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A Faa di Bruno Hopf Algebra for a Group of
Fliess Operators with Applications to Feedback

W. Steven Gray*

Abstract— A Faa di Bruno type Hopf algebra is developed for
a group of integral operators known as Fliess operators, where
operator composition is the group product. The result is applied
to analytic nonlinear feedback systems to produce an explicit
formula for the feedback product, that is, the generating series
for the Fliess operator representation of the closed-loop system
written in terms of the generating series of the Fliess operator
component systems. This formula is employed to provide a proof
that local convergence is preserved under feedback.

I. INTRODUCTION

Let f and ¢ be two functions with convergent Taylor
series about = 0 which leave the origin invariant, say
flx) = 3,51 fax™/n! and g(x) = >, <, gna™/n!. The
composition i = f o g has the same nature as f and g, and
the well known Faa di Bruno formula provides its Taylor
series coefficients, specifically,

J1 J2 .. jn

" f nlk!
hn _ Z % gl gQ n ( )
k=1

- gilgale gt (1N (21)d2 - (nl)in’
where the second sum is over all ji,j2,...,7, > 0 such
that j; + jo + -+ 4+ jn, = k. In the event that the series are
not convergent, the functions involved can be interpreted as
formal functions rather than as analytic functions. In either
case, if f1 # O then f has a compositional inverse, f~!,
and therefore, the corresponding set of functions forms a
group under composition. In the special case where f; =
1, the coordinate functions a, : f — f,, n > 1 on
the corresponding subgroup form a graded connected Hopf
algebra, a so called Faa di Bruno Hopf algebra [2], [3],
[6], [20]. The antipode of this Hopf algebra acts on each
coordinate function to produce a polynomial expression for
the coordinates of the compositional inverse. It turns out that
this algebra has great utility in quantum field theory and
related areas [6].

In this paper, an analogous Faa di Bruno Hopf algebra is
developed for a group of integral operators known as Fliess
operators. Such an operator, F,, is normally written in terms
of a generating series ¢ over a noncommutative alphabet
X = {zo,21,...,2m} [7], [8]. It was shown in [19] that
a noncommutative version of (1) describes the input-output
map F. : u — y when u is described by a Taylor series
(in one variable). In contrast, the focus here is on system
interconnections. First, it is shown that the set of operators

Fs:={I+F. : ce R{(X))},

where I denotes the identity operator, and R{{X)) is the
set of all formal power series over X, forms a group under
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operator composition when m = 1. It is worth noting that
the elements of .#s bear some resemblance to the group of
diffeomorphisms on R having the form f(x) = x + O(2?),
as well as to the noncommutative compositional groups that
appear in [3], [9]. In the latter case, however, composition
refers to the direct composition of power series, a notion
which is entirely distinct from the composition product used
here to describe Fliess operator composition [4], [5], [12],
[21], [22]. Furthermore, an element like I + F,. is not,
strictly speaking, a Fliess operator since I has no integral
representation. Nevertheless, tools already exist for handling
this modest generalization of the Fliess operator concept in
the context of operator composition since .%; naturally arises
in the study of analytic nonlinear feedback systems [12],
[21]. Next, a graded Faa di Bruno bialgebra is systematically
constructed for the coordinate functions of .%5. Since the
generating series are completely arbitrary, F. may only be
a formal Fliess operator and not necessarily convergent in
any sense [7], [15]. It will be shown subsequently that
convergent operators form a subgroup of %s. Next, the
existence of an antipode is addressed. It is shown that while
the bialgebra under consideration is not connected, a well
defined antipode does exist so as to render a graded Faa
di Bruno Hopf algebra. This class of combinatorial Hopf
algebras is quite distinct from those normally associated with
the Cauchy product and shuffle product [10], [16]-[18], [24],
which for the most part involve a finite alphabet. Finally,
it is shown that the subgroup of operators having proper
generating series, i.e., generating series with a zero constant
term, leads to a connected Faa di Bruno Hopf subalgebra.
This structure is most similar to the one in the classical
case. As an application, it is demonstrated that the antipode
formula naturally appears in the context of feedback theory
for Fliess operators. Specifically, it was shown via a fixed
point argument in [12], [15] that any feedback connection
involving two Fliess operators F. and Fj always produces
a closed-loop system with a Fliess operator representation.
The fixed point, represented by the generating series cQd,
defines a formal series product of ¢ and d referred to as
the feedback product. Such an approach, however, does not
provide an explicit formula for computing this product. It
will be shown here that a suitable formula can be derived in
terms of the Faa di Bruno Hopf algebra antipode associated
with Z5. Aside from the obvious computational benefits, it
will be used to provide a proof of the fact that feedback
preserves local convergence. This result was recently proved
in [13], [26] for the special case of unity feedback systems,
that is, when F}; is replaced with I in the feedback path. Here
the general case is addressed. Finally, it should be noted that
the journal version of this paper is available as [11]. So a
majority of the proofs are suppressed here for brevity.

