arXiv:2104.08950v1 [eess.SY] 18 Apr 2021

Additive Networks of Chen-Fliess Series:
Local Convergence and Relative Degree

W. Steven Gray'

Abstract— Given an additive network of input-output systems
where each node of the network is modeled by a locally
convergent Chen-Fliess series, two basic properties of the
network are established. First, it is shown that every input-
output map between a given pair of nodes has a locally
convergent Chen-Fliess series representation. Second, sufficient
conditions are given under which the input-output map between
a pair of nodes has a well defined relative degree as defined by
its generating series. This analysis leads to the conclusion that
this relative degree property is generic in a certain sense.

I. INTRODUCTION

Networks of nonlinear dynamical systems appear in many
fields, especially in the natural sciences where the nonlinear-
ity is often a key feature in generating the observed behavior
[5], [13]. The vast majority of analysis of such networks
is done in a finite dimensional state space setting using
coupled systems of ordinary differential equations. In [8],
however, the authors describe an alternative approach which
uses only input-output models at each node of the network
in the form of a locally convergent Chen-Fliess series [3],
[4]. These weighted infinite sums of iterated integrals pro-
vide a convenient algebraic framework for describing the
network’s behavior without relying on any particular choice
of coordinates as in the state space setting. Series coefficients
for each node can be estimated via system identification
techniques [10]. Computational tools were developed in [8]
to determine, for example, how an input injected at one node
affects the output observed at another node. Nevertheless,
there are still a number of open questions regarding the basic
properties of such networks. The focus here will be on so
called additive networks, where the outputs of the nodes
are simply added together and injected into other nodes,
including self-loops. Other classes of aggregation functions
such the multiplication of node outputs will not be addressed
here.

This paper has two goals. The first goal to address the open
problem stated in [8] regarding whether an additive network
of locally convergent Chen-Fliess series always yields map-
pings between nodes which have locally convergent Chen-
Fliess series representations. This hypothesis will be proved
to be true and is independent of the network’s topology.
The approach taken is to identify for a given network an
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associated maximal network whose growth bounds on the
coefficients of the generating series between nodes upper
bound all the growth bounds of the original network and
are much easier to determine using conventional methods as
presented in [18]. The particular growth bound derived turns
out to be exactly equivalent to one discovered for a class of
unity feedback systems described in [19]. The second goal
is to provide sufficient conditions under which the input-
output map between a pair of nodes has well defined relative
degree as defined by its generating series [6], [9]. A simple
counterexample will be given first to show that this property
can fail to hold in certain situations. The proofs of the
sufficient conditions rely on identifying certain properties
first described in [9] in relation to a subgraph connecting a
given input node and output node. It is also shown, however,
that this relative degree property is generic in a certain sense.
Namely, if the generating series for every node has relative
degree and the connection strengths between the nodes are
random, then every node pair has a generating series with
well defined relative degree with probability one. An obvious
application for this result is in the context of feedback
linearization for networks [15], however, that application will
not be pursued here.

The paper is organized as follows. To keep the presentation
as self-contained as possible, the required preliminaries are
briefly summarized in Section The question regarding
the convergence of Chen-Fliess series for mappings between
nodes is addressed in Section The subsequent section
treats the property of relative degree. The paper’s conclusions
are summarized in the final section.

II. PRELIMINARIES

An alphabet X = {xg, 21, ..., %y} is any nonempty and
finite set of noncommuting symbols referred to as letters. A
word n = x;, - - - x;, is a finite sequence of letters from X.
The number of letters in a word 7), written as |7, is called
its length. The empty word, ), is taken to have length zero.
The collection of all words having length & is denoted by
X*. Define X* = |J;~ X", which is a monoid under the
concatenation (Cauchy) product. Any mapping ¢ : X* —
R is called a formal power series. Often ¢ is written as
the formal sum ¢ = }°, . (c,m)n, where the coefficient
{c,n) € R is the image of 7 € X* under c. The support of
¢, supp(c), is the set of all words having nonzero coefficients.
A series ¢ is proper when () ¢ supp(c). The set of all
noncommutative formal power series over the alphabet X is
denoted by R?((X)). The subset of series with finite support,
i.e., polynomials, is represented by R(X). For any c,d €



