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Introduction

This dissertation is mainly dealing with three different topics, which will turn out to
be related to each other, namely polynomial matrices over finite fields, discrete-time
linear systems and coding theory with focus on convolutional codes. This is reflected
in the structure of this thesis, which has four chapters, where the first one provides
some preliminaries and each of the remaining three chapters is devoted to one of the
three topics mentioned above.

Polynomial Matrices

The mathematical importance of polynomial matrices, especially over finite fields,
could be seen by the fact that they are relevant for many quite diverse mathematical
areas, e.g. number theory, linear algebra, discrete-time linear systems or coding
theory. Consequently, they give rise to draw relations between different mathematical
fields. This is done in this dissertation by relating number theory, systems theory and
coding theory.

In numerous applications of polynomial matrices certain coprimeness properties
are of particular interest. The probably simplest example is a fraction of two scalar
polynomials, where in most cases, it is of advantage to assume that the fraction is
canceled, i.e. that numerator and denominator are coprime. Furthermore, coprime-
ness conditions serve as assumptions for many mathematical theorems, especially in
the field of number theory, e.g. for the Chinese Remainder Theorem, to name just
one of them.

In this thesis, we are mainly concerned with counting polynomial matrices having
special coprimeness properties, i.e. with calculating the probability that a random
polynomial matrix of a prescribed structure fulfills the corresponding coprimeness
condition. The simplest case, namely the case of coprime scalar polynomials, has been
investigated for a long time. It started with the observation that over the binary field,
there are as many pairs of coprime polynomials as pairs of not coprime polynomials,
i.e. the probability of coprimeness is equal to 1/2. According to [15], this was
firstly proven by Knuth in [26]. Generalizing this result, Bennett and Benjamin [4]
computed the probability that finitely many polynomials over an arbitrary finite field
are coprime by using Euclid’s algorithm. An alternative and shorter proof for this
result could be found in [15], where the authors additionally showed that the number
of coprime polynomials is related to the number of Hankel matrices.

A polynomial matrix A € F[2]"** with n > k is said to be right prime if A(2() has
full column rank for all z, from the algebraic closure F. Consequently, coprimeness of
scalar polynomials is equivalent to the right primeness of the column vector having
these polynomials as entries. Hence, right primeness of polynomial matrices could
be viewed as generalization of coprimeness of polynomials. In this thesis, we will
calculate the probability that a polynomial matrix with a special degree structure is



right prime, whereby we will use the uniform probability distribution. Therefore, we
sett := |F|~! and investigate the asymptotic behaviour of the probability if ¢ tends to
zero, i.e. the size of the considered field becomes large. To describe the quality of our
asymptotic formula, we will use the Landau symbol O: the negligible term is O(t¢)
for some e € N if and only if it tends to zero at least as fast as t¢ for ¢ — 0. If one
allows the polynomial entries of the matrix to have arbitrary degrees, one could use
the so-called natural density as probability measure. It was defined by Guo and Yang
in [17], where the authors computed the natural density that a polynomial matrix is
right prime. The proposed degree structure we use is important for the application of
the resulting formula for the probability to linear systems and convolutional codes.
Nevertheless, it turns out to be quite illustrative to compare the achieved formula
with those for the natural density from [17].

Another possibility to generalize the notion of coprime polynomials is to consider
pairwise coprime polynomials. Several authors studied pairwise coprimeness of inte-
gers, resulting in very complicated formulas; see e.g. [39], [30]. To get a formula
for the probability of pairwise coprimeness for finitely many scalar polynomials, we
will transfer the strategy from [30] from integers to polynomials. We will obtain a
quite elaborate formula, which we will simplify by again using Landau O notation to
describe the asymptotic behaviour for large field sizes. We will compare this formula
with the natural density of pairwise coprime polynomials, which was computed in
[18]. Since [18] was not published at the time when the research for the correspond-
ing part of the dissertation was carried out, and not known to us until the research
for the whole dissertation was completed, we also give an own proof for the natural
density of pairwise coprimeness.

In fact, pairwise coprimeness is equivalent to the left primeness of a polynomial
matrix that is constructed out of the involved scalar polynomials in a certain way.
If one does the same construction for square polynomial matrices, i.e. constructs a
bigger matrix out of them and considers its left primeness, one is actually investigating
a property called mutual left coprimeness, which turns out to be a stronger condition
than pairwise coprimeness in the case that the polynomial matrices are not scalar. In
this thesis, we will also asymptotically calculate the probability of this property using
two different probability measures.

Discrete-time Linear Systems

The original motivation for computing the probabilities of all these different coprime-
ness conditions were applications in the theory of discrete-time linear systems, in
particular for the investigation of networks of these systems.

A discrete-time linear system over a field F is given by the equations

z(t+1) = Az(7) + Bu(r)
y(1) = Cx(7) + Du(r)

with system matrices A € F"*" B € F»*™ C € FP*" D € FPX™ input u € F™,
state vector x € F", output y € F? and 7 € N.



Such systems could be used to describe various phenomena in nature and engineering.
If one looks at the most simplified case, namely B = 0 and A = a € F \ {0} scalar
and initially only considers the first equation, one gets

z(t+ 1) = ax(t).

This equation describes for example the behaviour of a bacterial culture or could be
used to model population growth.

If you have a matrix B # 0, it is possible to influence these natural processes via
an (time varying) input u, e.g. by injecting some chemicals into the bacteria or by
affecting population growth through medical developments or political decisions.

The second equation of a linear system characterizes the output y, which is a
variable that is influenced by the internal parameter x as well as by the external
parameter u but itself has no effect on the other parameters. There are plenty of
examples for variables, which are influenced by the population and by political
decisions, e.g. the amount of expended resources, to name just one of them. Surely,
in long term development an increasing consumption of resources might have an
impact on population growth but one has to bear in mind that no model could
completely cover all aspects of reality.

In control theory, one aims to design an input « in such way that the parameter
x attains some desired state. This is only possible if the matrices A and B fulfill a
special property called reachability. There are two famous and frequently used tests
to check reachability of linear system, developed in the middle of the 20th century,
namely the so-called Kalman test and the so called Hautus test. Since the focus of this
dissertation is the calculation of probabilities for certain properties over finite fields,
a very important result for this work is a formula for the probability of reachability
for a linear system over a finite field, provided by Helmke and others in [21].

A second important quality of a linear system is its observability. One defines
a system to be observable if the knowledge of the input and output sequences is
sufficient to determine the sequence of states. In the above example that would
mean that one could infer the population size from the amount of resources and from
political decisions. It turns out that reachability and observability are dual properties
of a linear system. That means there also exist a Kalman test and a Hautus test for
observability and that one could easily conclude a formula for the probability of
observability from the formula for reachability.

Many complex phenomena in nature or engineering could be modelled by a
network of interconnected linear systems. The main contribution of this thesis is
to calculate the probability of reachability for an interconnection of linear systems.
The most important tool for this is a theorem of Fuhrmann and Helmke [14], which
provides criteria for reachability and observability of networks of linear systems. For
the most frequently used coupling structures, namely parallel and series connection
of two systems, this has already been done before by Fuhrmann ([13]), and Callier
and Nahum ([5]), respectively. All these criteria could be expressed as primeness
conditions on specially structured polynomial matrices. For example, to compute the
probability of reachability for a parallel connection of N linear systems, one basically
has to calculate the probability of mutual coprimeness for N polynomial matrices.



Coding Theory

There exists a strong relationship between discrete-time linear systems and convolu-
tional codes because each convolutional code could be constructed out of a linear
system; see [33], [35]. The basic idea of coding is to add redundancy to a message
you want to send in order to make it possible to reconstruct the original message
even if part of it was received incorrectly or did not arrive at all. An easy example
for this is the use of check digits in various areas of life such as bank cards or ISBN
numbers.

The first approach was to use block codes. In this case, encoding a message,
represented by a vector of elements from a (finite) field, means multiplying it with
a full column rank matrix over this field. This means the codewords are images of
that matrix, which is called generator matrix of the code. One uses the Hamming
distance, which is defined as the number of different components of two codewords,
to measure the error correcting capability of a code. In the sequel of this thesis we
will estimate the probability that a block code has optimal distance properties for
error correction with respect to its parameters. This type of code is called maximum
distance separable (MDS).

In 1955, convolutional codes were introduced by Elias [10]. In a certain sense, he
did this generalizing the notion of block codes by using full column rank polynomial
matrices as generator matrices for the code. Since then, a lot of research has been
done trying to construct convolutional codes with advantageous distance properties;
see e.g. [34], [25], [11]. One section of this thesis is devoted to maximum distance
profile (MDP) convolutional codes, where the probability of this property is estimated.

As mentioned before, it is possible to define a convolutional code in terms of
a linear system. According to [33] and [35], the obtained code is represented by
the corresponding system in a minimal way if and only if the system is reachable.
Moreover, if this is true, the corresponding code is non-catastrophic if and only if
the system is observable. Non-catastrophicity of a code means that finitely many
transmission errors could only cause finitely many decoding errors, what clearly is a
very important quality. Furthermore, non-catastrophicity could be characterized by a
primeness condition on a polynomial matrix. Consequently, it is possible to obtain
the probability of non-catastrophicity for a convolutional code from the probability
of reachability and observability of a linear system as well as by calculating the
probability of the corresponding primeness condition.

Concatenating convolutional codes, i.e. considering networks of such codes, is
a frequently used tool to design codes with certain properties. Again, the standard
interconnections, i.e. parallel and series connection, as well as several variations
and combinations of them, occur most often; see [2], [3], [7], [81, [9], [12]. Using
the relationship between linear systems and convolutional codes, it is possible to
transfer the reachability and observability criteria for networks of linear systems
from [14] to non-catastrophicity criteria for interconnected convolutional codes.
Moreover, the obtained probability results for interconnected linear systems carry
over to concatenated convolutional codes.



A final type of coding that plays a role for this thesis is random linear network
coding. Network coding is a quite young area of research, which was introduced
by Ahlswede and others [1] in 2000 for use in wireless networks. The basic idea of
linear network coding is to process information from a source via a network to several
sink nodes, where each node of the network forwards a linear combination of the
received symbols. In random linear network coding, one chooses these coefficients
for the linear combinations randomly. The aim is that all sink nodes should finally get
all source information. We will calculate the probability that this is fulfilled, i.e. the
probability that one gets a solution for the network coding problem. In the final part
of this dissertation, we will also look at convolutional network coding, where one
has a delay between receiving and forwarding at the network nodes and consider the
probability of solvability of the network coding problem in this case.






Chapter 1
Linear Systems and Polynomial Matrices

In this thesis, we want to calculate - amongst others - the probabilities for some
essential properties of linear systems, such as reachability and observability; the
corresponding results can be found in Chapter 3. This first chapter provides some
preliminaries, which we will need for these considerations.

In Section 1.1, we start with some basic definitions and properties about discrete-
time linear systems. Since polynomial matrices over finite fields play an important
role when investigating such systems (see e.g. [31],[13]), we continue defining and
characterizing different notions of coprimeness for polynomial matrices. Finally, this
section is finished by introducing polynomial matrix fraction descriptions for the
transfer function of a linear system.

In Section 1.2, we define networks of linear systems and afterwards, present and
generalize criteria of Fuhrmann and Helmke [14] to characterize their reachability
and observability. We conclude showing some standard examples for such networks.

1.1 Definitions and Basics

Let F be an arbitrary field and A € F**" B € F**™ C € FP*" D € FP*™. We
consider discrete-time linear control systems of the form

(1 + 1) = Ax(r) + Bu(r)
y(r) = Ca(r) + Du(r) (1.1)

with input u € F™, state vector x € F”, output y € FP and 7 € Nj.
In the following, we will frequently identify this system with the matrix-quadruple
(A,B,C, D).

Definition 1.

A linear system (1.1) is called

(a) reachable if for each { € F™ there exist 7. € Ny and a sequence of inputs
u(0), ..., u(7«) € F™ such that the sequence of states 0 = z(0), z(1), ..., (7. +1)
generated by (1.1) satisfies (1. +1) = &.

(b) observable if Cx(7)+Du(r) = CZ(7)+Du(r) for all T € Ng implies x(7) = Z(7)
for all T € Ny. This means that the knowledge of the input and output sequences
is sufficient to determine the sequence of states.

(c) minimal if it is reachable and observable.



1 Linear Systems and Polynomial Matrices

The following two theorems provide well-known characterizations both of reacha-
bility as well as of observability, the so-called Kalman test and the so-called Hautus
test.

Theorem 1. (Kalman test)

A linear system (1.1) is reachable if and only if the reachability matrix

R(A,B) := (B, AB, ..., A" 1B) € F"*"™ satisfies tk(R(A, B)) = n and observable
C

if and only if the observability matrix O(A,C) = : € FP™X" satiesfies

CA.n—l
rk(O(A, B)) = n.

Theorem 2. (Hautus test) B
A linear system (1.1) is reachable if and only if tk [ 21 —A B | =nforallz € F. It

24 } =nforall z € F.

is observable if and only if rk { c

Since reachability of (1.1) only depends on the matrices A and B, one calls the
pair (A, B) € F"*™ x F"*™ reachable if and only if (1.1) is reachable. Equivalently,
one calls (4,C) € F»*™ x FP*" observable if and only if (1.1) is observable and
(A, B,C) € F»*™ x Fn*™ x FP*™ minimal if and only if (1.1) is minimal.

Remark 1.
The Kalman and the Hautus test show that (A, B,C) is observable if and only if
(AT, CT,BT) is reachable.

It has been proven to be a very useful tool for the investigation of linear systems
to assign a rational matrix, the so-called transfer function, to each system, which is
given by the following definition:

Definition 2.

One calls the rational function T(z) := C(zI — A)™'B + D € F(2)P*™ the transfer
function of system (1.1). On the other hand, the matrix-quadruple (A, B,C, D) €
Frxn x Fnxm i FPxn x FP*™ is called an n-dimensional realization of T'(z). It is
called a minimal realization if for any other realization of T'(z) with dimension #, it
holds 7 > n. In this case, one calls 6(T) := n the McMillan degree of T.

The following theorem shows that this notion of minimality is actually equivalent
to the notion of minimality from Definiton 1.

Theorem 3.

The matrix-quadruple (A, B,C,D) € F"*™ x FnX™ x FP*" x FPX™ {5 g minimal
realization of T(z) = C(zI — A)~'B + D if and only if it is minimal in the sense of
Definition 1, i.e. if and only if it describes a reachable and observable linear system.

It is counted among the fundamental problems of systems theory to find a re-
alization for a given rational function. Hence, there arises the question for which
functions this is even possible. Furthermore, if it is possible, one is interested in

8



1.1 Definitions and Basics

the number of such realizations and especially in the characterization of minimal
realizations. The answers to these questions are contained in the following theorem,
for which we need another definition as a start.

Definition 3.

A rational function T'(z) € F(z)P*™ is called proper if lim,_, ., T(z) exists and strictly
proper if lim,_,, T(z) = 0. Equivalently, it is proper if and only if for the Laurent
series expansion T(z) = Y.i° N Tiz=" with N € Ny and T; € FP*™ holds that

T ny=---=T_1 =0andstrictly proper ifand only if T_n = --- =Ty = 0.

Theorem 4.

Let T'(z) € F(2)P*™ be a proper rational function. Then, there exists a minimal realiza-
tion (A, B,C, D) € F"*™ x ™ x FPXn 5 FPX™ of T(z). Moreover, if (A, B,C, D)
is another minimal realization, there exists an invertible matrix S € G, (F) with
A=SAS™, B=SB,C=CS"', D=D.

Remark 2.
Since lim, o, C(2I —A)~'B+ D = D, the transfer function of a linear system is always
proper and strictly proper if and only if D = 0.

Scalar rational functions could be written as a quotient of polynomials, where the
denominator is not allowed to be equal to zero. Moreover, there exists a reduced
representation consisting of coprime polynomials, which is unique up to a constant
factor. All these concepts could be generalized to rational matrices using polynomial
matrix fraction descriptions, what we will do in the following.

Definition 4.

A polynomial matrix @ € F[z]™*™ is called nonsingular if det(Q(z)) # 0. It is called
unimodular if det(Q(z)) # 0 for all z € T, i.e. if det(Q(z)) is a nonzero constant. This
is the case if and only if Q is invertible in F[z]™*™, i.e. if there exists R(z) € F[z]™>*™
with Q(z)R(z) = I,,. Therefore, one denotes the group of unimodular m x m-matrices
over F[z] by Gl,,(F[z]).

Definition 5.

A polynomial matrix H € F[z]P*™ is called a common left divisor of H; € F[z]P*™i
for i = 1,...,N if there exist matrices X; € F[z]™*™ with H;(z) = H(z)X,(2)
fori =1,...,N. It is called a greatest common left divisor, which is denoted by
H = gcld(Hy, ..., Hy), if for any other common left divisor H € F[z]P*"™ there exists
S(z) € F[2]™*™ with H(z) = H(2)S5(z).

A polynomial matrix E € F[z]P*™ is called a common left multiple of E; € F[z]™*™
for i = 1,..., N if there exist matrices X; € F[z|P*™ with X,;(z)E;(z) = E(z) for
t=1,...,N. It is called a least common left multiple, which is denoted by

E =lcm(E,, ..., Ey), if for any other common left multiple E € F[z]P*™, there exists
R(z) € F[2]P*P with R(z)E(z) = E(z).

One defines a (greatest) common right divisor, which is denoted by gerd, and a
(least) common right multiple, which is denoted by lcrm, in an analogous manner.



1 Linear Systems and Polynomial Matrices

Definition 6.

Let m = my + - - - + my. Polynomial matrices H; € F[z]P*™: are called left coprime
if there exists X € F[z]"*P such that H = gcld(H;,...,Hy) satisfies HX = I,. In
particular, one polynomial matrix H € F[z]P*™ is called left prime if there exists
X € Flz]™*P with HX = I,. In an analogous manner, one defines the property to
be right coprime or right prime, respectively. Note that in the case p = m, right
primeness and left primeness are equivalent to the property to be unimodular.

Since it seems not so easy to work directly with these definitions, we will use the
characterizations given by the following theorem.

Theorem 5. [14, Theorem 2.27]
(a) The polynomial matrices H; € F[z]P*™ are left coprime if and only if
tk(H1(2),...,Hy(z)) = pforall z € F.

(b) The polynomial matrices H; € F[z]Pi*™ are right coprime if and only if
Hi(z)
rk : =mforall z € F.
HN (Z)

Remark 3.
(a) Left coprimeness of H; € F[z]P*™: is equivalent to left primeness of the matrix
(Hy,...,Hy) and right coprimeness of H; € F[z]Pi*™ is equivalent to right
H,y
primeness of | :
Hy
(b) A rectangular matrix H € F[z]P*™ with p < m is left prime if and only if its

p X p-minors are coprime. Analogously, H € F[z]P*™ with p > m is right prime
if and only if its m x m-minors are coprime; see e.g. [42].

(c) The Hautus test shows that a pair (A, B) is reachable if and only if zI — A and B
are left coprime and that a pair (A, C) is observable if and only if zI — A and C
are right coprime.

For some of our purposes we will need a stronger notion than just coprimeness
of polynomial matrices, namely mutual coprimeness, which is characterized by the
following definition.

Definition 7.
Nonsingular polynomial matrices D1,...,Dy € F[z]™*™ are called mutually left
coprime if for each i = 1,..., N, D, is left coprime with lerm{D,} ;4.

This criterion for mutual left coprimeness is not very easy to handle. Thus, we
will employ again an equivalent characterization for our later computations.

10



1.1 Definitions and Basics

Theorem 6. [14, Proposition 10.3]

Nonsingular polynomial matrices D, ..., Dy € F[z]™*™ are mutually left coprime if
and only if
Dy D, 0
Dy := .. ..
0 Dn-1 Dy

is left prime.

Finally, we will need the following well-known characterization of coprimeness
for two scalar polynomials.

Theorem 7.
Two polynomials p(z) = > i~ piz* and q(z) = > i, ¢;2"* are coprime if and only if the
Sylvester resultant

Po qo
Res(p,q) == | pm Po  n qo | € Fintm)x(ntm)
DPm dn
is invertible.

Now, we are ready to consider coprime matrix fraction descriptions of rational
matrices.

Theorem 8. [14, Theorem 2.29]
Let T € F(z)P*™ be arbitrary. Then, it holds:

(a) There exist right coprime polynomial matrices P € F[z]P*™ and Q € F[z]™*™
nonsingular such that T(z) = P(2)Q(z)~ L.
If P € F[2]P*™ and Q € F[z]™*"™ are right coprime with Q nonsingular such that
P(2)Q(2)"' = T(2) = P(2)Q(2)~", then there exists a (unique) unimodular
matrix U € Gl,,(F[z]) with P = PU and Q = QU.

(b) There exist left coprime polynomial matrices P € F[z]P*™ and Q € F[z]P*P
nonsingular such that T(z) = Q(z) "' P(z).
If P € F2]P*™ and Q € F[z]P*P are left coprime with Q nonsingular such that
Q(2)"'P(z) = T(z) = Q(2)"'P(z), then there exists a (unique) unimodular
matrix U € Gl,,(F|[z]) with P = PU and Q = QU.

Among this set of unimodular equivalent coprime factorizations, we focus on two

particular choices, where the denominator matrix has special properties. To this end,
we first need the following definitions.

11
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Definition 8.

The j-th column degree of a polynomial matrix H(z) € F[z]P*™ is defined as v; :=
deg; H := max;<;<,deg(h;;). Furthermore, let [h;;] denote the coefficient of 2" in
hij. Then, the highest column degree coefficient matrix [H|. € FP*™ is defined as
the matrix consisting of the entries [h;;]. For p = m, one calls H column proper if
[H]he € Gl (F).

Definition 9. [14, Corollary 2.42], [22, Proposition 5.1]
Let Q) € F[z]™*™ be nonsingular. Then, there exist

(1) a unimodular matrix Uy € Gl,,,(F[z]) such that

(H)

a1, 0 ... 0
QU = Q=
: -0
H H
A
with qZ(Z-H) monic and deg qng) < deg qZ(Z-H) = Emt1—ifor1 <j<i<m.

Q" is unique and is called Hermite canonical form. Moreover, QY is called of
simple form if k; = 0 for j > 2.

(b) a unimodular matrix Uy € Gl,,(F[z]) such that

KH KH
qgl ) Tt qgm )
QUy = Q"M = : :
KH KH
qfnl ) Tt Q7(nm )

with qgiKH) monic, deg qg(H) < deg quKH) for j # 14, deg qj(f{H) < deg qZ(iKH) for
j < iand deg qj(f(H) < deg qgiKH) for j >i.

QX is unique and is called Kronecker-Hermite canonical form. Note that it
is always column proper.

Theorem 9.

Let T(z) = P()Q()"" with P € F[Jp*™, Q € F[]™*™. det(Q) # 0 a right coprime
factorization of the transfer function. Then, it holds:

(a) 6(T) = deg(det(Q)).
(b) For every unimodular matrix U € Gl,,,(F[z]), the pair (PU,QU) is also a right

coprime factorization of the corresponding transfer function. Consequently, one
could either assume that Q = Q% or that Q = Q".

12



1.2 Networks of Linear Systems

Proof.

(a) This equality is one of the statements of Theorem 4.24 of [14].

(b) Since @ is nonsingular, there exist (unique) unimodular matrices U; und Us,
such that QU, is in Kronecker-Hermite and QU5 is in Hermite canonical form.
If one takes the pair (PU;, QU;) instead of (P, Q) for i = 1,2, one still has a
right coprime factorization of the transfer function because (PU;)(QU;)~! =
PU;U;'Q™' = PQ~! and multiplying with unimodular matrices does not
change coprimeness. 0

So far, we only focused on the structure of the denominator matrix Q. But if it is in
Kronecker-Hermite from, i.e. especially column proper, one also has some knowledge
about the numerator matrix P .

Lemma 1. [14, Proposition 2.30]

Let (A, B,C, D) € F"Xn xFnXm x FPXn x FPXm and C(21— A)"'B+D = P(2)Q(z) 7!
with P € F[z]P*™,Q € F[z]™*™, det(Q) # 0 and Q column proper. Then, one has for
g=1 .. m:

deg; P(z) < deg; Q(2) and deg; P(z) < deg; Q(z) if D=0.

1.2 Networks of Linear Systems

With the help of polynomial matrix fraction descriptions for linear systems, which we
introduced in the preceding subsection, we are now able to analyze interconnections
of linear systems. Doing this, we consider a network of N linear systems defined by
the following equations

(1 +1) = Az (1) + Biwi(7) (1.2)
N

vi(T) = Z K;jw; (1) + Liu(r) 1.4
s

y(r) = Z Miw; (1) + Ju(r) (1.5)

with A4; € Frx™ B, € Fx™i C; € Frix™i D, € Fpixmi K € F™iXPi [; €
Fmixm M, € FP*Pi and J € FP*™,

Equations (1.2) and (1.3) describe the dynamics at the single systems, which are
called node systems. Equation (1.4) gives information about the interconnection
structure between the node systems and equation (1.5) provides a formula for the
output of the whole network.

In the following, assume that (4;, B;, C;) are minimal fori =1,..., N.

13



1 Linear Systems and Polynomial Matrices

Ly
Define K := (Kjj)ij, L := : and M := [My,..., My] as well as
Ly
Ay 0 B 0 Cq 0
A= ,B = ,C = and
0 Apn 0 By 0 Cn
D, 0
D =
0 Dy

Thus, the global state space representation of the decoupled node systems is
z(t + 1) = Az(1) + Bo(r)
w(r) = Cx(1) + Do(T)
and the interconnection is
(1) = Kw(r) + Lu(7)
y(1) = Mw(r) + Ju(r).
To get the interconnected system into the form
x(r 4+ 1) = Az(7) + Bu(r)
y(r) = Cx(7) + Du(r),
with (A, B,C,D) € F"*" x F*™m x FPX" x FPX™ where n = Zﬁvil n;, one has to
write w(7) as a linear combination of z(7) and u(7). Inserting the expression for v(7)
into the equation for w(r), leads to (I — DK)w(t) = Cx(7) + DLu(7). Therefore, in
the following, one only considers interconnection structures with det(I — DK) # 0.
In this case, one obtains w(7) = (I — DK) " 'Cx(7) + (I — DK)~'DLu(7) and
A=A+ BK(I - DK)™'C
B=BK(I-DK) 'DL+BL=DB(I—-KD)'L
C=M(I-DK)'C
D=M(I—-DK) 'DL+J.

For the transformation of B, the identity (K(I — DK)™'D + I)(I — KD) = K(I —
DK)=Y(I — DK)D + I — KD = I was used.

Finally, for i = 1, ..., N, consider right and left coprime factorizations
Ci(zI — A;)7'B; + D; = Py(2)Q; ' (2) = Qi(2) ' Pi(2)
Pi(z) 0 Q1(2) 0
and define P(z) := , Q(z) = . Q
0 P (2) 0 Qn ()

and P are defined analogously.

14



1.2 Networks of Linear Systems

Then, C(2] — A)"1B+D = MP(2)(Q(z) — KP(2)) 'L+ J =
= M(Q(z) — P(2)K)~'P(2)L + J; see [14, p. 465].

The following theorem generalizes part of Theorem 9.8 of [14] to the case that
the interconnected systems are just proper and not necessarily strictly proper as
required there.

Theorem 10.
With the same notations as above and with the assumptions that (A;, B;, C;, D;) are
minimal for i = 1,..., N and det(I — DK) # 0, one has:

1. The following statements are equivalent:

(a) (A,B) is reachable.
(b) Q(z) — KP(z), L are left coprime.
(© Q(z) — P(2)K, P(2)L are left coprime.

2. The following statements are equivalent:

(a) (A,C) is observable.
(b) Q(z) — KP(z), MP(z) are right coprime.
(© Q(z) — P(z)K, M are right coprime.

Proof.

We follow the lines of the proof of Theorem 9.8 in [14] and start with the equivalence
of (a) and (b) in both parts of the theorem to be proven. According to Definition
4.30, Theorem 4.26 and Theorem 4.32 of [14], one has to show that there exist
appropriately sized polynomial matrices E(z), F(z), X(z), Y(z) with E(z),2] — A
left coprime and Q(z) — K P(z), F(z) right coprime such that

St T P

The above equation is equivalent to the following four equations:

E(2)(Q(z) — KP(2)) = (2 — A— BK(I — DK) *C)F(z) (1.6)
E(2)L = (21 -A—-BK(I - DK)"'C)Y(2) - B(I - KD)"'L (1.7)
X(2)(Q(2) = KP(2)) + MP(2) = M(I - DK)™'CF(2) (1.8)

X(2)L+J=M(I - DK)™'CY(2) + M(I — DK)"'*DL + J (1.9)

Define Y () := 0, E(z) := B(I — KD)~! = BK(I — DK)~'D + B,

X(2):=M( - DK)™'D and F(z) := (21 — A)~'BQ(z).

One immediately sees that these matrices fulfill (1.7) and (1.9). Equation (1.8) gets
the form

~M(I - DK)™'D(Q(2) — KP(2)) + MP(2) = M(I — DK)™*C(2I — A)"'BQ(2),

15
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which is fulfilled if

—D(Q(z) — KP(2)) + (I = DK)P(2) = C(2I — A)"'BQ(z) =
= (P(2)Q(2)"' = D)Q(2) = P(2) — DQ(2),

which clearly is true. Equation (1.6) is equivalent to

B(I = KD)™H(Q(z) = KP(z)) =

= (2I —A— BK(I - DK)™'C)(2I — A)"'BQ(z)

& BK(I — DK)™'DQ(z) — (BK(I — DK)™'D 4 B)KP(2)) =
= —BK(I — DK)™*C(2I — A)"'BQ(z).

This is true if
DQ(z) — DKP(z) — (I - DK)P(z) = —C(zI — A)"'BQ(2),

which was already shown considering equation (1.8).
It remains to show that F'(z) is a polynomial, which is left coprime with
Q(z) — KP(z), as well as that zI — A, E(z) are right coprime.
Therefore, consider the coprime factorization P(2)Q(z)~' = (zI — A)~'B. With
the definitions Y (z) := 0, E(z) := B, X(z) := D, F(z) := P(z) and
H(z) := CP(z) + DQ(2), one has

2R R L e A S E A

where F = B and zI — A are left coprime because the single systems are reachable
and Q(z) and F(z) are right coprime per definition. Furthermore, as the node
systems are minimal, 2/ — A and B are left coprime and 2] — A and C are right
coprime. It follows from Definition 4.30, Theorem 4.26 and Theorem 4.32 of [14]
that H(z)Q(z)~! is a right coprime factorization of C'(zI — A)~!B + D. Therefore,
there exists a unimodular matrix U (z) with P(z) = H(2)U(z) and Q(z) = Q(2)U(z)
and thus, F(z) = (2] — A)"'BQ(z) = P(z)U(z) is a polynomial. Moreover, since
Q(z) and P(z) are right coprime per definition and det(I — DK) # 0 per assumption,

{1 0 }{(Q(z)—KP(z) ]

_ Q(z) — KP(2)
0 C 21 — A)'BQ(2) -

a { (P()Q(z)"! — D)Q(2) ] N
1 K7 Q@
| -D I P(z) |

has full column rank, i.e. the corresponding map is injective, for all z € F. Therefore,

the map defined by [ (zCIQ(—Z)A_) _Il( g g()z) } has to be injective, i.e. of full column

rank, for all z € F, too. Consequently, Q(z) — K P(z), F(z) are right coprime.
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1.2 Networks of Linear Systems

That the other coprimeness condition is fulfilled as well follows from
tk[B(I — KD)™' 2I —A— BK(I - DK) 'C] =
=rk[B(I - KD)™*
2I—A-BK(I-DK)'C+B(I-KD)'(I-KD)K(I-DK) 'C]=
=1k[B(I - KD)™! 2 - A] =
=rk ([B(I—KD)1 2l — A]- { I*OKD ? D =
=r1k[B zI — 4]
and the fact that the single systems are reachable per assumption.

Finally, the eguivalences between (b) and (c) in both parts of the theorem hold
because Q(z) "t P(z) = P(2)Q(z)~! implies

P(z) 0 Q
[ (<) ) I } ' [ ¢ J)WP ]
_ [ Q(z) — P(z)K  —P(2)L ] { P(z) 0 }
M J 0 I
where 15( ) and Q( ) — ( )K are left coprime since P( ) an Q( ) are left coprime

and
and P(z) and Q(z) — K P(z) are right coprime since P(z) and ()(z) are right coprime.
O

Remark 4.

In the preceding theorem, it was assumed that the node systems are minimal. But this
assumption is necessary anyway since reachability/observability of the interconnected
system implies that the node systems are reachable/observable.

Proof.

(A, B) is reachable if and only if [2] — A — BK(I — DK)~'C B(I — KD) L] =
2] — A— BK(I — DK)"'C B(I — KD)"]. { 0
This implies that [/ — A— BK(I — DK)~'C B(I — KD)™'] is surjective, i.e. of full
row rank, for all z € F. As done at the end of the previous proof, one could show that
the rank of this matrix equals the rank of [z] — A B]. Hence, the diagonal structure
of A and B effects that the node systems are reachable.

