = (q1,t1)...(q,tx) € TL, with q1,q2,...,qx € Q, t1,to,...,tx € T, k > 0, f(u,w) = ys(u(f),u,w)
equals the right-hand side of the second equation of (2.11). But the right-hand side of the second equation
of (2.11) evidently equals F,, (u,w), i.e. it equals the value at (u,w) of the input-output map generated by the
GCGS ¢y defined in (2.21). That is, f(u,w) = F.,(u,w), i.e. ® admits a generalized Fliess-series expansion
of the form given in (2.21). Conversely, if ® admits a generalized Fliess-series expansion of the form (2.21),
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then by using the definition of I, one gets that f(u,w) = F¢,(u 7w) equals the right-hand side of the second
equation of (2.11). From Theorem 2.1 it then follows that f(u,w) = F¢,(u,w) = ys(u(f), v, w), i.e. (X, ) is a
realization of ®. g

Proof of Theorem 2.2. Part (i). For each Xy C X, ¢1,¢2,...,qx € Q, k > 0 define the set W, ¢, 4. (X)) C X
as the linear span of all the states of ¥ which are reachable from an initial state in X} if the continuous-valued
inputs and the switching times are arbitrary, but the sequence of discrete modes is precisely ¢1qs - . . g, i-€.

Waigs...qr (Xo) = Span{xs(zo,w, (q1,t1)(g2, t2) . .. (qr, tr)) | u € PC(T,U), t1,t2,...,tx €T, xo € Xp}.

Notice that xx(zo, u, (q1,t1)(g2,t2) ... (gk, tr)) = s (xs (0, u, s), Shiftr, (u), (¢x, tr)), where Ts = Z;:ll t;, and
s = (q1,t1) ... (qr—1,tk—1). Using the fact that in the discrete mode g; the system ¥ behaves like a bilinear
system and using the results from [1,2] one gets that for each fixed s = (q1,t1) .. (qk 1, tk—1) € (Q x T)* and

u € PC([O,X:]f_1 t;],U) it holds that W, ({zx(zo,u, s)}) = Span{ By, wrx(zo,u,s) | w € Z,}. That is,
W‘h,m,% (‘XO) = Span{qu,w:c | x € W‘hwuﬂk—l(‘){o) w € Zy, }

Taking into account that by [1] W, (Xy) = Span{Bg..zo | 0 € X} and Span{x | z € Reach(X, Ap)} = Span{z |
reXyorx € Wy, g (X), for some qq,...,q; € Q, k> 0}, the statement of Part (i) of the theorem follows.

Part (ii). It is easy to deduce from (2.11) of Theorem 2.1 that yx(x,.,.) is linear in x, hence ys(x1,.,.) =
ys(xa,.,.) is equivalent to ys(x1 — x2,.,.) = 0. Hence it is enough to show that

x € Oy if and only if ys(z,.,.) = 0.

To this end, let p, : {ys(x,.,.)} 3 yu(z,.,.) — x € X. It is easy to see that (X, u,) is a realization of
{y=(z,.,.)}. But then by Theorem 2.5, ys(x,.,.) has a generalized Fliess-series expansion, i.e. yn(z,.,.) = Fe_,
where the GCGS ¢, : I't — RP is defined as ¢, ((q1, w1) ... (qx, wi)) = Cy By - - - By for all qu, ...,
qr € Q, wi,...,wi € Z¥,, k > 0. By Lemma A.2, F. = ys(z,.,.) =0 if and only if ¢,(s) = 0 for all s € r+.
But the latter is equivalent to x € Ox. Note that one can also give a proof without using the notion of GCGS
and Theorem 2.5. However, that proof is much longer than the one above. ]

A.3. Proof of technical results from Sections 3.1 and 3.2

Proof of Lemma 3.2. Recall from Definition 2.4 the definition of the relation R C r* xf*. First we prove
that if (I,v) € R, then ¢(I) = ¢(v). Indeed, (I,v) € R implies that there exists h,s € I'*, such that either
(1) I = h(q,w1)(q,w2)s and v = h(q,wiws)s, or (2) I = h(q1,€)(g2,w)s and v = h(ga,w)s. Notice that
D((g; w1)(q; w2)) = ¢((¢; w1))p((q; w2)) = P((g; wiw2)), and G((g1,€)(a2,w)) = d((q1,€)) (g2, w)) = (g2, w)).
Hence, if (1) holds, then ¢(1) = ¢(h)¢((q,w1)(q,w2))¢(s) = ¢(h)P((q, wrw2))p(s) = ¢(v). If (2) holds, then
o(1) = 6(h)é((a1, ) (a2, ))é(s) = 6(h)((a2,w))é(s) = 6(v). Hence, in both cases ¢(l) = ¢(v). Finally, we
will prove the general case. Assume that ({,v) € R*. Then either | = v, and hence ¢(l) = ¢(v), or there
exists sg,...,Sk € f*, k > 0 such that s) =1 and s, = v and for all i = 0,...,k — 1, either (s;,s,41) € R or
(8it1,8i) € R. But by the first part of the proof, (s;,s;11) € R or (s;4+1,$:;) € R both imply ¢(s;) = ¢(si+1),
hence ¢(1) = ¢(v). O