The paper is organized as follows. In the next section, a
brief overview is given of Fliess operator theory. Similarly,
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Fig. 1. Cascade connection of two Fliess operators.

the essential elements of Hopf algebra theory employed in
the paper are summarized. In Section III, the Faa di Bruno
Hopf algebra of interest is constructed. Its application to
feedback systems is described in the subsequent section. The
main conclusions are summarized in the final section.

II. PRELIMINARIES

A finite nonempty set of noncommuting symbols X =
{zo,z1,..., 2} is called an alphabet. Each element of X
is called a letter, and any finite sequence of letters from X,
N = Ti - T, 1s called a word over X. The length of n,
[n|, is the number of letters in 7. The set of all words with
length k is denoted by X*. The set of all words including
the empty word, (), is written as X*. Clearly X* forms a
monoid under catenation. Any mapping ¢ : X* — R’ is
called a formal power series. The value of c at n € X* is
written as (¢, n). Typically, ¢ is represented as the formal
sum ¢ = > v.(c,n)n. A series c is called proper when
(c,0) = 0. For any language L C X*, its characteristic
series is defined as char(L) = 3, -, 7). The collection of all
formal power series over X is denoted by R?((X)), while the
set of polynomials over X is designated by R(X). Each set
forms an associative R-algebra under the catenation (Cauchy)
product and a commutative and associative R-algebra under
the shuffle product, denoted here by . [7].

A. Fliess Operators and Their Interconnections

One can formally associate with any series ¢ € RY((X))
a causal m-input, f-output operator, F,, in the following
manner. Let p > 1 and ¢y < ¢; be given. For a Lebesgue
measurable function w : [tg,t;] — R™, define [jull, =
max{[|u;ll, : 1 < ¢ < m}, where |lu;]|, is the usual
Ly-norm for a measurable real-valued function, u;, defined
on [tg,t1]. Let LJ*[to,t1] denote the set of all measurable
functions defined on [to, ¢1] having a finite || - ||, norm and
By (R)[to, t1] :== {u € Ly[to,t1] @ |ully < R}. Define
iteratively for each n € X* the map E, : L{'[to,t1] —
Clto, t1] by setting Ep[u] = 1 and letting

t

Explultto) = [ w(r)Eyful(r.t0)dr.
to

where z; € X, 7 € X*, and uy = 1. The input-output

operator corresponding to c is the Fliess operator

Fu[u](t) = Y (e;n) Bylul(t,to)

nex=
[7], [8]. If there exists real numbers K., M. > 0 such that
[(e;m)| < KM n|!, ne X7,

then F. constitutes a well defined mapping from
By (R)[to, to + T7] into Bg (S9)[to, to + T for sufficiently
small R,T > 0, where the numbers p,q € [l,00] are
conjugate exponents, i.e., 1/p + 1/q = 1 [14]. The set of
all such locally convergent series is denoted by R . ((X)).

When F, and F,; with ¢ € RY((X)) and d € R™{(X))
are interconnected in a cascade fashion as shown in Fig. 1,

v
U F. Y
Fy
Fig. 2. Feedback connection of two Fliess operators.

the composite system u +— y always has a Fliess operator
representation, and the composition product can be used to
describe its generating series. It is convenient to first define
a family of mappings

D,, : RU{X)) - R{(X)) : e — zo(d; we),

where © = 0,1,...,m and dy := 1. Let Dy be the identity
map on R((X)). Such maps can be composed in an obvious
way so that Dy, .. := Dy, D, provides an R-algebra which
is isomorphic to the usual R-algebra on R((X)) under the
catenation product.