Analogously, (A, C) is observable if and only if

[ 2 — A— BK(I — DK)~'C ] _

is surjective for all z € F.

M(I - DK)~'C
[T 0 21 —A—BK(I - DK)~'C
[o M(I—DK)l}[ C }
21 - A— BK(I - DK)~'C

C
tive, i.e. of full column rank, for all 2 € F. But the rank of this matrix is equal

is injective for all z € F. This implies that [ ] is injec-
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to the rank of [ & 5 4 ] Again, the diagonal structure of A and C effects the

observability of the node systems. O

Corollary 1.
An interconnected system (A, B,C, D) is minimal if and only if the node systems are
minimal, Q(z)— K P(z), L are left coprime and Q(z)— K P(z), M P(z) are right coprime

or equivalently, if the node systems are minimal, Q(z) — P(z)K, P(z)L are left coprime
and Q(z) — P(z)K, M are right coprime.

In the following, the achieved criteria should be applied to some standard inter-
connection structures.

Example 1.
(a) Parallel connection
Here, onehas K =0, LT = [I,,,...I,) and M = [I,,...I,]. Hence, I — DK is
invertible for all values of D. Applying the preceding theorem, one gets that this
Ql (Z) Im
interconnection is reachable if and only if : is left

QN(Z) Im

prime, which is the

Qi(z) —Q2(2)
case if and only if . is left prime, i.e. if
Qn-1(2) —Qn(2)
and only if Q1, . . ., Qn are mutually left coprime. This could be seen by adding the
second block of rows to the first, afterwards the third block of rows to the second,

Ql(z> Pl(z)

and so on. Equivalent is the condition that : is

left prime. The

Q1(2)
interconnection is observable if and only if hE is right prime
NI Z
Q1(2)

or equivalently, A is right prime, which is equivalent to

Qn(z)

I, . I,

mutual left coprimeness of Q7 ,..., Q.

18



1.2 Networks of Linear Systems

(b) Series connection

0 -+ - 0 I
In this case, it holds K = P |, L= . and
0 Iy, O 0

M=1[0---01,]
One has det(I — DK) = 1 # 0 and therefore, Theorem 10 could be applied for all
possible values of D. Doing this, one gets that the interconnection is reachable if
and only if
Q1 (Z) I
—Pi(z) Q2(z) 0

is left prime, which is the case if

Py i(2) Qn(z) 0

and
—Pi(z) Q2(2)
only if : is left prime. Equivalent is the
—Py_1(2) Qn(2)
u(z) Pi(z)
—P(z) Q2(2)

condition that ] ) . is left prime. The

—Pyn(z) Qn(z) 0
interconnection is observable if and only if
Q1(z)
—Pi(z) Qa(2)

is right prime or equivalently,

[ Qi(2)
—Py (Z) ) is right prime.

QNAfl(Z)

i —Pn(2)

(¢) Circular/Feedback interconnection

0 .. 0 Ly I
I, . 0 0

Here, one has K = P , L= ] and M = [I,, 0---0].
0 Ly, 0 0
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20

Thus, Theorem 10 could be applied if

I - 0 -D
det(I — DK) =det | | P2 0 -
0 —Dy T
I 0 0 D,
_ PP 0
= det Dy - , 0...0-Dy] | =
0 —Dy I 0
[T 0 —Ds - Dy
= det —Ds 0 ==
L0 —Dy I
= det I =Dy-i--Dy =det(I — Dy - Dy) #0.
Dy I
. . I A
For this computation, the formula det B cl|= det(C — BA) was used several
times.
With the above assumption, the interconnection is reachable if and only if
Q1(2) —Pn(z) I,

—Pi(z z
1(2) Q.z( ) is left prime, which clearly is

L —Pn_1(2) Qn(2) 0

equivalent to the reachability criterion for series connection. Moreover, the inter-

connection is observable if and only if

[ Qi(2) —Pn(2)

—Pi(z) Q2(2)

is right prime, which is equivalent

—Py-1(z)  Qn(2)
i Py (z)
to the criterion for series connection, too. In a similiar way, one can show that the
reachability and observability criteria using Q and P are equivalent for series and
circular interconnection.




Chapter 2

Counting Problems

To compute the probability that a mathematical object has a special property, it is
necessary to count mathematical objects. Therefore, in the following, we restrict
our considerations to a finite field F, which is endowed with the uniform probability
distribution that assigns to each field element the same probability

1
||
and denote the corresponding probability of a set A by Pr(A).

In addition to computing probabilities with the uniform distribution, which is only
defined for finite sets, we will compare these results with the results one gets using
another definition of probability, namly the concept of natural density as defined in
[17] for infinite sets:

Definition 10.

To enumerate F[z], assign the number k = > ;2 a;(1)’ to the polynomial fx(z) =
Yoo aiz', where a; = 0 for all but finitely many coefficients and for the computation of
k, the a; are considered as elements of Z. In particular, fo = 0. Moreover, let M, be the
set of tuples (D, ..., Dy) € (F[z]**™)¥ for which the entries of D; are elements of the
set {fo,...,fntfori=1,... N.

The natural density of aset E C (F[z]*™)N in (F[z]"*™)N is defined as lim,, _, oo £
if this limit exists.

In this chapter, we count polynomial matrices (over finite fields) fulfilling special
coprimeness conditions since there number enables us to calculate the probabilities
of reachability (and observability) for networks of linear systems by using Theorem
10.

In the first section of this chapter, we will present several already known results
concerning general counting strategies and cardinality formulas as well as a few own
extentions of these formulas and some newly developed counting methods.

In Section 2.2, we calculate the probability that a rectangular matrix of a special
form is right prime because this value plays an important role for calculating the
probability of minimality for a single system in Section 3.1.

The remaining and main part of this chapter is devoted to the calculation of the
probability of mutual left coprimeness as this probability is crucial for the probability
that a parallel connection is reachable; see Example 1 (a). In Section 2.3, this is firstly
done for the case of scalar polynomials (where mutual and pairwise coprimeness
coincide), which corresponds to a parallel connection of single-input systems. Finally,
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in Section 2.4, we do the same for the general case of square matrices with arbitrary
sizes.

The results of Sections 2.2, 2.3 and 2.4 are compared with the formulas one gets
using the natural density instead of the uniform probability distribution at the end of
the corresponding paragraphs.

2.1 General Counting Strategies

In this first subsection, we present some general counting results, which we will need
for our purposes. Some of them are well-known and therefore, stated without proof,
while others are newly developed and hence, require a proof.

We start with a fundamental and frequently used principle for the determination
of cardinalities, namly the so-called inclusion-exclusion principle.

Lemma 2. (Inclusion-Exclusion Principle)
Let Aq,..., A, be finite sets and X = J;_, A;. For I C {1,...,n}, define
Ar := ;s Ai Then, it holds

Xl= Y (=g

0#IC{1,...,n}

Another famous result is the Schwartz-Zippel lemma, which makes it possible to
estimate the cardinality of varieties over finite fields.

Lemma 3. (Schwartz-Zippel) [36, Corollary 1]
Let f € Flz1,...,x.] be a nonzero polynomial of total degree d. Moreover; let vy, ..., v,
be selected at random independently and uniformly from F. Then

Pr(f(v1,...,v.)=0)<d-t.

In Section 2.2, we will consider right prime polynomial matrices. For the case that
these are constant, this property simply means being of full rank and there already
exists a formula for the corresponding cardinality as the following lemma shows.

Lemma 4. [27, S. 455]
For 1 < r < min(k,n), denote by N(k,n,r) the number of matrices from F¥*" with
rank r. Then, it holds

n r—1 i—k
. -1
_ 4—nr YA e
N(k,n,r) =t | [[ a-#) Ht*(”l)fl‘
j=n—r+1 =0

In particular;, the number of invertible n x n-matrices over F is equal to

n

GL(F)| =t~ T] (1 - ).

j=1
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Next, we consider another special case of polynomial matrices, namly matrices
with only one row or column, i.e. vectors of polynomials. Here, being of full rank is
equivalent to the fact that the polynomial entries are coprime, whose probability has
also already been computed before:

Lemma 5. [15, Theorem 4.1]
The probability that N monic polynomials ds, .. .,dy € F[z] with deg(d;) = n; € N for
i=1,...,N are coprime is equal to 1 — tN 1,

Remark 5.

In [15], directly before stating the preceding theorem, the authors remarked that one gets
the same probability when considering arbitrary (not necessarily monic) polynomials.
This clearly is true as long as the polynomials have a fixed nonzero degree. However,
at some points, we will need the probability of coprimeness in the case that the degree
of several of the polynomials is only upper bounded, which allows them to be constant.
Therefore, we require the following considerations.

Corollary 2.

For N € Nand M € Ny, the probability that d;, ...,dn+n € F|z], where d; monic with
deg(d;) =n; e Nfori=1,...,N and deg(d;) <n; e Ngfori=N+1,...,N + M,
are coprime is equal to 1 — tN+M—1,

Proof.

This corollary is shown per induction with respect to M. For M = 0, the statement
follows from Lemma 5. Assume the statement is true for M not necessarily monic
polynomials. If dyypary1 is the zero polynomial, which occurs with probability
tnv+m+1tl “the N + M + 1 polynomials are coprime if and only if the first N + M
polynomials are coprime, which has a probability of 1 — t¥+*~1 per induction. If
dny 41 is @ nonzero constant, which happens with probability ¢"~+Mm+1+1(¢=1 — 1),

the polynomials are always coprime. Finally, if dy41 iS not constant, which
¢t~ (NpM41 D) -t
t—( Ny M1+

appears with probability , it follows per induction and from Remark

5 that the proability of coprimeness is equal to 1 — ¢+, Summing up all these
cases, one gets that the overall probability is equal to

t—(Nypapi+l) oyl

tnN+ZW+1+1(1 _ tN+1W*1) + tnNJrM+1+1(t*1 _ 1) + (1 _ tNJrJW)

t—(nNyr41+1)
— tﬂN+Aj+1+1(t71 _ tN+M71) + (1 _ tnN+1\4+1)(1 _ tNJr]\/[) — 1 _ tN+]\/[.

Remark 6.

The statement of the preceding corollary is not true if N = 0, i.e. if there is no monic
polynomial involved. To see this, consider for example the case ny = ny = 1 over the
binary field, i.e. t = 1/2. Listing all possible pairs of polynomials of degree at most 1
and counting the coprime pairs, one gets that the probability of being coprime is equal

9 1
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To be able to estimate the probability for different coprimeness conditions in
further parts of this work, we need to estimate the number of polynomials whose value
at a given point z; is fixed. Since this implies considering the minimal polynomial of
2o over I and the minimal polynomials of elements of I are exactly the irreducible
polynomials over IF, we will need the following well-known result counting irreducible
polynomials of a certain degree.

Lemma 6.
The number of monic irreducible polynomials in F[z] of degree j is equal to

1 . 1 _. )
0y = = D pld) ! = <47 O UY)
dlj

ep n
where forn € N, p(n) := {(1){;» P, nsquar'e—free.
0, otherwise
Remark 7.
For zy € T, denote by f., its minimal polynomial over F and set g., := deg(f.,). Then,
for g € N, the number of zy € F with g,, = g is at most o, - g = O(t9). In particular,
for g =1, it is equal to t.

Proof.

The statement follows directly from the fact that there are ¢, possible minimal
polynomials for zy and each of them has at most g different zeros. O
Lemma 7.

Let 2z, 21 € F with 2y # 21 as well as n € N be fixed. Then, it holds:

(a) The number of d € F[z] monic with deg(d) = n such that d(zy) = 0 is equal to
t="*t9=0 if n > g,, and zero if n < g,. Moreover, the number of d € F[z] monic
with deg(d) = n such that d(zy) = d(z1) = 0 is equal to t~"+desllem(Fzq.121)) if
n > deg(lem(f.,, f2,)) and zero otherwise. In particular, for zg, z1 € T, it is equal
to t~"*2if n > 2 and zero if n = 1.

(b) Let w,w € F(zp)[z] with w(zg) # 0 be fixed. Then, the number of d € F[z] monic
with deg(d) = n such that w(zy) = W(zp) - d(29) is at most t="1. Moreover, the
number of d € F[z] with deg(d) < n such that w(zy) = w(zo) - d(zo) is at most
t="*1 In particular; for zo € T, it is equal to t~"*! in both cases.

(©) Let w,w € F(zp,21)[z] with @w(z9) # 0 # w(21) be fixed. Then, for n > 2,
the number of d € F[z] with deg(d) < n such that w(zy) = w(z) - d(z0) and

w(z1) = w(21) - d(z1) is at most t~"2. In particular, for zy, 21 € F, it is equal to
=2,
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Proof.
(a)

(b)

@)

2.1 General Counting Strategies

It holds d(zp) = 0 if and only if f,, divides d. Thus, one has to count the number
of degree n monic multiples of f,,, which coincides with the number of monic
polynomials in F[z] of degree n — g, if the last expression is non-negative;
otherwise f,, cannot divide d. Therefore, one has t=(n=920) possibilities for d if
n > g., and if n < g,,, the number of possibilities is equal to zero.

For the second part of the statement, one gets the condition that lem(f,,, f,)
has to divide d, which could be treated with a similar argumentation as above.
Note that there are only the two possibilities lem(f.,, f.,) = f., = f., and
lem(f.o, f2,) = [z - [, because f., and f., are irreducible. Since zy # 21, for
20,21 € F, one has lem(f.,, f.,) = (z—z0)(2 — z1). Thus, for n = 1, the number
of possibilities is equal to zero and for n > 2, there are ¢t~ ("~2) possibilities for
d.

If d is fixed to w(zg)/w(20) € F at z, one could choose all coefficients of d
but the constant one randomly and then, solve the corresponding equation
with respect to this constant coefficient. Therefore, it is fixed by the other
coefficients, which leads to a factor of at most ¢ for the number of possibilities.
Note that if zy ¢ F, for some random choices, one gets a value for the constant
coefficient that is not in IF and thus, not all choices for the other coefficients are
possible. But this only decreases the number of possibilities. Thus, one has at
most ¢ "1 possibilities for d. If z; € F, all choices for the other coefficients are
possible and hence, one has t~"*! possibilities.

Denote by ag, ..., a,_1 the coefficients of d. If one chooses as, ..., a,_1 arbi-
trarily, one gets a system of two linear equations of the form

) (e)=(n)

where y; and y, depend on w, W, 7, z; and as, .. ., a,. Since
det { ZO 1| =02 # 0, there exists a unique solution for a¢ and aj;.
1

Hence, these two coefficients are fixed by the others which gives a factor of 2
for the number of possibilities. As in part (b), it is not clear that one gets values
for ap and a; that are elements of F. Therefore, the number of possibilities is
at most t~"*2, For 2,2, € F, one gets ag,a; € F, and hence, one has t—"*2

possibilities.
O

Corollary 3.
Let z9,z1 € F and n € N. The number of d € F[z] with deg(d) < n such that

d(zo)

= d(z) = 0 is equal to t~"Fdesllem(Fzo.f21)) if n > deg(lem(f.,, f.,)) and 1

otherwise. In particular, for zy,z1 € F, itisequal to t~""2ifn > 2and 1 if n = 1.
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2 Counting Problems

Proof.

One has to compute the number of polynomials d which are divided by lem(f.,, f2,)
with g := deg(lem(f.,, f»,)). Since there are t~! — 1 possibilities for the leading
coefficient of the polynomial, for deg(d) = k, one gets (t~! — 1)t=**9 for k > g and
zero otherwise (see Lemma 7 (a)). Moreover, one has to add one possibility for the
zero polynomial, which is divided by every (monic) polynomial. In summary, one
gets (171 — 1) ZZ;; Rt 1= (71— 1)%(:f7i;)1 +1=1t""*+9. Forn < g, the zero
polynomial is the only possibility. O

In Section 2.4, we will give an asymptotic expression for the probability of
mutual left coprimeness for polynomial matrices in Hermite form. We will derive
it by dividing the set of matrices in Hermite form into different subsets according
to their degree structure and showing that only one of these structures, which is
named simple form by the following definition, is relevant for the leading term of this
asymptotic expansion. Therefore, we will need the following lemma, which computes
the cardinalities of the different subsets.

Definition 11.
For ny,...,ny € N, let X(nq1,...,ny) be the set of all N-tuples of matrices D, €

F[z]™>™ in Hermite form with deg(D;) = n; for i = 1,..., N. Moreover, denote by
ngﬁ), cey ngl) the row degrees of D,, i.e. the (j,j)-entry of D; has degree m%)_jﬂ and
o n(li) = n;. Furthermore, for k = (ngll),.. f#),.. mﬁnN),...,n(lN)), let
R(nl, ...,ny) be the subset of
X(n1,...,ny) for which the row degrees are equal to k. Finally, one calls
D, Dy 0 0
Dy=1| o - 0 of simple form

0 0 Dx_1 Dy
if il =0forj>2andi=1,...,N.

Lemma 8.
The cardinality of X, (n1,...,nn) is equal to

| (711,... |—HHt (m—j+1)- (1)

i=1j=1
and the cardinality of X (n1,...,ny) is equal to
‘ (nla n | _ H Z H tf(m7j+1).;<;§i) _ t*m(nlJF"'JrﬂN)(l . O(t))

=10 o)y, G=1

Consequently, it holds

|Xn(n17...7nN)| — {Cn '(1—O(t)) with Cre ZZ j—l ) (21)

| X (n1,...,nN)] ==

In particular, one has ¢, = 0 if Dy is of simple form.
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2.1 General Counting Strategies

Proof.

The j — 1 polynomials beyond the diagonal of D; in row j are of degree less than
()
o Q)

monic polynomial on the diagonal of row j one has ¢~ *m-i+1 possibilities, too. Thus,
the set X,;(nq,...,ny) has cardinality

. @ ST
K which means that one has ¢ "=-i+1 possibilities for each of them. For the

N m N m

i=1j=1 i=1j=1

The formula for | X (n4,...,ny)| follows by summing up all possible values for . For
the asymptotic result, one employs that the subset of X (n4,...,ny) that consists of
those matrices Dy which are of simple form, has larger cardinality then all other
subsets X, (n1,...,ny). Using the above formulas as well as n; = Z}”:l /{é’), one
gets (2.1).

We conclude this section by introducing a method, which will be used several
times in this dissertation to reduce coprimeness conditions on polynomial matrices to
a system of equations for their entries.

Lemma 9. (Method of Itergted Column/Row Operations)
Let G € F[z]™*™ and z € F with rk(G(zp)) < min(n,m).

(@) If m < n, there exist k € {0,...,m — 1}, a set of row indices {i,...,ix} C
{1,...,n} and values A, € F(zy), which (only) depend on entries g;; of G with
i € {i1,...,ix} and on zy, such that

Gim—r(0) = Y gi(z0) A for i€ {1, n}\ {in,. .. ik} (22)

r=m—k+1

(b) If n < m, there exist k € {1,...,n}, a set of column indices
{j1,-- -y Jk—1} € {1,...,m} and values X\, € F(zg), which (only) depend on
entries g;; of G with j € {j1,...,jk—1} and on z, such that

k—1
gkj(ZO):Zgrj(ZO)')\r fOT’ je{L”'ﬂm}\{jl»'“ajkfl} (23)
r=1

Proof.
(a) Setp:=n—m.If

g11 ce 9im
rk : : (20) <m,
Im+4p1 -+ Ymipm
then either g1,,(20) = - - - = gm+p,m(20) = 0, which implies that equations (2.2)

are fulfilled for £ = 0 and one is done, or one could choose a nonzero entry
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28

from the set {g1,,(20), .., gm+p,m(20)}. In this case, one chooses the nonzero
entry with the least row index, which should be denoted by i;. One subtracts

the last column times % from the j-th column for j = 1,...,m—1, which
i m

nullifies the i;-th row but its last entry. Afterwards, this changed ¢;-th row
is used to nullify the other entries of the last column by adding appropriate
multiplies of it to the other rows. Note that this final step only changes the last
column of G. Define GV € F[](m+p)xm by

9iyj

a _ Gij for = Z'1, j =m
9ij = Gim * g0

g otherwise

Then, it holds m > rk(G(20)) = rk(G)(2)) One iterates this procedure, i.e. if
column m —1 of G()(2) contains an entry that is unequal to zero, one uses it to
nullify its row, whose index should be denoted by 45, and afterwards its column.
Setting G(*) := G, this leads to a sequence of matrices G(¥) ¢ F[z](m+p)xm
with rk(G®)(z) < m for 0 < k < m — 1, which is obtained by the recursion
formula

(k—1)

9ij for i=ip, j=m—k+1
g(k) — (kfl) (kfl) g(kfl)
Y gl] - gi,m7k+1 : # otherwise

ig,m—k+1

One stops this iteration when all entries of column m — k of G(*) are zero at
2. Note that the last k columns of G(*)(z,) are linearly independent since
forj =0,...,k — 1, it holds gg:)hmfj(zo) # 0 and gi(,’;)%j =0 fori # ij41,
as well as iy # i, for r # s, per construction. If the iteration does not stop
in between, one ends up with the matrix G(™~1, whose entries gi(’q’*l) for
i€ {1,....,n}\ {i1,...,im—1} are not zero per construction but have to be
equal to zero at z, because of rk(G"~1)(zy) < m. Generally, if one stops with
G™*), one has the conditions gl(?l_k(z()) =0fori e {1,...,n}\ {i1,...,0x}
Using the recursion formula, this leads to

(k—1)
_ - g’L m— (ZO) . . .
g (z0) =g () T =0 fori € {1, n)\ {ir, ... k).

k—1

Based on this formula, we will show per (reversed) induction with respect to s

that for 0 < s < k, there exist )\SS) € F(zp), which only depend on entries of G
with row index contained in the set {i1,..., i} as well as on z, such that

g8 wz0) = > g (20) - AY forie {1, n}\ {in, ... ik} (2.4)
r=m-—k+1

The base clause s = k is trivial since one already knows g(k) (z0) = 0 for

i,m—k

ie{l,...,n}\ {i1,...,ir}. Now, one assumes that the statement is valid for s
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and considers the case s — 1. One obtains,

(s—1)
s—1 ; s—1 gis.m—k(ZO)
9iimk(20) = gim_(20) + 955 D (20) - T =
is,m—s+1 (ZO)
m (s—1)
s s s—1 gis,nb—k(’zo)
= Y g00) A gl (o) - e
r=m—k+1 gis,mfsJ,»l(ZO)

m (1) (1) g((e—l)(zo)
) (%i <%>—95n3+gao~<;:;>-&@+
r=m—k+1 is7m_s+1(20)
(s—1)
s—1 gis,m—k(’zo)
+ gg,mf)sﬂ(z()) o) LT
gis,m—s-l—l(zo)
m

= 2 )

r=m-—=k+1
with AV .= A\ for #m —s+1and

s—1 s—1
(s—1) gz&,mzk(z()) gZ(S)T (20) (s)
AGTD i Jim k0 i 00\,
(s—1) (s—1)
iy, m=s+1\R0 m—s+1£r>m—k+1 Jig,m—s+1 20

Setting s = 0 in (3.6), completes the proof of part (a).

(b) One could prove statement (b) analogous to statement (a). Instead of starting
with the last column, one starts considering the first row of G(z). If it is not
identically zero, one chooses the nonzero entry with the largest column index.
Then, one nullifies its row and column with a iteration procedure similar to
part (a) but employing row operations instead of column operations.
Alternatively, one could apply part (a) to the matrix G with inverse numbering
of the rows. 0

2.2 Counting Right Prime Polynomial Matrices

In this section, we want to count the number of right coprime matrix pairs (P, Q) as
in Theorem 9, where we assume that () is in Kronecker-Hermite form to ensure that
the factorization of the corresponding transfer function is unique. To this end, we
make the following definition.

Definition 12.
Let M(p,n,m) be the set of all polynomial matrices G = ( g ) € F[z](mtp)xm

with P € F[z]?*™ and Q € F[z]™*™, where Q is in Kronecker-Hermite form with
deg(det(Q)) = n and deg; P(z) < deg; Q(z) for j = 1,....,m. Moreover, define
pre . (t) to be the probability that G € M (p, n,m) is right prime.

p,n,m
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2 Counting Problems

Since it seems very complicated to achieve an exact formula for this probability,
we start with some quite easily obtained bounds and afterwards, investigate the
asymptotic behaviour, when 1/¢ - the size of the field - tends to infinity.

Theorem 11.

() Pre . (t) <1—tptm—1

p,n,m

(ii) For p > m, it holds P’¢, . (t) > 1—2mn -t

pn,m
Proof.

(i) For right primeness it is necessary that the polynomials of each column of G
are coprime. Furthermore, there is at least one column with degree not equal
to zero. This column does not contain an entry, which has to be 1 due to degree
restrictions caused by the structure of G. It might contain fixed zero entries but
this only decreases the probability of being coprime. Because each column has
p + m entries, the probability is upper bounded by 1 — tP*™~1 (see Corollary
2).

(i) Since p > m, it is possible to consider the two disjunct full size minors of
G formed by rows 1 to m and by rows m + 1 to 2m, respectively. For right
primeness of G it is sufficient that they are coprime. If we view these minors
as polynomials in z, their coefficients are polynomials in the coefficients of
the entries of G of degree at most m. Thus, the resultant of these two minors,
which is equal to zero if and only if the minors are not coprime, is a polynomial
in the coefficients of the entries of G of degree at most m(n + n). Hence, the
bound follows from the Schwartz-Zippel Lemma (see Lemma 3) if one could
show that the resultant is not the zero polynomial. However, this follows from
the facts that none of the considered minors is equal to zero for all values of
the coefficients and that they are independent from each other since we have
chosen disjunct rows to form them. L)

In the following, we will show that these bounds are not very sharp by computing
the asymptotic behaviour for the case that the size of the field IF becomes large.

Theorem 12.
The probability that G € M (p,n,m) is right prime, i.e. the probability that P €
F[z]P>*™ is right coprime with Q) € F[z]™*™, where Q is in Kronecker-Hermite form
with deg(det(Q)) = n and deg; P(z) < deg; Q(z) for j =1,....,m is

Pre () =1—t?+0@").
Proof.
We prove this theorem by computing the probability of the complementary set,
i.e. the probability that there exists zy € F such that rk(G(z)) < m. If ¢;; = 1
for some i = 1,...,m, all other elements in row ¢ are equal to zero. Hence,
tk(G(z0)) = 1 + rk(Gi(z0)), where the index i denotes the fact that the i-th row
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2.2 Counting Right Prime Polynomial Matrices

and column of G are deleted. Consequently, one has to prove the statement for m — 1
in this case. Thus, one could assume without restriction that all column degrees of @
are unequal to zero, i.e. () has no constant diagonal elements. Hence, the matrix G
contains no fixed zeros, i.e. entries that have to be zero because of degree restrictions
due to the Kronecker-Hermite form of (). Moreover, no entries of P are forced to be
constant by those degree restrictions.

. . I QH QU . .
First, one considers G := < pH ) = < PU > = GU, where U is the uni-
modular matrix such that Q%! is in Hermite form. Then, one applies the method
of iterated column operations to G¥ (see Lemma 9 (a)). Since Q¥ is lower tri-
angular, the diagonal entries of it are not changed by this iteration process and
the entries above the diagonal are identically zero, anyway. Thus, if the iteration
stops after step k, one has ¢/f_,  ,(2) = 0 as first condition. The method of

iterated column operations implies that if qg _zm_i(20) # 0 for k < k, one chooses

ifp =M — k. Therefore, if a row that belongs to P, i.e. with index greater than

m, is nullified, one knows qﬁ-k,m—ﬁ(zo) = 0. Define I := {i1,...,ix} N{i > m}.

Then, one has the conditions ¢/ .., , ;. ,(20) =0fori; € Iand p/ _,(z0) =
Z:lm—k+1p£m,r(20) ‘A forie{m+1,...,m+p}\IbyLemma9 (a).

For P, Q and Qf, one knows from Lemma 7 that fixing several of the polynomial
entries (that are not identically zero due to degree restrictions) at z; reduces the
number of possible matrices at least by a factor of the form t" for some h € N. But
unfortunately, one has no information about the affect of fixing polynomials of P#
because one does not know anything about the possible degrees of the entries of
this matrix. Thus, one has to switch back from P to P. Since P¥ = PU, one has
pg = >"%, paw;. Inserting this into the above formula, leads to

Zpifm,l(zo)uhmfk(zo) = Z Zpifm,l(zo)ulr(zo) “Ar,

=1 r=m—k+1 =1

which is equivalent to

m

Zpi—m,l(ZO) (ul,m—k(zo) - Z Ulr(Zo) : /\r> =0. (2.5)
=1 +1

r=m—k

If wp p—k(20) — Z;":mfkﬂ u-(20) A =0forl=1,...,m, the columns m—k,...,m
of U were linearly dependent at zy, which is a contradiction to the fact that U is
unimodular. Hence, there exists [ € {1, ..., m} such that one could solve equation
(2.5) with respect to p;_n,,. Consequently, the p — |I| polynomials p;_,, ;, with
i€ {m+1,...,m+p}\ I are fixed at zy by Q¥ (which determines @ and U) and
the other entries of P. Note that ), only depends on entries of G whose row index
is contained in the set {iy,...,i;} and hence, only on entries of G whose row index
belongs to {i1,...,ix} and on U.

Let ny,...,ny; denote the degrees of the monic polynomials ¢/ , ., ,, ;,, with
i; € I and n|;1; the degree of qﬁ_hm_k. Moreover, 17|42, - - -, np+1 should denote
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the maximal degrees of the p — |I| fixed polynomials from P that are not necessarily
monic. Fix g and z with g := g., <min(ny,...,n74+1) = Nmin as well as Q" such
that ¢, .(20) =0and ¢/ ;. ;.1(20) = 0fori; € I. Then, Q and U are
determined. Next, choose the polynomials p;_,, ; with ¢ € I, arbitrarily, and define
Wi = = g0 Piemat (Wm—k = Yor 1 Uir - Ar) fori € {m+1,...,m+p}\1Ias
well as @ = wjy m—r — ZT:m_k-H uy,.r - Ar. Applying Lemma 7 (a) and (b) as well
as Remark 7, one gets that the (opposite) probability is at most

Nmin . T f—nydg TP —n;—1+1 Nmin

Z g-pg-1Lizi t~ Hi:\]\+2t —0 Z ) = o)
t—(nitna++np+p—|I]) - -

g=1 g=1

Furthermore, if one has the additional condition that Q is not of simple form, the
probability is even O(tP*+1). This is true since the probability that G is not of simple
form is O(t) (see (2.1)) and the considerations we made so far are valid for all values
of x, which is defined as in Definition 11. Thus, it remains to consider the case that
Q* is of simple form. Here, one has the condition:

S 0
q%l q%m

rk | P oo Pimo | (20) <ms gl (20) = pina(20) = -+ = P (20) = 0.
pffl pfm

Again, one has to switch back from P to P. Doing this, one obtains the condition
m
G (2 Zpllulm (20) Z Ppitiim(20) = 0. (2.6)

There are at most g - p, - t~""9 = O(t~") possibilities for zy with ¢g,, = ¢ and
g monic with deg(¢Z, ) = n and ¢, (29) = 0. One fixes z; and Q¥ with these
properties, which determines U and @ as well. Since U is unimodular, there is a I
with u, m(20) # 0. Fix all entries of P but those in column Iy and set u := uy, m,
pW) :=p;,, and s = =141, Pittm for j = 1,..., p. Moreover, denote by f := f,
the minimal polynomial of z,. Then, one has the conditions pt) - u + sU) = f . p(9)
for some 1)) € F[z] and j = 1,...,p. Note that here, u, f and sU) are already fixed.
If one writes the involved polynomials as sums of monomials, one gets

Vi Y Bi g oy
(ip§j>zi> . (Z uzz) s = <Z fiz7‘> . <Z h§j>zi> 7
=0 =0 =0 =0 =0

where the degrees v and 3; are already fixed and «; = max(v;, +, 8;) — g. Equating
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coefficients, leads to

[ —uo fo ] p(()j) s0
» e F ()
¥ 0 . 0 pVL_ — 3B,
h(()]% 0 ’
fq )
~hy e ) 0
L fg i hai

- R oD X (g +ay+2)

where f;, = 1 because minimal polynomials are monic per definition. The number
of possibilities for k) and pU¥) to fulfill this equation is at most ¢~ (“10+ei+2=rk(F)),
Therefore, one has to determine rk(F). In the following, it is shown that F' is of full
rank, i.e. rk(F) = min(o; + g + 1, vy, + o + 2).