R((X)), the scalar product is {c,d) := >_, . (c,n)(d,n),
provided the sum is finite. The set R*((X)) is an associative
R-algebra under the concatenation product and an associative
and commutative R-algebra under the shuffle product, that is,
the bilinear product uniquely specified by the shuffle product
of two words x;1, z;§ € X*:

(zin) W (2;€) = z; (Ll (25€)) + ;((zin) LLE),
where z;,z; € X and with nLU0 = QLun = n [3].

A. Chen-Fliess series

Given any ¢ € R*({X)) one can associate a causal m-
input, £-output operator, F, in the following manner. Let p >
1 and ¢ty < t; be given. For a Lebesgue measurable function
u: [to, t1] — R™, define [Jul|, = max{||u, : 1 <7 <m},
where [|u;][, is the usual Ly-norm for a measurable real-
valued function, u;, defined on [to, t1]. Let Ly [to, t1] denote
the set of all measurable functions defined on [tg, ;] having
a finite ||-[|, norm and B"(R)[to,t1] := {u € L'[to, t] :
[ull, < R}. Assume Clto,?1] is the subset of continuous
functions in L [to, t1]. Define inductively for each word n =
x;7 € X* the map E, : L"[to,t1] — Clto,t1] by setting
Ey[u] =1 and letting

t

By alul (b to) = / ws(7) Enlud) (7, o)
to

where x; € X, 7 € X*, and ug = 1. The Chen—Fliess series

corresponding to ¢ € R*((X)) is

y(t) = Felul(t) = ) {e.n) Eylul(t, to)

neXxX*

[3]. If there exist real numbers K, M > 0 such that
[{e,m)| < KMMp|t, vn e X7,

then [, constitutes a well defined mapping from By*(R)|[to,
to + T into Bé(S) [to, to + T for sufficiently small R,T >
0 and some S > 0, where the numbers p,q € [1,0]
are conjugate exponents, i.e., 1/p + 1/q = 1 [11]. (Here,
|z| := max; || when z € R%.) The set of all such locally
convergent series is denoted by R? ~((X)), and F,. is referred
to as a Fliess operator.

B. System interconnections

Given Fliess operators F, and F,;, where c¢,d €
RY - ((X)), the parallel and product connections satisfy F,+
Fy=F.1qand F .Fy; = F,, 4, respectively [3]. When Fliess
operators F,. and F; with ¢ € R} ((X)) and d € R7'-((X))
are interconnected in a cascade fashion, the composite sys-
tem F_.oF}, has the Fliess operator representation F..4, where
the composition product of ¢ and d is given by

cod= Z (e,m) ¥a(n)(1)

nex=

[2]. Here 1 denotes the monomial 1), and 4 is the con-
tinuous (in the ultrametric sense) algebra homomorphism
from R{(X)) to the vector space endomorphisms on R{{X)),
End(R((X))), uniquely specified by 1q(x;n) = ¢q(z;) o

Ya(n) with Yg(z;)(e) = zo(d;We), i =0,1,...,m for any
e € R{(X)), and where d; is the i-th component series of
d (do := 1). By definition, 14(0) is the identity map on
R((X)).

C. Relative degree of a generating series

Let X = {x,21}. Following [6], a series ¢ € R{(X))
has relative degree r if and only if it has the decomposition

c=cnN + Kxg_lxl + xg_le

for some K # 0 and proper e € R{(X)) with 1 & supp(e).
This definition of relative degree is consistent with the
classical definition whenever y = F,[u] is realizable [6],
[7]. The following results will be of central importance in
the work that follows.