Definition 1: [4], [5], [12] The composition product of
a word € X* and a series d € R™((X)) is defined as
(3, @iy - - xiy)od=D,, D Dy, (1) = Dy(1).

—_—————

Lig " Tig_q
7
For any ¢ € RY((X)) define

cod= Z (¢,n) Dy(1).

neEX*

The composition product is associative, distributes to the
left over the shuffle product, and has the key property that
F.oF; = F.oq [4], [5]. In addition, the composition product
preserves local convergence [12], and the mapping d — cod
is a contraction on R™((X)) in an ultrametric sense [4],
[12].

In the event that two Fliess operators are interconnected
to form a feedback system as shown in Fig. 2, the output y
must satisfy the feedback equation

Yy = Fc[v] = Fc[u+Fd[y]]

for every admissible input u. It was shown in [12], [15]
that there always exists a unique generating series e so that
y = F.[u]. In which case, the feedback equation becomes
equivalent to

Felu] = Felu + Faoe[u]] = Fus(doe)[ul,

where o denotes the modified composition product. That is,

the product
cdd =Y (¢,;n) Dy(1),
nex*

where
Dy, RU(X)) = RUX)) : e — e 4+ 20(d; w e)

with dp := 0. It was shown in [12], [21] that the modified
composition product preserves local convergence and that the
mapping d +— c od is also an ultrametric contraction. The
feedback product of ¢ and d, namely cQd, is defined as the
unique fixed point of the contractive iterated map

S e eir1 = co(doe;).
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Defining properties of an R-algebra (A, u, o).
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AR A A®R

(b) Counitary property

Fig. 4. Defining properties of an R-coalgebra (A, A, ¢).

Specifically, c@d = e, where e = ¢5(d o e). In the case
of a unity feedback system, this equation reduces to e =
coe. Given arbitrary ¢ and d, there is no general method for
computing c@Qd explicitly.

B. Hopf Algebra Fundamentals

The basic elements of Hopf algebra theory used in the
paper are now summarized. The treatment is based on [1],
[2], [6], [25]. The starting point is a systematic statement of
what it means for a set A to be an associative R-algebra. Let
A be an R-vector space and consider an R-bilinear map and
an R-linear map,

p:ARQA—A o:R— A

respectively, which satisfy the associative property and uni-
tary property as described by the commutative diagrams in
Fig. 3. Here id denotes the identity map on A, and the
symbol ~ denotes the canonical isomorphism between the
vector spaces A and A ® R. These diagrams are equivalent
to, respectively, the identities

(ab)e = a(be), a,b,ce A
laa=a=aly, a€ A,

where p(a ® b) = ab and o(1) = 14 is the unit of A.
Traditionally, p is called the multiplication map, and o is
called the unit map. The triple (A, p, o) is an associative
R-algebra. Next suppose there exist two R-linear maps

A:A—-ARA, ¢:A—R,

which satisfy the coassociative property and the counitary
property as illustrated in Fig. 4. These commutative diagrams
are the same as the ones depicted in Fig. 3 except that the
directions of the arrows have been reversed. In this case, A
is called the comultiplication map, and € is the counit map.
The triple (A4, A, €) is called an R-coalgebra. In this setting,
consider the following definition.

Definition 2: A morphism between two R-algebras
(Aq, p1,01) and (Aa, g, 02) is any R-linear map ¢ : 41 —
As such that

Yo =pz0 (@)

dJ 001 = 02.

An analogous definition can be given for a morphism
between two R-coalgebras. Using either concept, one can
produce the notion of a bialgebra as described next.

Definition 3: The five-tuple (A, u, 0, A ¢) is called an R-
bialgebra when A and € are both R-algebra morphisms.

Specifically this means that the mapping A : A — A®A
must be an R-algebra morphism between the R-algebras
(A p,0) and (A® A, iaga,oaga), Where

paga (AR A)@(A®A) - AR A

(a1 ® az) @ (a3 ® aq) — plar ® az) @ plaz ® as)
OapAa :R— A® A

tk—o(k)®1a.

In which case, it follows directly that

1. Aop = piagao(A®A) = (p@u)o(id®T®id)o(A®A)

2. Aoo =0p94 =0 ® 0,
where 7 : A A - A®A:a®a — d @ a. Similarly,
€ : A — R must be an R-algebra morphism between the
R-algebras (A, i, 0) and (R, ug, or). Therefore,

3. cop=pro(e®e) =€

4, eoog=or = 1.