Casel: g <y, +1

In this case, one has to show the surjectivity of F'. Since f has been defined as the mini-
mal polynomial of zy and u(zg) # 0, one knows that —u and f are coprime. According
to Lemma 7, this implies that the Sylvester resultant Res(—u, f), which is the subma-
trix of F' consisting of columns 1,...,g,v, +2,...,v, +y+1landrows1,...,v+g,
is invertible. This is well-defined because v, +a; +2 > v+ (v, +7—9) +2 > v+g.
Denote by F the matrix for which in F the columns g +1,...,1, + 1 are replaced by
columns containing only zeros. Obviously, rk(F) < rk(F) and thus, it is sufficient to
show the surjectivity of F. The span of the first v + g rows of F' is equal to the span

T T T T 1x (g +o+2 _
of the vectors ey , ..., e, P iy 120 €y gytd € F1x (1o +ai+2) where e; denotes the
j-th unit vector in F*0+®i+2, The matrix consisting of the remaining rows of F

0 ... 01 *
has the form : .. € Fles =1 x(o+e;+2) i e its row span is
0 ... 00 1
equal to the span of ejlo s eIlO +a,+2- Consequently, the row span of F' is equal
tothespanofe(,...,e5 e, i5....,€, Lo 4> and hence I and F are surjective.

Case 2: g >y, +1

Here, one has to show the injectivity of F'. Therefore, choose

(p(()])7 . 7p1(/jl(>)’h(()])7 R hngg))—r with F - (pg)j)v s apyl()] ) héﬂ’ o hgja))—r = <O’ T ’O)T’
ie. —u(2)pY)(2) + f(2)h9)(z) = 0. Since f and u are coprime, it follows that f
divides p7). But because of deg(f) = g > v, + 1 > deg(p’)) this implies pt) = 0
and hence hU) = 0, too. This shows the injectivity of F.

In summary, the probability that (2.6) is fulfilled is at most

P p
49 . H ¢~ (@ +1)+min(a;+g9+1v5+0;+2) g 19 . H $min(g,vg+1)

Jj=1 Jj=1

g Pg
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For g > 2, this probability is O(t??) = O(t**1) since we assumed v; > 1 for i =
1,...,m at the beginning of this proof.

For g = 1, write F = {21, ..., 2;-1} and let A; be the set of matrices G € M (p,n, m)
for which (2.6) is fulfilled for z;. Then, it follows from the preceding computations

that P’¢  (t)=1—Pr (Uf:l Ai) + O(tPT1). Using the inclusion-exclusion principle

p,n,m

(see Lemma 2), one gets

P L6 =1— > (=DM Pr(4)) + O ).
0AIC{1,...,t=1}

Since Pr(Aj) := Pr((,c; A:) only depends on |I], it follows:

Pre () =1+ i(—l)k <t_1> Pr(Ay) + O("H),
e k=1 k

where Pr(A;,) is the probability for the intersection of k pairwisely different sets A;.
Furthermore, according to Lemma 7 (a) and (b) with @ := v and w; := —s@ it
holds Pr(A;) = tP*! fori =1,...,t ! and therefore,

Pre (1) =1-1"+ E(—n’f (t_l) Pr(Ag) + O(t"+1).
m k=2 k

Define ay(t) := (Fl) Pr(Ag) > 0. It holds Pr(A1) < t - Pr(A;) since the number of
possibilities for g,;,,, decreases by (at least) the factor ¢ if one requires an additional
zero for this polynomial (for k + 1 > n, there is even no possibility for ¢Z, ), and
surely, the number of possibilities for the polynomials from P can only decrease if
one has additional conditions. Consequently, the sequence a(¢) is decreasing and

one obtains
t—l

S (-1 (tk ) Pr(Ay) = S (= DFar(t) < as(0).

k=2

Hence, it remains to show that az(t) = O(t**!). Therefore, one has to consider
equations (2.6) for zy,z1 € F with 2y # 2z and wyy m(20) # 0 # wi, m(z1). The
number of possibilities for ¢, is at most t~"*2. Moreover, one chooses [; = I if
possible. Then, the polynomials p; ;,, ..., pp,, are fixed at z; and z; by the values of
the other polynomials from G. According to Lemma 7 (c), which could be applied
since v, > 1, this decreases the number of possibilities by the factor ¢??. Hence,

one has ay(t) < (t;)t“?p < t?? < tP+1 ] in the case I; = ly. If it is not possible
to choose i1 = Iy, one knows wy, ,,,(21) = 0. Thus, the values of the polynomials
piy, fori=1,...,p at z; are independent of the polynomials p;;, fori =1,...,p.
Hence, one first chooses the entries of P but those of columns [y and /; randomly,
which fixes column /; at z;. This decreases the number of possibilities by the factor
tP. Afterwards, one chooses the polynomials of column /; in such way that they
fulfill the mentioned condition at z;, which finally, fixes the polynomials of column
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2.2 Counting Right Prime Polynomial Matrices

lo at zo. This contributes again the factor ¢? to the probability. In summary, one has
as(t) < (*, )t*+PFP < P+1 which completes the proof of the whole theorem. 0

Remark 8.

If one requires deg; P(z) < deg; Q(z) for j = 1,...,m, i.e. strict properness of
P(2)Q(z)~1, one gets the same probability for right primeness as in the preceding
theorem.

Proof.

The number of right coprime pairs (P,Q) with the above properties and PQ~!
strictly proper is equal to the number of strictly proper functions T € F(z)?*™ with
§(T) = n, while the number of (P, Q) with the above properties and PQ~! proper
is equal to the number of proper functions 7' € F(z)?*™ with §(T") = n. Since
there are t~P™ possibilities for the constant coefficients of the entries of T' if one
only requires properness, the number of right coprime pairs decreases by the factor
tP™ if one switches from properness to strict properness. But the total number of
pairs (P, Q) is by the factor t*"" less, too, because the total number of matrices P is
equal to t~?("*+™) in the proper case and ¢ ~?" in the strictly proper case. Hence, the
probability of right primeness remains unchanged if one switches from properness to
strict properness. O

A direct relation between the right coprime factorizations in the proper and strictly
proper case could be seen by looking at the corresponding transfer functions of the
form C(2I-A)"'B+D = P(2)Q(z) ' and C(21—A)"' B = Py(2)Qo(2) ! in the case
of strict properness. Here, Qo in Kronecker-Hermite form with deg,; () < deg;(Qo)
implies C'(21—A)~'B+D = (Py+DQo)Q, * with gerd(Po+DQo, Qo) = gerd(Po, Qo)
and deg; (Po + DQo) < deg;(Qo)-

In the remaining part of this section, we will compare the achieved result with a
formula for the natural density of right prime matrices from [17]:

Theorem 13. [17]
The natural density of right prime matrices from F[z](™+P)*™ is equal to

p+m—1

IT a-#).

Jj=p

This exact formula coincides asymptotically with the formula of Theorem 12,
where we considered the right primeness of matrices with a special degree structure.
Although, the asymptotic expansion from Theorem 12 is independent of the degree
bounds for the polynomial entries, the following examples show that the exact
uniform probability of right primeness depends on the degree structure of the matrix
and whether it coincides exactly with the above formula for the natural density also
depends on this degree structure.
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Example 2.
(1) First, consider the case n = 1, m = 2 and p = 1. There are two possible structures
for G, namely

z+a 0 1 0
0 1 and as z+as
c1z+ Co C2 bo ng + b1

with ay, as, as, co, c1, c2,bg, b1, bo € F. In the first case, the matrix is right prime if and
only if ged(z+4aq, c1z+¢p) = 1, in the second case, if and only if gcd(z+ag, baz+b1) = 1.
Thus, the overall probability for right primeness is equal to 1 —t # (1 — t)(1 — t).
One reason for this is that the rows and columns of fixed ones could be deleted without
changing the probability (see the proof of Theorem 12), and one actually computes the
probability of right primeness of a smaller matrix. One could generalize this argumenta-
tion to the case that m and p are arbitrary while still n = 1. Then, one gets that the
probability of right primeness is equal to 1 — tP.

(2) Next, consider the case that deg;(P) < deg;(Q) = 1forj = 1,...,m, ie.

a matrix of the form [ le; 4 ], where A € F™*™ and B € FP*™. One has

-
rk{ ZIEA ] _ rk[ ngA } =r1k|[ 21— AT BT | and therefore, the prob-

ability of right primeness is equal to the probability that (A", BT) is reachable, which
is Hfi;”_l(l — 1) (see Theorem 1 of [21]). Hence, for these matrices, one obtains the
same formula as for the natural density.

The preceding examples suggest that the reason why the probability of right
primeness for matrices of a fixed degree structure could differ from the natural
density for arbitrary polynomial matrices is that there are fixed ones and zeros in
some of the possible Kronecker-Hermite forms. For a matrix with a fixed degree
structure, the probability of right primeness is equal to the right primeness of the
submatrix in which all columns with column degree zero and the rows with the same
indices are deleted. Hence, if there is at least one column with degree zero, the
probability is different to the formula for the natural density from [17] since this
formula depends on the size of the matrix.

In Example 2 (2), one has the structure with lowest degrees but no fixed zeros
and ones. And we saw that in this case, the probability of right primeness coincides
with the formula for the natural density for arbitrary polynomial matrices from [17].

This leads to the conjecture that the probability of right primeness for a matrix
with the structure of Theorem 12 is equal to Hf;:” 11— t9), where i = m — r
and r is the number of column degrees that are equal to zero. This conjecture is
strengthened by the following example.

Example 3.

We consider the easiest example with m > 2 and where matrix pairs (P, Q) without
fixed zeros and ones occur, i. e. the case m = n = 2 and p = 1. Moreover, we simplify
the computation by restricting the considerations to a base field with two elements. As
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2.2 Counting Right Prime Polynomial Matrices

possible structures, one has

z+ag as 22+ a1z + as 0 1 0
as z4+ay , 0 1 , as 22+ a1z + a9
b1z 4+ by bgz+ by boz2 +biz+by bs by boz? +biz+ by

with a;,b; € Fa. For the second and third structure, it is easy to see that the probability
of right-primeness is equal to 1 — t = 1.

Let My, My, M3 be the three full size minors of the first matrix. The probability of right
primeness is equal to the condition g := ged(M;, M2, M3) = 1. For reasons of degree,
possible irreducible divisors of g are only z,z + 1 and z? 4+ z + 1. We use that the
probability that both z and =z + 1 do not divide g is equal to the probability that the
matrix has full rank for z = 0 and for z = 1. That enables us to compute this probability
Wlth the help of matlab and we get 32%. Direct counting shows that the probability that
2% + z + 1 divides g is equal to 256 Since z? + z + 1 divides the minor formed by the
first and second row of the matrix if and only if this minor is equal to 2> + 2+ 1, g
cannot be divided by z or z + 1 if it is divided by 2z + z + 1 and the other way round.
Thus, one gets 55 = 2 = (1 — 1)(1 — ) for the overall probability. All three structures

28.3 +(27429).1 3

considered together, the probability of right primeness is equal to ~—35 555 = = 3.

Conjecture 1.
The exact probability that a matrix pair (P, Q) with the properties of Theorem 12 is
right prime is equal to

m—1 p+m—r—1

Z W, H (1—#)
where W, is the probability that r column degrees of Q are equal to zero.

But even if this formula is true, it remains to compute W,., which does not seem to
be easy in general. However, for small values of m, it is possible to count the number
of free parameters for each matrix structure with a given number of column degrees
equal to zero.

Example 4.
For m = n = 3, one has W, = %, where W is the number of all possibilities

for Q, since one has t~2 possibilities for the structure

2B 4+a1z2+asz+a3 0 0 1 0 0
0 1 0 |,t7%for | ag 2>+ a12°+asz+as 0 | andt™®
0 0 1 0 0 1
1 0 0
for{ 0 1 0 . Similarly, one computes

a4 as 23 + &122 +asz + as
—5 6 -7 -8 -9 . .
Wy = b2 2 4 and Wy = 45-. Finally, summing up leads to

W=t34+t4*42°4+2t 04267 4¢t 8¢9

37



2 Counting Problems

2.3 Counting Pairwise Coprime Polynomials

The aim of this section is to compute the probability that N randomly chosen poly-
nomials (with fixed degrees) are pairwisely coprime. While it will turn out to be
rather complicated to achieve an exact formula for the case N > 2 (the case N = 2 is
covered by Lemma 5), it is quite easy to get an estimation for the case that the size of
the field tends to infinity.

First, a more general setup will be considered and therefore, some notation should
be introduced. Let n := (n1,...,ny) € NV and I be an undirected graph with set of
vertices V = {1,..., N} and set of edges £, having cardinality F := |£|. The edges of
I" are denoted as ij, for suitable i, j € V with i < j. For every vertex | € V let

S={ijefli=lorj=1}

denote the set of edges terminating at /.

Moreover, gcd and lem should denote the monic greatest common divisor and
least common multiple of several polynomials, respectively.

Let X (n) := {(d1,...,dn) | d; € F[z] monic with deg(d;) = n;} and
I'(n) :=={(dy,...,dn) € X(n) | ged(d;,d;) = 1for ij € £}. Clearly,
| X (n)| = t~(m+-+n2~) The following theorem estimates the asymptotic behaviour
of |T'(n)| when 1/t tends to infinity.

Theorem 14.
|F(n)| _ tf(n1+...+mv) (1 —E-t+ O(tQ)) )

Proof.
For ij € g, let Aij = {(dl, . .,dN) S ]F[Z]N | ng(dZ,dj) 7& ].} Then

L(n)=X(n)\ |J 4.

ijee
By the inclusion-exclusion principle (see Lemma 2), one obtains

D) =Y (~)¥|AF|

FCE&

where Ay = X(n) and Ay := ;o r Aij for F # 0.

From Lemma 5, one knows that the probability that two polynomials are coprime is
equal to 1 — ¢ and therefore, |Ax|-|X (n)|~! = t for all E subsets F C & with |F| = 1.
It remains to show that |[Ax| - |X(n)|~! = O(¢?) for |F| > 2. Since |Az| could
only decrease when |F| increases, it is sufficient to consider the case |F| = 2. Let
Ay = A;; N Ay, for two different edges ij,uv € €. If {4, 5} N {u,v} =0, it is clear
that |Ax| = |A;j| - |Auy| - | X (n)|7! = 2 - | X (n)|. Without restriction, let j = u. It
holds (di,...,dy) € AF if and only if there exist zo, 21 € F with d;(z0) = d;(z0) =0
and d;(z1) = dy(21) = 0. If 20 = 21, one could apply Lemma 5 and gets a cardinality
of | X (n)| - t* for the corresponding subset of Ax. Thus, let 2y # 2.
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2.3 Counting Pairwise Coprime Polynomials

Furthermore, one could assume zg, z; € F. To see that, let without restriction 2 <
9z, < min(n;,n;). It follows from Lemma 7 (a) that the corresponding subset of A,;
has a cardinality of at most | X (n)|- S i 5" ") g 129 = | X (n)|-S 005" O(19) =

| X (n)| - O(t?). Consequently, the cardinality of the corresponding subset of Az is
also at most | X (n)| - O(t?).

For the case zg, z; € IF, one again applies Lemma 7 (a) and gets a probability of at
least ¢? - t* = t2. In summary, one has |Ax| - |X(n)|~! = O(¢?) for |F| > 2 and the
proof is finished. O

Now, we come to the situation of pairwise coprimeness. Recall that here all pairs
of vertices of I'(n) are connected by an edge, i.e. it holds E = w The following
result is an easy consequence of Theorem 14:

Corollary 4.

For n := (ni1,...,nx) € NV, the set G(n) of N-tuples (dy,...,dy) of monic pairwise
coprime polynomials d; € F[z] with deg(d;) = n; for i = 1,..., N has the following
cardinality:

|G(n)| = p— (it 4n) <1 _ w 4 O(t2)) .
Therefore, the probability that dy, . .., dy are pairwise coprime is equal to
N(N -1

In the following, we turn to the general graph setup again and proceed as
in [20] to firstly achieve an exact formula for |I'(n)| and then, deduce a (better)
approximation for it. The following theorem extends a result by [30] from the ring
of integers to the ring of polynomials.

With each edge ij of I' we associate a monic, square-free polynomial k;;(z) € Fz].
We refer to this as a polynomial labeling of the graph and denote it by k. For each
polynomial labeling and vertices [ € V, let

K;:= 1cm{kij ‘ ij € 51}
Then
M (n) := {k € F[2]¥ | k;; monic, square-free for ij € £, deg(K;) <ny, l € V}

is the set of all polynomial labelings k of T" satisfying the degree bounds deg(K;) < n,
for all vertices [. For each monic square-free polynomial p, let w(p) denote the number
of irreducible factors of p.

Theorem 15.
The cardinality of T'(n) is

| ( )‘—t (ni+...4+nn) Z H w(kLJ)theg(Kl) 2.7)

keM(n)ijeE =1
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Proof.
The sets

P := {p € F[z] | monic, irreducible, deg(p) < max n;}
1<i<N

and R := P x & are finite. For r = (p,1j) € R, define
DT = {(dl, ...,dN) I p | dz andp | dj}

Thus, I'(n) = X(n) \ U,cr D From the inclusion-exclusion principle (see Lemma
2), one obtains

T(n)| = Y (-1 Dg], (2.8)

SCR

where Dy = X (n) and Dg :=(),cg D for S # 0.
It remains to determine |S| and |Dg|. For each edge ij, define the monic and
square-free polynomial

ko= [ » (2.9)
(p,ij)€S
while for each vertex [ € V, we consider the monic and square-free polynomials

K =lem{k; | ij € &} (2.10)

From the definition of Dg, one obtains (d;,...,dy) € Dg if and only if
p | ged(d;, d;) is satisfied for all (p,ij) € S. This implies the equivalence:

(d,...dy) € Ds & ki |d;and k) | d; for ij € E.

Note that k7 | ged{d;, d;} holds for all ij € € if and only if k;} | d; for all ij € & and
l € V. Since k:f] are square-free, this in turn yields the characterization

(di,...,dy) € Ds < K7 |d forleV.

Thus, one has to count the number of degree n; monic multiples of a monic polyno-
mial K%, which leads to

N
|Ds| = J] et (2.11)
=1

if deg(K;”) < m; holds for all I € V and |Ds| = 0 otherwise. To compute |S|, note
that w(kfj) coincides with the number of elements p € P such that (p,ij) € S. Thus

1S =" w(ks). (2.12)

ijeE

Finally, for each non-empty subset S C R, equation (2.9) defines a unique polynomial
labeling k° € M(n). Conversely, for each k € M(n) there exists S C R with
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2.3 Counting Pairwise Coprime Polynomials

k = k°. In fact, each polynomial labeling k = (kijlij € £) € M(n) admits a unique
factorization into primes
kij = H Dij

pij€P;;

for subsets P;; C P. Defining S = (J;;c¢ P % {ij} then yields k;fj = k,; for all edges
ij € €. Thus, in (2.8) one can sum over polynomial labelings k instead of summing
over S. Moreover, the restriction k € M (n) in the sum of (2.7) allows us to use
formula (2.11), i.e. we avoid summing up zeros. This completes the proof. O

In the case that all pairs of vertices of I are connected by an edge, one obtains
the probability that NV monic polynomials are pairwise coprime.

The following remark contains a number theoretical result, which could be con-
cluded from the preceding theorem. It is not relevant for our further considerations
but seems to be interesting on its own.

Remark 9.
For N =2 and E = 1, formula (2.7) has the following form:

min(ni,ns)

(o Z Z (_1)w(k) t2g —

9=0 k monic, square-free
deg(k)=g

min(ni,nz2)

—tmn2 [ ¢y Z Z (71)w(k) +29
g=2

k monic, square-free
deg(k)=g

Recall that the number of coprime pairs of monic polynomials is t~"*~"2(1 — t); see
Lemma 5. Thus, one obtains the combinatorical identity:

min(ni,n2) min(ni,ns2)
> Do (=)W= N (E(g)| - |U(9)))t* =0,
9=2 k monic, square-free g=2
deg(k)=g
where
2r
|E(9)] = {(p1, .., p2r) | 7 € N, p; # p; monic, irreducible, » _ deg(p;) = g}
i=1
2r—1
U(g)| :={(p1,---,p2r=1) | » € N, p; # p; moni, irreducible, Z deg(pi) = g}
i=1

are the numbers of monic, square-free polynomials with an even or odd number of
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irreducible factors, respectively. For n > 2, it follows:

(@)~ [Tm)E" = S (E@)] — [U@) — S (B9 - [U(g))Re =
g=2 g=2
=0-0=0,

ie. |E(n)| = |U(n)| forevery n > 2.

In words, for n > 2, there are as many monic polynomials of degree n with an
even number of distinct prime factors as with an odd number of distinct prime factors.
This result was firstly proven by Carlitz [6] in 1932. This means that it is quite old
but we provided a new proof for it along the way.

Returning to our actual goal, there is the problem that for N > 2, the formula
of Theorem 15 is very difficult to evaluate. However, if the degree of one of the
polynomials is at least as large as the sum of the other degrees, the computation
could be reduced to a computation with lower degrees. This fact is explicitly stated
in the following corollary:

Corollary 5.
Let ny,...,nn,h € N. Then:

IT(n1,....,nn)| =t "T(ny — h,ng,...,nn)| if np=h+ng+...+ny.

Proof.
For k € M (n) it holds:
N N N
deg K1 Z deg L] S Z ]{311 S Z Kl) S an S ni. (213)
ijEEL 1=2 1=2 1=2

The first and the third inequality follow because K; is the least common multiple of
the corresponding k;;. The fourth inequality holds since k € M (n). Finally, the last
inequality holds because of the assumption ny = h + no + ... + ny.

From (2.13) it follows that in the given situation increasing n; does not increase the
number of elements in M (n) because deg(K) are stronger restricted by na, ..., ny
than by n;. Thus, the only expression in (2.7) that changes when increasing n; is
t—™1, which causes the factor ¢t —". O

Next, Theorem 15 is used to give an alternative proof for the asymptotic formula
from Theorem 14.

Proof.

To prove this result, first sort the elements of M (n) with respect to the degrees of the
entries of the vector k = (k1, ..., kg).

To this end for each vector of non-negative integers g := (g1, ..., gr ), define
M(n,g) :={k € M(n) | deg(km) = gm for 1 < m < E}. Let A be the setof all g

42



2.3 Counting Pairwise Coprime Polynomials

with M (n,g) # 0. Note that the degree bounds for M (n) ensure that A is finite. One
achieves:

‘F(n)| = ¢—(mt.+nw) Z Z H (_1)W(kij) ﬁtdeg(Kl).

g€A keM(n,g) ijEE =1

Starting with small values for the entries of g the first summands are computed.
For g = (0,...,0), i.e. k = (1,...,1), one gets the summand 1 because of w(1) =0
and K; =1forl =1,...,N. If g, = 1 for exactly one 1 < my < F and g,, =0
for m # my, there are |F| = 1/t possibilities for the linear polynomial k,,, and E
possibilities for the choice of mgy. Moreover, w(k,,,) = 1, so that these summands
have negative sign. As k., is relevant for exactly those K; for which its associated
edge is terminating at [, there are exactly two K; which are of degree 1. Hence, the
resulting sum of these terms is equal to —F - % 2= -F-t.

Thus, one only has to show that each of the remaining summands behaves asymptoti-
cally as O(t?), which is done by showing

N
R(g) == Z theE(Kz) — O(t2)

keM(n,g) I=1

for every fixed g for which the sum of the entries of g is at least two.

This will be done by induction with respect to E.

For E/ = 1, note that g and k = k;, are scalar. Moreover, K1 = Ky = ky5. Therefore,
R(g) = 0if g > min(ny, ne) and otherwise,

g
R(g) < > 2 deell) = <1> 1?8 =18 = O(¢?) for g > 2.

k monic, deg(k)=g

This computation starts with an inequality since the condition that k has to be square-
free is dropped. The first equality follows from the fact that there are (1/¢)8 monic
polynomials of degree g.

Next, we take the step from F — 1 to E.

To this end, choose one of the smallest entries of g and denote it without loss of
generality by gg. Then, the edge with which kg is associated — in the following
denoted by ij — is taken away form the original graph and thus, a graph with £ — 1
edges is achieved. In the following, the index (E — 1) above an expression means
that it belongs to a graph with E — 1 edges; in the same way, we use the index (E).
Similarly, k(1) and g(¥—" should denote the vectors consisting of the first £ — 1
entries of k and g, respectively.

The degrees of the K; can never increase, when taking an edge away. Therefore,
k € M(n,g) implies k(1 € M(E-V(n, gF~1) Next, we set

W; = ged(K" V. kg) and W, = ged(K\" Y, kp).
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Moreover, let

BE- E- o E- B-1 B-1
BESD .= (k(E-D ¢ pf(E-D(p, gB=1)) | deg(Kl-( )) = v, deg(KJ(- )) =v,},

B(E) ={ke MP(n,g) | kFV e BIE-D deg(W;) = w;, deg(W;) = w;}.

Vi, Vj, Wi, W; i Uj

It follows

N
R(g) < Z Z theg(Kl(E)).

v W W . E =
V3,05, Wi ,w; <max(n;,n;) kEBgi,)v]-,wi,wJ-l 1

The number of summands in the first sum is finite and thus one only has to show that
for any fixed v;, vj, w;, w; the following is true:

N (E)
Z theg(Kl ) — O(tQ).
=1

(E) =
KEBy; v w; w;

To do this one computes

_ KFD g
K{P = lem(K{" Y kp) = =

i

Consequently, one has deg(KZ-(E)) = deg(Ki(Efl)) + gg — w; and deg(KJ(E)) =

deg(K](E_l)) + gr — wj, analogously. For ! ¢ {i,;}, it holds KZ(E) = Kl(E_l) be-
cause nothing changes at the associated vertices. It follows:

N N
oo e = 3 [T e 214
=1

keBS, i w KEBYE, iy =1

J J

Here, the product [];*, #des(K""") is independent of kx and 297 ~%i—%; is indepen-
dent of k € Bq(;fz);j,uu,wj .

Next, for k(F—1 ¢ Bl(,l.E,le), an upper bound for the number of polynomials kg such
thatk € Bf,fq)jwwhwj should be determined. k(¥~1) uniquely determines K Z-(Efl) and
since W; is a divisor of K i(E_l) of degree w;, there are only finitely many possibilities
for W;. Define C as this number of possibilities for W;. One knows that kg has
to be a multiple of W; of degree ggr. Thus, for every W;, there are at most ¢t*:~9&
possibilities for kg .

44



2.3 Counting Pairwise Coprime Polynomials

Using this and the fact that the product in (2.14) is independent of kg, it follows for
the expression in (2.14):

N N
Z H tdeg(Kl(E)) < thE—wi—wj .C - fwi—9E Z H tdeg(Kl(Efl))

KEBS, wyw, 1 k(E-DeB{F, D =1

J
N B
— (Ct9B—W; E I |tdeg(Kl( )

k(E-Dep{ETh =1
1Y
< C-R(gFY)

because w; < gg since W; | kg. Now, we distinguish three cases:

Case 1: The sum of the entries of g(¥~1) is at least two.
Then, R(g(P~1)) is O(t?) per induction and we are done.

Case 2: g1 has a component that is equal to zero.

Here, g must be zero since it was choosen to be one of the smallest entries. But
then the sum of the entries of g(¥ 1 is equal to the sum of the entries of g(*) and
thus, in particular, at least two. Consequently, we are done, too.

Case3: F=2and gFV) =g, = 1.
Then gp = g2 < 1. If go = 0, we argue as before. If g, = 1 and the two edges of the
graph meet at a vertex, one gets

R(1,1) < Z (2 +deg(lem(k1,k2)) _

k1, k2 monic
deg(km)=1

oo B+ D =

k1 = ko monic k1 # ko monic
deg(km)=1 deg(km)=1

1 4 1 1 4 9
Z. (221 -# = .
PR (t ) t* = 0(t?)
If go = 1 and the two edges of the graph are isolated, one gets

R(g) = R(L,H< > =+
k1, ko monic
deg(k'm)zl

R(g)

since there are two K| that coincide with k; and ks, respectively. Moreover, there are
t=2 pairs of monic polynomials of degree one.
Thus, this case is done as well and our proof is complete. O

Although this proof is far more involved than that following Theorem 14, it has
the advantage that in principle, it is possible to compute the coefficients of t/ for j > 2
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with the same method. But with increasing ;j the computational effort becomes very
large because too many different cases of graph structures have to be distinguished.
Moreover, the possible subgraphs that have to be considered depend on the original
graph I'. In the preceding proof, the only subgraph that needed exact computation
was that with only one edge, which is contained in every nonempty graph. However,
for the computation of higher coefficients, one has to look at subgraphs with more
than one edge and so not every graph with E edges contains the same set of these
subgraphs, which leads to a very complicated case distinction. Therefore, in the
following, we only focuse on the complete graph, where N vertices are connected
pairwisely, i.e. the case of pairwise coprimeness, and compute the coefficient of ¢? for
this case.

Theorem 16.
Let ny,..,ny € Nand Ny := |l € {1,...,N} | n; = 1|. Then, the probability that N
monic polynomials over F of degrees ni,...,ny are pairwise coprime is equal to
N(N -1 1
1- % et o (N =N - 2)(3N? 4+ 11N — 12Ny) - % + O(t3).
Proof.

Let G be a graph with N vertices, which are pairwisely connected by an edge and let
|G(n)| be the number of N-tuples of monic pairwisely coprime polynomials over F
of degrees n1,...,ny. Moreover, I" should be any subgraph of G, whose number of
edges is equal to E. To prove the result, we first consider the general graph I'. As in
the proof of the preceding theorem and with the same notation as there, one gets

N

IT(n)| = t~(matetna) Z Z H (—1)@(kis) theg(Kl)'

g€EA keEM(n,g) ijeE 1=1

Now consider G, i.e. the case E = w

of g, the first summands are computed.

As before, the sum of the terms with g = (0,...,0) or g,,, = 1 for exactly one
1<mg<FEandg,=0form#myisequaltol —E-1 -t*=1-E-t.

Note that for all summands computed so far, every k lies in M (n, g) since deg(kK;) <1
in all considered cases. Next, look at the summands whose sum of the entries of
g is equal to 2. All summands for which g,,, = 2 for exactly one 1 < my < E and
gm = 0 for m # mo have modulus t*. Since they have negative sign if k,,, € U(2)
and positive sign if k,,, € E(2), it follows from |E(2)| = |U(2)] that these summands
add up to zero. Hence, in this case, it does not matter whether k lies in M (n, g) or
not since this depends only on m( and not on k,,, itself.

Now consider the summands for which two entries of g are equal to one, and the
other entries are equal to zero. If the corresponding edges of the nonzero entries

. Starting with small values for the entries
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2.3 Counting Pairwise Coprime Polynomials

have a vertex [ in common, the summand has the value

Z t2+deg(lcm(k1,k2)) — Z t3 + Z t4 = (215)

k1, k2 monic k1 = ko monic k1 # ko monic
deg(km)=1 deg(km)=1 deg(km)=1
1 1 1
=— - (-—1)-t*=22-¢ 2.16
R ( : ) (2.16)

if n; > 2 and #? if n; = 1 since the summands of the second sum lie not in M (n, g) if
deg(K;) = 2 > n;. For such an "angle", there are N - (N 2 1) possibilities, N for the
apex and (N . 1) for the two sides of the angle.

If those two edges are isolated, the summand has the value

Z =2

k1, k2 monic
deg(km)=1

For this case, there are (JZ ) possibilities to choose the four involved vertices and 3
possibilities to connect two of them, pairwisely.

In summary, all summands whose sum of the entries of g is equal to two contribute
the value

((Ngl)(Q(N—N1)+N1)+3- (D) 2Ot =

((]V—1)2(N—2)(2N_ Ny + NN — 1)(]\;_ 2V — 3)) B HO0W) =
W(N2+5N—4N1) 2+ O(t). (2.17)

If g contains three ones where the corresponding edges form a triangle and zeros in
the other entries, one gets

1, 3 (1 s 1 (1 1 6 ) 5
_o.p_t 1) mz221)(222) 8= .
Ly t(t )t t(t )(t )t £+ 0@

Here, the first summand of the left side of the equation covers the case that three, the
second summand that two and the third summand that none of the three entries of k
that contain a linear polynomial are identical. Moreover, there are (1; ) possibilities
for such a triangle.

Adding these summands to (19), one gets

W(W +5N — 4Ny —4N/3) - 2 + O(t%) =

W@N? + 11N — 12Ny) - 2 + O(t?).
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Now we turn to the general graph I" again and show that

N
Rg):= > [e0 = o)

keM(n,g) I=1

for every fixed g for which the sum of the entries of g is at least three and I is no
triangle.

Analogously to the proof of the preceding theorem, one gets R(g) < t8 for £ = 1
and R(g®)) < C'- R(g(P~V) with C € N for E > 2.

However, the number of cases that have to be distingushed is larger:

Case 1: The sum of the entries of g(¥~1) is at least three and no triangle.
Then, R(g(P~1) is O(t) per induction and we are done.

Case 2: g(®~1) = (1,1,1) and TP~V is a triangle.