Theorem 1: [9] If ¢,d € R((X)) have distinct relative
degrees r. and r4, respectively, then c+d has relative degree
min(r., rq). On the other hand, if . = r4 =: r, then c+d has
relative degree r if and only if (c, 2~ ‘@1 )+(d, 2§ 21) # 0.

Corollary 1: If c¢1,co,...,c,, have relative degree
T1,7T2,...,Tm, respectively, with r; # r; when ¢ # j, then
the relative degree of ¢; + ¢a + - -+ + ¢y, is ming(r;).

Corollary 2: Suppose c1,Ca, ...,y have relative degree
T1,72,...,Tm, respectively. Let s; denote the multiplicity
of relative degree r;. If for each s; > 1 the series
Chyy Chayy -+ + > Cha, having relative degree r; satisfy

1 =1 j—1
<C:Iflal'6J I1>+<Ck27‘rgj ‘T1>+"'+<Cksj7x9 I1> #07

then the relative degree of ¢; + co + - - + ¢, is min,(r;).
Theorem 2: [9] If ¢, d € R((X)) have relative degrees r.
and r4, respectively, then r..q has relative degree r. + rg.

D. Formal realizations and representations

It is shown in [14] that a given Chen-Fliess series y =
F,[u] can be written in terms of a state z evolving on a
formal Lie group G(X) with Lie algebra £(X) and output
map y = (c,z). This notion of a universal control system
was generalized in [8] as follows to describe networks of
Chen-Fliess series.

Definition 1: Let V; be a vector field on G"(X) :=
GX)xG(X)x--xG(X),i=0,1,...,m with

Vi:G"(X) - T.,G6"(X)
zn) = Vi(z2) = (Vi (2) 2, . ...

Z:(Zl,..., ,‘/;n(z)zn)v

where V;;(z(t)) € L(X). The j-th component of the corre-
sponding state equation on G"(X) is

4= Vij(2)zus, 2(0) = zjo.
1=0

Given ¢ € RYL((X)), k =
equation is defined to be

1,2,...,¢, the k-th output

Yk = Cr(2).

Collectively, (V, zo, ¢) is a formal realization on G"(X) of
the formal input-output map u — .



Analogous to the standard finite dimensional theory [12],
[16], a series ¢ € RY((X)) is said to have a formal
representation when there exists a formal realization with
the property that every coefficient of ¢ can be written in
terms of iterated Lie derivatives of the vectors fields acting
on the output map and evaluated at 2o, i.e., (¢, z;, - 24, ) =
Lvik cee LVi1 6(20)

III. ADDITIVE NETWORKS OF CHEN-FLIESS SERIES:
LocAL CONVERGENCE

In this section it is shown that every network of additively
interconnected locally convergent Fliess operators has the
property that the input-output maps between any two nodes
can be represented by a locally convergent Fliess operator.
The first definition describes the specific class of networks
under consideration.

Definition 2: A set of m single-input, single-output Chen-
Fliess series mapping u; to y; with generating series c¢; €
Rrc((X;)), where X; = {x,x;} is said to be an additively
interconnected network N, with weighting matrix W €
Rm>m if U; = V; + Z;"L:I Wijyj, 1= 1, 2, .., M.

A network N, can therefore be viewed as a directed graph
connecting m nodes, where the i-th node corresponds to a
Chen-Fliess series with generating series ¢;, ¢ = 1,2, ..., m.
Henceforth, it will be assumed that the connection weights
are normalized so that W;; € [0,1], 4,5 = 1,2,...,m. The
following theorem follows directly from Theorem 5.1 in [8].

Theorem 3: The input-output map v; — y; in any ad-
ditively interconnected network N, has generating series
dj; € R((X;)) which can be computed from a formal
representation in terms of the vector fields

To21 (c1,21)

To22 _ (ca, 22)
Vo(z) = + diag(z121, ..., Tmzm)W .