Note that properties 1 and 2 can be expressed in terms of
the commutative diagrams shown in Fig. 5, and, likewise,
properties 3 and 4 are shown in Fig. 6. If instead one intro-
duces the notion of a R-coalgebra morphism as suggested
above, then an equivalent characterization of a bialgebra is
one where £ and o are both R-coalgebra morphisms, yielding
properties 1 and 3, and properties 2 and 4, respectively.

To complete the development of the Hopf algebra defini-
tion, consider the set of all R-endomorphisms on A, denoted
by End(A). Given two arbitrary f,g € End(A), the Hopf
convolution product,

frg=po(f@g)oA,

defines another element of End(A). The following theorem
is central to the theory.
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Fig. 5. Commutative diagrams describing A as an R-algebra morphism.
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(c) Property 3 (d) Property 4

Fig. 6. Commutative diagrams describing € as an R-algebra morphism.

Theorem 1: The triple (End(A),*,9) forms an associa-
tive R-algebra with unit ¥ = o oe.

Finally, an element oo € End(A) is called an antipode of
the bialgebra if

id*xa=axid =19.

Clearly, this implies that an antipode is a convolution inverse
of the identity map id. When an antipode exists, it is unique
and described by the series

a:mﬁﬂzuwwﬁfm»*izfiwaﬁh
k=0

For any a,a’ € A it follows that «(aa’) = a(a’)a(a). This
final bit of structure culminates in the definition below.

Definition 4: The six-tuple (A, u, 0, A ¢, ) is called an
R-Hopf algebra.

The following definitions concerning bialgebras will be
important.

Definition 5: An R-bialgebra (A, p, 0, A, €) is filtered if
there exists a nested sequence of R-vector subspaces of A,
say Ag & Ay & -+ -, such that A = U,,>0A4,, and

AALCY A ® Ani.
i=0
The collection {A,, },,>0 is called a filtration of A.

Definition 6: An R-bialgebra that is filtered such that
Ap = o(R) is said to be connected.

Definition 7: An R-bialgebra is graded if there exists a
set of R-vector subspaces of A, say {A(,)}n>0. such that
A= EBnZOA(n) with

A AG) S Ay, A SO AG @ A,
i=0
and €(A(n)) =0,n>0.

Definition 8: Let A be an R-bialgebra. An element g € A
is group-like if €(g) = 1 and Ag = g ® g. If A has only
one group-like element, then any other element a € A is
primitive if Ao =a® g+ g ® a.

A number of useful results follow from these definitions.
For example, if A has a grading {A(,)},>0, then a natural
filtration of A is {A,, },>0, wWhere

Ay =P A,
i=0

Furthermore, if Ay = o(R) then A has only one group-
like element. Perhaps the most important aspect concerning
a connected bialgebra is a key property of its coalgebra. If
AT :=kere and A := AT N A, then for any a € A} it
follows that

Aa=a®1+1®a+ ANa, ()

where A’a € A | ® A . From this property, it can be
shown that A = Ay ® AT and that the following theorem
holds.

Theorem 2: Let (A, pu,0,Ae) be a connected R-
bialgebra. Then (A, u,0,A,¢,a) is an R-Hopf algebra,
where the antipode is given on AT by

a=—id+ ) (=) pkArk 3)
k=1

with
uk PARA®R - ®A — A a1®a2®- - - @Ag41 > A1a2 ¢ Gyl
A = ([de AHA'" = (A ®@id)A'™, n > 1.
Furthermore, for k > n > 1
(0 —id)* g = (=) A ke =0, a € A},

and thus, (3) evaluated at ¢ has at most n nonzero terms.
Otherwise, on Ag, a = id.

It is easy to show that the reduced coproduct, A’, inherits
its coassociativity property from that of A.

I1I. A FAA DI BRUNO HOPF ALGEBRA FOR A GROUP OF
FLIESS OPERATORS

A. Group of Fliess Operators

For brevity the presentation henceforth is restricted to the
single-input, single-output case, i.e., m = ¢ = 1. Let X =
{zo,z1} and define the set of operators

Fs={I+F, : ce R{X)}.