This case can be avoided: It holds g® = (1,1,1, 1) since g® = (1,1,1,0) would
mean that T'¥) is a triangle, too, because an edge ij with labelling ki; = 1 could be
treated like it would not exist. Therefore, one of the vertices of the triangle has an
third edge which connects it with the additional vertex. Since all entries of g(®) are
identical, one can take away an arbitrary edge in our process of induction. If one
takes away one of the edges which form the triangle, the resulting I''#~1) is not a
triangle any more.

It remains to consider all possible cases for which the sum of the entries of g(F—1) is
smaller than three but the sum of the entries of g(¥) is at least three and I'*®) is no
triangle. First, one excludes zero entries in these vectors (case 3) and then, considers
g(P=1) = (1,1) (case 4) and g(¥~1) = 2 (cases 5 and 6).

Case 3: g1 has a component that is equal to zero.

Note that this case corresponds to case 2 of the preceding proof.

Here, gg must be zero since it was choosen to be one of the smallest entries. Thus,
=1 and T'®) could be treated as being identical and hence, I'Z—1) fulfills the
conditions of case 1. Consequently, we are done, too.

Case 4: g¥) = (1,1,1) and I'® is no triangle.
Case 4a: I'(P) consists of three isolated edges:

3
R(g) < G) 5 =13 = 0.

Case 4b: T'®) consists of an isolated edge and an angle (see (2.15)):
R(g) < % 227 — %) = O(P).
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2.3 Counting Pairwise Coprime Polynomials

Case 4c: I'(P) consists of three edges forming one line:

2
1 2 /(1 1/1
Rg)<--t"+=(-—-1)-+-(--1) -°=0().
(g)_t +t(t ) +t<t ) ()

The first summand covers the case that all linear polynomials in k are identical, the
second summand the case that the polynomial of the edge in the middle coincides
with one of the others and the third polynomial is different and the third summand
the case that the polynomial in the middle is different from the other two polynomi-
als.

Case 4d: I'(¥) consists of three edges that meet at one vertex:

R(g)§1~t4+i<11>'t5+1<11> (12>.t60(t3).

The first summand covers the case that all linear polynomials in k are identical,
the second summand the case that exactly two of them are identical and the third
summand the case that all polynomials are different.

Case 5: g®) = (2,1).

Since we are considering upper bounds for R(g) in the following, we can drop the
condition that the quadratic polynomials have to be square-free.

Case 5a: I'(P) consists of two isolated edges:

mwg(géﬁ=0@»

Case 5b: T'() consists of an angle:

1/1 1
<= (-—=1)-+ = -t°=0@.
RE <y (1-1) 050 =00)

The first summand covers the case that the linear polynomial divides the quadratic
polynomial, the second summand the other case.

Case 6: gP) = (2,2).
Case 6a: G consists of two isolated edges:

mgs(ﬂeﬁzow»

t
Case 6b: G consists of an angle:
L 6, 1 7 3
R(g)gt—Q-t +t—4-t = O(t’).
The first summand covers the case that the two quadratic polynomials are identical,

the second summand the other case.
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It follows that R(g) = O(¢3) for every fixed g for which the sum of the entries of g is
at least three and T' is no triangle. Consequently,

Gn)| = i,

N(N —1) 1
(1 -yt (N DV - 2)(3N? 4+ 11N — 12N;) - t? + O(t3)) .

O

So far, we used the uniform probability distribution and fixed the degrees of the
considered polynomials. In the following, this result should be compared with the
natural density of pairwise coprime polynomials with arbitrary degrees. To this end,
we follow the lines of the proof of Theorem 1 from [17]. The following Theorem was
also proven in [18, Corollary 1].

Theorem 17.
The natural density of pairwise coprimeness for N arbitrary polynomials
di,...,dn € Flz] is equal to

Proof.
From Theorem 6, one knows that dy, ..., dy are pairwise coprime if and only if the
matrix
d da O “ee 0
Dy | O A ds :
T .0
0 -+ 0 dn-1 dn

is left prime. According to Remark 3 (b), this holds if and only if the size N — 1
minors of Dy are coprime.

In the following, the notation of Definition 10 is used. Let M,, be the set of all
tuples (di,...,dy) € F[z]" for which d; € {fo,..., f.} fori = 1,..., N. Further-
more, let P be the set of all (monic) irreducible polynomials in F[z] and P a finite
subset of P. Moreover, Ep should denote the set of all tuples (d, ... ,dy) € F[z]Y
for which the ged of all size N — 1 minors of Dy is coprime with all elements in P.
Consequently, we are interested in the probability that (dy,...,dy) € F[z]V lies in
E :=(\p Ep; i.e., to obtain the natural density one has to determine lim,,_, ‘E‘%ﬂ"l .

In a first step, one computes the probability that (ds,...,dy) € M, liesin Ep. To
this end, one defines fp := [[;.p f and dp := deg(fp). Next, consider the projection

M, — My /(fp) = [] Man/(f)

fep

(1. dn) = (@i, dw)/(Fp) = [ (- dn) /().

fep
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2.3 Counting Pairwise Coprime Polynomials

which applies the canonical projection modulo fp (F[z] — F[z]/(fp)) to each entry
of (d1,...,dy). For (dy,...,dn) € M, holds:

(di,...,dn) € Ep & Vf € P 3 fullsize minor of Dy that is not divided by f
& Vf € P 3 fullsize minor of Dy that is nonzero in (F[z]/(f)) ¥
& VYf e P: Dy/(f) has full rank in (F[z] /()N 1N o (Fdee /)N =1xN

where Fde¢ f denotes the field with ¢~ 9¢¢(f) elements. Note that the matrix

aq a9 0 0

0 : o FAN
/(=] ® " € (Fles NN

. . . .. 0

0 0 anN—1 anN

has full rank if and only if a; = 0 for at most one i € {1,..., N}. The probability for
that is equal to (1 — tdee(/)N 4 N¢des(f) (1 — ¢des(H))N=1,

First, suppose that ¢t =47 divides |{fy, ..., fa}| =n +1,i.e. n = mt~4" — 1 for some
m € N. Then, one could write {fy,..., fn} = {fs(2)29" + f,(2) | 0<s<m—1, 0 <
r <t —1}. One has {f, | 0 < r < t797 — 1} ~ F[z]/(fp) and f,(2)2% + f.(2)
mod fp(z) = fs(z>zdp mod fp(z) + fr(2) = fs(2) + fr(2) where fs(2) := fS(Z)zdP
mod fp(z) € F[z]/(fp). Hence, for every fixed s the canonical projection is bijective
and on {fy, ..., fn} it is m-to-one. In summary, one obtains

|Ep N M, | =m" - H t=Ndes(f) (1 — eV 4 Nydes(f) (1 — gdes(f))N=1) —
ferp
= (mt=P)N . H (1 — tdesU)N 4 Ndes(f) (1 — gdes(N))N=1,
fep

Since mt=9" =n + 1, ie. (mt=?)N = |M,|, it follows

E}T]\; ]|\4n _ H (1 _ tng(f))N _|_Ntdcg(f)(1 _ tdcg(f))N—l_

fer

Now, suppose n € N arbitrary. By division with remainder, we get n + 1 = mt =% 4 r
with 0 < r < =P, One defindes # := n — r = mt—% — 1. Since

| Ep O (Mp \ My)| _ o [ M| — [ M|
ST SR
1N_ 1— N
= lim (n+1) (n+ ) =0,
n—soo (n—|-1)N
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one has

. |EpnMy| . |EpN M|+ |Ep 0 (M, \ M)l
lim ——— = lim

= lim 7|EP 0 Myl
n—oo | M| nTreo | M| n—oo [ My
i (n—r+1)N erp(l — tdes(/)N 1 Npdea(F) (1 — gdes(f))N -1
oo (n+ )N -
= T (1 — 2B . Nydes(d) (1 — geee(r))N -1
fep

Easy computation leads to

(1-— tdeg(f))N + Ntdeg(f)(l _ tdeg(f))Nfl =(1- tdeg(f))Nfl(l + (N — 1)tdeg(f))

. (N-1
1= (v = pypdes(h 2 deg(f) k-deg(f) _ 1)ypdee()
_<1 (N — 1)tdes +< ) )t g —I—Zat g )(1+(N 1)¢dee(h))

k=3
2 N
(N -1V — Z) —2(N-1) f2des(f) Zaktk-deg(f)

k=3
N N
1 (2 )tz deslh) 3 (s,
k=3

1+

with &y, ay, € N, which are independent of deg(f). Define H; = F[z]" \ E. Then

N
nl _ |Ef n Mn' _ N 2deg(f) k-deg(f)
n— 00 |Mn| =1 _nlin;o |Mn| —\2 t +Zakt :

k=3
Set a := max(as, . ..

ay) and let P, be the set of all irreducible polynomials with
degree at most g. Then Ep, \ E C |J repp, Hf and consequently,

[(Ep, \ E) N M|

UfeP\P Hf)ﬁMn|
lim su < limsu g
n~>oop |Mrb| o n~>oop ‘Mn|
ZfeP\P |Hmen|
< limsu g
N
f N Mn| N 2 deg(f) k-deg(f) | —
< 3 imalEal o 5 (e S
feP\P, fEP\Py k=3
[e%s) N N o)
> (()z) < 50 () Do)
j=g+1 k=3 Jj=g+1

N [e%s)
N\ . v N\ t9t1
< 2 (gme= ()

N -2 27 9289 0,

o )T ol ) Z 0
j=g+1 k=3 Jj=g+1
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2.3 Counting Pairwise Coprime Polynomials

Since EN M, = Ep, N M, \ ((Ep, \ E) N M,), one obtains

it 2 it ey (52
g+1 2(g+1)
2 Jim P = () T e -2 T
as well as
lim sup M < lim sup M — liminf |(EP” \ E) 0 M|
n— o0 |Mn‘ n—00 ‘Mn| n—00 |Mn|
Ep N M,
< nllnéo‘ P|gMn‘ |
It follows
lim |0 M| = lim 1 |EPg N M| =
n—oo | My| groon—oo | My
— _ 4deg(f)\N deg(f) (1 _ 4deg(f)\N—-1) _
= Jim f];[)qm t YN+ Nt (1—t 1) =

(1 =tHN=1H1 + (N = 1)) %,

—

g
= 1 _+\N J(1 _ I\N=-1\p; _
glggoHl((l YN 4 NI (1 — t7)N=1yes
J= J

1

O

Computing the asymptotic expansion of this formula leads to the following corol-
lary:

Corollary 6.
The natural density of pairwise coprimeness for N arbitrary polynomials is

1- (]Dt + i(N —1)(N = 2)(3N? + 11N)t* + O(#*).

Proof.
One has to show

(L= )11+ (N = D)=

—

1

J

=1- @)t - 2*14(N —1)(N —2)BN?2 +11N)t2 + O(t?).
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One uses the estimations ¢; = £t~/ + O(t~U~") as well as

Fjo=1—tHN" 14+ (N -1)7) =

() o)
(O (5 oo

N -1 .
:1+T~(N7272(N71))t2j+

+ (N —1)(N —2) <N2_1 — N6_3> 39 1 O(tY)

=1- (Z) t + éN(N —1)(N = 2)t3 + O(tY).
If one chooses x times the term with exponent —kj (for k > 2) expanding H;’;l Ffj ,
one gets a term of the form C(N)(%7)¢**3 = O(t*~Y=J) with C(N) only depending
on N. Thus, one is only interested in the case that k — 1 =z = j = 1 and in the case
that one number from the set {k — 1,x, j} is equal to 2 and the others are equal to 1.
In particular, the considered probability is equal to

(1= () tvov—noe-2e) (1= (D)) o

Jj=1, k<3 j=2, k<2

i (M) +1N(N— (N —2)2 + ER (N 2t4 +0(t?)

2/ 3 2 )\ 2

k=2, z=1 k=3, z=1 k=2, =2

(1 — (J;f) t. %t” + O(t3)> +O(t?)

—1- (JDH <:1))N(N —1)(N -2)+ Nz(]g_ D°_ N(A;_ 1)> 2+ 0(t%)
- (Z)H— (;N(N (N —2)+ N(N8* Vv —1)— 2)) £+ 0@
1o (;V)H (;N(N w2+ = 1)(N_82)(N+ ”N) 4+ 0@
=1- (Z)t + i(N —1)(N —2)(3N? + 11N)#* + O(t*),

which completes the proof of the corollary. O

Corollary 6 leads to the same result as Theorem 16 with setting N; = 0, although
different concepts of probability were used. This concordance could be explained in
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the following way: First, computing the natural density of pairwise coprimeness, those
tuples of polynomials which contain a linear polynomial could be neglected. Moreover,
the case that d; = 0 forsome i € {1,--- ,n} could be neglected and hence, considering
monic polynomials does not change the probability because two polynomials are
coprime if and only if the corresponding monic polynomials are coprime. Thus, all
degree dependencies of the considered coefficients in the asymptotic expansion could
be neglected. Therefore, choosing the polynomials randomly with deg(d;) < n;, the
probability could be regarded as identical for all values n; € N since the set of
polynomials with deg(d;) < n; is a disjunct union of the sets of polynomials whose
degree is a fixed value less or equal to n,. But the sets defined by the condition
deg(d;) < n; form a subsequence of M,,. Consequently, if one knows that the limit
defining the natural density exists, one could conclude that it is equal to the constant
value for this subsequence.

2.4 Counting Mutually Coprime Polynomial Matrices

The aim of this section is to compute the probability that N nonsingular polynomial
matrices from F[z]™*™ are mutually left coprime, which we denote by P,,(N). At
first, we consider the probability that two nonsingular polynomial matrices D; and
Uy 0
0 U,
that both D; and D, are in Hermite form. Again, we begin with some easily proven
bounds before we calculate the asymtotic behaviour.

D, are left coprime. Since [Dy Ds] - { } = [D,U; DyUs), one could assume

Theorem 18.
Let P,,(2) be the probability that two nonsingular matrices Dy, Dy € F[z]™*™ (in
Hermite form) with deg(D;) = n; for i = 1,2 are left coprime. Then,

1 —m(ny +no)t < Pp(2) <1—t>m"1

Proof.

The proof could be done completely analogue to the proof of Theorem 11 since D;
T

and D, are left coprime if and only if (D ) is right prime. For the lower bound,

1
Dj
the only difference is that here the minors D and D, T are of degrees n; and no,
respectively. O

Again, this bound is not very sharp, as we will see in the following.

Theorem 19.
The probability that two matrices Dy, Dy € F[z]™*™ in Hermite form with deg(D;) =
n; for i = 1,2 are left coprime is equal to 1 — t™ 4+ O(t™+1).

Proof.
Since the statement is already known for m = 1 (see Lemma 5), in the following,
it is assumed that m > 2. At first, it should be shown that the cardinality of
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S C X := X(n1,n2) of matrices for which Dj is not left prime is O(|X| - t"*) and that
the cardinality of the subset of S for which D is not of simple form is O(| X | - t™*1).
Denote the entries of D, by 0, fori = 1,...,mand j = 1,...,2m and choose z, € F
such that Dy (z,) is not of full row rank. As in the method of iterated row operations
(see Lemma 9 (b)), start considering the first row of this matrix. Either it is identically
zero, which means d§11> (z4) = d(ﬁ) (z+) = 0, or one could assume without restriction

that dﬁ)(z*) # 0. For the first case, one has a cardinality of |X| - ¢t due to the fact
that the two polynomials have a common zero. Moreover, they cannot be constant,
ie. nfff > 1 for i = 1,2. Thus, it follows from (2.1) that one has an additional
factor for the cardinality of at most t2(™~1) which in summary, leads to a cardinality
of O(|X| - t?™=1) = O(|X| - t™+1) for m > 2 and one is finished. If d\2(z,) # 0,
one proceeds as in the method of iterated row operations, i.e. in the first step, one
subtracts multiples of the first row to the rows further down in such way that all
entries in column m + 1 but dﬁ) (z.) are nullified. From Lemma 9 (b), one knows that
there exist k € {1,...,m}, a set of column indices {ji,...,jx-1} C {1,...,2m} and
values )\, € F(z,), which (only) depend on entries 9;; of D, with j € {j1,...,jk—1}
and on z,, such that

0kj(24) Z% (z)- A for je{l,....2m}\ {j1,.. . je1}. (2.18)

Moreover, since D; and D, are lower triangular, it holds 9;; = 0 for ¢ < j < m or
i+ m < j < 2m. Therefore, (2.18) is equivalent to

k—1
i) = Y 0pj(z) - An for je{l,... kym+1,...om+k}\ {j1,....jk1}-

r=1

(2.19)

Note that {j1,...,jx—1}isasubsetof {1,...,k—1,m+1,...,m + k — 1} because
9;,,(2:) # 0for 1 < i < k — 1 per construction and hence, j; < i < k—1 or
m+k—12>m+1i > j > m. Furthermore, it follows that d,(cllg(z*) = 0r(24) =
Sy pk(22) - A = 0 and df3) (2.) = O mik(22) = 521 Opmpr(22) - Ar = 0. This
could also be seen directly by observing that the iteration process only changes entries
beyond the diagonals of the matrices D; and Ds.

Thus, one has the conditions d,(clk)(z*) = dﬁ)(z*) 0, which moreover, ensure

anl > 1 for i = 1, 2. In particular, this implies that the polynomials d(l forj <k

and ¢ = 1,2 are not fixed to zero by degree restrictions. But since d,(C j) = 0y, and
dffj) =04 j+m forj=1,...,k—1, one knows from (3.8) that 2(k—1)— (k—1) = k—1
of these polynomials are fixed at z, by the remaing polynomials of D2 We fix
g := g, and apply Lemma 7 (a) and (b) with @ = 1 and w; := Zf 10 - A for
je{l,...;k—=1,m+1,....m+k—1}\{j1,...,Jx—1}. One obtains acardlnahty
that is O(|X| - ¢, - t297k=1) = O(| X| - t9F*~1) for the above conditions. Additionally,

one gets the factor 12(m=k) from (2.1) since x”

m—kg1 = 1. In summary, the cardinality
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is O(|X| - t?m=k+t9-1) = O(|X| - t™*+!) for k < m — 1. For k = m, one has a factor
of O(|X| - ¢™). If there is no simple form, it follows from (2.1) that this cardinaliy
is decreased by a factor of at most ¢. Hence, the overall cardinality is O(| X | - t™+1).
This shows the claim of the first paragraph of this proof for the case that g is
fixed. But since g is bounded above by min(nj,ns), it is also valid for summing
up over all possible values for g. Moreover, note that the considered cardinality is
O(|X|-tm+9=1) = O(| X| - t™*+?!) for g > 2, even for simple form.

It remains to compute the coefficient of ™. It follows from the previous paragraph
that for this computation it is sufficient to consider only matrices of the form

P 0
D — , . .
J dgj) o dgfl)_l d%)

for j = 1,2 for which there exists z, € F such that [ Dy(z.) Ds(z.) | is singular,
which is the case if and only if d\(z.) = d'?(z.) = 0 and d\" (z,) = d\?(z,) for
1 <k < m— 1. According to Lemma 7 (a) and (b) with w = 1, w; = d;?) for
j=1,...m—1and g = 1, the probability for this is equal to ¢, -t>*™~! = ¢t™, Hence,
the proof of the theorem is complete. O

Comparison of the preceding result with the formula for the natural density from
[17], leads to similar observations as in Section 2.2. The natural density of left
primeness for D € F[z]™*?™ is equal to H?Z‘,;l(l — 7). This coincides with our
asymptotic result for the uniform probability. Moreover, the asymptotic formula
does not depend on any degrees. But actually, the exact probability depends on the

degrees of the determinants of the constituent matrices.

Example 5.
The probability that [Dy D] € F[2]*** with deg(det( i) = 1 fori = 1,2 is left prime
isequalto 1 — z=ig=y = 1 — £ Y22 ((—1)F > (1 = *)(1 = ¢3).

Proof.
Again we can assume that both D; and D, are in Hermite form. Thus, possible
structures are

D, = { Z—Oai (1) } and D; = { bll zi)ci } with a;, b;,c; € Ffori =1,2.
If D, and D, have different structures, it is obvious that [D; Ds] is left prime. If both
matrices are of the first structure, they are left coprime if and only if a; # as. And
finally, if both matrices are of the second structure, they are not left coprime if and
only if by = by and ¢; = co. In summary, the two matrices are left coprime if and only
if they are not identical. Since there are t=2 + ¢! posibilities for each matrix, the
probability of left coprimeness is 1 — % =1- #
The series expansion of this term is obtained by the formula for the geometric series.
But we do not employ the series expansion to show the lower bound. It is derived by
the simple computation
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2+ -t 2+t T2t +t2 -2 -5
=2 441 =1- t=2 11
since 2t + t2 > 4 4 ¢°. O

Q-1 -t =1-

Analogous to the considerations of Section 2.2, one reason why the probability of
the preceding example differs from the natural density is that some of the entries are
fixed ones. Since these entries could never be zero, they lead to a higher probability
for left primeness. The following example considers Hermite forms with no fixed
ones.

Example 6.
For m > 2, the probability that [Dy D] € F[z]™*?™, where D and D, are in Hermite
form and have no diagonal entries equal to one, is left prime is upper bounded by

m 2m—1

[Tr-#"'< ] 1-¥.
Jj=1 Jj=m

Proof.

For the left primeness of the matrix it is necessary that the polynomials of each row
are coprime. The formula follows from the fact that row j contains 2j polynomials
which are not fixed zeros by using Corollary 2. O

One reason why the probability of the preceding example differs from the formula
for the natural density is that some of the entries are fixed zeros due to the lower
triangular form of the two constituent matrices. They lead to a lower probability
for left primeness. Since matrices in Hermite form always contain fixed zeros, the
following example considers the easiest possible Kronecker-Hermite form which has
no fixed ones and therefore no fixed zeros, too.

Example 7.

z4+a1 a3 z+by b3
aq Z+ a2 b4 z+ b2

left prime is equal to (1 —272)(1 —273) = 168

= 256
Proof.
With the help of matlab, one gets % for the probability that the matrix has full rank
for z = 0 and z = 1. It remains to count the cases for which 22 + z + 1 divides the six

full size minors:

For t = %, the probability that { with a;,b; € Fis

22+(a1 +a2)z+a1a2+a3a4:z2+z+1
224 (ay 4+ b2)z + arbo + agbs = 22 + 2 + 1
22 4 (ag + b1)z + aghy +agby = 2° + 2+ 1
22 4 (by + by)z + biby + byby = 2% + 2+ 1

(by + aq)z + arby + agby

(bs + as)z + asbs + asbs

as #Fay, ag=aq =1
be # a1, ag =bs =1
as #by, a3 =by =1
bo by, by =b3 =1

t e
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2.4 Counting Mutually Coprime Polynomial Matrices

To be divided by 22+ z+1, the minors in lines one to four have to be equal to 22 +z+1.
This is the case if and only if a; = b1 # a2 = by and a3 = a4 = b3 = by = 1. One
easiliy verifies that the minors in the last two lines are equal to the zero polynomial
in these cases and hence, are divided by 22 4 z + 1, too. Consequently, there are two
possibilities for the choice of the parameters and one gets 179 — 2. — 168 f5r the

256 ~ 256 256
overall probability. O

As in Section 2.2, the preceding observations lead to the conjecture that the
natural density computed in [17] coincides with the probability for matrices in
Kronecker-Hermite from with fixed column degrees unequal to zero.

In the following, we want to extend the previous results to N > 3 matrices.
But before we approach our actual goal, which is to compute the probability that
N matrices are mutually left coprime, we first consider the case of pairwise left
coprimeness, which could be deduced from the case N = 2, where pairwise left and
mutual left coprimeness coincide.

Theorem 20.

For m > 1, the probability of N matrices D; € F[z]™*™ in Hermite form with
deg(det(D;)) = n; for i = 1,...,N to be pairwise left coprime is equal to 1 —
NO=Dgm - O(gm ).

Proof.
Let S be the subset of X := X(ni,...,ny) (see Definition 11) for which the
tuples consist of pairwise left coprime matrices and £ = {ij | 1 < i < j <

N}. Thus, S = X \ U,cpSr with R = F x € and S, ;jy = {(D1,...,Dn) C
X | [ Di(z.) Dj(z) ] is singular}. By the inclusion-exclusion-principle, one ob-
tains:

S| =Y (-)"|Sy| with Sp= (]S, and Sy =X.

TCR reT

From Theorem 19, it follows that the probability ‘lxﬂ‘ is equal to 1 + O(t™). Moreover,
from the proof of Theorem 19, it follows that for the computation of the coefficient
of ¢, it is sufficient to consider only matrices of the form

In1 0
D: = . . .
=laan, ]
for j = 1,...,N for which there exist z, € Fand 1 < i < j < N such that
[ Di(z.) Dj(z.) | is singular. Recall that [ D;(z,) D;(z,) | is singular if and
only if d% (z.) = d9)(z.) = 0 and d\" (z.) = dV(z,) for 1 <k <m — 1.
For the case that there exist 2, € Fand 1 < u < v < N with (u,v) # (4,4)
such that [ D,(2.) D,(%) | is singular, too, it is obvious that the probability is
Ot*™) = O™+ if {i,j} N {u,v} = 0. If {i,5} N {u,v} # 0, assume without
restriction that j = u. Then, one could choose dgj ), d%ll aswell as z,,2, € F
arbitrarily, which affects that dgi), ce dffl)fl are fixed at z, and d§”>, ce d(m”ll are
fixed at z,. If z, = z,, it follows from Lemma 7 (a) and (b) that the probability is
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t=1H3+20m=1) — O(¢m+1), If 3, # 2,, for which there are O(t~?2) possibilities, Lemma
7 (a) and (b) lead to a probability of O(t~2+2+2+2(m=1)) — Q(pm+1),

Thus, in all these cases, the probability is O(¢™*!), which means that they do not
contribute anything to the coefficient of ¢"*. Consequently, only 7' C R of the form
T = {(z«,4j)} with z, € F give a contribution to the coefficient of ¢"*, namely
|ST| = |X| - t™ (see end of proof of Theorem 19). This leads to

”)5;' =1- ¥ |S<|}’T”| FO(E™T) = 1= 3" 4 O™ =
z.€Fije€ ijee
=1- 7N(N2_ Dym o™ ).
O
Remark 10.

For m > 2, N > 3 mutual left coprimeness is a stronger condition than pairwise left
coprimeness, as the following example shows.

Example 8.
Consider the pairwise left coprime matrices in Hermite form

1 0 1 0 z 0 .
Di(2) = { 1 - }, Dy(z) = [0 z} and D3(z) = {0 1 ] We show in two

different ways that they are, however, not mutually left coprime. One way to see that is
to consider

101 0 0 O
{ 0 Dy(z) Dg(z)] 001 0 =2 0
00 0 2z 01

Since this matrix is singular for z = 0, D1, Dy and D3 are not mutually left coprime.
A second way to show this is to compute a least common right multiple of e.g. Dy and
Ds, denoted by Das. It is easy to see that one can choose Da3(z) = S 2 }, which
clearly is not left coprime with D1(z). The following remark shows in particular, that
for N = 3 only matrices whose determinants have a common gzero (here z = 0) could be

pairwise but not mutually left coprime.

To calculate the probability of mutual left coprimeness, we will firstly prove a
recursion formula for it. Therefore, we have to investigate what happens if N — 1 of
the considered matrices are mutually left coprime but all N matrices together do not
have this property. This is done by the following remark.

Remark 11.
Let Dy, ..., Dy be not mutually left coprime with (D (z.) = 0 for some z, € F and
€ € F(z,)™ =1, Moreover, every set consisting of N — 1 of these matrices should be
mutually left coprime. Then, it holds ¢ € (F(z,) \ {0})™N =Y and det(D;(z.)) = 0 for
i=1,...,N.
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2.4 Counting Mutually Coprime Polynomial Matrices

Proof.
Acco{’ding to Theorem 6, Dy, ..., Dy are mutually left coprime if and only if
Dy Dy 0 0
Dy:=1| ¢ - 0 is left prime.
0 0 Dy-1 Dy
Since this is not true, there exist z, € F and £ := (&1,...,{n—1) # 0 with ¢; €

F(z. )™ fori =1,...,N — 1 such that éDy(z.) = 0, i.e.

§1D1(z*) =0, (61‘,1 + fZ)DZ(Z*) =0fori=2,...,N —1and folDN(Z*) = 0.
Consequently, one has to show

& 7&0;&'—1 + & #Ofori:Q,...,N—land{N_l 750

if every proper subset of {D;,..., Dy} consists of mutually left coprime matrices.
This is shown per contradiction.

Ifén_1 =0,ie &:=(€1,...,En_2) # 0, it follows EDy_1(z,) = 0,i.e. Dy,...,Dy_1
would not be mutually left coprime. Similarly, if £&; = 0,

Do, ..., Dy would not be mutually left coprime. To show &_; + & # 0 for i =
2,...,N—1,oneneeds&; #0fori =2,... N—2.If{ =0forsomek =2,..., N—2,
it follows (&1,...,&—1) # 0 or (&k+1,-.-,En—1) # 0. In the first case, Dy,..., Dy
would not be mutually left coprime, in the second case, Dy1,..., Dy would not
be mutually left coprime. Now, assume £, + & = 0 for some &k = 2,...,N — 1.
Define ¢ := (&1,...,én—2) with §; = & fori < k — 1 and § = —& for i > k. Then
holds € # 0 and & D1 (z,) = 0, (§—1 + &)Ds(z) = 0fori =2,... k-1, (_1 +
§)(—Diy1(24)) = (§+&iv1)Div1(ze) = 0fori=k,..., N—2and {n_a(—Dn(2:)) =

En-1Dn(z«) = 0. This means that Dy,...,Dx_1,—Dg41,...,—Dy are not mutually
left coprime. But then D;,..., Dy_1, D11, ..., Dy are not mutually left coprime,
too. To see that let D;,\k be constructed out of Dy,...,Dy_1,—Dgy1,...,—Dx and
Dy outof Dy, ..., Di_1,Dgy1,. .., Dy. Because of

Dnvk = Dy Im(lafl) —Im?ka) , left primeness of Dy is equivalent to left
primeness of Dy ;.. Consequently, the proof is complete. O

With a similar reasoning, one could show a sufficient criterion for mutual left
coprimeness, as done in the following.

Remark 12.
If det(Dy),...,det(Dy) are pairwise coprime, D1, ..., Dy are mutually left coprime.

Proof.

We assume that Dy, ..., Dy are not mutually left coprime and show per induction
with respect to N that then det(D;),...,det(Dy) are not pairwise coprime. For
N = 2, D; and D, are not left coprime if and only if there exists z, € F such
that [D1(z.) D2(z.)] has no full row rank. Clearly, this implies that det(D;(z4)) =
det(D2(z«)) = 0 and therefore, det(D;) and det(D5) are not coprime.

Now let Dy, ..., Dy with N > 3 be not mutually left coprime. As in the preceding

=1lxm

proof, one knows that there exist z, € F and € := (£;,...,6ny_1) #0with & € F
fori=1,...,N—1suchthat & Dy(z.) =0, (§i—1+&)Di(2¢) =0fori=2,...,N—1
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and éy_1Dn(z.) = 0. If & =0, Do, ..., Dy would be not mutually left coprime. But
then, one knows that det(Ds), ..., det(Dy) are not pairwise coprime per induction
and hence, det(D;), ..., det(Dy) are not pairwise coprime, too. Similiarly, if 51 =
0, Dy,...,Dyn_1 are not mutually left coprime and thus, det(D;),...,det(Dy_1)
not pairwise coprime. Consequently, one could assume & # 0 and {5_1 # 0. But
since &1 D1 (z,) = 0 = En_1 D (z,), this implies that det(D; (z,)) = det(Dy(2,)) = 0,
which means that det(D1), ..., det(Dy) are not pairwise coprime. O

However, this criterion for mutual left coprimeness is far away from being nec-

. . 10 z 0 10 .
essary. Consider for example the matrices [ 0 2 }, { 0 1 } and [ 0 1 :|,Wh1Ch

are clearly mutually left coprime but the determinants of the first two matrices have
the common zero 0 and are thus not coprime.

The following theorem represents the crucial step in computing the probability of
mutual left coprimeness by providing a recursion formula for it.

Theorem 21.
For N > 2, the probability that N matrices D; € F[z]™*™ in Hermite form with
deg(det(D;)) = n; fori=1,..., N are mutually left coprime is equal to

N-—-2 N min(m,N—1)
PmN =1+ _1k( )1—PmN—k _ tm—‘rOt"H—l,
W) =1+ () a-mv - 3 Ga

where P,,(N — k) denotes the probability that N — k such matrices are mutually left
coprime.

Proof.

For N = 2, the formula has already been proven in Theorem 19. Therefore, one
could assume N > 3. Let mut(N) be the subset of X(N) := X(ny,...,ny) for
which the tuples consist of mutually left coprime matrices. Moreover, for i =
1,..., N, A;(N) should denote the subset of X(N) for which the matrices in the
set {D1,...,Dn} \ {D;} are not mutually left coprime. Finally, define Ay1(N) :=
(X(N)\mut(N))N(X(N)\ Uf\;l A;(N)),i.e. An+1(N) consists of those tuples that
are not mutually left coprime but all subsets of N — 1 matrices are mutually left
coprime.