ToZm <Cm; zm>

Vi(z) = x;2e;

actingon ¢; =1®---®1®c¢®1---®1 e RYZ (X))
(c; appears in the j-th position) and evaluated at zjp = 1,
i,j=1,2...,m.

The next theorem states the main convergence result
concerning additive networks.

Theorem 4: If N, is an additively interconnected network
where the generating series for each node ¢; € Rpc((X;)),
then the generating series for every input-output map d;; €
Rrc((X;)). More specifically, if K;, M; denote the growth
constants for ¢;, then for all 7,57 =1,2,...,m

[(dji,m)| < KM |n|!, ¥ne X*

for some K > 0 and any M > M;,¢, where

M

K (15 )

with K = max; K; and M = max; M,.
Proof: It is first shown that each generating series
dj; is locally convergent. Consider the case where every

Mins = ey

node series ¢; € Rpc((X;)) is a maximal series ¢; :=
D nex KiMlm [n|'n. That is, every coefficient of ¢ is
growing at its maximal rate. While y; = F¢,[u;] may not
have a finite dimensional state space realization, it is easily
shown that a maximal series has the realization

.M

ti=—2(14+uw), 2(0)=Ki, yi=2z

K;

[19, Lemma 3]. Therefore, the corresponding network can be
realized by

m

M
K2 ]:1

2

i =1,2,...,m. As this realization of the input-output map

v — y is polynomial, it is clearly real analytic. Therefore,
every generating series for v; — vy, say d;;, must be locally
convergent [18, Lemma 4.2]. The claim now is that d;; must
also be locally convergent since |(d;;,n)| < (dj;,n) for all
n € X*. This inequality is most easily deduced from the
formal realization of v; ~— y; given in Theorem [3} where
the Lie derivatives used to compute the coefficients of dj;
will all be upper bounded in magnitude by the Lie derivatives
computed using maximal series.

Next, a suitable geometric growth constant for the network
N, is determined. First observe that the growth constants
K and M constitute a worst case maximum growth rate
for every node in the network. In light of the formal
representation of any dj; in Theorem the growth rate
of dj; is upper bounded by the growth rate of the natural
response (dj;, zf) = Ly, ¢;(1), k > 0, where W;; = 1 for
all 4, j, and every non-trivial component of ¢; is the maximal
series ¢ =, x. KM ||y, (See [19, Lemma 7] for an
alterative approach when m = 1,2.) From the symmetry of
such a maximal network, z; = z; for all 4, j. Applying these
conditions to (2)), the natural response at each node is given
by the solution of the Abel differential equation

Z= %(22 +mz%), 2(0) =K. 3)

It can be directly verified that this equation has the solution
_1
2(t) = o )
1+W {— (l+ﬁ)exp(%t— (1—5—%))}

where VW denotes the Lambert W -function, that is, the
inverse of the function f(z) = xexp(x) corresponding to
the principal branch of this multi-valued function [1]. As
W is known to be holomorphic on the complex plane, z(t)
will therefore be analytic at ¢ = 0. The corresponding
Taylor series has a radius of convergence determined by the
singularity nearest to the origin, in this case

1 _
t*=—=|1-mKIn 1+L .
M mK

Applying a well known theorem from complex analysis (see
[20, Theorem 2.4.3]) gives the infimum of all geometric
growth constants for the maximal network, namely M,z =




TABLE I
INTEGER SEQUENCES GENERATED BY MAXIMAL ADDITIVE NETWORK
WITH UNITY GROWTH CONSTANTS

m an Ming My,

1 1, 2, 10, 82, 938, 13778, 247210, ... 3.2589 3.22634
2 1, 3, 24, 318, 5892, 140304, ... 5.2891 5.23618
3 1, 4, 44, 804, 20556, 675588, ... 7.3017 7.22873
4 1, 5, 70, 1630, 53120, 2225480, ... 9.3088 9.21567
5 1, 6, 102, 2886, 114294, 5819190, ... 11.3132 11.2001
6 1, 7, 140, 4662, 217308, 13022688,... | 13.3163 | 13.1831
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Fig. 1. Natural response of three node maximal network in Example [T}