It is convenient to introduce the Dirac symbol § and the
definition F5 = I such that [ + F, = Fs, . = F,., with
¢s := d + c. In which case, c5d = co (§ 4 d). The set of all
such generating series for .%s will be denoted by R((X5s)).
The transformation w : ¢ — ¢+ c can be viewed as a type of
Magnus transformation. That is, w maps the free semigroup
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Uy + —> U

% Uy

Fig. 7. Compositional inverse of I 4 F¢.

(R({X))),0,d) to a free group with generators 6 + x;, i =
0,1 [23, Theorem 5.6]. This suggests that .75 will also form
a group under composition. Consider the composition of two
elements in .Zy:

Fe., o Fyy :(I+FC)O(I+Fd)
= I+ Fy+ F(I+F))
= Fsidtcsd

csods s

where csods := 6 +d+ cod. It was shown in [21] that the
modified composition product on R({X)) is not associative.
The following lemma, however, holds.

Lemma 1: The composition product on R((X)) is asso-
ciative.

In light of the uniqueness of generating series, the semi-
groups (%5, 0, 1) and (R{(Xj)), 0,0) are clearly isomorphic.
The next theorem establishes that (F#5, 0, ) is a group.

Theorem 3: The triple (Fs,0,1), or equivalently
(R({Xs)),0,0), forms a group.

Example 1: A linear series ¢ € R((X)) is one whose
support is a subset of the language L := {z('z12y° : n; >
0}. The composition product c o d is both left and right R-
linear when c is a linear series. It follows directly in this
case that (§+¢) 1 =0 —c+c°2 -3 +---. 0

Example 2: Suppose ¢ € Rpc((X)) has finite Lie rank
n. Then I 4 F, has an n dimensional input-affine state space
realization of the form

Z=go(2) + g1(2)ur, 2(0) = 2
71 = h(z) + u1,

where each g; and h is an analytic vector field and function,
respectively, on some neighborhood W of zy [8]. It is easily

verified that
(¢;n) = Lg, h(20), 4)
where
Lgnh = Lgil e Lgik h’ TN = T4y, * - Tiy,

the Lie derivative of h with respect to g;, is defined as
oh
Lods W =R 2 = =2(2) gi(2),
z

and Ly, h = h. It is not difficult to see that the compositional
inverse (I + F.)™' = I + F.-1 : ug — yy is described by
the feedback system in Fig. 7. A straightforward calculation
gives a realization for F,.-1, namely, (go — g1h, g1, —h, 20).
Using this realization and (4), one can compute as many
coefficients of ¢! as desired. The first few are:

(C_lv[b) = —(c,0)
(C_l,xo) = _(Cv .7;0) + (c,@)(c,xl)

(et z1) = —(c,z1)
(c_lvxg) = —(07 ‘T(2)) + (C,Q])(C, wal)"_
(c,0)(c,z1) + (¢, 0)(c, x120)—
(Cv (Z))(Cv x1)2 - (Cv 0)2(07 x%)
(¢t 2zoz1) = —(c, mow1) + (¢, 21)2 + (¢,0)(c, 2%)
(c™, m1mo) = —(c, z120) + (¢, 0)(c, x7)
(e at) = —(c,2)

O

Example 3: For a single-input, single-output linear time-
invariant system with transfer function H(s) and state space
realization (A, B, C'), the corresponding generating series is
c =Y .~ole,xhzy) whay, where (c,xpx1) = CA'B, i > 0.
In light of the previous example, it follows that

(¢t xfjx)) = —C(A— BC)'B, i>0.

Simply expanding these matrix powers gives

(C_l7x1) = —(C,:L‘l)
(c Y aoz1) = —(c,2o71) + (€, 71)?
(¢t 23x1) = —(c,x321) + 2(c, 71)(c, xox1) — (¢, 21)?