Thus, mut(N) = X(N) \ Uf\gl A;(N). By the inclusion-exclusion-principle, one
obtains:

mut(N)| = > (=D AV
Ic{1,...,N+1}
with A;(N)=()Ai(N) and Ay(N)=X(N).
el

From the definition of the A;(N), it follows Ay41(N)NA;(N)=0fori=1,...,N
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2.4 Counting Mutually Coprime Polynomial Matrices

and consequently,

mut(N)] = [X(N)] = [Avi (V) + S0 (DA (2.20)
p£IC{1,...,N}
In the following, it is used that Dy, ..., Dy are mutually left coprime if and only if
D1 Do 0 0
Dy:=| ¢ - 0 is left prime; see Theorem 6.

0 0 Dy_1 Dy
At first, it is shown that the cardinality of X (N) \ mut(N) is O(|X(N)| - t") and
that the cardinality of the subset of X (V) \ mut(N) which contains only tuples of
matrices such that Dy is not of simple form is O(| X (N)| - t™*1). Doing this, one uses
the following claim.

Claim 1:
i 0 .
If D; = [ ! pim=D ] with v; € F[z] and v;(24) # 0 fori = 1,..., N and some

%

z. € F, it holds

k(D (zx)) =
wy — %wz D%mfl) Démfl)
(111)13 111)12 )vl D(mfl) D(mfl)
= rk 2w 2 y () | +
w , w ' '—1 —1
DY - B Py Dy
+ N —1.

Proof of claim 1:

This proof uses a method that is similar to the method of iterated row operations
introduced in Lemma 9 (b). However, one applies only one iteration step to special
subblocks of Dy (z.).

One starts adding row (N —2)m+1 of Dy (z.) times 7’;}5’ (z4) torow (N —=2)m—+1+r
for r = 1,...,m — 1. Here, wy, denotes the r-th component of the vector wy.
Afterwards, deleting row (N —2)m+1 and column (N —1)m+1 decreases the rank of
Dy (z«) by 1. This affects only the block [Dn_1 Dy](z.), whose first row and (m +1)-
th column are deleted and whose first column is changed to (wy_1 — ”g};l wn)(24)-
Moreover, some zeros of the zero blocks are deleted. Now, one continues adding
multiples of row (N — 3)m + 1 to all rows further down in such way that the entries
in these rows which are in column (N — 2)m + 1 are nullified. This additionally
changes the entries of these rows that are in column (N —3)m+1 but no other entries.

Afterwards, row (N — 3)m + 1 and column (N — 2)m + 1 are deleted decreasing the
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rank by 1. Hence, per induction with respect to IV, one could assume

tk(Dn(z4)) =
U1 0 Vo 0
wy ng—l) wy ng—l)
v m—1 m—1
" ws — Py Dyt oy (=)
—1/WN-1 w m—1 m—1
(Nt - g Dy DY
+ N —2.

Now, one adds the first row to all rows beyond in such way that column m + 1 is
nullified and afterwards, deletes the first row and (m + 1)-th column. Doing this, one
gets

k(D (z.)) =
w w m—1 m—1
" (o~ i) D s ()
w , w . m.—l m—1
(~LN (e g, by Y
+N -1

and claim 1 is proven.

Denote by DJ(\,m) the matrix formed by blocks which consist of the last » columns and
rows of the matrices D; for i = 1,..., N and define the sets

A(m, k) := {Dy with rk(D%h))(z*) < (N — 1)m — k for some z, € F} and
Al (i, k) := A(m, k) N {Dy with no simple form}.

Claim 2:
For 1, k € N with m + k < m + 1, the cardinality of A(1n, k) is O(| X (N)] - t™+F1)
and the cardinality of Af (1, k) is O(| X (N)| - t™+F),

Proof of claim 2:

The proof is done per induction with respect to /m and starts with the base clause
m = 1. For k > N — 1, it holds A(1,k) = A7(1,k) = (), which has cardinality
O((X(N)| - tmlmtdnn)y = O(|X(N)| - t™+F+1) since m(ny + - +ny) > mN >
(m+k—1)-2=2k>k+2=1m+k+ 1because k > N > 2. Thus, it is sufficient to
consider the case k < N — 1. The blocks that form DJ(\}) are just the scalar polynomials
d® .= d%),m fori =1,...,N.In A(1,k), there exists z, € F such that all the matrices

consisting of a subset of N — k rows of DE\}) are not of full rank at z,. Especially, the
first N — k rows are linearly dependent at z,, which is equivalent to the fact that

64



2.4 Counting Mutually Coprime Polynomial Matrices

at least two of the polynomials d(V), ..., d¥—*+1 are zero at z,. Since permutating

the set {d"),...,d™} does not change the rank of WY, every subset of N — k + 1
polynomials contains two polynomials that are zero at z,.

Now, one proceeds in the following way: First, choose the polynomials

dV ... dN=k+1) and denote the polynomials that are zero at z, by d; ; and d ».
Then, consider the set of polynomials {d("), ..., dN=#+2)}\ {d; ,} and iterate this
procedure until ending up with the set {dV), ..., d"™}\ {dy1,...,dr_11}. In sum-
mary, at least the k& + 1 different polynomials d 1,...,dk—1,1,dk, 1, d 2 are zero at z,.
Hence, the cardinality of A(1, k) is O(|X(N)| - t'+#~1) (see Lemma 5). Moreover, the
cardinality of Af(1,k) is O(|X(N)]| - t*+1) since the not simple form decreases the
cardinality by at least the factor ¢; see (2.1).

For the step from m to m + 1, three cases are distinguished.

Case 1: k> (N —1)(m+1)
Here, A(m + 1,k) = A/ (m + 1,k) = 0, which has a cardinality that is O(| X (N)] -
it )y — O(| X (N)|-t™HF+1) since m(ny+- - -+ny) > 2m > m+1 > m+k+1.

Case2: k= (N —1)(m+1)
This means tk(DY' T (2,)) = 0, i.e. DV (2,) = 0. Consequently né’) > 1 for

j=1,...,m+landi=1,... N and thus, allN-(mH)zw > N(m+2) polynomial
entries are no fixed zeros but have the common zero z,, which leads, according to
Corollary 2, to a cardinality of O(|X(N)| - tN(™+2)=1) = O(| X (N)| - tF+™+1) since
N +2)—1=(N—-1)(m+2)+m+1>k+m+1.

Case3: k< (N-1)(m+1)-1emN-1)>k+2-N
Case 3 is d1V1ded into three subcases.
Case3.1:dV _  _(z)=-=d__(z)=0

That these polynomlals have a common zero contributes a factor of O(tN=1) to the
cardinality. Additionally, these polynomials cannot be identically 1, which means

1< KJ( ) ()41 = “$;L)+1 (in particular, there is no simple form) and contributes

a factor of O(tN™) to the cardinality; see (2.1). In summary, the cardinality is
O(|X(N)| - t™+1+*)since N~ 1+ Nm >N —-1+m+k+2—-N=m+1+k.
Case 3.2: dV (2)s e nd ) () # 0and dY o (z) = o=

mmmm 7mmmm

a (2¢) =0forsomel € {2,...,N}

mmmm

All entries of row (I — 2)(m + 1) + 1 of D(m“)(z*) but ") (2.) # 0 are equal

mmmm

to zero. Hence, deleting the row and column of this entry decreases the rank by 1.

After that, for I > 3, row (I — 3)(7 + 1) + 1 of the remaining matrix consists only
(1-2)

m—m ,m— m

of zeros but d (24) ;é 0 and the procedure could be iterated until all rows

and columns of the entries dm Fm—r(Z)s s dgi lm .m—m(2+) are deleted and the

rank is decreased by [ — 1. Moreover, the entries of the rows (I — 1 + j)(1 + 1) + 1

for j =0,. —1—1of DJ(\,%H) that are no fixed zeros are contained in the set
{d’Erll)f’ﬁ’L,m ceey dfqiv )m m—my- Thus, these rows consist only of zeros at z, and could
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be deleted without changing the rank. Deleting also the columns of these entries,
could only decrease the rank and one ends up with ngm) (z4), which, consequently,
has rank at most (N —1)(m+1)—k—1+1= (N —1)m — (k+[1— N). Per induction,
this leads to a cardinality of O(| X (N)| - tm+k+I=N-1),

Since each z, such that Dy,ﬁ) (z«) is not of full row rank is a common zero of all full

)

size subminors of Dg\r,h , it is, in particular, a zero of vazl det(ng)). Therefore, for

each Dj(vm), there exist only finitely many such z, € F. Consequently, one could regard
2, as already fixed when considering the further conditions dffl)fﬁl’mfﬁl(z*)
dgjm’mfm(z*) = 0. Thus, these conditions contribute the factor ¢V —!+1+m(N=1+1) o
the cardinality. Here, the summand (N —{+1) is due to the fact that d;i)fm,mf mZE 1
fori =1,..., N;see (2.1). In summary, the cardinality is O (| X (N)|-ttkt+m(N=l+1)) —
O(IX(N)] - e+,

Case 3.3: di;?_m@_m(z*) #0fori=1,...,N
From claim 1 with DZ(mH) = [ Z;Z i) ] and v; = df;?_m’m_m fori=1,...,N,
i i
one knows rk(Dg\,mH)(z*)) = rk(r(z«) ngm) (24)) + N — 1, where
wy — %’U)Q
r = RIS E ]F(N_l),ﬁ][z].
G R G L

It follows rk(r(z,) DU (2.)) < (N — )i — k. I tk(DUM (2,)) < (N = )i — k — 1,
one knows per induction that the cardinality is O(|X (N)| - t™**). If Dy is not of
simple form, one has an additional factor of at most ¢, no matter if Dg\,ﬁ’) is of simple
form or not.

If rk (D (2,)) = (N — 1)7i — k, one knows that the cardinality is O(| X (N)| - t™+51)
and additionally, that r(z,) lies in the column span of D%h) (z4). Hence, one has to
show that this second condition leads to an additional factor for the probability that
is O(t). As seen above, for each D](Vm), there exist only finitely many z, € F with
rk(Dg\r,h)(z*)) = (N — 1)m — k. Consequently, one has to consider just the case that

z, and DE\T,”) are fixed and the vector r(z,) lies in the column span of DE\’,”)(Z*). If
(N —1)m — k < 0, the cardinality is O(| X (N)| - t™+¥+1) anyway (see case 1).

If (N — 1) — k = 0, one has D" (z,) = 0 and r(z,) = 0. Hence, nél) > 1 for
i1=1,...,Nand j = 1,...,m, and thus, the vectors wy, ..., wy contain no entries
that are fixed (to zero) by degree conditions. Furthermore, one has, amongst others,
wi (z4) = Z—;wg(z*), which means, in particular, that the first component of w; is fixed
by the other polynomials, which contributes a factor that is O(¢) to the cardinality;
see Lemma 7 (b)).

If (N —1)m — k > 0, one could choose (N — 1)m — k linearly independent rows in
DJ(\’,”) (24). If there existi € {1,...,N —1} and j € {1,...,/m} such that the j-th com-
ponents of w; and w;, 1 are fixed to zero by degree conditions, which is the case if and

@ = kU =0, row m(i — 1)+ j has ones in the positions m(i — 1) 4 j

only if K7y ;= Ky
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and mi + j and zeros, elsewhere. Thus, all these rows are linearly independent and
one could assume without restriction that they are contained in the choosen set of
linearly independent rows. Permute the rows of [r D%h)] in such way that the entries
of the choosen rows of ngm) are contained in the rows 1,..., (N — 1)m — k, which
we call the upper part, while the other rows of D%h) should be called the lower part.
Clearly, interchanging rows does not change the rank of the whole matrix. In the
following, [r DE\’,%)] should denote the matrix with the already interchanged rows.
Note that by this interchanging process the Hermite form is lost but this does not
matter for the following considerations.

Next, delete m + k columns of ngm)(z*) such that the remaining entries of the
upper part form an invertible matrix, denoted by D. The matrix consisting of the
remaining entries of the lower part should be denoted by D. Analogously, denote
the corresponding parts of r by 7 € F[2](N=1D™~F and r € F[2]*, respectively. Since
D(z.)
\D(=)
column span of DJ(V )( ) and therefore, r(z,) is contained in it. Hence, there exists
A e FVUPR i (gui) ( E ;) ie. r(2) = D(2)D ' (2)7(2.). De-
note the last row of DD by di,...dn_1)m—k- Thenr(z.) = l(Nl L=k diT(24).
Moreover, w; ; should denote the j-th component of the vector w; € F[z]™. Thus,

re = (—1) (&—w)ul forsomei € {1,...,N—1}and j € {1,...,m}. The

U; Vi+1

the column rank of ) is still (N — 1)m — k, its column span is equal to the

polynomials w; ; and w; ;41 could not both be fixed to zero due to degree conditions

since otherwise (—1) (b — Letli

Vi Vit1

) v; would belong to 7 per construction of upper
and lower part. Assume without restriction that w; ; is no fixed zero.
First, consider the case that (—1)° (

w; ; is not contained in the term for any entry of 7. Then, one could choose all
m+1

Wij _ Wiz1,j

o = ) v1 is not contained in 7 and hence,
k2 71—

polynomial entries of D ) but w; ; arbitrarily, which effects that w; ;(z,) is fixed.
However, this contrlbutes a factor of O(t) to the cardinality; see Lemma 7 (b). If

(257 Vi—

(1) (“’# - M) v1 is contained in 7, assume without restriction that it equals
71. Then, one has

(N=-1)m—k
Wi, Wi41,5 Wi—1,5 i =
1 —di)vi(zy) = —=2v1(24) — div1(z4) + (=1 diTi(zy).
Uz( 1)v1(2) o 1(2) o, B 1(2) + (=1) ; 171 (24)
(2.21)
Consider dy(z,) = 1(1:\1171)77171@ Q,ﬁlﬁ;f(z*).

Case 3.3.1: The entries of « are so that d; = 0 (by degree conditions).

Here, one has, in particular, d;(z.) # 1 and could, therefore, solve equation (2.21)
with respect to w; ;(2,). Hence, one has a factor that is O(t) for the cardinality and is
done.
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Case 3.3.2: The entries of « are not so that they imply d; = 0.
If d1(z.) = 0, which also implies that one could solve equation (2.21) with re-
spect to w; ;(z,) and consequently, is done as well, there exists [, such that neither

D,.;. =0nor ﬁl:yll = 0 due to degree restrictions (caused by the values of ). Thus,

either 5;711(2*) = 0, which leads to a factor which is O(t) for the cardinality, or
one could solve the equation d;(2.) = 0 with respect to D, , (2.) (that is no fixed
1 per construction of upper and lower part), which provides the factor O(t), too.
Therefore, the probability that d;(z.) = 0 if not d; = 0 due to degree conditions,
is O(t). Hence, it only remains to investigate what happens if d;(z.) # 0, which
is true with a probability of 1 — O(¢) in the considered case. This implies that the
probability that rk(D%”) (2+)) = (N — 1)m — k under the condition d;(z.) # 0 is

le) tﬁl+k71 " L
(l—O(t) ) — O(tm+k=1),

Per construction of D and D, it does not influence the condition rk(ngm)(z*)) =
(N — 1) — k, which nonzero value is taken by d;(z,). This is true since D(z,) is
invertible and therefore, the rows of D(z,) are linearly dependent on the rows of
D(z.), anyway. Moreover, multiplying a row by a nonzero factor, does not influence
linear dependence, i.e. does not influence the number of possibilities for the entries
of D%”) which are not contained in D or D. If d;(z.) # 1, one could solve equation

(2.21) with respect to w; ;(z.) and is done.
Ifl=di(z) = l(ivl_l)m_ka,lEl_’ll(z*), there exists lp € {1,...,(N—1)m—k} such

=1 . , . . .
that Dy ;(z«) # 0 and D, , is no fixed zero (it cannot be a fixed 1 per construction
of upper and lower part). Consequently, one could solve the above equation with
respect to D, ; (z«). Because it follows from the preceding considerations that the

condition d; (z,) = 1 is independent from the condition rk(Dg\T) (2+)) = (N=1)m—k,
one gets an additional factor that is O(t) for the cardinality. As in previous cases, the
cardinality is decreased by a factor of at most ¢ if one has no simple form and thus,
all cases are finished.

Note that it is sufficient to consider these three cases since the order of

Dy, ..., Dy is not relevant for the property to be mutually left coprime. Therefore,
the proof of claim 2 is complete.

Using claim 2 with . = m and k = 1, completes the first part of this proof.

Next, one needs to compute the probability for the case that Dy C Any1(N) is of

Iy 0 .
simple form, i.e. the case that D; = (i) ’ 1(1») @ |fori=1,...,N.
dy’---dy) 1 dw

Claim 3:
For D :=

Al SO o T G

d® —df d, —d? dw’  di

(~D)N(@ T —dY) L ()N - ) din ™ d

it holds rk(Dy) = rk(D) + (m — 1)(N — 1).
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2.4 Counting Mutually Coprime Polynomial Matrices

Proof of claim 3:
One proceeds as in the proof of claim 1 (with v; = 1) and achieves:

rk(DN) =
wy — Wy ng—l) ng—l)
(m—1)  py(m-1)
w3 — W D D
rk o 2 s +N -1,
(~1)N (wx—1 — wx) b oY
where w; = (0,...,0,d{)T € FlzJ™! and D{""" € F[z](m-D*(m-1) js in simple
form for i = 1,..., N. One iterates this procedure m — 1 times and since one always

adds the first row of a block to rows further down, the first column of the whole
matrix is not affected. Deleting the corresponding row only deletes one zero in each
of the vectors w;. After m — 1 iterations, one ends up with the statement of claim 3
and thus, claim 3 is proven.

Consequently, for simple form, D, ..., Dy are not mutually left coprime if and only
if there exist z, € Fand ¢ € FrY \ {0} such that £D(z,) = 0, which is equivalent
to

&dM (z) — (6 + &)dP (z) + -+ ()N (Enz + En1)dN TV (z)+
DN ey d

o (2)

&dY) (2.) =
(2:)
(24)

fori=1,...m—1

(2.22)

Next, define A ~+1(IV) as the subset of X (N) for which there exists z, € F such that
Dn (z.) is singular and det(D;(z.)) =0fori=1,..., N. From Remark 11 it follows
Any1(N) € Ayi1(N). In the following, we compute the probability of Ay 1(N) for
simple form, i.e. the probability that there exist z, € F and ¢ € F(z,)"™ > =D\ {0}
with d,(fl)(z*) =0fori=1,..., N, such that the first m — 1 equations of (2.22) are
fulfilled. Firstly, that these N polynomials have a common zero gives a factor to the
cardinality of O(tV—1).

If m < N — 1, this leads to a cardinality that is O(| X (N)| - t™+1).

To consider the case m > N —1, one sorts the possible values for z, with respect to the
degree of their minimal polynomial und sets g := g.,. Then, ¢ € (F9)'*(N=1\ {0},
where F9 denotes the extension field with t~9 elements. Hence, there are t=9(V-1) _1
possibilities for the choice of £. Since there exists i € {1,...,N — 1} with & # 0, at

least one element of {£1,&1 +&a,...,&n—2+E&Nn—1,&n—1} is unequal to zero and thus,
there exists jo € {1,..., N} such that one could solve equations 1 to m — 1 of (2.22)
with respect to dE””)(z*) for:=1,...,m — 1. Assume without restriction that jo = 1.

If the other entries of Dy as well as z, are fixed, for £, & e (F9)2*(N=1\ {0}, this
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leads to the same values for 51d§1)(z*) if and only if

(&1 +6)dP (z) + -+ (D ey d V() =
1+ &) () + -+ ()N 1d NV (2)

fori=1,...,m — 1. But these equations hold if and only if the vector
& +& & +6&
: - : is contained in the kernel of
(=) ten—1 ()N ey
a? o d™
D(z,) := : : (24)-
d? o dW)

The probability that the column rank of D(z,) is min(N — 1,m — 1) is equal to
1 — O(t). This is true because the probability that a full size minor of this matrix
is zero at a fixed value z, is equal to O(¢) if one chooses d;l) with deg(dg-l)) < ny
forj=1,...m—1andi=1,..., N randomly; this follows from Lemma 7 (a) and
(b) because that a minor is zero implies that either one of the involved polynomial
entries is zero or one of the entries is fixed by the others. Consequently, for m > N,
i.e. min(N — 1,m — 1) = N — 1, the probability that the kernel of D(z,) is zero is
equal to 1 — O(t). Therefore, the probability that £ = £ is equal to 1 — O(t), too.
For m = N — 1, one has min(N — 1,m — 1) = N — 2 and thus, the probability that
the kernel has dimension one is equal to 1 — O(¢). This means that only ¢ that differ
by a nonzero scalar factor lead to the same solution. But if one multiplies £ by a
factor from 9 \ {0}, the set of possible values for the D; which fulfill (2.22) does
not change, anyway.

In summary, with probability 1 — O(t), one has % = SNtk =

= t~9(N=2)(1 — O(t)) possibilities for ¢ and according to Lemma 7 (a) and (b), for
each &, there are O(| X (N)|-t9(N=1+m=1) possibilities for Dy . Hence, the probability
is O(t9tm=1) = O(t™+1) for g > 2. Since one already knows that f._ divides d.,
fori = 1,...,N, one has ¢ < min(ny,...,ny), i.e. there are only finitely many
possibilities for g. Consequently, only the case g = 1 is relevant for the computation
of the coefficient of ™. Here, one has t~(N=2)(1 — O(t)) possibilities for ¢ and
according to Lemma 7 (a) and (b), t"V+™~2 possibilities for z, and Dy. Hence, the
probability of Ay 1(N)is t™ + O(t™*1).

Next, we show that for simple form, it holds [Ax1(N)| = |[An41(N)| + O(|X(N)] -
tm+1), which imples |Ax 1 (N)| = | X(N)|-O(t™ ) if m < N —1and |Ay1(N)| =
IX(N)|- (™ +O0@™H))ifm >N —1, ie.

min(m,N—1)

|AN+1(N)|_X(N)|’< > tm+0(tm“))~

i=N-—1
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2.4 Counting Mutually Coprime Polynomial Matrices

We prove this by showing that for simple form, M“(N) := X(N) \ mut(N) and
A= (MCP(N)\ Ax41(N)) N Axg1(N), one has |A| = O(|X(N)| - t™+1). It holds
that (Dy,...,Dx) € A if and only if there exist 2,7, € F such that dﬁf}(z*) =0
for i = 1,...,N and the first m — 1 equations of (2.22) are fulfilled for z, and
there exists a subset of N — 1 matrices which fulfil equations (2.22) at z,. Since
the number of choices for this subset is equal to N and therefore finite, it follows
from preceding computations that the probability of M (N)\ An,1(N) (i.e. of the
condition concerning Z,) is O(t™). Without restriction, let the mentioned subset
be {D1,...,Dn_1}. If z, = Z,, one has, amongst others, the additional condition
dy) (2+) = 0, which gives a factor that is O(t) for the probability, according to Lemma
7 (a). If z, # Z,, one has the additional conditions that dg,?(z*) =0fori=1,...,N,
which contributes a factor that is O(tV~!) = O(t). Consequently, in summary, one
has that the probability of A is O(t™*!), which is what we wanted to show.

It remains to compute |A;(N)|. From claim 2, one already knows |A;(N)| = | X(N)|-
O(t™). First consider A;(N) N A;(N), i.e. I = {i,5} with i # j, and assume
without restriction ¢ = 1 and j = N. It holds (Dy,...,Dy) € A1(N) N An(N) if
and only if {Ds,..., Dy} and {D,..., Dy_1} are not mutually left coprime. Since
the condition that {D,,..., Dy} are not mutually left coprime causes already a
factor for the probability that is O(¢t™*!) if Dy is not of simple form, it is only
necessary to consider simple form. Denote by A; y(N) the subset of X(N) for
which {Ds, ..., Dy_1} are not mutually left coprime and write |4, (N) N Ax(N)| =
|AL(N)NAn(N)N Ay v (N)|+]AL(N) N An (N)NAS  (N)], where A¢ (N) denotes
the complementary set X (N)\ A; x(N). Moreover, denote by DE\}) the matrix that is
achieved if the first m rows and columns of Dy are deleted. Analogously, denote by
ngN) the matrix that is achieved if the last m rows and columns of Dy are deleted. If
Dy € A1(N)NApN(N) is of simple form, one knows that equations (2.22) are valid for
D as well as for D). Denote the corresponding ¢, z, and g._ by ¢, (", ¢() and
e 2N o) respectively. If Dy € Ay (N) N Ay(N) N A¢ | (N), one has €, #0
as well as §§N) # 0 and therefore, dﬁ,ﬁv ) (z£1)) = d%)(zﬁm) = 0 (see proof of Remark
11). For fixed zil) and z,EN) (where without restriction deg(d%v )) =n,, > ¢" and
deg(dY) = ny > g since otherwise, A1(N)NANn(N)NAS \ (N) = 0, anyway), this
contributes a factor of t9" for the probability that Ds, ..., Dy are not mutually left
coprime and a factor of 9 for the probability that Dy, ..., Dy_; are not mutually
left coprime, respectively. Thus, the other equations of (2.22) for DE\}) contribute
a factor that is O(tm‘gm) and the other equations of (2.22) for DEVN) contribute a
factor that is O(tm*t‘?(m). Assume without restriction g") > ¢(V). Then, one has
a contribution to the probability that is O(tmfg(l)) by the equations for Dﬁ) and
D§VN) but d%v)(zﬁl)) = d£,£>(ziN)) = 0 and the additional factor 9" +9" for these
equations. Hence, in summary,

[AL(N) N AN (N) 1 AS y (V)] = O(X (V)] - #7+9™) = O( X (V)] - #7+1).
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Consequently, |4, (N)NAx(N)| = |A1(N)NAN(N)NA; n(N)|+O(|X (N)|-t"+1) =
|A; N(N)| + O(|X (N)| - ™). Therefore,

fori,je{l,...,N} withi # j.

Next, it is shown per induction with respect to |I| that |A; (N)| = |A;(N)|+O(|X (N)|-

tm+1) for 2 < |I| < N — 2, where A;(N) denotes the subset of X (N) for which the
— || matrices from the set {D;};c(1,...ny\s are not mutually left coprime. The

proof of the corresponding base clause has already been done in the preceding

paragraph. For |I| = k with 3 < k < N — 2, assume without restriction that

I={N—k+1,...,N}. Since A;(N) C A;(N), one has

Ar(N) = An—p+o, N(N)NAN_p+1,N—k+3,. N(N) =
= An_pr2 . N(N) N AN_ i1 N—kr3,. n(N)+
+ (An—kt2, . N(N)NAN_k+1,N—k+3,.. N (N))\
(AN—k-&-Q,...,N(N) N AN—k+1,N—k+3,.A.,N(N))-
Furthermore,
[(An—g+2, . N(N)NAN_g+1,N—k+3,... .5 (N))\
(An_kio. . N(N)NAN ki1 N—kts... (N))\
<

(AN ko, N(N) N AN 1 n—krs. NN\ Ax_pra. n(N)|+
+ /AN —i2.. N(N) N AN _bp1N ka5 NN\ AN p1 N —pys..n(N)| <
< [An—py2, . N(N)\ AN_josa,. N (N)|+
+ AN 41, Nkt 3,8 (V) N AN 1, N— kg3, 8 (V)| = O(IX (V)] - £
per induction since |{N —k+2,...,N}|={N—-k+1,N—-k+3,...,N}|=k—1.
Moreover, it holds AN_HQ’,;_,N(N) = AN_gt2(N—k+2) = AN_g+2(N —k+2) and
AN—kt1,N—k43,.. . N (N) = AN_jp41(N =k +2) = An_p+1(N — k + 2). Consequently,
|A7(N)| = |AN—ps2(N =k +2) N An_ji1(N =k +2)|+ O(|X(N)| - ™) =
= |[AN—rs1,N-kt2(N =k +2)| + O(X(N)| - ") =
= [ANkp1.n—kr2(N = k+2)| + O(|X(N)| - t™F) =
= |A7(N)| + O(| X (N)| - t™F1). (2.23)
Here, the third equation follows from the base clause.
For |I| = N — 1, assume without loss of generality that I = {2,..., N}. Analogous to
the first line of (2.23) (with k = N — 1), one gets |A;(N)| = |S12 N S13| + O(| X (N)] -
tm+1), where S, and S;3 are the subsets of X (V) for which Dy, Dy and Dy, D3 are

not left coprime, respectively. In the proof of Theorem 20, it has been shown that
|S12 N S13] = O(|X ()] - t™*+1). Therefore, |A;| = O(|X(N)| - tm+1) for [I| = N — 1
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and consequently, |A;| = O(|X(N)| - t™*1) for |I| = N, too.

In summary, one has |[A;| = | X(N)| - (1 — P (N — |I|) + O(™*+1)) for [I| < N — 2
and |[A;| = |X(N)|-O@™t) for |I| € {N — 1, N}.

Inserting all results into (2.20), using that there are (I ‘) subset of {1, ..., N} with
cardinality |I| and dividing by | X (V)| completes the proof of the whole theorem. O

The preceding theorem makes it possible to compute P,,(V), which is firstly done
for N = 3,4,5 in the following example.

Example 9.
For N = 2,3, 4, one has the following probabilities for mutual left coprimeness:
min(m,2)
Pn(3)=1-(3+ Y DE"+0(™™),
i=2
min(m,2) min(m,3)

Po(4)=1—(6+4 Z 1+ Z D™ + O™,

min(m,2) min(m,3) min(m,4)

P.(5) =1-(10+10 Z 1+5 Z 1+ Z DE™ 4+ O™+,

Next, an explicit formula for the coefficient of t™ in P,,,(IN) should be developed.
Therefore, we write

min(m,y)
Pu(N) =1+ (D cy(N) Y 1]t"+o0@™)
y>1 =y

with coefficients ¢, (N) € N, which remain to be computed.

Note that me(m )1 = 1 for all m € N. Moreover, one will see in the following
that the sum over j is finite, i.e. there exists yo € N with ¢,(N) = 0 for y > yo.
We proceed by computing a recursion formula for ¢, (V) and solving it to derive an

explicit formula for these coefficients. It could be seen easiliy that ¢;(N) = —(3):

setting m = 1, leads to P1(N) = 1 + ¢1(N)t + O(t?) since me(l"”) l=1fory=1

and Z;“Zi;(l’y) 1 =0 for y > 1. But for m = 1, mutual left coprimeness is equivalent
to pairwise coprimeness. Hence, the statement follows from Theorem 20.

Lemma 10.
Let ¢,,(N) be the coefficient of me ™) ym in P, (N). Then it holds:

Z k+1<N)cy(N—k) for1<y<N-2
k=1
CN 1(N) =-1
cy(N)=0 fory > N.
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Proof.
From the recursion formula for P,,(N) follows
N—2 N
cy(N) ;(1)k+1<k)0ywk)1 fory=N—1
N-2 N
— k+1 .
cy(N) = ’; (-1) (k)cy(N —k) otherwise.

Using these formulas, the lemma is shown per induction with respect to N. It is
already known that ¢;(2) = —1 and ¢,(2) = 0 for y > 2. Hence, per induction,
one knows ¢, (N — k) = 0fory > N —k, i.e. £k > N —y. Consequently, one can
choose N — y — 1 as upper limit for the sum and the lemma is proven for y < N — 2.
Furthermore, for y > N — 1, the sum vanishes and it remains —1if y =N — 1 and 0
ify > N. O

Now, we are ready to solve the recursion formula of Theorem 21 and achieve an
explicite formula for the probability of mutual left coprimeness.

Theorem 22.
For m, N > 2, it holds:

N
Pu(N)=1-Y" < )tm + O™,
— \Y
y
Proof.
At first, it is shown that ¢, (N) = —( N—]Z _,)- This is done per induction with respect

to N. It holds cy_1(N) = —1 = —(J(\)’) and ¢,(N) =0 = _<N7]\;71) fory > N.

Moreover, these identities are sufficient to prove the claim for N = 2. Per induction
one obtains for 1 <y < N — 2,

N—y—1 Ney—1
c _ Nkl N . A ok N N -k _
(6= 3 1 (3 ) =0 E) )i
N N!
=2 OV,
N N 1
T (1) > (_1)kk!(N—k—y—1)!' (224)

For the computation of the last sum substitute M = N — y — 1 and achieve:
M M

1 1 1
2V s~ 2V e

1 ZM (M 1

S M (k:o(_l)k<k) B 1) oM
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since applying the binomial theorem shows "4~ (—1)* (/) = 0. Resubstitution and

inserting into (2.24) leads to

-1 N min(m,y)
P,(N)=1-— 1] t™+0o@m).
() > (v 1) > o

The identities

SE)ERTE )T 0)-E0)
y=1 y+1 =y y=1 y+1 y=2 4 y=2 y
complete the proof. O
Remark 13.