Proof of Lemma 3.3. We prove it by induction on the length of v. If v = €, then the statement of the lemma is
trivially true. Assume that the statement of the lemma is true for all words s € I'* of length at most k — 1. Let
v = s(qx, wr) where s is a word of length k — 1. Assume that wy = j1j2...7 for some ji,7j2,...,51 € Z,, and
1>0.Ifl=0,ie wy =e¢, then ¢p(v) = ¢(s). Notice that v(q,€) = s(qx, €)(g, €), hence (v(q, €),s(q,€)) € R C R*
by Part 2 of Definition 2.4. In addition, by induction hypothesis we get that (s(g,€), #(s)(q,€)) € R*. Hence, if
1 =0, then by transitivity of R* and ¢(s) = ¢(v) we get that (v(q,€), p(v)(g,€)) € R*. Assume now that [ > 0.
We will show that (v, ¢(v)) € R*, from which the statement of the lemma follows easily. For each ¢ =0, ...,[, let
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vi = @(8)(qr,31)(qr, 32) « - - (@ Ji) Qs Jig1 - - - Ji)- Tt follows that vo = @(s)(qr, wg) and v; = ¢(v). From Part 2,
Definition 2.4, (¢(s )(qk,wk) o(3)(qr, €)(qx, wy)) € R* and (s(qx, wr), s(qk, €)(qx, wy)) € R*. By induction hy-
pothesis (s (qk, €), (s )(qk, €)) € R*, hence by transitivity of R*, we get (s(qx,wg), d(v)(qx, wr)) = (v,v0) € R*.
Foralli =0,...,01—1, (viy1,v;) € R C R*, since v; = (¢()(qr,J1) - - - (qr, Ji)) (@i Jit1Jit2 - - - j1) and vi4q1 =
(P(s)(qr, 1) - - - (qk,jl))(qk,ji+1)(qk,ji+2 ...j1). Combining (v,v9) € R*, v; = ¢(v) and (vi+1,v;) € R*,
i=0,...,1—1 and using symmetry and transitivity of R* we get that (v, ¢(v)) € R*. ([

Proof of Lemma 3.10. First, we will show that ¢ is well-defined map. It is clear that for any s € JL there exists
a w € JL such that (s,w) € R*, hence the value of ¢ for any s € JL is defined. Next, we will show that ¢(s)
is defined uniquely. Indeed, if (s,w), (s,v) € R*, w,v € JL, then c¢(w) = ¢(v) = ¢(s), since ¢ was assumed to
be a generating convergent series and hence it satisfies Definition 2.5, Condition 1. Next, we will show that ¢
satisfies Conditions (1)—(2) of Definition 2.5. If (s,x) € R*, then ¢(s) = ¢(x). Moreover, if (s,w) € R* and
s=(z1,21) ... (z;,2;) and w = (q1,v1) . . . (q&, Vi), then from the definition of R it follows that Zlf lv;| = le EAR
that is, [[2(s)]| = ||c(w)|| < KM21 il = KAMZv el That is, ¢: JL — Y is indeed a GCGS. O

Proof of Lemma 3.11. Consider s € T'*. If there exists w(q,v) € JL such that (w(q,v), s(q,€)) € R*, then from
the definition of JL it follows that s(q,€) € ji, which by the definition of L, implies that s € L.