B. Construction of the Faa di Bruno Hopf Algebra

The goal of this section is to describe a Faa di Bruno Hopf
algebra associated with the group (R{{Xs)), 0, d), where the
antipode, «, satisfies the identity

Gl=d+tct =5+ 3 (aay)(e)n
nex*
with
ap : R{(X)) = R:cm (¢,n)

denoting the coordinate function for n € X™. Formally
extend such mappings to R{(Xj5)) by letting as(cs) = 1.
Next define a commutative R-algebra of polynomials denoted
by

A=Rla,: ne X Udl,

where the product is defined by

anag(cs) = an(cs)ag(cs)

for all n,§{ € X* U ¢ and any given ¢5 € R((Xs)). The
first objective is to produce a bialgebra having commutative
product and noncocommutative coproduct

prARA—Ara,®ae— ayae 4)
A:A—-A®A:a, — Aay, (6)
respectively, such that
w(Aay,(ds @ c5)) = ay(cs ods) = (¢s5 0 ds, V)
=)+ (dv)+ D (Dy(1),v)(e,n).
neEX*

It is clear that the associativity of the composition product
on R((Xs)) supplies the required coassociativity property
for A. Observe that since D,, : e — x;e + 2(d; we), the
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ord(Dy, D, (1)) > ord(D, (1)) + 1 for any letter z; € X.

Therefore, ord(D,,(1)) > |n| for any n € X*, and one can
write instead the finite sum

|v]
wAay (dses)) = (6,0)+(dv)+Y Y (Dy(1),v)(e,n).
k=0neX*k
With the aid of this expression and using the equivalence
as ~ 1, the first eight coproducts are found to be:

Al=1®1

Aag=ap @1+ 1®ay

Ay, =0zy @1+ 1R ay, + ap @ ag,

Aty, =0z, @1+ 1® ay,

Aagz =a,2 @1+ 1Q a2 + ag ® azge, + azy @ oy +

ag ® g,z + A & ayz2

AGyyz, = Qgomy QL+ 1R gy, + 0z, @ ag, +ap ® ay2
Ay zy = Apyzy @1+ 1Q agy0, +ap ® a2

ACLI% = a2 ®1+1®az§.

Continuing the construction, define the unit and counit,
respectively, as

c:R—A:A— Xas ~ A1 (7
Ay >, (6)n, (6) - - ay, (6). (8)

As required by the definition of a bialgebra, o(1) = 1, which
is the unit of A, and eoo = 1. Furthermore, since €(as) = 1,
it follows that as is group-like. A central result of the paper
now follows.

Theorem 4: The five-tuple (A, pu,o0,A€) described by
(5)-(6) and (7)-(8) is a graded R-bialgebra.

It is important to observe that this bialgebra is not con-
nected, that is, using the natural filtration associated with
the given grading, Ay # o(R) = spang{as}. For example,
ap € Ap but apZo(R). It is also clear that the coproduct
terms computed above do not satisfy (2). Despite this fact,
the following theorem still holds.

Theorem 5: The six-tuple (A, u, 0, A, €, «) described by
(5)-(6), (7)-(8) and

e:A—=R:iayan,- -

aa, =—a, + Z (—D)F kA R, v e XM v £
k=1

9
with a1 = 1 is a graded R-Hopf algebra with the grading
given by

l
An) = spang {ozma,,2 ceag €A Z [n:| = n} ,
i=1

for n >0 and |J] := 0.
The corresponding antipode terms are then found from (9)
to be:

al=1 (10a)
aay = —ap (10b)
Oz, = =0y, + Al (10c¢)
Qy, = =0y, (10d)
Qa2 = =032 + AYAgoz, T Ouo ey +
apQa, @y — awail — a%amf (10e)

Qo = —Agoz, + ail + apa,? (101f)
AOg 0y = —0zyzo T A9ay2 (10g)
Qa2 = —ag2. (10h)

These terms agree exactly with those for ¢! computed from
Lie derivatives in Example 2, where it was assumed that ¢
had finite Lie rank. In the present context, however, no such
assumption is required.

The following corollary establishes a direct analogy to the
classical Faa di Bruno Hopf algebra.

Corollary 1: The set of proper series forms a subgroup of
(R((X5s)),0,0), and the corresponding Faa di Bruno Hopf
subalgebra is connected and graded.

Proof: The first claim follows directly from the identities
(cs 0ds,0) = (¢,0) + (d,D) and (10b). The second claim is
evident from the fact that under the properness assumption,
Ay ~ R, | |

Example 4: In the state space setting employed in Exam-
ple 2, c is proper if and only if zp = 0. This is precisely the
case for the linear system described in Example 3. 0

1

A simple calculation shows that ¢=! = (—c)@QJ (see
Fig. 7). Thus, the following theorem from [26] establishes
that local convergence is preserved by the compositional
inverse operation.