One can prove the preceding theorem using only the recursion formula for P,,(N) and
without considering the coefficients c,(N). From the recursion formula of P,,,(N), one
can deduce a recursion formula for the coefficient C(N) of t™ in P,,(N) as well, which
has the following form:

N-2 min(m,N—1)
C(N) =Y (-1k! (JIX>C(N -k)- > L
k=1 i=N—-1

With the help of this formula, one can prove C(N) = — ZZZ;I (J;’ ) per induction with
respect to N. This way seems to be more straightforward than considering c,(N) but it
is harder to see the solution of the recursion formula for C(N) than to see the solution

of the recursion formula for ¢, (N). Moreover, the proof per induction is harder, too.

Proof.
For N = 2, one has — Z;’:gl (5) = —1, which coincides with the result of Theorem 5.
Moreover, per induction, one knows

N-2 m+1 min(m,N—1)
N N -k
cn=-Y ()X (V) X -
k=1 y=2 Yy i=N—1
N—2min(m+1,N—k) min(m,N—1)
N!

- (1)t - 1=
k=1 yz::z kt-yl- (N —k —y)! i:%:q
min(m+1,N—1) N—y min(m,N—1)

N!
- (-1t - 1=
=2 k=1 kgl (N =k —y)! i:;l
min(m+1,N—1) N min(m,N—1)
- > (5 X
y=2 i=N—1
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The computation of the last step was done analogous to the transformation of
(2.24). If m < N — 2, the second sum vanishes and min(m + 1, N — 1) = m + 1.

Thus, C(N) = —ZZ’:; (];7) If m > N — 1, the second sum is equal to 1 and
min(m + 1, N — 1) = N — 1. Hence, one obtains C'(N) = _22\7;21 (];7) -1 =
_Z;V:Z(g):_zzg (];’) since (1;[):Ofory>N. O

Again, we want to compare the preceding result with the formula one gets for
the natural density of mutual left coprimeness, which should be computed in the
following. It will turn out that, as in the previous section, the problem of computing
the natural density could be reduced to the calculation of the (uniform) probability
that NV constant matrices are mutually left coprime. Therefore, we start with the
following definition:

Definition 13.

K, K, 0 0
For j € N, denote by W;(N) the probability that Ky := | o -, 0

0 0 Ky-1 Kn

with K; € (F7)™*™ for i =1,..., N is of full row rank.
Theorem 23.
The natural density of N matrices D; € F[z]™*™ for i = 1,..., N to be mutually left
coprime is equal to [[72, W;(N)¥#i.
Proof.
Similar to the proof of Theorem 17, one obtains that the N matrices are mutually
left coprime if and only if Dy /(f) := Ky € (Fde8()))(N=1)mxNm hag fyll row rank

for every (monic) irreducible polynomial f € F[z]. Denote the probability for this
fact by W;. As in the proof of Theorem 17 and with the notation from there,

one gets lim, |Ef A?flf“‘ =11 fep W;. According to that proof, one needs W; =
1+0(t*9e(f)) to conclude lim,, % = [1;2, W;(N)#i. To this end, one shows

that at least 2 of the matrices K; have zero determinant if these matrices are not
mutually left coprime. If N = 2, this clearly is true because the matrices are left
coprime if not both of them have zero determinant. For N > 3, assume without
restriction that det(K ) # 0 (otherwise permutate the matrices K;). Consequently,
the columns of this matrix form a basis of (F4°¢(/))™ and adding appropriate linear
combinations of the last m columns to the m preceding columns of X brings this

K, K, 0 e 0
matrix to the form | 0 - - 0 |, which is not left prime if
0 Ky Ky
0 0 0 0 Ky
and only if the submatrix consisting of the first (IV — 2)m rows is not left prime.
Per induction, it follows that at least two of the matrices K, ..., Ky_1 have zero

determinant, which gives us the desired resgult. Furthermore, the probability that the
determinant of K; is equal to zero is 1 — t™ 4°8(/)|GL,, (Fde&(/))| = O(td8(). Thus,
the proof is complete. O
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It remains to compute W;(N). To this end, we will firstly prove a recursion
formula for it.

Lemma 11.

Let A be the set of matrices K; for which Ky has full row rank and det(K;) = 0 for i =
1,..., N. Moreover, denote by W;(N) the probability of A. With W;(0) = W;(1) = 1,
it holds for N > 2:

,00) = 30 (V) (716 E01) 00 )10,

Proof.
If det(K;) # 0 for some ¢ € {1,..., N}, one sees as in the preceding proof that Ky

has full row rank if and only if the matrix K" N1 formed by the matrices from the
set {K1,..., Ky} \ {K;} has full row rank. Using the inclusion-exclusion-principle

with 4, := {det(Ki) # 0 and IC%) , is of full row rank} and A, where AN 4; =0,

P; :=Pr(A;) fori=1,...,N and P; := Pr ((,c; Ai(N)), one gets

Wiy = Y (=) P W),

With the same arguments as in the precedlng proof, one obtains
Nicr Ai(N) = {det(K;) ;é 0 fori € I and ICN 7y has full row rank} and therefore,

Pr = (tim2|GLm( )|) W;(N — i) for every I with |I| = i. Since there are (%)
subsets with cardinality ¢, the formula follows. O

Corollary 7.
For m < N — 1, it holds

W) = Y1 (7) (7 62mEn) Wy~

i=1
Proof.
If det(K;) = 0 fori = 1,..., N, the column rank of Ky is at most Nm — N <
Nm —m = (N —1)m and therefore one has no full row rank. Consequently, W; = 0
and the statement follows from the preceding theorem. O

To compute W;(N) with the help of one of the preceding recursion formulas, one
either needs a formula for WW,;(N) or one has to know W;(N) for N < m. In the
following, we will take the first option and calculate Wj (N). Combining some known
results, it is possible to get a conjecture for a formula for Wj (N), which we will prove
in the following theorem. The stated formula could be motivated in the following
way: One could observe that the probability that a vector of length j from F has no
full rank, i.e. is equal to zero, is equal to 1 — t7, while for a vector of j polynomials
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2 Counting Problems

from FF[z], the probability that there exists 2o € F such that this vector has no full rank
at zo € F, i.e. the polynomials are not coprime, is equal to 1 — #/~1. This additional
factor t~! for the subtrahend is somehow due to the possibilities for the choice of z.
An analogous observation could be made if one compares the probability of pairwise
coprimeness for polynomials with the probability for a vector from F to contain
at most one zero entry (see also the matrix Dy /(f) in the proof of Theorem 17).
However, in this case, one only knows that the coefficients of the leading terms in the
asymptotic expansion coincide. Therefore, it seems likely that the leading terms of
the asymptotic expressions for the probabilities of {det(K;) = 0fori=1,...,N}\ A
and Ay (N) defined as in the proof of Theorem 21 differ by the factor t~! as well.
Note that in the following formula, one has ¢/ instead of ¢ because one is dealing
with the field F7.

Lemma 12.
For j e Nand N > 2, it holds:

min(m,N—1)
Wi(N) = (1 - tjm2|GLm(Fj)|) — Z ) 4 o(#m+2)7),
i=N-—1

Proof.
Denote by W the probability that det(K;) = 0 fori =1,..., N and Ky is not of full
row rank. We will show

min(m,N—1)
W = tm DI L om+2)7),
i=N-1

The result follows since the sum of W and Wj(N ) is equal to the probability that
det(K;) =0fori=1,...,N.
If m < N — 1, the probability that det(K;) = 0 for ¢ = 1,..., N is equal to

(1 - \GLm(IFJ)\) = (1—(1—t +O+)N = O(tIN) = O(t3+2)), which is

conform with 2™ N =D 4i(m+1) — ¢ in this case.

Next, consider the case m > N — 1. We have to compute the probability that there
exists ¢ € (F7)2*m(N=1\ {0} with (K = 0, i.e. that there exist & € (F7)'*™ for
t=1,..., N — 1 which are not all identically zero such that £&; K; = (1 + &) Ky =
= (En—2+Ev—1)KNn_1 =&v—1 KN = 0.

As in the proof for Remark 11, one could show that either §; #0 fori=1,...,N — 1
and & +§;41 #0fori=1,..., N — 2 or there exists < € {1,..., N} such that ICE\Z,)_1
formed by the matrices from the set {K,..., Ky} \ {K;} is not of full row rank. Per
induction with respect to N, one knows that the probability for this is O(t7("+1)),
Multiplication with the probability that det(K;) = 0, which is O(#/), leads to a term
for the probability that is O(#/("+2)). Note that one could use induction since for
N =2, W is just equal to 1—t/2™* N (2m, m, m) = 1-TT7" .1 (1—t') (see Lemma 4)
because that [K; K>] is not of full row rank already implies det(K;) = det(K2) = 0.
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2.4 Counting Mutually Coprime Polynomial Matrices

Thus, one could assume &; # 0 and &; + &1 # 0.
According to Lemma 4, the probability that dim(ker(X;)) = r; is equal to

m m—(r;+1) tj(lfm) 1

gm?* —p) = imri _ il -
t N(m,m,m —r;) =1 l H 1(1 ") ll_‘([) Py
=r;+ =

)
— tjmm (1 + O(t])) . t—%(Tn('m—s-l)—r,-(m—&-l)—(m—ri)(m—ri-&-l)) —

=" (1+ O(t))

=177 (1 + O(t)).

Fix1 <r; <mfori=1,...,N. Then, the probability that dim(ker(K;)) = r is
1 . (1 + O(t7)). For each such matrix K, there are t—/™ possibilities for & €
(F7)1*m with ¢ K; = 0. Furthermore, the probability that dim(ker(K3)) = ro is
#972 .(1+O(#7)) and for fixed & and K, there are t~7"2 possibilities for & € (FF)1xm
such that (& + &2)K> = 0. This procedure is continued until K; and ¢; are fixed
fori =1,...,N — 1. As we assumed {y_; # 0, the probability for Ky to fulfil
Ev_1Kn = 0is equal to t/™.

Finally, one has to consider, which values for &, ...,£y_1 lead to the same solutions
for Ki,...,Ky. One clearly gets the same solutions if one multiplies &; for i =
1,...,N — 1 by the same scalar value, which effects a factor that is O(¢/) for the

probability. In summary, the overall probability is O (tj (Z51e? _”)J’mﬂ)) (1+

O(t7)). Hence, all cases in which r; > 2 for some i € {1,...,N — 1} could be
neglected.

It remains to show that for r; = --- = ry = 1, only &,...,&y_1 which differ
all by the same scalar factor lead to the same solutions for Ki,..., Ky. Then,
one knows that the factor for the probability caused by this effect is exactly t/
and one gets a overall probability of ¢(™+1)J7 + O(¢(™+2)J) which is conform with
Somin(m N pi(m+1) — 4i(m+1) in the considered case m > N — 1.

To do this, we firstly show that the case that &, ..., £y _; are linearly dependent could
be neglected. For the choice of such vectors ¢; with the property that tk[¢] -+ - &[] <
N — 1, one has

O (S N(m, N = 1,1)) = 0 (L7 rartm N =1=n) — o(s(N-2)(m+1)
possibilities and for each of these possibilities the probability that & K; = (£ +
E)Ky = = (En_2+Ev_1)Kn_1 = v 1 Kn = 0 is equal to t/V™ as &; # 0 and
& + &1 # 0. Additionally, one has again a factor of O(#/) because of the values for
the vectors &; that lead to the same solutions for K1, ..., K. In summary, one gets a
probability that is O(t/(Nm+1=(N=2)(m+1))y — O(t/(m+2)) since —N > —m — 1.
Hence, in the following, one could assume that &, ...,&y_1 are linearly independent.
FGHK =6K1 =0,(6 + &) K= (6 +&)K2 =0,... . Ev1 Ky =&v—1 Ky =0, it
results from 7y = --- = ry = 1 that there exist \; € F? with {; = A&, § + &1 =
Aiv1(§i+&ip1) fori=1,...,N—2and {n—1 = Anén—1. Since & — (&1 +&2) + -+ &
(En—2+&n—1) FéEn—1 = 0, it follows
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2 Counting Problems

M —=X)&+ A3 —A)&a+- £ (Av-1 —An)én—1 =0. As &y, ..., En—1 are linearly
independent, this implies \; = --- = A\, which completes the proof of the whole
theorem. O

With this result, we are able to solve the recursion formula from Lemma 11 and
obtain an explicit expression for W, (V).

Theorem 24.
For j € Nand N > 2, the probability that N matrices from (F)"™*™ are mutually left
coprime is equal to

WiN)y=1->" (‘Z) ) L O (mH2)y,

Proof.

This is shown per induction with respect to V.

For N = 2, one just has to compute the probability that a rectangular matrix is of full
rank. According to Lemma 4 with n = 2m and k = r = m, this probability is equal to
17, 1 (1= (#)) = 1= ¢+ 4 O (m+2)),

Inserting the assumption of the induction into the first part of the recursion formula
from Lemma 11, leads to

Z_ZNX Ol (N) (17| OL (B)]) W (N — 1) =
(N) ™ |G Ly (F >|)i<1—2§§(Ny‘i)tﬂmﬂuouﬂmwn)
( ) D | GL (89)]) +

y=2

== (1= "G Ly ( )|)N+1+
2

I
Mz

N
Il
-

I
Mz

s
Il
_

+

M=

1

.
Il

N— m+1 .
(N N — - .
+ (_1)1< ) E : ( Z>t.7(m+1) +O(t](m+2)) -
=1 v y=2 Yy
min(m+1,N—1)
.9 . N N . .
= —(1—#"|GL,(F)]) +1-— ( >tﬂ<m“> + Ot F2)),
( (G L (F)]) > (22

y=2
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2.5 Conclusion

The final step of the preceding computation was done analogous to the proof of
Remark 13. Using the formula for W;(N) from the preceding theorem, one obtains

min(m+1,N—1)

, \N N\ . .
Wi(N) == (1= 0" |GLa(®)]) +1- > ( )t“’"*” +W;(N)
Y
y=2
min(m,N—1) min(m+1,N—1) N
=1- Z 1+ Z ( ) 1 0mF1) L O (41 (mF2)) =
i=N—1 y=2 Y
m+1 N
—-1— Z ( )tj(m+1) _|_O(tj(m+2)).
=2 \Y
For the last equality, see end of the proof for Remark 13. O

Finally, connecting the preceding results, one gets the following formula for the
natural density of mutual left coprimeness.

Theorem 25.
The natural density of N matrices D; € F[z]™*™ for i = 1,..., N to be mutually left
coprime is equal to

00 m+1 N ‘ ‘ Pi m+1 N
(1 -y <y>tﬂ<m“> + O(H(m”))) =1-> (y)tm +Oo@t™h).

y=2 y=2

2.5 Conclusion

In the preceding chapter, we firstly computed the probabilities for several coprimeness
properties using the uniform probability distribution, i.e. bounding the degrees of the
polynomial entries of the involved matrices. Afterwards, we compared these results
with the formula one gets using the natural density, i.e. allowing the degrees of the
corresponding polynomials to grow arbitrarily large. It is remarkable that uniform
probability and natural density have asymptotically the same values in all computed
cases, while one could observe differences in some of the calculated exact formulas.
In the following section, we will apply the achieved results to the calculation of
the probabilities that networks of linear systems are reachable and/or observable,
respectively. Since the degrees of the entries of the corresponding polynomial matrix
fraction descriptions are bounded by the parameters of the linear systems, this could
only be done using the uniform probability distribution. Consequently, we will not
employ the natural density for our further considerations.
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Chapter 3

Probabilities of Reachability and Observ-
ability for Interconnected Linear Systems

In this chapter, we will use the results of the preceding chapters to compute or
estimate, the probabilities that certain networks of linear systems are reachable,
observable or minimal.

We start in Section 3.1 with the simplest "network", namely just one system. For
this, the probability of reachability and therefore, also the probability of observability
are already known. We recall these results and moreover, compute the probability
that a linear system is minimal.

Section 3.2 deals with parallel connection of linear systems. To obtain a formula
for the probability of reachability and observability, one mainly needs the probability
of mutual left coprimeness from the preceding chapter.

In Section 3.3, we consider series connections of linear systems, firstly for single-
input single-output node systems and secondly, for two systems with arbitrary pa-
rameters. Finally, we investigate how the corresponding probabilities of reachability
are changed if one requires the transfer functions of the node systems to be strictly
proper.

Section 3.4 is similarly structured as Section 3.3 but deals with circular intercon-
nection. Since series and circular interconnection are quite similar, several computa-
tions carry over. However, some adjustments are necessary.

In Section 3.5, we consider again series connections and investigate their so-called
(1, 3)-reachability, i.e. for some special values for the parameters of the involved sys-
tems, we examine criteria for the possibility to control only the first and the third
system of the series.

In contrast to the preceding sections, Section 3.6 considers no special typ of
interconnection but is devoted to the question what general statements about the
corresponding probability are possible without knowing the exact interconnection
structure of a network.

Finally, in Section 3.7, we consider so-called homogeneous networks and calculate
the probability that these are reachable or/and observable if the matrices defining
the interconnection structure are chosen randomly.
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3 Probabilities of Reachability and Observability for Interconnected Linear Systems

3.1 Probabilities for a Single System

3.1.1 Reachability and Observability

The probability of reachability for a single system has already been computed in [21].
We will need it for computing the probability of minimality for a single system as
well as for the calculation of probabilities for interconnections of N > 2 systems
since reachability and observability of the node systems are part of the criteria for
reachability and observability of the whole network; see Corollary 1.

Theorem 26. [21, Theorem 1]
Let X7, (IF) denote the set of all reachable pairs. The probability that a pair (A, B) €
Frxn x F™*™ is reachable is equal to

|Ecr (F)‘ n+m—1 ,
P, = nmr 1—t)=1—¢m m+1. 1
(1) T | jlz_[m (1—1t)) t™ 4 O(tm*h) 3.1
In particular, one obtains for n > 2:
(1—=t™)(1 — (n—D)t"™) < Py (t) < (1 — ™) (1 — ™). (3.2)
Using Remark 1, one could easily deduce the probability of observability:
Corollary 8.
The probability that a pair (A, C) € F**™ x FP*™ is observable is equal to
n+p—1 ‘
I[[ a-¢)=1-t+0@).
Jj=pr

Since the number of reachable pairs is strongly connected with the number of
matrices in Hermite form, Theorem 26 leads to the following corollary as well:

Corollary 9.
The number of nonsingular polynomial matrices ) € F[z]™*"™ in Hermite form whose
determinant is a (monic) polynomial of degree n is equal to

cr n m+j—1
Z = it i(m—itl) -k |En7m(F)| — ¢—mn H 1-— t( j )
GL ()] =

j=1
(3.3)

H, »(F)

K1t hm=n

Proof.

The statement of the first equation is already contained in Lemma 2.1 and the second
equation of (3.3) follows from the proof of Theorem 1 of [21]. Finally, the third
equation is a consequence of this theorem itself, i.e. of Theorem 26 of this paper, and
of Theorem 4. O

Remark 14.
Since both Hermite form as well as Kronecker-Hermite form are unique, the number of
Kronecker-Hermite forms is equal to H,, ,,,(F), as well.
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3.1 Probabilities for a Single System

3.1.2 Minimality

The aim of this section is to compute the probability that a linear system is both
reachable as well as observable. Since these two properties are not independent of
each other (see Remark 17), it is not possible to simply multiply the probability of
reachability with the probability of observability. However, the following lemma states
that the probability of minimality could be obtained by multiplying the probability of
reachability with the probability of right primeness.

Lemma 13.
The probability that a linear discrete-time system described by (A, B,C, D) € F"*" x
Frxm s FPX™ x FPX™ is minimal is equal to PS5, .. (t) - Py m/(1).

p,n,m

Proof.

For each (A, B,C, D) € F"*™ x Frx™ x FP*" x FP*™ describing a minimal system,
there exists exactly one right coprime pair (P, Q) € F[z]P*™ x F[z]™*™ where @ is
in Kronecker-Hermite form and C(2I — A)"'B + D = P(2)Q(z)~!. According to
Theorem 9 (a), it holds deg(det(Q)) = n and according to Lemma 1, deg; P(z) <
deg; Q(z) for j = 1,....,m. On the other hand, for every such pair (P, Q), there exist
exactly |GL,,(IF)| minimal realizations (A, B, C, D); see Theorem 4. Consequently,
the number of minimal systems is equal to the number of pairs (P, Q) times |G L, (F)|.

According to Remark 14, the number of Kronecker-Hermite forms is equal to IE:%M((];F))\‘ .

Moreover, for each of them, there are [, ¢ P+l = ¢=P2iti(kitl) = ¢=p(ndm)

polynomial matrices P € F[z]P*™ which fulfill deg; P(z) < deg; Q(z) forj =1,....,m.
Consequently, the corresponding probability is equal to

e Cnprmp) | |Z5 ()] re or
Pp,n,m,(t) -t (nptmp) . |GL,,(F)| ’ |GL"(F>| o Pp,n,m(t) : |Zn,m(]F)| o
‘[ann X FnXxm sy Fpxn x [Fp><m| - |Fn><n X ]F7L><m|
=BG m(t) - Pom(t).
O
Remark 15.

This formula is also valid if one considers strictly proper transfer functions, i. e. if
one sets D = 0. In this case, there are t~P™ possibilities less for P, which equals the
possibilities for D. Since minimality of a system does not depend on D, one could
conclude that the probability of right primeness is independent of D as well (see also
Remark 8).

Remark 16.

Since a linear system is minimal if and only if it is reachable and observable, it follows
from the preceding lemma that the probability that a system is observable under the
condition that it is reachable is equal to P}5, . (t) = 1 — t* + O(t*!). This means that
the ratio of observable systems among all systems is approximately the same as the ratio
of observable systems among reachable systems. However, the following remark will
show that this is, in general, only asymptotically true but not for the exact probability

values.
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3 Probabilities of Reachability and Observability for Interconnected Linear Systems

With the help of Theorem 13 it is easy to compute the exact probability of
minimality for the case of single-input single-output systems:

Corollary 10. [21]
The probability that a single-input single-output system (A, B,C, D) € F*" x Fnx1 x
F1X7" x F is minimal is equal to

n .
(1—-¢)(1 —1).
j=1
Proof.
Since p = m = 1, one has the exact probability 1 — ¢ for the scalar polynomials P and
Q to be coprime. O
Remark 17.

The case p = m = 1 shows that, in general, reachability and observability are not
independent properties of a linear system. If this would be true, the probability of
minimality had to be equal to the product of the probabilities for reachability and
observability, which is T[;_, (1 —#/) - [Tj_,(1 — ) for the case of single input. But
this is only true for n = 1. However, in this case, it is clear that the two properties
are independent because then, reachability is equivalent to B # 0 and observability is
equivalent to C' # 0; note that in this case B and C' are scalar.

To achieve an asymptotic result for the probability of minimality of a linear system
with arbitrary parameters, one has to use the asymptotic formula for right primeness
from Theorem 12 and insert it into the expression from Theorem 13.

Theorem 27.
The probability that a linear discrete-time system described by (A, B,C, D) € F"*™ x
Frxm x FPxm x FP=*™ is minimal is equal to

1— ™ — P 4 O(tminpm)+ly,

3.2 Parallel Connection

The aim of this section is to compute the probability that the parallel connected
system

Zl(T —+ 1) :Alil'l(’r) + BN,L(’T)

: (3.9
an(T+1) =Ayan(T) + Byu(r)

with state vectors x; € ™ for: =1,..., N and input u € F™ is reachable.
System (3.4) contains no outputs and therefore, could be interpreted as a special
case of parallel connection (as defined in Example 1 (a)) with C = I and D = 0,
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3.2 Parallel Connection

which implies the observability of the node systems. Thus, reachability of the node
systems, which is necessary for the reachability of the interconnected system accord-
ing to Remark 4, is equivalent to the minimality of the node systems, which is the
condition for applying Theorem 10. Consequently, reachability of the interconnection
is equivalent to the reachability of the node systems together with the corresponding
coprimeness condition of Example 1 (a). Our aim is to count the number of reachable
interconnections by counting possible coprime factorizations of the transfer functions
of the node systems. Therefore, we need the following statement.

Lemma 14.

Let Q € F[z]™*™ nonsingular be in Hermite form with deg(det(Q(z))) = n. Then,
there are exactly |G L,,(F)| reachable pairs (A, B) € F**" x F"*™ with (21 — A)"'B =
P(2)Q(z)~! for some P € F[z]"*™ such that P and Q are right coprime. In other
words, there are exactly |G L, (F)| polynomial matrices P € F[z]"*™ such that P and @
are right coprime and PQ~" could be written in the form P(2)Q(z)™! = (21 — A)~'B,
where (A, B) € F"*™ x F"*™ {s reachable.

Proof.

According to Proposition 2.3 of [43], there exist a reachable pair (A, B) and a
polynomial matrix P that is right coprime to @, such that (21— A)~'B = P(2)Q(z) L.
Now, one considers the orbit of this pair (A, B) under the similarity action on the
state space, i.e. the set {(TAT—,TB) | T € GL,(F)}, which clearly consists only of
reachable pairs. If (21 —TAT—")~'TB = P(z)Q(z)~! is a right coprime factorization
of the transfer function with @ in Hermite form, it follows from Theorem 2.4 a,
of [43] that Q = QU with a unimodular matrix U € GL,(F[z]). But since the
Hermite form of a matrix is unique and Q and Q are both in Hermite form, one
knows Q = Q. Thus, Q leads to at least |GL, (F)| reachable realizations (A4, B).
On the other hand, the reverse direction of the statement of Theorem 2.4 a, of
[43] shows that the right coprime factorizations (21 — A;)"!B; = P1(2)Q(z)~! and
(21 — A3)"'By = P»(2)Q(z) ! together with the reachability of (A;, By) and (A, Bs)
imply (As, B2) = (IT'AyT~1,TB;) for some T € GL,(F). Therefore, Q leads to at
most |GL, (F)| reachable realizations (4, B). O

The following lemma shows that the two conditions, which have to be considered
for parallel connection, i.e. the reachability of the node systems and the mutual left
coprimeness of the matrices @)1, ..., Qy, are in fact independent.

Lemma 15.

Let (A, B) € F**" x F"*™ and G(z) = (21 — A)~'B = P(2)Q(z)~! be the correspond-
ing transfer function with P € F[z]"*™,Q € F[z]™*™, where det(Q) # 0. Then, the
reachability of (A, B) only depends on P.

Proof.

By the Kalman test (see Theorem 1), system (A, B) is reachable if and only if ¢ = 0 is
the only solution of cA'B = 0 for 0 < i < n — 1 with ¢' € F". Note that cA'B = 0
for 0 <i < n — 1 implies cA'B = 0 for i > 0 by the theorem of Cayley-Hamilton.
Since (2] — A)~1 =Y A

0 Z;‘%, reachability is equivalent to the fact that ¢ = 0 is the

87



3 Probabilities of Reachability and Observability for Interconnected Linear Systems

only solution of ¢(zI — A)~'B = 0 with ¢" € F". This means that cP = 0 for ¢ € F"
implies ¢ = 0, which is a criterion that only depends on P. O

As a consequence of this result, one could just multiply the probabilities of the
two conditions mentioned before and thus, we are ready to prove the main theorem
of this section, providing a formula for the probability of reachability for a parallel
connected system.

Theorem 28.
The probability that the parallel connected system given by (3.4) is reachable is

N n;+m—1

H H 17tj (N)v

where P,,(N) is the probability that N polynomial matrices from F[z]™*™ in Hermite
form are mutually left coprime.

Proof.
Consider the right coprime factorizations (21 — A;)™'B; = Pi(2)Q;(z)~! for i =
., N. From Theorem 9 (a) one knows that deg(det(Q;)) = n;fori=1,..., N and
from Theorem 9 (b) that one could assume that the polynomial matrices @1, ..., Qy
are in Hermite form. According to Lemma 14, for each such Q);, there exists the
same number of reachable pairs (A;, B;), namely exactly |GL,, (F)|. Therefore,
the probability that the coprimeness condition of Example 1 (a) for reachability is
fulfilled is equal to the probability that arbitrary polynomial matrices @); (in Hermite
form) with deg(det(Q;)) = n; for ¢« = 1,..., N are mutually left coprime. Since
this condition only depends on the matrices @); and according to Lemma 15, the
reachability of the node systems only depends on P;, one could just multiply the
probability of mutual left coprimeness with the probabilities that the node systems
are reachable (see Theorem 26 for the corresponding formula). O

Remark 18.

Since for parallel connection it holds K = 0 and hence, A and B are independent of
(Ci,D;) fori=1,..., N, the formula of the preceding theorem is also valid if (C;, D;)
are chosen randomly for i = 1,..., N (and are not fixed to (I,0) as done there).

For m = 1, i.e. in the case of single-input, one could combine Theorem 28
with Theorem 15 to get a formula for the probability of reachability for a parallel
connection.

Theorem 29.
The probability that a parallel connection of N single-input systems is reachable is equal
to

ﬁ Hlftj) Z H w(kij)ﬁtdeg(Kl),

=1 \j=1 keM(n)ije€ =1

where £ = {ij | i,j€{1,...,N}, i < j}
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3.2 Parallel Connection

To get an estimation for this quite complicated formula, we will we calculate its
asymptotic behaviour by using Theorem 16.

Theorem 30.
The probability that a parallel connection of N single input systems is reachable is equal
to

1
ES I
1 N3 — 3N

where N is the number of systems whose state vectors are scalar.

Proof.
Since the probability that the single systems are reachable is equal to

]_[;.V:1 [MZ,0—-t)=1-N-t+ (w - N) -t? 4 O(t3), one obtains

<1 _ w 4 2—14(N— 1)(N = 2)(3N? + 11N — 127y) - £2 +O(t3)> :

-(1—N-t+(N<N2_1)—N) -t2+O(t3)>

for the probability that the parallel connection is reachable. Computing the coefficient
of ¢2, results in

1 N(N -1 N(N -1
ﬁ(N—1)(N—2)(3N2+11N—12N1)+ (2 )-N+ (2 )—N:
1

N3 - 3N

— (N —1)(N —2)(3N? + 11N — 12N;) + 5

Y
O

Furthermore, it is possible to obtain an asymptotic formula for general m € N,
including the coefficients of 1,...,¢™ by using Theorem 22.

Theorem 31.
The probability that the parallel connection of N linear systems with m inputs is

reachable is equal to
m—+1

1-> (Z)tm + O™,

y=1
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3 Probabilities of Reachability and Observability for Interconnected Linear Systems

Proof.
Combining the already achieved results, leads to

N n;+m-—1

H I a-#) P.(NV)=
- = m—+1 N
=(1-=N-t"4+0@™)- (1 = (y)tm + O(tm+1)> =

y=2
m+1
N m m
=1-> <y>t + O(t™*1),

y=1
O

If one considers the formula of the preceding theorem, one could observe that
the modulus of the coefficient of ¢™ is increasing with N as well as with m. Thus,
the probability decreases with N and increases with ¢t~*. No general statement is
possible how increasing m influences the term ZmH (y )t™. However, one could see
that it decreases with m (and hence, the probablhty increases) if m > N or if ¢ tends
to zero, which could be assumed since the above formula is only valid for t =% — oo.
Using the duality between reachability and observability, one gets the folllowing
corollary:

Corollary 11.
For B = I and D = 0 (with the notation of Theorem 10), the probability that the
parallel connection of N systems with p outputs is observable is equal to 1—5 """} (];[ )P+

y=1
o(tP+1).

Proof.

The proof is analogue to that for the reachability of a parallel connection but the
roles of m and p are interchanged. One applies Theorem 10 (2.) and uses the
criterion on () and P from Example 1 (a), i.e. one has to calculate the probability

A 0
Q2 Q2 o . o .
that . ) is right prime, which is equivalent to the fact that
0 Qv Qn
A T
C’?l R 0 AT AT 0
Q2 Q2 B ! _ 2 ‘
.. A . ) ’ AT ’ At
0 Qv Qn ’ On-r @n
is left prime. This in turn is equivalent to the mutual left coprimness of Q7 , ..., QI, €

F[2]?*P. Note that Q; ' P, is a left coprime factorization of the transfer function G;
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3.3 Series Connection

if and only if P,7(Q; )" is a right coprime factorization of G¥. Moreover, since
B = I, the node systems are reachable and similiar to the considerations concerning
reachability, one could show that the observability of the node systems only depends
on P. Consequently, one has to multiply the probabilities of observability for the
single systems with the probability of mutual left coprimeness, which gives the stated
result. O

The preceding corollary could also be proven by using directly the duality between
observability and reachability. According to Remark 1, (A, B,C) is observable if and
only if (AT,CT,BT) is reachable. Since for parallel connection, it holds A = A, B =
(Bf,...,BY)" and C = (C4,...,Cy), the observability of the parallel connection
from the preceding corollary is equivalent to the reachability of the parallel connection
from (3.4) with (A ,C;") fori =1,..., N as node systems. Therefore, the formula
is also valid if B and D are chosen randomly and one gets the following corollary.