1/t*. (Note that the function A(z) = 1 — zIn(1l + 1/x)
is a decreasing function, which further justifies using the
maximum K; in the network as the worst case.) Since for
any M > M;,¢ there is a K > 0 to upper bound the fastest
coefficient growth in the maximal network, the generating
series for every node in the original network must also be
upper bounded by this growth rate. ]

It is worth noting that (1)) is in fact identical to the growth
constant identified for unity feedback systems with m inputs
as described in [19, Corollary 2]. While the network topolo-
gies are clearly distinct, this point of tangency is derived from
the fact that unity feedback systems and additive maximal
networks both have natural responses satisfying (3).

Example 1: Consider a maximal additive network where
K, =M; =1,i=1,2,...,m. The Taylor series of the
natural response has integer coefficients a,, n > 1 as shown
in Table [} The coefficients when m = 1 correspond to the
OEIS integer sequence A112487 [17]. The table also shows
the growth rate M;,¢ computed from (II]) and an estimate of
the growth constant M computed from Mn = nap/an_1
when n = 50. The corresponding three node network was
simulated in MatLab for the zero input case. The node
responses, which are identical, are shown in Figure [I| Since
the coefficients of every generating series are positive, it is
known that the natural response of every node will have a
finite escape time at ¢ = t* (see [19, Theorem 11]). In this
case, t* = 1/Min¢ = 0.1379, which is what was observed in
the simulation. O

35 T T
— & —node 1 | R
— * —node 2 | |
30 node 3 | i 1
p— : |
|
251 | .
| o
|
20+ | | |
| i
|
15 | 9 |
| |
®
10+ | b |
| !
| . e
I Fesass s ]
e o X XK XM
-QQQQSSQQQQQWI@QWM&W °
0 ‘ \ ‘ | |
0 0.005 0.01 0.015 0.02 0.025 0.03

time

Fig. 2. Natural response of three node network in Example

Example 2: Consider a three node additive network in-
volving maximal series with K; =i, M; =5 — 4 and

1 05 1
W = 1 1 0
025 1 1

Thus, K = 3, M = 4, and M,,s = 77.2867. The node
natural responses are shown in Figure [2| As this network is
not maximal, t* = 1/M;,r = 0.01294 provides only a lower
bound on the escape times of each node. 0

IV. ADDITIVE NETWORKS OF CHEN-FLIESS SERIES:
RELATIVE DEGREE

In this section the following question is addressed: When
does the generating series of the mapping v; ~ y; in an
additively interconnected network N, have a well defined
relative degree? The treatment starts with the easiest case
first as described next. It is assumed throughout that N, is
comprised of systems with generating series ¢; which have
relative degree r; for i =1,2,...,m.

Definition 3: The i-th node in a network N, is said to be
fully connected if W;; # 0 for all j # i. A network N, is
said to be fully connected if every node is fully connected.

Note that self-loops, i.e., when W;; # 0, are not important
in the present context as proportional output feedback is
easily shown to preserve relative degree [9].

Theorem 5: 1f the i-th node in NV,, is fully connected, then
the generating series d;; for mapping v; — y; has relative
degree rj; = 1r; + r;.

Proof: Observe that the full output at node j is

v; + Z ijyk
k=1

v+ Y WikFa,[vl]
ki=1



For any ¢ # j, that part of y; in response to v; acting alone
(i.e., vy = 0 for [ # ) is given by

Wj’iFCi [vl] + Z ijde [vi]+
k=1
ki

y; = Fe,

Z Wik Fay, [0]

k=1
146

Note that for all k # 4, supp(dk;) C X ™, where r > r;+1,
since v; passes through F,, in every path leading to the j-
th node. In which case, the argument of ch above has a
generating series with relative degree r;. The conclusion then
follows immediately from Theorem [2] ]

Fig. 3. Four node network in Example [3]