Theorem 6: For any ¢ € Ry ((X)) with growth constants
K., M. > 0 it follows that

|(c@8,m)| < K (A(K)M)" 51, ne X~

for some K > 0 and

A(K,) !

T1-K,In(1+1/K.)

IV. AN EXPLICIT FORMULA FOR THE FEEDBACK
PrODUCT

Given two Fliess operators F,. and Fy; which are linear
time-invariant systems with transfer functions G and H,
respectively, the closed-loop system in Fig. 2 has the transfer
function

G(I—-HG) "' = Gi(HG)k.
k=0

The next theorem gives a nonlinear generalization of this
type of closed-loop system representation.
Theorem 7: For any c¢,d € R((X)) it follows that

cQd=cd(—doc) ' =co(§—doc)™t. (11)
Proof: Clearly the function v in Fig. 2 must satisfy the
identity
v =1u+ Fyoc[v].
Therefore,
(I + F_goc) [v] = u.

Applying the compositional inverse (I + F(,doc)—l) on the
left gives
v = (I + F(—doc)_l) [’U,],

and thus, Fraalu] = Fe[v] = F.5 (—doc)-1[u] as desired. ®

Note that (11) also applies when either ¢ = § or d = 4,
namely, cQ§ = co (§ —c¢)™! = (—¢)~! and 6@d = (§ —
d)~! = §—d =1, respectively. Next it is shown that feedback
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TABLE I
COEFFICIENTS OF THE SEQUENCES IN EXAMPLE 5.

l 1 [ 0] [ @1 [ af [wom [a@iwo | 2f |
(c,n) T[] 1 1 2 2 2 2
((—o)~T,n) 1|2 1 10 5 4 2
(c@s, n) T[] 2 I 10 5 4 2
Ly, h(1) T 2 1 10 5 4 2
(A gt [ 1] 33 133 [ 212 212 | 212 | 212

preserves local convergence. But the following preliminary
result is needed first.

Theorem 8: The triple (R ((Xs)),0,9) is a subgroup of
(R{(Xs)),0,0).

Theorem 9: If ¢, d € Rpo((X)) then cQd € Ry ((X)).
Proof: Since the composition product, the modified compo-
sition product, and the compositional inverse all preserve lo-
cal convergence, the claim follows directly from Theorem 7.

|

Example 5: Consider the operator F,. in the feedback
configuration shown in Fig. 2, where ¢ = qux* n|!n and
F, = Fs = I. The first few terms of (—¢)~+, as shown in
Table I, were computed using the antipode formulas (10).
After which, ¢@Q§ was computed using (11). As expected,
c@§ = (—c)7!. It can be shown that the Lie rank of c is
one. To construct a one dimensional state space realization,
first observe that

c= Z k! char(X*) = Zchar(X) ok
k=0 k=0

Therefore,

oo oo 1
F. = Echar(X) Wk = E(ﬁlar )T 1 _ .
kZ:o kz:;) 91 = Eepar(x)

In which case, defining z = F¢, it follows that

2=22(14u), 2(0)=1

realizes y = F.[u], and

F=22 4284 2%, 2(0) =1
y==2

realizes y = F.as[v]. The generating series for the closed-
loop system can be computed directly using (4) with
(90, 91, h, 20) = (22423, 22, 2,1). As expected, it is identical
to ¢@¢§ as shown in Table I. Finally, the upper bound on
the coefficients of c@¢ as provided by Theorem 6 with
K. = M. =1 is given in the bottom row of the Table I.

O

V. CONCLUSIONS

A Faa di Bruno Hopf algebra was constructed for a group
of Fliess operators. Its antipode was used to produce an
explicit formula for the feedback product of two formal
power series. This expression, in turn, facilitated a proof that
local convergence is preserved under feedback.

ACKNOWLEDGEMENTS

The authors want to thank Kurusch Ebrahimi-Fard and
Héctor Figueroa for the valuable discussions concerning
Hopf algebras. They also wish to thank Kurusch Ebrahimi-
Fard, Matthias Kawski and David Martin de Diego for the
invitation to attend the 2010 Trimester in Combinatorics and
Control in Madrid, where this project was first conceived.
Travel support was provided by the National Science Foun-
dation grant DMS 0960589.

REFERENCES

[1] E. Abe, Hopf Algebras,
1980.