Conversely, assume that s € L,. Then s(q,¢€) € JL and hence there exists a word @ € JL such that
(w,s(g,€)) € R*. We will argue that @ can be written as @ = w(q,v). Notice that (w,s(q,€)) € R* implies
that there exist words zp = w, 2z = s(g,€) and z; € f*, i =1,...,k — 1 such that for each i = 0,...,k — 1,
(ziyzit1) € R or (2i41, %) € R or z; = z;41. In other words, either z;11 = z;, or z;11 can be obtained from z;
(or wice versa) using one of the two operations described in Definition 2.4. But none of the operations in

Definition 2.4 can erase the last discrete state of z; for ¢ =0,...,k—1. That is, if z; = 2;(¢q;, ;) for some ¢; € @,
then necessarily z;11 = Z;j+1(qi,ri+1). Hence, we get that the last discrete state of w and of s(q,¢€) coincide,
i.e. W = w(q,v) for some w € T'* and v € Z,. O

Finally, we present the proof of Lemma 3.12. To this end, we need the following corollary of Lemma 3.11.
Corollary A.1. For each s € T'*, s belongs to Ly if and only if there exists w(q,v) € JL such that p(w(g,v)) = s.

Proof of Corollary A.1. If s € L, then there exists w(q, v) € JL such that (w(q,v), s(q,€)) € R* by Lemma 3.11.
Then from Lemma 3.2 it follows that ¢(w(q,v)) = ¢(s(q,€)) = ¢#(s). Conversely, assume that ¢(w(q,v)) = s for
some w(q,v) € JL. We show that s € L,. From Lemma 3.3 it follows that (w(q,v)(g,€), p(w(g,v))(g,€)) € R*.
Hence, (w(q,v)(q,€),s(q,€)) € R*. Notice that (w(g,v)(q,€),w(q,v)) € R. Using transitivity of R* we get
(w(q,v),s(g,€)) € R*, which by Lemma 3.11 implies that s € L. O

Proof of Lemma 3.12. Define prq : I'* — Q* by prq((q1,1) - - (qk, jr)) = ¢1 ... qx for each q1,...,qr € Q and
JiyeyJk € Zpm and k > 0. Recall from [6], equations (3 20) and (5.11), the deﬁmtlon of the sets F, ( v) and L
Recall from [6], Lemma 5.8, that if L is regular, then L is regular. We shall prove that L, = prg (L ). From
this equality it follows that if Lq is regular, then L, is regular. Hence, if L is regular, then L, is regular.

We now proceed with the proof of the equality L, = prél(Lq). First, we show that L, C prél(Lq). If
s = (q1,71)--- (¢, Jr) € Lg, then by Corollary A.1 there exists an w € I'* and (q,v) € [ such that w(gq,v) €
JL and ¢(w(q,v)) = s. Assume that w is of the form w = (z1,m1)... (2, mi), where z1,...,2; € @ and
mi,...,my € Z% . Since w(q,v) € JL, we get that z122...25q € L. Let | be the smallest index j such that the

word m; is non-empty. From the fact ¢(w(q,v)) = s it follows that the following relationship holds between
2y ..,z and q1, ..., gr; the first |my| letters of q1¢2 ... ¢, coincide with z;, for each i =1,..., k — 1, the letters

Uiy fms+10 95y fmg 42+ A5 ) equal z;1, and finally the last [v| letters g,_|y|4+1,...,¢- are equal
to g. In addition, |v] 4+ Zle |m;| = r. That is, we get that ¢1...¢.q = lemll ...z,Lmqu|”‘q. Define the words
s=z1...2-1 and € = 2z...2,q. Then sv = z1...2,¢ € L, i.e. ( ((|m1| Slmels v)), x)) € Fy(qigz - - qr)-
Hence, q1¢2 ... ¢ = pro((q1, 71)(g2,42) - - - (qT,jr)) € L That is, Lq C prg, (L ).
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Conversely, we show that prél(zq) C L,. To this end, let w € L, and let (u, (a, h)) € F,(w). Assume that u
and h are of the formu = q1q2 ... gy and h = 2z122... 2, where q1, g2, . . ., gy € @, and 21, 29, ..., 2z € Q are the
letters of w and h. From the definition of F,(w) it follows that w = z{" 292 ... z* where o = (a1, 2, ..., ) €
N*, and 2z, = ¢q. Notice that for any v € T'*, v € prél(w) if and only if v = wvivs...vE, where for each
i=1,...,k vi = (%,01,)(%is52.0) - - - (%iy Jas i) € T, for some jis,J2,is---sJaii € Zm. Define the words

Ji = Jrij2,i---Jasi € Zy,. Consider the word s = (q1,€)(q2,€) - .- (qu|,€)(21,J1)(22, j2) - - - (21, j&) in I'*. Since
UV = q1G2 . .. Qu|Z1%2 - . - 2k € L, it follows that s € JL. In addition, notice that ¢(s) = v and recall that z;, = q.

By Corollary A.1 the latter implies that v € L,. That is, prél(iq) C Lg4, and consequently L, = prél(zq). O
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