Example 3: Consider the network shown in Figure [3| The
corresponding weighting matrix is

0 0 0 0

I We 0 0 0
W= W31 0 0 0
Wy Wi Wy 0

The network is clearly not fully connected, but node 4 is
fully connected assuming Wy; # 0, j = 1,2, 3. Therefore,
applying the theorem above gives, for example, that r4; =
T4+ 171

Suppose now that W41 = 0 so that the theorem no longer
applies. Further assume that ro = r3 = r. Observe that

Ug = W42F32 [Wlecl [ul]] + W43ch [W31F61 [Ul]]v
and thus,
dy1 =c40 [W42(02 o (ngcl)) + W43(CS o (W3161))].

Both ¢y o (Waicq) and c3 o (Wsicq) have relative degree
r + 71, but dy4 can fail to have relative degree. As a simple
example, suppose ¢c; = co = ¢4 = x1 and c3 = —x1 SO
that d4; = (W42W21 — W43W31)I(2)£Cl. If W is such that
WyoWo1 = Wy3Wsq, then dgy1 = 0 does not have relative
degree. On the other hand, if the symmetry condition ro = 73
is broken, then it follows that d4; has relative degree ry; =
rq +min(rg, r3) + 71. 0

The final case in the example above suggests a sufficient
condition for the general case. Namely, in the absence of
these degenerate situations where a node is presented with
an input whose underlying generating series does not have
relative degree, the relative degree for d;; will be well defined

and determined by a path from node ¢ to node j; whose
accumulated relative degrees is minimal. To make this claim
more precise, the following language adapted from signal
flow graph theory will be useful.

Let V,,, be a given additive network. An edge is a directed
line segment connecting two nodes. A path is a continuous
set of edges connecting two nodes in N, and traversed in
the direction indicated. A forward path is a path in which
no node is encountered more than once. A loop is a path
that originates and ends on the same node in which no node
is encountered more than once. Finally, the subgraph G j;
from node ¢ to node 7 is the simple graph (i.e., all loops are
omitted) consisting of all forward paths connecting node 4
and node j.

The following theorems provide a sufficient condition
under which the relative degree is well defined for a given
input-output map v; ~ ¥; in an additive network. Given
a subgraph Gj;, the accumulated relative degree of node 1

is 7 = r;. If node k # i in Gj; has N incoming edges

from nodes i1, 79, ...,4x With accumulated relative degrees

rj' ., ...,rF , respectively, then the accumulated relative
1 12 IN

degree at node k is

+

i =71 +min{r}, r’ +

i Ty T b

Note this definition does not imply that any mappings defined
by the network have relative degree, it simply computes the
potential relative degree of such a mapping should it be well
defined.

Theorem 6: Let i and j be fixed nodes in N,,. If at every
node [¢{4, j} the accumulated relative degrees of the nodes
from every incoming edge are distinct, then the generating
series d;; for v; — y; in N, has well defined relative degree
equivalent to 7r;; = r;'.

Proof: As feedback loops do not affect the relative degree
of any forward path, it is sufficient to consider only the sub-
graph G'j;. The claim then follows directly from Corollary [T}
Theorem 2] and the definition of accumulated relative degree.

|

The distinctness condition in the above theorem can be
relaxed by utilizing instead the condition in Corollary [2]

Theorem 7: Let i and j be fixed nodes in N,,. If at
every node [¢{i, j} the accumulated relative degrees of the
nodes from every incoming edge satisfy the condition in
Corollary [2 then the generating series dj; for v; — y; in

N, has well defined relative degree equivalent to r;; = r;r.

C, Cs

Fig. 4. Network in Example [4]



Fig. 5. Subgraph of forward paths for v1 — y7 in Example[d] The relative
degree of each generating series ¢; is the circled number. The accumulated
relative degree at each node is the number in the triangle.