[2] M. Anshelevich, E. G. Effros and M. Popa, Zimmerman type cancel-
lation in the free Faa di Bruno algebra, J. Funct. Anal. 237 (2006)
76-104.

[3] C. Brouder, A. Frabetti and C. Krattenthaler, Non-commutative Hopf
algebra of formal diffeomorphisms, Adv. Math. 200 (2006) 479-524.

[4] A. Ferfera, Combinatoire du Monoide Libre Appliquée a la Composi-
tion et aux Variations de Certaines Fonctionnelles Issues de la Théorie
des Systémes, Doctoral Dissertation, University of Bordeaux I, 1979.

[5S] ——, Combinatoire du monoide libre et composition de certains
systemes non linéaires, Astérisque 75-76 (1980) 87-93.

[6] H. Figueroa and J. M. Gracia-Bondia, Combinatorial Hopf algebras
in quantum field theory I, Rev. Math. Phys. 17 (2005) 881-976.

[71 M. Fliess, Fonctionnelles causales non linéaires et indéterminées non
commutatives, Bull. Soc. Math. France 109 (1981) 3-40.

[8] ——, Réalisation locale des systémes non linéaires, algebres de
Lie filtrées transitives et séries génératrices non commutatives, In-
vent. Math. 71 (1983) 521-537.

[9] L. Foissy, Faa di Bruno subalgebras of the Hopf algebra of planar
trees from combinatorial Dyson-Schwinger equations, Adv. Math. 208
(2008) 136-162.

[10] E. Gehrig, Hopf Algebras, Projections, and Coordinates of the
First Kind in Control Theory, Doctoral Dissertation, Arizona State
University, 2007.

[11] W. S. Gray and L. A. Duffaut Espinosa, A Faa di Bruno Hopf algebra
for a group of Fliess operators with applications to feedback, Systems
Control Lett. 60 (2011) 441-449.

[12] W. S. Gray and Y. Li, Generating series for interconnected analytic
nonlinear systems, SIAM J. Control Optim. 44 (2005) 646-672.

[13] W.S. Gray and M. Thitsa, On the radius of convergence of self-excited
feedback connected analytic nonlinear systems, Proc. 49" IEEE Conf.
on Decision and Control, Atlanta, Georgia, 2010, pp. 7092-7098.

[14] W.S. Gray and Y. Wang, Fliess operators on L, spaces: convergence
and continuity, Systems Control Lett. 46 (2002) 67-74.

[15] ——, Formal Fliess operators with applications to feedback intercon-
nections, Proc. 18th Inter. Symp. Mathematical Theory of Networks
and Systems, Blacksburg, Virginia, 2008.

[16] R. Grossman and R. G. Larson, The realization of input-output maps
using bialgebras, Forum Mathematicum 4 (1992) 109-121.

[17] ——, Bialgebras and realizations, in Hopf Algebras, J. Bergen,
S. Catoiu and W. Chin, editors, Marcel Dekker, New York, 2004,
pp. 157-166.

[18] L. Grunenfelder, Algebraic aspects of control systems and realizations,
J. Algebra 165 (1994) 446-464.

[19] C. Hespel, Iterated derivatives of the output of a nonlinear dynamical
system and Faa di Bruno formula, Math. Comput. Simulation, 42
(1996) 641-657.

[20] S. A. Joni and G. Rota, Coalgebras and bialgebras in combinatorics,
Stud. in Appl. Math. 61 (1979) 93-139.

[211 Y. Li, Generating Series of Interconnected Nonlinear Systems and
the Formal Laplace-Borel Transform, Doctoral Dissertation, Old
Dominion University, 2004.

[22] Y. Li and W. S. Gray, The formal Laplace-Borel transform of Fliess
operators and the composition product, Int. J. Math. Math. Sci. 2006
(2006) Article ID 34217.

[23] W. Magnus, A. Karrass and D. Solitar, Combinatorial Group Theory,
Dover Publications, Inc., Mineola, New York, 1976.

[24] C. Reutenauer, Free Lie Algebras, Oxford University Press, New York,
1993.

[25] M. E. Sweedler, Hopf Algebras, W. A. Benjamin, Inc., New York,
1969.

[26] M. Thitsa, On the Radius of Convergence of Interconnected Analytic
Nonlinear Systems, Doctoral Dissertation, Old Dominion University,
2011.

Cambridge University Press, Cambridge,

3854