Corollary 12.
The probability that a parallel connection of N systems with p outputs is observable is

equal to 1 — Zgz (];[)tp +O(tPT1).

3.3 Series Connection

In this section, we consider series connections as in Example 1 (b). According to this
example and to Theorem 10, one has to compute the probability that

P Qs O 0
Ry = 0 P Q3

el e . 0

0 -+ 0 Pno1 Qn

is left prime under the condition that the node systems are minimal to get the probabil-
ity of reachability for the whole interconnection. In contrast to the preceding section,
where we studied parallel connections, the above coprimeness condition also depends
on the matrices P; and not only on the matrices ;. This means that one has to deal
with conditional probability. To this end, define A4, := {(P;, Q;) not right coprime}
fori =1,...,N. Moreover, set Ay := {Rx not left prime} and A4;; := A; N A;.
Then, according to the proof of Lemma 13, the probability that the series connection
of N minimal systems is reachable is equal to

1-Pr(uMita,) 1- ZV);&IC{I,...,N+1}(_l)m_l Pr(Aj)

1—Pr(UX, 4;)  1- Z@#IC{l,...,N}(_l)mil Pr(Ar)

. Pr(An11) + O(0, Pr(Aini1)) (3.5)

1— Z@#IC{l,...,N}(_l)lIFl Pr(Ar)
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3 Probabilities of Reachability and Observability for Interconnected Linear Systems

For the first equality, the inclusion-exclusion principle was used. Moreover, note that
for1 <i < j <N, Pr(4;;) =Pr(4;) - Pr(A4;) because A; and A; are independent
setsfor1 <i<j<N.

3.3.1 SISO-Systems

We start considering a series connection of single-input single-output (SISO) systems,
that means m; = p; = 1 and the coprime factors P; and @Q); of the transfer functions
are scalar for i =1, ..., N. Therefore, one has to compute the probability that there
exists no zg € F such that

P1 Q2 0 0

| 0 P s (20) < N —1.
Dol e . 0
0 -+ 0 Py Qn

Doing this, one achieves the following theorem:

Theorem 32.
The probability that the series connection of N minimal single-input single-output
systems is reachable is equal to

LNV -1

t+O0(t).
Proof.

One starts computing Ay 1 and shows per induction with respect to N that Ry (z)
is singular if and only if there exist i € {2,..., N} and j € {1,...,i — 1} such that
Qi(20) = Pj(20) = 0. The base clause N = 2 is trivial.

Now, assume that R y11(z0) is singular and distinguish the cases Qn+1(2z0) = 0 and
Qn+1(20) # 0. If Qni1(20) = 0, Ry+1(20) is singular if and only if at least one of the
polynomials P; for i = 1,..., N has a zero at z; and we are done. If Qn41(20) # 0,
P Qo 0

Rn+1(z0) is singular if and only if the matrix (z0) is sin-

0 Pyv_1 Qn
gular and the statement follows from the induction hypothesis.

As done at the beginning of Section 2.3, regard the polynomials Q1,...,Qn, P1,..., Py
as vertices of a graph I'. P; and @); are connected by an edge if and only if j > ¢ (there
are no edges between two polynomials Q) and @, or P and P, for k,l € {1,...,N},
respectively). Thus, I" has Zf\i _11(N —i) = ZZV: _11 1= w edges. Using Corollary
3 instead of Lemma 7 (a), one could argue as in the proof of Theorem 14 and gets
Pr(Ayi1) = Y0214 4 082).

We already know Pr(A4;) = t+O(t?) and therefore, Pr(4;;) = Pr(4;)-Pr(4;) = O(t?)
fori,j < N. It remains to show Pr(4; ny11) = O(t?) for 1 < i < N. But this is equal
to the probability that P; and @); are not coprime and that there exist j < k such that
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3.3 Series Connection

Qr and P; are not coprime. For i ¢ {k, j}, it is clear that this probability is O(¢?). If
i = k, one additionally needs Lemma 7 (a), and if ¢ = j, Corollary 3 to get that this
probability is O(t?). Inserting all achieved results into (3.5), leads to a probability

=1 ¢10(t2)
Fom — — L~ HU=DE 4+ 0(#2). O

for reachability of 1 —

Remark 19.
If P, = Q; for i = 1,..., N, the preceding primality criterion would correspond to
pairwise coprimeness of Q1,...,Qn-.

Using again the duality between reachability and observability, one could deduce
the probability of observability.

Corollary 13.
The probability that the series connection of N minimal single-input single-output
systems is observable is equal to

Wt + O(t?).

1—

In contrast to parallel connection, for series connection, the probability of reacha-

bility changes if one requires the transfer functions of the node systems to be strictly
propetr.

Theorem 33.
The probability that the series connection of N minimal single-input single-output
systems with strictly proper transfer functions is reachable is equal to

1- > (N-i)-t+0(?) =

1<i<N, n;#1

N(N-1) . 2
—1- [ =5—- Y -] trom).
1<i<N, n;=1

Proof.

Since the transfer functions of the systems are strictly proper, one has deg(FP;) <
deg(Q;) = n; fori =1,..., N. This effects that if n; = 1, P; and @), are not coprime if
and only if P; = 0, which is a criterion that is independent of @); and has probability ¢.
Therefore, if one proceeds as in the proof of Theorem 32, one could remove all N — i
edges terminating at P; from the graph I', which we considered when determining
ANni1, and in return add N, - t to the hereby obtained probability where N, := |l €
{1,. —1} | m = 1|. Hence, Pr(An11) = 21 <ion, n,0 (N —1)- t+Nyi-t+0(t?).
Moreover, in comparison with Theorem 32 and its proof, the asymptotic expressions
for A; n+1 with i < N and n; = 1 are changed. It holds A; y4y1 = {P; = 0} and
hence, Pr(A; y+1) = t. Because the number of sets A; y.1 with this property is equal
to Ny, one gets Do1<ien, i1 (N —1) -t+O(t?) for the complementary probability. [
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3 Probabilities of Reachability and Observability for Interconnected Linear Systems

Remark 20.

The plausibility of the preceeding formula could be seen as follows: If n; = 1, the
coprimeness of P; and @); implies that P; is a nonzgero constant. Therefore, it is not
possible that P; and Q; with j > i are not coprime and one has the corresponding
number of possibilities less for R 1 to be not left prime.

3.3.2 Series Connection of two Systems
In this subsection, a series connection of two arbitrary systems should be considered,
which is given by the following equations:

1’1(T+1) = A1x1(7)+Blu(7)

1‘2(7 + 1) = AQIQ(T) + BQClilil(T) + Bngu(T) (36)

The following theorem provides an asymptotic estimation for the probability of
reachability for such an interconnection.

Theorem 34.
The probability that the series connection of two minimal systems (A;, B;,C;, D;) €
[Frea Xmi 5 fraXmi o fPi XM i [FPiX™i for 4 = 1,2 with p; = mo is reachable is

1 —¢m + O(t7n1+1).

Proof.
Using (3.5), one has to compute

1— PI’(Ag) — PI‘(Alg) — Pf(Agg) + PI'(A123)
1-— PI‘(Al) — PI‘(AQ) + PI‘(Alg) '

From Theorem 12, one knows that Pr(A;) = tP" + O(tPt!) = O(t) for i = 1,2.
To compute Pr(As), one considers G := [P} (2] [ é 8 ] = [P QU] = [P Q¥],
where U is the unimodular matrix such that Q4 is in Hermite form. This transforma-

tion does not change left primeness because is unimodular, too. Let zy € F

I 0
0 U
such that G(z) is singular. Applying the method of iterated row operations (see
Lemma 9 (b)), one achieves that there exist k € {1,...,p1}, a set of column indices
{j1,---yJk—1} € {1,...,mq + p1} and values A, € F(zp), which (only) depend on
entries g;; of G with j € {j1,...,jx—1} and on zy, such that

k—1
gkj(20) = Y _grj(20) - A for je{l,...omi+pi}\{in,. . Gema). (37D
r=1

Similiar to the proof of Theorem 19, one could conclude g;; =0 fori+m; < j <
my + p1 as Q4 is lower triangular, and {j1,...,jx_1} C {1,...,m; + k — 1}. Hence,
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3.3 Series Connection

one has the conditions (Q%7)(z0) = 0, which implies mﬁil_ w1 > 1, and

9xj(20) Zg,J 20) A for je{l,...omi+k—13\{j1,....jk—1}. (3.8)

Thus, the m, polynomials g; with j € {1,...,mi; +k — 1} \ {j1,...,jr—1} are
not fixed to zero due to degree restrictions but are fixed at zo by the remaining
polynomials of G. We fix g := g,, and apply Lemma 7 (a) and (b) with @; =1
and w; = Z’:;ll grj- M forje{l,...,mi+k—1}\{j1,...,jk—1}. One obtains a
probability that is O(yp, - t9t™1) = O(t™*) for the above conditions. Consequently,
the probability is O(t™:+1) if one has no simple form. If Q¥ is in simple form, one
gets the condition

1 1
pyY fm Iy 1 0
myp >rk : (20) =
1 1
pz(n), e p;(n),ml Gl - G,
p1—1 p1—1

(1) H
=p1— 141k [p))) — Zplqpl, S melqp” a2y, | (20),

which is equivalent to

p1—1 p1—1
(1) H (1) _
ppll szl q:D12, ZO '_pplaml ZO memqph _qpl pl(ZO)—O.

Now, one proceeds as in the part of the proof for Theorem 12 concerning simple

form, with u = 1 and s() = 377 pElj)qgﬂ for j = 1,...,m;. Doing this, one gets
that the probability that G (zo) is singular is upper bounded by
g g -t9- H;.”:ll gmin(e.;V+1) A Z] 1 z/(l) =mn; > 1, there exists j € {1,...,m}

with uj(.l) > 1 and therefore, the probability is O(t™ 1) for g > 2. Again as in the
proof of Theorem 12, one gets that this probability is t™* + O(t™1 1) for g = 1 and
hence, Pr(Az) = t™ + O(t™+1),

It remains to show that Pr(A;3) = O(t™*1) = Pr(As3). For this, one has to consider
only simple form of Q! and Q' since one knows that the probability of being not in
simple from and lying in A3 is already O(¢t™:+1).

For A3, this leads to the condition that there exist 2y, 3y € F such that

thml Zpll ul ml ZO = prl lul m1 =0 (3.9)
oN =) =
1 1 1 (5 - - 1) H,

ppl’ Zp“ qpla ppl ml Zplmlqph

= dplp (ZO) =0. (3.10)
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3 Probabilities of Reachability and Observability for Interconnected Linear Systems

One could assume zy, 2y € F. This is possible since if Z; ¢ F, one has a probability
of O(t™ 1) by only using the conditions containing Z, and if 2z ¢ F, one has a

factor that is O(tP1 1) = O(#?) from the conditions containing z, and a factor that is
O(t™~1) from the conditions containing Z, without the condition on pz()ll)’ lo?
is chosen such that u 'my (70) # 0.

For zg = Z, one has a probablhty of O(t™) for (3.10) and (amongst others) the
additional factor ¢ because of /1! (z0) = 0. Thus, one obtains a probability that is
O(tml +1)

For zy # 2y, p; ) I, 18 fixed at two different values. If Vz > 1,i.e. ql , # 1, one could

where [,

apply Lemma 7 (c) and gets the factor 2 for the number of p0551b111t1es of pph J,- This

is possible since if ql(ol,)lo = 1, all other entries of ()1 in row [y would be zero, due
to the Kronecker-Hermite form of ;. Thus, the [y-th row of Q¥ = Q,U; would be
equal to the [y-th row of U;. But (3.9) implies that the last column of Q¥ (z) is equal
to zero, which leads to ul(j)ml (20) = 0. However, this is a contradiction to the choice
of ly. In summary, there are t~*(¢t~! — 1) possibilities for the choice of zg, Zy € F, the
factor t? for fixing péll), 1, and the factor ¢™1*71 for fixing the other polynomials, which
leads a probability that is O(t™1 TP1) = O(t™ 1),

For As3, one has the condition that there exist zg, 29 € I such that

H. 2), (2) _
U (2 Zpu W, (20) me g pl =0
p1—1 p1—1
) Z (1) 2 (5 e Z W
pm, Dix qph oo = Py ml b; mqu)l,

= qpl,m (20) =0.

One could argue analogous to the consideration of A;35. The only difference is that
now, the polynomial qﬁfm is fixed to zero at two values. For zy = %y, one has
p1 + 1+ m fixed polynomials and hence, a probability that is O(t™ 1), If 2y # Zo
and deg(q,*,,) = 1, one has a contradiction because a linear polynomial cannot have
two distinct zeros; thus, this case cannot occur and therefore, its probability is equal
to zero. If 2y # %, and deg(q’! Br’py ) > 2, one could argue as for the calculation of
Pr(A;3) and gets that Pr(Ay3) is O(tm1+p2) = O(t™+1),

Putting all achieved results together, one obtains that the overall probability is equal
t© tmr O(tm1+1)

=1-t™ ),
1—00) o)

Corollary 14.
The probability that a series connection of two minimal systems is observable is equal to
1 —tP2 4 O(tP2t1).

96



3.3 Series Connection

Proof.

Using the criterion on Q and P from Example 1 (b), one needs to compute the
probability that Q1 and P; are right coprime if Q; and P; are left coprime for i =1, 2.
One could assume that QIT is in Kronecker-Hermite form and that the column degrees
of P are less or equal to the column degrees of Q for i = 1,2. Moreover, two
matrices are right/left coprime if and only if the transposed matrices are left/right
coprime. Thus, to compute the probability of observability with the help of the
criterion on @ and P is equivalent to computing the probability of reachability with
the help of the criterion on @ and P with Q; = QJT and P, = PJT for1 <i#j<2.
Hence, one has to replace m; by ps in the formula for reachability of the series
connection. O

As in the preceding subsection, which dealt with series connections of SISO
systems, the series connection of two minimal systems with strictly proper transfer
functions, i.e. with D; = D, = 0, has a different probability of reachability than in
the proper case. In the following theorems, we will investigate the strictly proper
case, where it will turn out that the asymptotic probability does not only depend on
my but also on the sizes of the other involved system matrices.

Theorem 35.
For m1 = ny = 1, the probability that a series connection of two minimal systems

with strictly proper transfer functions is reachable is equal to 1 if py = 1 and equal to
1—t+0(?)ifp1 > 2

Proof.

Here, ), is scalar and P; a vector consisting of p; constants. Thus, if p; = 1, i.e.
Py and @, are scalar, too, P; and @), are left coprime if and only if P, and ), are
right coprime, namely if and only if P, # 0. Consequently, the minimality of the
node systems implies the reachability of the series connected system and hence, the
considered probability is equal to 1.

Now, examine the case p; > 2. Since () is a linear polynomial, no entry of P; is fixed
to zero due to degree conditions. Therefore, Pr(A43) = t™ + O(¢g"™ ) =t + O(¢?)
as in the proper case. Since P; is a vector consisting of p; constants, @; and P, are
right coprime if and only if P; is not the zero vector. But if P, is the zero vector, it
is not left prime with @Q),. Consequently, Pr(A;3) = Pr(A;) = t"* (considering the
proof of Theorem 34 this means that (3.9) implies (3.10) since fixing a constant
to zero at one point effects that it is zero at every point). Thus, the equation
Pr(A;3) = O(t™*1) = O(¢?), which one had in the proper case, is only valid for
p1 > 2. From Remark 8, one knows Pr(A,) = P2 and with the same argumentation
as in the proper case, one has Pr(Ay3) = O(¢?). In summary, the overall probability
is equal to

t+O(t?)

~Tro0 =1—t+0(?).
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Theorem 36.
For my =1, ny > 2, the probability for a series connection of two minimal systems with
strictly proper transfer functions to be reachable is equal to

1—t+ O(t?).

Proof.

This theorem could be proven analogous to Theorem 34 since none of the entries of
P, has to be a constant due to degree conditions. O
Theorem 37.

With the same notations as above but D1 = Dy = 0, one has for my > 2:

PI‘(Ag) _ tml =+ tnl + O(tIIlin(77L17n1)+1)
Pr(4;) =t + O(tP+) fori=1,2
Pr(Agg) _ O(tmin(ml,nl)—&-l)-

Proof.
The second statement of the theorem follows from Remark 8.
Now, consider Pr(A3). Since PiQ;" is strictly proper, every column i of P;, for

which ql(l1 ) = 1, consists only of fixed zeros. Hence, these columns could be deleted
considering the right primeness of [P, Q2]. With the remaining matrix, one could
proceed as in the proper case. Thus, if N; is the number of deleted columns, one gets
Pr(Az) = tmi—N 4 O(pma—MAtl),

Consequently, one has to count or at least to estimate the number of Kronecker-
Hermite forms with fixed column degrees v, ..., v,,,, of which N; are equal to zero.
If these parameters are fixed, the number of Kronecker-Hermite forms is a power of
t~!. We call the corresponding exponent the dimension of the set of matrices with
these column degrees. Since we are only interested in the leading term of Pr(A4s)
and the order of the values for the column degrees does not change the number
of column degress that are equal to zero, one could assume v; < ... < v,,,. This
is possible because in column i the entries above the diagonal have strictly lower
degree then v; but the polynomials beyond the diagonal could have degree equal or
less to v; (see the definition of the Kronecker-Hermite form). This effects that the
dimension is largest for v; < ... < v,,,, among all permutations of the values for
the column degrees. Moreover, for every other order of v, ..., v, , the dimension
is as much smaller as the number of permutations of degrees of adjacent columns
that is needed to achieve increasing order. To see this, assume v; > v;y;. If one
exchanges these two indices, the number of total possibilities for all entries but
qz(ll)Jr1 and qgr)l,i is not effected (there are just entries in this set which exchange
their number of possibilities with other entries from that set). Futhermore, one has
deg(qi(’lilrl) <min(y; — 1,v41 — 1) = v — 1 and deg(qﬁ)u) <min(yip1 — 1,1) =

vir1 — 1 before the exchange and deg(q;lill) < min(vy1 — Ly — 1) = vy — 1

and deg(qgi)l’i) < min(y; — 1,v;41) = v;41 afterwards. Hence, the dimension has

increased by one.
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To count the number of Kronecker-Hermite forms with increasing column degrees
of which N; are zero and whose sum is equal to n;, one starts with v; = ... =
Vm,—1 = 0, vy, = 1 and successively increases one of the values for the v; until their
sum reaches n; and where in each step, the values for the column degrees remain
increasing, i.e. if one value for the column degrees occurs several times, one could
only increase the last one of them. Doing this, we want to determine the effect on
the dimension of increasing v; from w to w + 1. First, consider what happens in
row ¢. For j > i, i.e. v; > w + 1, the upper bound for the degree of the (i, j)-entry
increases from w — 1 to w. For j < 4, i.e. v; < w, this increasing is only possible if
v; = w. Now, look at column i. For j > i, a increasing of the degree of the (j, 7)-entry
from w to w + 1 is possible if and only if v; > w + 1. For j < ¢, an increase from
w — 1 to w is not possible since it would require ; > w, a contradiction to the
increasing order of the column degrees. In summary, the dimension is increased
by mi —1—1|je{l,...,mi}|v; <w|+|je{l,...,mi}|v; >w+1|. It could be

effect in row 4 effect in column %
seen easily that this term decreases with w and therefore, is largest for w = 0, namely
my —1+41]j €{1,...,m1} | v; > 1|. Butin this case, after the increasing of a column

degree from 0 to 1, one has a column of fixed zeros (due to degree restrictions) less in
[Py Q). This decreases the asymptotic probability Pr(A4z) = ™~ N1 4 O(¢m—Nitl)
by the factor ¢. For w # 0, this probability remains unchanged.

If westartat vy = ... = vy, -1 = 0, vy, = 1, it is only possible to choose w = 1
and increase v,,, or to choose w = 0 and increase v,,, 1. In both cases, the term for
the effect on the column is equal to zero. As long as there are at least two column
degrees equal to 0, choosing w = 1 increases the dimension by at least 2 less than
choosing w = 0. Hence, since the difference in the probability Pr(As) is only of
dimension one, it is sufficient to consider the case that the column degree with the
largest index among those that are equal to zero is increased as long as there is still a
column degree equal to zero after this increasing.

Consequently, for n; < m;, the only relevant Kronecker-Hermite forms are those

withvy = ... = vpy—n, =0and vy, —p,41 = ... = vy, = 1. In this case, one has
N; = my — n; and therefore, Pr(Az) = t™ + O(t™T1).
For ny = m,, one could choose v1 = 0, o = ... = v,,,, = 1, as starting point for

increasing column degrees. Doing this, choosing w = 0 increases the dimension by
my — 1, while choosing w = 1 increases the dimension by m; — 2. This difference
compensates the difference in the estimation for Pr(A3). Hence, one has to consider
bothvy =...=v,, =landv; =0, 5 = ... = Vyp,—1 = 1, vy, = 2. In the first
case, Pr(A43) = t™ + O(t™*1), in the second case, Pr(A43) = t™ ! + O(t™*). Since
one has a factor ¢ in the second case, due to the fact that the dimension is 1 less, the
overall probability is equal to Pr(As) = 2t™ + O(t™ 1),

For ny > m4, one has to consider forms obtained by increasing degrees starting with
vy =...=Vp, = lorstarting with vy =0, 0 = ... = vy, 1 = 1, vy, = 2. In the
first case, one only has the possibility w = 1. In the second case, one has a increase of
the dimension by m; for w = 0, by m; — 2 for w = 1 and no increase for w = 2. Thus,
the cases but w = 0 have a dimension that is at least by 2 smaller than the dimension
for w = 0 and since the difference in Pr(Aj3) is only of dimension one, they could be
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neglected. Hence, in either case, one gets v; = ... = vy, -1 = 1, V4, = 2. No matter
in which way one continues, only Kronecker-Hermite forms with no fixed ones on
the diagonal matter. Consequently, Pr(A3) = t"™ + O(t™ 1) as in the proper case.
The identity Pr(Ass) = O(¢ - Pr(Aj3)) is valid with the same argumentation as in the
proper case. O

The difficulty with the determination of the probability of reachability for a series
connection of strictly proper systems lies in the determination of Pr(A;3). What we
have computed so far, shows that it does not matter if D5 is equal to zero or not.
But this is obvious since reachability of a system does not depend on the output. D;
matters because it influences the input of the second system.

Theorem 38.
For mq,p; > 2, the probability that a series connection of two minimal systems with
strictly proper transfer functions is reachable is equal to

1M + O(tmin('rnl,n])—ﬁ-l).

Proof.

For p; > 2, it is easy to compute Pr(A4;3). One deletes the zero columns of P; and
then proceeds as in the proof of Theorem 34. From equation (3.9) one knows that
p1 + 1 polynomials are fixed at zy. According to (3.10), m; — N1 + 1 polynomials
are fixed at Z,, from which m; — N; do not belong to the fixed polynomials from
(3.9). Thus, it follows from previous computations that for fixed column degrees,
Pr(A;3) = O(tprtmi=Ni=1) = O(¢mi=Ni+1) = O(¢ - Pr(As3)) for p; > 2; see end of
the first paragraph of the previous proof. Hence, the statement follows from the
results of the preceding theorem. O

Theorem 39.
For m; > 2, p1 = 1, the probability that the series connection of two minimal systems
with strictly proper transfer functions is reachable is equal to

1 fOT' ny = 1
L—t"™ + O™ T for ny >2.

Proof.

It remains to compute Pr(A;3) in this case.

Here, P, is a row vector of length m4 and Q- is scalar. If @, is in Kronecker-Hermite
form with v; € {0,1} for ¢ € {1,...,m;}, P, only consists of constants. For @
and P, to be right coprime, it is necessary that P, # 0. This condition, however, is
sufficient for P; and Q- to be left coprime. Hence, the probability of reachability for
the interconnected system is equal to 1; in particular, this probability is equal to 1 if

ny = 1 because in this case, it always holds v; € {0,1} fori € {1,...,m1}.
Now consider the case that there exists i € {1,...,m} with v; > 2. For A3, one has
the condition that there exists Z, € F with pgl)(éo) =...= pS,H (Z0) = Q2(%) = 0.

We already know that this probability is O(t™) for %, € F and O(t"™1 1), otherwise.
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3.3 Series Connection

Therefore, it is sufficient to consider %, € F and the case that Q¥ is of simple form.
For A, without restriction, assume that ; has no column degree equal to zero; see
beginning of the proof of Theorem 12. Moreover, one could assume 14 < ... < vy, ;
see proof of Theorem 37. Proceeding as in the proof of Theorem 12, one gets the
condition that there exists zo € F with ¢/ (z0) = >4 pl Uz m1 (20) = 0. Clearly,
the subset of A;3 with 2y = Z; has a probability that is O(t™1+!). Thus, it remains to

consider zg # Zy. Let d < my — 1 be the number of ¢ € {1,...,m;} with v; < 2. Then,
Az impliesp; = ... =pg = 0. If p&?l(zo) =...= pﬁz (z0) = 0, the polynomial pﬁi,

which degree bound is equal to v,,,, > 2 per assumption, is fixed at two values and
therefore, Pr(A;3) = O(t - Pr(As)) = O(t™*1). If there exists i € {d + 1,...,m1}
Q1
Py
by adding appropriate multiples of the last row to the other rows of this matrix.
Afterwards delete the last row and i-th column of this matrix and denote the resulting
matrix by G(z). Obviously, G(zo) is singular if and only if G (zo) is singular. Now, one
applies the method of iterated column operations (see Lemma 9 (a)) to the matrix
G(z0) and gets that at least k& > 2 polynomials from G(z,) are fixed by the values
of the other entries of this matrix. Since we deleted the last row of G(z) and P,

such that p§1> (z0) # 0, consider the matrix G := and nullify column 4 of G(z)

consists only of one row, these conditions have the form q( )( 0) - hj(z0) — fj(20) =0

for j = 1,...,k where the polynomials q( ) are entries of Q1 (that are not fixed
constants due to degree conditions because we assumed that no column degree is
equal to zero) and h; and f; are products of the other entries of G with h;(zp) # 0.

Hence, either q(,l) - hj — f; = 0 or there exists an upper bound for gz, determined

J
by the column degrees of ;. In the first case, the polynomials q ) for i=1,...,k
are completely determined by the other entries of G and therefore, one even has
Pr(A;3) = O(t? - Pr(A3)) because Pr(A3) is independent of ;. In the second case,
for each value of ¢,, (for which there are only finitely many possibilities), one applies
Lemma 7 (b) to the conditions q( )( 0) - hj(20) — fj(20) =0for j =1,...,k, which
gives a factor for the possibilities for Q; that is O(t*~!) = O(t). Again since entries
of Q; do not matter for Pr(A3), one has Pr(A4;3) = O(t - Pr(A3)) = O(t™ ).

For n; > my, there always exists i € {1,...,m;} with v; > 2 and therefore, one could
conclude that the probability of reachability for the interconnected system is equal to
L —tm — g 4 O(¢mintmin)+1)) = 1 — ¢m1 4 O(#™+1) if one uses the results from
Theorem 37 .

If1 <ny <myandy; € {0,1} for ¢ = 1,...,mq, A3 is equivalent to P, = 0,
which implies A;. Hence, Pr(A4;3) = Pr(A43) and Pr(As3) = Pr(Aj23). Thus, the
probability that the interconnected system is not reachable is zero; see also beginning
of the whole proof. If there exists i € {1,...,m;} with v; > 2, we saw in the
preceding paragraph that the leading coefficient of this probability is equal to the
leading coefficient of Pr(Aj3). Therefore, considering different structures of Kronecker-
Hermite forms, one proceeds similarly to the proof of Theorem 37 but starts with
vy = ... = VUpy—1 = 0, v, = 2. With the same argumentation as in that proof,
one could show that the only structure that matters for the leading term of the
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3 Probabilities of Reachability and Observability for Interconnected Linear Systems

probability that the interconnected system is not reachableis vy = ... = v, —p,+1 =
0, Vmy—ni42 = . = Umy—1 = 1, U, = 2. However, the structure with largest
dimension amongst all Kronecker-Hermite forms with these parameters n; and m;
hasv; = ... = vpmy—ny =0, Upmy—ny41 = ... = Vm, = 1 as values for its column
degrees. Hence, computing the loss in the dimension, one has to look at the effect
of choosing w = 1 instead of w = 0 (see proof of Theorem 37), when increasing a
column degree starting from v1 = ... = vy, —ny41 =0, Uiy —nyq42 = -+ = Uy, = L.
Using the formula from the proof of Theorem 37, one gets that this difference in the
dimension is equal to [j € {1,...,m1} | v; < 1| = m; — ny + 1. Now, distinguish two
subcases.

For n; = m, we already saw in the proof of Theorem 37 that this loss of 1 in
the dimension is compensated by a higher value for Pr(As) due to an additional
column of zeros in P, (which is here just an additional zero entry because of p; = 1).
But since one has Pr(A;3) = Pr(As) and Pr(Ass) = Pr(Aja;) for the structure
V1 =...= vy, = 1, the leading term of the probabiliy that the interconnection is not
reachable is ¢"* (and not 2¢t™*, which is the leading term of Pr(Aj3)). Thus, using
the results of Theorem 37, one gets an overall probability of 1 — t™ + O(¢™ 1),

For n; < mj, one has to multiply the term for Pr(As) from Theorem 37 by the
factor t™ ~™*! for the decreased dimension and afterwards, by the factor ¢! due
to the additional zero entry in P; compared with the structure of largest dimension.
Consequently, one gets t"1+mi—1+1=1 for the leading term of the probability that
the interconnected system is not reachable and therefore, 1 — t™ + O(t™1 1) for the
probability of reachability. O

Summarizing the results of the preceding theorems, on gets the following theorem:

Theorem 40.
The probability that the series connection of two minimal systems with strictly proper
transfer functions is reachable is equal to

1 for p1 =ny =1,
1—t™ +0@t™*) for py=1,ny >1orp, >2, ng >my
orp; > 2, m =1,
1—2t™ £ O™ for p; >2, ny =my # 1,
1—t" +O0@t™ ™) for py > 2, ny < my.

3.4 Circular Interconnection

As we saw in Example 1 (c), for circular interconnection, one has the same coprime-
ness condition as for series connection, namely that

P Qs 0 0
Ry = 0 P Q3

e T . 0

0 -+ 0 Pny_1 Qn
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3.4 Circular Interconnection

has to be left prime. However, one has to assume det( — Dy --- D;) # 0 to be able
to apply Theorem 10. Therefore, one has to investigate if this condition influences
the probability of reachability. Doing this, we will obtain that the probability stays
asymptotically the same. As in the previous section, for : = 1,..., N, define 4; :=
{(P;, Q;) not right coprime}, Ayy1 := {Ry not left prime} and A;; := A; N 4;. But
here, one additionally needs Ag := {det( — Dy --- D) = 0}. Consequently, one gets
that the probability of reachability is equal to
1—Pr(UNtta;) 1- Z@;ﬁ[c{o?,..,NH}(_l)m_l Pr(Ap)

L=Pr(UNoA) 1= Ygsrcqo,.,ny (DT Pr(4))
_ Pr(Ani1) + O(Z L, Pr(4in 1))
1— Pr(4g) + O(t)

since one already knows from the previous section that Pr(4;) = O(t) for i =
1,...,N.

=1

3.4.1 Circular Interconnection of SISO Systems

As done for series connection, we start considering a circular interconnection of SISO
systems, i.e. P; and @), are scalar for i = 1,..., N. Since for this case, we know from
the proof for a series connection of SISO systems that Pr(Axy1) = Wt + O(t?)
as well as Pr(A4; y4+1) = O(t?) for i = 1,..., N, it only remains to estimate Pr(Ap)

and Pr(Ap n+1). Doing this, one gets the following result:

Theorem 41.
The probability that a circular interconnection of N minimal SISO systems is reachable
is equal to
N(N -1
% 4+ O(t?).
Proof.
It follows from (3.11) and the preceding observations that the considered probability
is equal to
wt + O(t2) — P].“(A()yN,l)

1—Pr(4o) +0O(t)
For the computation of Pr(Ay), one performs the transformation

det(I — Dy -~ Dy) = lims_ye (1 — Bty (z)) — 1~ pn, -+ pny, where p,, € F

denotes the coefficient of 2™ in P; € F[z]. Hence, in the set A, p,, is fixed by the
other involved polynomials, which implies Pr(4y) = O(t). Moreover, p,,,, does not
influence Pr(Ay41) and thus, Pr(4o n+1) = Pr(Any1) - Pr(4o) = O(#?). O

1—

Corollary 15.
The probability that a circular interconnection of N minimal SISO systems is observable

is equal to
M -t + O(t?).
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3 Probabilities of Reachability and Observability for Interconnected Linear Systems

3.4.2 Feedback Interconnection

In this subsection, we consider a circular interconnection of two systems with arbi-
trarily many inputs, i.e. a feedback interconnection.