Example 4: Consider the network shown in Figure
where each weight W;; € {0,1} (i.e., 0 ~ not connected,
1 ~ connected), and the generating series for the nodes are:

c1 = Kix1 + 22021

Co = Xg + KQ(E%I’Q

c3 = K3xgxs + 33:33:?),

cqg =1+ Kyxoxy — .’L‘gl‘4$0
cs = 4xp + K5x(2)x5 — 2303:135
Ce — KGIEﬁ — ZE%

cr =20 + 2+ Krxr + 4oy

with K; # 0 in every case. The subgraph of forward paths
is shown in Figure [5] The relative degree of the generating
series at each node is the circled number shown next to
each node. The accumulated relative degree at each node
is the number in the triangle The goal is to determine the
relative degree of the mapping v; — y7, provided it is
well defined. Observe that only nodes 4, 5 and 7, have
more than one incoming edge. In each case, the accumulated
relative degrees are distinct, namely, 3,4; 4,5; and 6,7,
respectively. Therefore, Theorem @ applies, and r71 = 7.
To independently verify this claim, the generating series d7;
was computed using the full network via Theorem [3| with
the aid of Mathematica and found to be

dry = dii n + K1 K3 Ky K Krar, + xe,
where

d Ny =x0 + (4K7 + KeK7)x2 + (16 + 4K¢ — K7)z3+
(—4+ K5 K7 + 2K, Ko K7)xg + (4K5 + 8K, Kg—
SK K7+ Ks K7+ 2K, K K7)xd + - - -
e =K KsK, K¢ — 6K 1 Ks K, K7 + K1 Ko K5 Ko+
KKy Ky KoK + 2K3 Ky Ko K7)xoxy + - -

The relative degree of drq is 7 as expected. 0

An additive network N, is said to have complete relative
degree if every mapping v; — y;, ¢,5 = 1,2,...,m has
relative degree. From Theorem [3] it is immediate that fully
connected networks have this property. Another class of
networks sharing this property is given in the following
theorem. It states that in some sense the property of a
network having complete relative degree is generic.

Theorem 8: Consider an additive network N,,, where the

weighting matrix has entries W;; € {0,1}. If the unity
weights are replaced with continuous random variables, then
every sample network has complete relative degree.
Proof: At any given node, the incoming nodes may or
may not have distinct accumulated relative degree. In the
case where they do, then Theorem E] applies, otherwise,
Theorem [/| applies provided the condition for multiplicities
greater than one can be met. Specifically, at node k with
incoming edges from nodes ji, jo, ..., jn With accumulated
relative degrees 7‘;“1,7’;;, ..., T it is required that if r;.“ is
repeated s; > 1 times then

+

rt—1 7]
Wijay(djyizo’ i) + Wiy (dj2)i v’
1
+ Wije,) jsyyintg’ @) #0,

-1

where j(I) € {j1,j2,...,jn}, and the W;;, are random vari-
ables with any continuous distribution(s). But this condition
is always true with probability one, and hence, the theorem
is proved. ]
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Fig. 6. Estimate of density function for |(d417 :5(2)381)| in Example

Example 5: Reconsider Example [3} where Wy; = 0 and
now Waq, W31, Wyo and Wy3 are i.i.d. random variables with
a uniform distribution on [0, 1]. An estimate of the density
function for the random variable |(dy1,x3x1)| is shown
in Figure [6] In every case of the 1000 random networks
generated, d4; had relative degree » = 3 as expected. 0

V. CONCLUSIONS

Two basic properties were established for an additive
network of input-output systems where each node of the
network is modeled by a convergent Chen-Fliess series.
First it was shown that every input-output map between a
pair of nodes has a locally convergence Chen-Fliess series
representation. An explicit and in some cases achievable
growth bound on the coefficients was computed using the
notion of a maximal network. Second, sufficient conditions
were given under which the input-output map between a pair



of nodes has a well defined relative degree as defined by its
generating series. This analysis led to the conclusion that
this relative degree property is generic when the connection
strengths between nodes are randomized.
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