Theorem 42.
The probability that a feedback interconnection of two minimal systems is reachable is
equal to

1—t™ 4+ 0o@1™)

where m := my = po is the number of inputs of the first as well as the number of outputs
of the second system. Moreover, set p := p1 = meo.

Proof.
According to (3.11), the probability of reachability is equal to
1-— PI‘(A1 U A2 @] A3 @] Ao) —1_ PI‘(A?,) - PI‘(AQ3) + O(t . PI‘(Ag))
1 -Pr(A;UAyUAy) 1 —Pr(Ag) +O(t)

since one already knows from the section concerning series connection that Pr(A4;3) =
Pr(Aa3) = O(t - Pr(As)). Therefore, it only remains to estimate Pr(A4y) and Pr(Ags).
Using D; = lim, PiQi’l(z) for s = 1,2 as well as the formula

det [ ?32 51 } = det(Qy) -det(I — P,Q5 ' PiQ7 ") - det(Q1), one gets that condition
2 1

Ag is equivalent to the condition

@2(2) Pi(2)
lim o { Pa(z) Qi(2) ]
z—o0 det(Q2(2)) - det(Q1(2))

Because ()1 and (> are in Kronecker-Hermite form with deg;(P;) < deg;(Q;) for

=0.

j=1,...,m; and i = 1,2, this is equivalent to the condition that the highest column
. . . Q2 Pl QC2 PCl pCI .
degree coefficient matrix { P, O ] =| P, Q, O with Q., € FP*P,
hc 1
pC2 (Jcl

Pc1 c pr(mfl)’ PC2 c F(mfl)xp, ch c F(mfl)x(mfl)’ Pe, € prl’ Pe, € F1*x? and
e, € F*(m=1) s not invertible. Note that the Kronecker-Hermite form of ; implies
that Q., is lower triangular with all diagonal elements equal to 1 for i = 1, 2.

In the following, it should be shown per induction with respect to m + p that
Pr(Ag) = O(t) and Pr(Ap3) = O(t - Pr(As)).

The proof for the base clause m = p = 1 was already done in the previous subsection.
Now, consider the step from m +p — 1 to m + p.

Assume without restriction that m > 2. One expands

QCQ P01 pCl
det |: 61232 51 :| = ch Qc1 0
2 ! he pC2 qu 1

dey m—1Mpim—1 F Mptm, where M; denotes the minor that is formed by all rows
but the last and all columns but the i-th. Hence, one could distinguish two cases

along the last row and gets p., 1M —- - - %
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3.4 Circular Interconnection

for Ag. If M,4,, = 0, one has Ay = O(¢t) per induction. If M,,,, # 0, the set
{(Peg,is My), i = 1,...,0} U{(qey.i, Mpyi), © = 1,...,m — 1} contains an element
from (F \ {0})2. Hence, there either exists i € {1,...,p} such that p., ; is fixed by
the other values of the matrix or there exists i € {1,...,m — 1} such that g, ; is
unequal to zero (and hence, in particular, not fixed to zero by degree restrictions)
and fixed by the other values of the matrix. Consequently, Ay = O(t). For Pr(Aos),
consider the same two cases. For the second case, there is nothing left to do since
Aj is not influenced by the values of the last row of the above matrix and the
value that is fixed by condition A, is an element of this last row. Thus, A3 and
Aj are independent and the statement follows. For the first case, i.e My, = 0,
write P, = [P, p1] with P, € F[z]?*("=1 and p; € F[z]**'. Furthermore, set
Ay = {(]51, @2) not left coprime}. From previous computations (see Theorem 12),
one knows Pr(As) = O(t - Pr(As)) as well as Pr(A3) =t~ - Pr(A43) + O(Pr(As)). It
follows

Pras, . .=0(Aos) = O (Pr(As N {Mpym = 0})) = O(t - Pr(As N {Mp 1y = 0})) =
= O(t? - Pr(As3)) = O(t - Pr(43)).

Here, for the second equation, one uses that the elements of p., are not contained
in M,1,, (and hence, a condition on M,,, could not influence p;) and that the
additional condition one has considering A5 instead of A3 only consists of a restriction
for p;. The third equation follows per induction.

In summary, the probability of reachability is equal to

~ Pr(A3) +O(t - Pr(4s3)) _ 1_ tm 4 O(tm 1)

1 1+0(t) N 1+0(t)

=1—t"+ 0™

O

Corollary 16.
The probability that a feedback interconnection of two minimal systems is observable is
equal to 1 —t™ + O(t™+1).

Proof.

Similar to the computation of observability for a series connection of two systems,
the statement follows from the computation of the probability for reachability. Even
with the condition det(I — Dy D;) # 0 could be dealt in a similar way. Finally, note
that the number of outputs of the second system ps equals the number of inputs for
the first system m. O

Remark 21.

If one considers a circular interconnection of N minimal systems with strictly proper
transfer functions, the probability of reachability is equal to the probability that a series
connection of N minimal systems with strictly proper transfer functions is reachable.
This is due to the fact that in the strictly proper case, I — Dy --- D1 = I since Dy =
-+« = Dy = 0 and therefore, Ay = 0.
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3 Probabilities of Reachability and Observability for Interconnected Linear Systems

3.5 Partial State Reachability of a Series Connection of
three Systems

In [40], criteria for so-called partial state reachability of a series connection of
reachable strictly proper systems were provided. The notion of partial state reacha-
bility means that one is only interested in controling a subset of the node systems.
In this section, we focus on a special case also considered in [40], namely a se-
ries connection of three strictly proper single-input single-output (SISO) systems
(4;, B;, C;) € Frixmi x frixmi x FPixni for 4 = 1,2, 3 and so called (1, 3)-reachability,
i.e. it should be possible to steer the first and third system to arbitrary states while
the state of the second system is of no importance. To be able to use the theorems
provided in [40], we firstly, have to introduce and adopt some notation from there.

Definition 14.

A series connection of three systems is called (1, 3)-reachable if for each &, € F™ and
each &3 € T3, there exist T, € Ny and a sequence of inputs u(0), ..., u(7.) € F™ such
that x;(1. +1) =¢&; fori = 1,3.

Definition 15.

For ny € Nand f; € F for j = —oo,...,np, f(2) = Y02 f;7 is called trun-
cated Laurent series and the vector space of all truncated Laurent series is denoted
by F((271)). Moreover, we call w : F((271)) — F[z], f(z) = Y%, f;27 the projection
onto the polynomial part.

With these notations, we are now able to state the corresponding theorem from
[40] for the special case of single-input single-output.

Theorem 43. [40, Theorem 8]

The series connection of three reachable strictly proper SISO systems with transfer
functions Ci(zI — A;)™'B; = 245 € F(2) and ged(p;, ¢i) = 1 for i = 1,2,3 s (1,3)-
reachable if and only if F[z] = 6(2)F[z] + 7(d(2)F|z]), where § := ged(gs, p1p2) and
d .= PPz

q2

To make the criterion from the preceding theorem easier to handle, we want to
transform this criterion into a criterion on the coefficients of d and ¢.

Theorem 44.

Write §(z) = >_7° 6;27 and d(2) = Y_72_ _ d;2’ withns € No, ng € Z and §;,d; € F,
where 6,,, = 1 and d,, # 0. Moreover, set §; = 0 for j > ns and d; = 0 for j > ng.
The series connection of three reachable strictly proper SISO systems is (1, 3)-reachable

if and only if either ng = 0 or ng < 0 or ng,ng > 1 and for each n € Ny, there exist
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3.5 Partial State Reachability of a Series Connection of three Systems

n1,ne € Nq such that the matrix

do coe d_p, do 0
M = dn—ng dO 6n—n1 50 c ]F(7L+1) X (n1+n2+2)
dp, cor dp_n, On cee Openy
has full row rank.

Proof.

According to the preceding theorem, the considered interconnection is (1, 3)-reachable
if and only if for each h € F[z] there exist f,g € F[z] with h = 6 f + n(dg). If ns =0,
i.e. § = 1, this clearly is possible; simply choose f = hand g = 0. If ngy < 0,
i.e. d is a proper rational function, it holds 7 (d F[z]) = F|[z] (see beginning of the
proof of Corollary 9 in [40]) and the claim follows by choosing f = 0. Hence, it
only remains to consider the case ns,ng > 1. Therefore, write h(z) = Z?:o h;z7,
f(z) = X0%, f377 and g(z) = X272 g;27 with n,n1,n2 € No and hy, fj,9; € T,
where Ay, fn,, gn, 7 0. Then, (1, 3)-reachability is equivalent to the fact that for each
n € Ny and each h € F[z] with deg(h) = n, there exist ny,ns € Ny and f,g € F|z]
with deg(f) = ny and deg(g) = ny such that

hi=Y 0ificj+ . digio; for 0=1,....n,
=0

j=—c0

which is equivalent to

do ... d_n, 0o 0 g0
ho . . . . . :

: = dn—ng dO 5n—n1 50 9}1.02
b : S .
P N S S :

2 1 fn1

Thus, (1, 3)-reachability is equivalent to the fact that for each n € Ny, there exist
ny,ne € Ny such that the linear map defined by M is surjective and the proof is
complete. O

With the help of the preceding theorem, we could investigate what happens in
the special case that the second and third node system are scalar and the first node
system is of dimension less than three.

Theorem 45.
If ng = n3 =1 and n; < 2, the series connection of three reachable strictly proper SISO

systems is always (1, 3)-reachable.
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3 Probabilities of Reachability and Observability for Interconnected Linear Systems

Proof.

It holds ns = deg(d) < deg(gs) = ng = 1. If ny = 0, the statement follows directly
from the preceding theorem. Therefore, one only has to consider the case deg(d) =
1 = deg(gs) and hence, § = ¢g3. Since p}}% — 7r(d) is strictly proper, one has p1ps =
gz - 7(d) + r(d) with deg(r(d)) < deg(g2) = n2 = 1, i.e. r(d) is constant.

Assume that the interconnection is not (1, 3)-reachable, i.e. ng > 1 and there exists
n € Ny such that for each ny,n, € Ny, the matrix M (defined as in the preceding

do  do
1
theorem) has no full row rank. Especially, for ny = ns = 0,ifn > 1, M = 0
d, 0
has no full row rank and if n = 0, M = [dy do] has no full row rank. For n > 1,
this implies do = ... = d,, = 0, i.e. nq = 1, as well as dy — d10p = 0, i.e. —dq is

a zero of 7(d). For n = 0, it follows dy = dp = 0 and hence, —dy = 0 is a zero of
m(d), too. Since 0(z) = z + Jy is the minimal polynomial of —dy, one has in either
case that 0 | 7(d). Because § | p1p2 per definition, it follows § | r(d), which implies
r(d) = 0 since we already saw that r(d) is constant. But then, 7(d) = d = %22 is a
polynomial of degree at least one since it is divisible by §. Since ps /g is strictly proper,
this implies that p, is of degree at least two, a contradiction to deg(p;) < n; < 2.
Consequently, such an interconnection has always to be (1, 3)-reachable. O

3.6 General Networks

In this section, we want to investigate what general statements are possible if one does
not know the interconnection matrices K, L (and M), defined as at the beginning of
Section 1.2. As first result one has that the probability of reachability either is zero or
tends to one if the size of the field tends to infinity.

Theorem 46.

Let K, L be arbitrary but fixed matrices. The probability that (A, B) is reachable if
(4;, B;,C;, D;) are chosen randomly for i = 1, ..., N, is either equal to zero or 1 + O(t)
fort — 0.

Proof.

One has to show that if there is a choice of (A;, B;,C;, D;) fori =1,..., N such that
(A, B) is reachable, than (A, B) is reachable with probability 1 + O(t) for random
choice of (A;, B;,C;, D;). Let (A;, B;,C;, D;) for i = 1,..., N such that (A, B) is
reachable. Then, there is a subminor of R(A, B) that is nonzero. Consequently, if
you view this subminor as rational function in the entries of (A;, B;, C;, D;) with
coefficients depending on the entries of K and L, the numerator of this rational
function is not the zero polynomial. Hence, according to Lemma 3, the probability
that this subminor is equal to zero is O(t). Hence, the probability that R(.A, B) is not
of full row rank is O(¢) as well, and we are done. O
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In order to describe for which matrices K and L the probability of reachability is
equal to zero and in which cases it tends to one, we need the following definition.

Definition 16.

In the following, we view the N node systems of a network of linear systems as vertices
of a graph. Moreover, we add a N + 1-th vertex, called input node. We denote by 'k,
the directed graph where for i,j € {1,..., N}, there is an edge from vertex j to vertex
i if and only if K,; € FPi*™: is not the zero matrix and for i = 1,..., N, there is an
edge from the input node to vertex i if and only if L; € F™*™ is not the zero matrix.
In particular, the input node has no ingoing edges. Furthermore, we assume that I'k 1,
contains no self-loops, i.e. K;; =0fori=1,...,N. Avertex of I'k, is called accessible
if the graph contains a path from the input node to this vertex. Otherwise, it is called
nonaccessible.

For the proof of the following theorem, we will additionally need the following
definition.

Definition 17.

For an arbitrary field F, a matrix A € F*"*" is called structured if its entries a;; are
either fixed zeros or free variables from IF.

One defines the corresponding graph T'y = (V, E4), such that V = {1,...,N} and
Ex=A{(t,j) € V xV | ay; is a free variable}.

One can extend this definition to matrix pairs (A, B) € F"*" x F"*™ by setting
['(a,B) = I'(a p). In this case, the last m vertices can only have outgoing edges, which is
consistent with regarding them as inputs of the system (A, B).

One calls the pair (A, B) structural controllable if there exists a choice for the free
parameters such that one has reachability.

Theorem 47.

(a) If Tk, contains a nonaccessible vertex, (A, B) is not reachable, i.e. the probability
of reachability is equal to zero.

(b) If all vertices of Iy, are accessible, there exists s € N such that (A, B) is reachable
over the extension field F" of F with probability 1 + O(t") if r > s and with
probability zero if r < s.

Proof.

(a) Follows obviously from the definition of K, L and 'k ..

(b) For this part of the proof, we need some theory of structural controllability over
the field R, which could be found in [28], [29], [37] or [16]. It follows from
these papers that there is no choice for the free parameters in A and B such
that the pair (A, B) € R"*"™ x R™*™ is reachable if and only if I' 4 ) has a
nonaccessible node or [A B] has no full row rank for every choice of the free
parameters in A and B. Moreover, if one considers the proofs for this statement,
one could observe that they are also valid for a finite field F if its size is large
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enough (essentially it has to be possible to choose the free parameters in such
way that the eigenvalues of certain matrices are distinct). Hence, we could
apply this statement to the pair (A, B), which is structured by fixing K and
L and viewing the entries of (4, B, C, D) as free variables. Furthermore the
case that [A B] has no full row rank for every choice of (A, B,C, D) could be
excluded since the choice of A = I and B = D = 0 leads to [A B] = [I 0],
which clearly has full row rank independently of K and L. It remains to show
that if I'{ 4 ) contains a nonaccessible node, then I'-7, contains a nonaccessible
node. In the papers concerning structural controllability over R mentioned
above, it is stated that I'; 4 5) contains a nonaccessible node if and only if it

is of the form A = A Okxa—r) }, B= (Oka) for some 1 < k < 7.

Aoy Aso Bay
Since the entries of (A, B, C, D) are free variables, one could assume D = 0.
Ay Bi1KinCn  BiLy
In this case, one has [A B] = : . That
ByKn1Cy An ByLy
K and L are such that this matrix is of the nonaccessible form for all choices
of A and B, implies Ly = --- = L, = 0 for some integer 1 < r < N as well as
K,; =---=K,; =0for j > r+ 1. Hence, for ¢ < r, there is no path in 'k,

from the input node to vertex i and thus, Ik ;, contains a nonaccessible vertex,

Remark 22.

Structural controllability over a finite field F has already been studied in [38]. But there,
it was assumed that B is fixed (consisting of pairwise different unit vectors) and only A
is structured. Under these assumption, for several structures of A, lower bounds for the
required field size to achieve structural controllabiliy were given.

3.7 Homogeneous Networks

In this section, we somehow reverse the question under investigation. So far, we fixed
the interconnection matrices K, L and M and chose the node systems randomly. Now,
we want to choose the interconnection matrices randomly. This is easily possible
for so-called homogeneuos networks since - as we will see - the choice of the node
systems does not influence the reachability of such a network.

Definition 18.

A network is called homogeneous if the node systems are identical minimal strictly
proper single-input single-output (SISO) systems, i.e. (A;,b;,¢;) = (A4,b,¢) € FP*™ x
F" x F1*" fori =1,..., N with (A, b, ¢) reachable and observable.

Theorem 48. [14], [19]

For homogeneous networks, (A, B, C) is reachable/observable if and only if (K, L, M)
is reachable/observable. In particular, reachability/observability only depends on the
interconnection structure and not on (A, b, ¢).
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Since all node systems of a homogeneuos network are SISO, one has p; = m; = 1
and consequently, K;; € Fand L; € F**™ fori,j € {1,...,N}.

Combining the previous theorem with the probability estimations of the pre-
ceding sections, one could compute the probabilities of reachability, observability
and minimality for a homogenous network with randomly chosen interconnection
structure.

Corollary 17.
For random (K, L, M) € FNXN x FNxm » FPXN " the probability that a homogeneous
network (consisting of N SISO systems) is

(i) reachable is equal to [[" ™1 (1 — t9) = 1 — t™ + O(t™+1),

J=m

(ii) observable is equal to ij;;p_l(l —t7) =1—tP + O(tPth),

(iii) minimal is equal to 1 — tP — t™ + O(t™in(m.p)+1),
Next, structured matrix pairs (K, L) should be considered. For the case that one
could partition the node systems into blocks which cannot influence each other (i.e.

a system could only influence other systems that are in the same block), one gets
structured matrices K and L as in the following corollary:

Corollary 18.

Let (K;,L;) € Frixni x Frix™i for ¢ = 1,...,r with N = ny + --- + n, and
m = my + --- + m, be randomly. Then, the probability that the homogeneus net-
work with

K 0 Ly
0 K'r L’I"
is reachable is equal to
m—+1 r
1-— t"™ 4+ 0 ().
> () ot

Proof.

The theorem follows from the fact that the sought-after probability is equal to the
probability that the parallel connection of random matrix pairs (K;, L;) € F™i*™ x
Frix™i for 4 = 1,...,r is reachable. O

3.8 Conclusion
In this chapter, we used probability estimations for coprimeness conditions on polyno-
mial matrices to calculate the probabilities of reachability, observability and minimal-

ity for different kinds of networks of linear systems. For many of the computations,
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3 Probabilities of Reachability and Observability for Interconnected Linear Systems

we could resort to results from the preceding chapter or could at least adapt counting
methods from there.

However, linear systems theory is not the only field, where polynomial matrices
are of interest. For example, especially polynomial matrices over finite fields play an
important role in coding theory, in particular for the investigation of convolutional
codes. However, since convolutional codes are closely related to linear systems, in
most of the applications contained in the following chapter, we do not need to go back
to polynomial matrices but could transfer the results on networks of linear systems
quite directly to interconnected convolutional codes. This fact, was important for the
choice of the interconnection structures which we considered throughout this chapter.
The networks, we focused on are not only some standard examples of networks but
could also be found in the coding literature used to concatenated convolutional codes,
see e.g. [2], [3], [7], [9], [12], [24].
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Chapter 4
Applications to Coding Theory

The results concerning polynomial matrices from Chapter 2 as well as those con-
cerning reachability and observability of linear systems from Chapter 3 could be
transferred to probability calculations in the area of coding theory.

Referring to linear systems the most obvious connection could be drawn to convo-
lutional codes since one could define these codes in terms of a linear system. When
considering block codes, no polynomial matrices occur but only constant matrices.
Although this implicates that it is not possible to transfer results from the preceding
chapters directly, one could use similar counting methods to calculate probabilities of
important properties in this field.

In the first section of this chapter, we introduce the basic notions and statements
relating to the theory of block and convolutional codes.

In Section 4.2, it is explained how one could construct a convolutional code out
of a linear system and what are the implications of this linear system representation
of the corresponding code.

In Section 4.3, we consider one convolutional code and calculate the probability
that it is non-catastrophic, which is a crucial property of such a code.

In Section 4.4, we look at interconnections of several convolutional codes. We do
this with the help of Theorem 10, which we transfer to the situation of convolutional
codes. In the various subsections, we consider different examples of interconnected
convolutional codes occurring in the coding literature. We calculate their probabil-
ities of being represented by a linear system in a minimal way and moreover, the
probability of being non-catastrophic.

In Section 4.5, we investigate another type of interconnected convolutional code
but now, with one of the two constituent codes being a block code and the other
being a convolutional code. After considering the non-catastrophicity of such a code,
we estimate the probability that it is of maximum distance profile.

In the following Section 4.6, we continue this examination by computing a lower
and an upper bound for the probability that a general convolutional code is of maxi-
mum distance profile.

In Section 4.7, we do the analogous consideration for block codes, i.e. derive
bounds for the probability that a block code is MDS.

Finally, in Section 4.8. we take a look at random linear network coding and
calculate the probability of finding a solution for a network coding problem, at first
for the case of delay-free acyclic network coding and then for the case of memory-free
convolutional network coding.
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4 Applications to Coding Theory

4.1 Definitions and Basics about Block and Convolutional
Codes

This section gives a short overview about the definitions and properties concerning
block and convolutional codes to lay the foundations for the calculations of the
following sections. Because—as we will see later—block codes could be viewed as
a special type of convolutional codes, we will start with defining and investigating
block codes.

Definition 19.
A [n, Kk]-block code B is a k-dimensional subspace of F", i.e. there exists G € F"** of
full column rank such that

B = {v € F" | v= Gufor some u € F*}.

G is called generator matrix of the code and is unique up to right multiplication with
an invertible matrix U € Gl(F). Furthermore, u € F* is called message vector and
the elements v € B are called codewords.

That G is of full column rank implies n > k, i.e. a codeword contains redundancy
and thus, more information than the original message to enable error detection and
correction. Important for the performance of a code in terms of error-free decoding
is the minimum distance between two codewords. Since we consider linear codes,
this value could be expressed by the Hamming weight of the codewords.

Definition 20.
The Hamming weight wt(v) of v € F™ is defined as the number of its nonzero compo-
nents.

Definition 21.
The minimum distance of a block code B is defined as

It is desirable to achieve a minimum distance that is as large as possible. However,
this means that one also needs a large number of codewords and/or sufficiently long
codewords. This fact is implied in the following theorem.

Theorem 49. (Singleton bound)
For every [n, k]-block code B, it holds d,,;,(B) <n —k + 1.

Surely, a code will in some sense have optimal parameters if it attains the Singleton
bound, which draws particular interest to this kind of codes.

Definition 22.
A [n, k]-block code B is called maximum distance separable (MDS) if d,in(B) =
n—Fk+ 1
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For our probability estimations in later parts of this chapter, we will use the
following characterization of MDS codes in terms of the corresponding generator
matrix.

Theorem 50. [8, Theorem 1]

Let G = IPk € F"** be a generator matrix for the block code 8. Then, B is a MDS

block code if and only if every square submatrix of P is nonsingular.

Next, we want to consider so-called convolutional codes, which are obtained if
one works over the ring of polynomials F[z] instead of working over F, as done for
block codes.

Definition 23.
A convolutional code € of rate k/n is a free F[z]-submodule of F[z]|"™ of rank k. Hence,
there exists G € F[2]"** of full column rank such that

¢ = {v € F[2]" | v(z) = G(2)m(z) for some m € F[z]"}.

G is called generator matrix of the code and is unique up to right multiplication with
a unimodular matrix U € Gl (F[z]).

In contrast to block codes, one has a third parameter characterizing a convolu-
tional code, namely the so-called degree of the code.

Definition 24.

Let vy, ...,vy, be the column degrees of G € F[z]"*k. Then, v := vy + -+ + v}, is called
the order of G. The degree ¢ of a convolutional code € is defined as the minimal order
of its generator matrices. Equivalently, one could define the degree of € as the maximal
degree of the k x k-minors of one and hence, each generator matrix of €.

Theorem 51.
It holds v = ¢, i.e. G is a minimal basis of €, if and only if G is column proper.

Next, we define a very important property of a convolutional code, namely the
so-called non-catastrophicity. This quality of a code will be crucial for our later
considerations since its probability could be deduced from former calculations of this
dissertation.

Definition 25.
A convolutional code € is called non-catastrophic if one and therefore, each of its

generator matrices is right prime.

As for block codes it is important to consider distance properties of convolutional
codes.
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Definition 26.

For v € F[z]™ with deg(v) = ~, write v(z) = v9z” + --- + v, with v, € F" for
7=0,...,yand set v, = 0 € F" for 7 > v + 1. Then, for j € Ny, the j-th column
distance of a convolutional code € is defined as

dJC(QZ) = Iunené {Z wt(vg) | v £ 0} .
t=0

Moreover; dfree(€) = lim;_, o de(Qi) is called the free distance of C.

There exists an analogue to the Singleton bound for convolutional codes as stated
in the following theorem.

Theorem 52. [34] (Generalized Singleton bound)
For a convolutional code € of rate k/n and degree ¢, it holds

dpree(€) < (n— k) Ql‘iJ + 1) +6+1.

Again, we are interested in codes with good distance properties but now not only
in those reaching the generalized Singleton bound but also in those whose column
distances are optimal.

Definition 27. [25]
A convolutional code € of rate k/n and degree ¢ is called

(i) maximum distance separable (MDS) if

dree(€) = (n — k) QIiJ + 1) +0+1,

(ii) of maximum distance profile (MDP) if

de(Qj):(n_k)(j+1)+1 forj=0,....,L withL = {ﬂ +{ni/€J’

(iii) strongly MDS if

dﬁ;}(@):(n—k)QZJ +1)+5+1 with M = {ZJ + {nfkw

We conclude this section with possibilities to check the distances properties of a
convolutional code.

Theorem 53. [11, Theorem 1.3]

Let G(z) = Y| G;z" € F[z]"** be the generator matrix of a convolutional code
Go 0

with degree ¢ and define G = - where G; = 0 for i > u. Then, the
Gr ... Gp

corresponding convolutional code is of maximum distance profile if and only if every

full size minor of G that is not trivially zero, i.e. zero for all choices of G1,...,Gy, is
nongero.
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Remark 23. [8]
(i) Every strongly MDS code is a MDS code.

(i) If n — k divides 0, a convolutional code € has maximum distance profile if and
only if € is strongly MDS.

4.2 Correspondence between Linear Systems and Convo-
lutional Codes

The aim of this section is to explain how one could construct a convolutional code
based on a linear system (see [35]). To this end, we start with a linear system
(A, B,C, D) € Fs*s x Fsxk x F(n—k)xs » R(n=k)xk and define

L 2l — A Osx(n—k) —-B
H(z) .—{ _C I p |

The set of (g) € F[z]” with y € F[z]"~* and u € F[z]* for which there exists

x € F[z]* with H(2) - [#(2) y(2) u(2)]T = 0 forms a submodule of F[z]" of rank k and
thus, a convolutional code of rate k/n, which is denoted by €(A, B, C, D).

Moreover, if one writes z(z) = zo2" + -+ + 2, y(2) = yoz” + -+ + y, and
u(z) = upzY + - - - + uy with v = max(deg(z), deg(y), deg(w)), it holds

Tr41 = Az, + Bu,

yr = Czr + Du,
(r,Yr,ur) =0 for 7 > ~.

Furthermore, there exist X € F[z]*** Y € F[z]»~®)*F U ¢ F[z]*** such that
ker(H(z)) = im[X(2)" Y(2)" U(2)"]" and G(z) = (Y(Z)> is a generator ma-

U(z)
trix for € with C(21 — A)"'B+ D =Y (2)U(z) L.
Conversely, for each convolutional code € of rate k/n and degree ¢, there exists
(A,B,C,D) € Fs*s x Fsxk x Fn—k)xs y R(r=k)xk with s > § such that ¢ =
¢(A, B,C, D). Moreover, it is always possible to choose s = §. In this case, one calls
(A, B,C, D) a minimal representation of €.

The following two theorems from [35] are of special interest for us since they
show how reachability and observability of linear systems, which we investigated in
the preceding chapter, are related to properties of the corresponding convolutional
code.

Theorem 54. [35]
(A, B,C, D) is a minimal representation of €(A, B, C, D) if and only if it is reachable.

Theorem 55. [35]
Assume that (A, B,C, D) is reachable. Then €(A, B, C, D) is non-catastrophic if and
only if (A, B,C, D) is observable.
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Since a convolutional code might have different realizations, partly minimal and
partly not, we will need the following theorem to be able to compute the probability
of non-catastrophicity for a convolutional code.

Theorem 56.
If (A, B,C, D) is a minimal representation of a convolutional code €, the set of all
minimal representations of € is given by {(SAS~!,SB,CS~1, D) | S € Gls(F)}.

Proof.
Clearly, (SAS—!,SB,CS~!, D) is a minimal representation of €. On the other hand,

let (A, B,C, D) and (/1, B,C, D) be minimal representations of €. Set K := <_I) ,

0
A 0 B . = = ~

L= c and M = | = I D and define K, L and M analogously. It follows
from Theorem 3.4 of [33] (or from Theo~rerp 6.7 of [32]) that there exist (unique)
invertible matrices S and T such that (K, L, M) = (TKS~', TLS~',TM). Write

[ T
r= [ T3 Ty
T3 = 0. Inserting this into the second equation, leads to A = SAS™! + T,CS™*
and C = TyC'S~'. Finally, the third equation yields T, = 0, Ty = I and using this
B =SBaswellas D = D. O

]. Thus, the first of the preceding equations, implies 77 = S and

In Theorem 53, we characterized the MDP property of a convolutional code in
terms of its generator matrix. But it is also possible to describe this property using a
linear system representing the code.

Theorem 57. [11, Corollary 1.1]
The matrices (A, B, C, D) generate a MDP convolutional code if and only if the matrix

D o ... O
CB P . Co
Fr, = has the property that every minor which is not
: .0
CAY='B ... CB D

trivially zero is nonzero.

Remark 24.

(D) It is also possible to make the considerations of this section for the case § = 0.
In this case, a minimal representation consists only of the matrix D because the
matrices A, B and C have zero rows or columns, respectively, and hence, these
matrices do not exist. If one uses the convention that non-existing matrices have
every property, one has that the corresponding linear system is always minimal.
This corresponds to the fact that a representation with s = 0 is always a minimal
representation as well as to the fact that a generator matrix of a convolutional
code with degree 6 = 0 is constant and of full column rank and therefore, always
right prime. Moreover, one has H = [I — D], and for every U € Gl (F) and
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4.3 Probability of Non-Catastrophicity for a Convolutional Code

Y := DU, it holds that G;) is a generator matrix for the code with D = YU 1.

The corresponding linear system only consists of the equation y; = Dus.

(i) Actually, the set of generator matrices for convolutional codes of degree 0 and rate
% coincides with the set of generator matrices for [n, k]-block codes. The first one is
a submodule of F[z]™ and the second a subspace of F™ but the two are isomorphic.
This fact will be of interest in Section 4.5.

4.3 Probability of Non-Catastrophicity for a Convolutional
Code

With the help of the theorems from the previous section, it is possible to transfer
the probability results for linear systems to probability results for convolutional
codes. As in the preceding chapter, we firstly consider just one convolutional code.
Since we have to avoid system matrices with zero rows or columns, in this and the
following section, all occuring convolutional codes are assumed to have positive
degree. Convolutional codes of degree 0, which are basically the same as block codes
(see Remark 24 (ii)), are treated in Section 4.5.

Theorem 58.
The probability that a convolutional code €(A, B,C, D) of rate k/n and degree § > 1 is
non-catastrophic is equal to

e _ Pr((A, B,C, D) reachable and observable)
n—kdk Pr((A, B, C, D) reachable)
=1—t""Fo@rr. (4.2)

= 4.1)

Proof.

Equations (4.1) and (4.2) are simply the statements from Lemma 13 and Theorem
12. Hence, it remains to show that the probability of

non-catastrophicity is equal to one of the expressions from (4.1). Consequently, there
are two possibilities to prove this theorem.

The first way is to show that the probability of non-catastrophicity is equal to ;¢ .
From the previous subsection, one knows that there exists

(A, B,C, D) € F0*0 x foxk x R(n=k)xd » |(n=k)xk sych that € = ¢(A, B,C, D) and a

generator matrix of € of the form G = with C(2I — A)"'B+D =Y (2)U(z)"".

Y

")
Since G is of full column rank and unimodular equivalent generator matrices define
the same convolutional code, one could assume that U is in Kronecker-Hermite form.
In particular, it is column proper and because YU ! is proper, it follows from Lemma
1 that deg;(Y) < deg;(U) for j = 1,...k. Finally, one knows from Theorem 51 that
deg(det(U)) = J. Consequently, G € M(n — k,d,k) (see Definition 12) and since
non-catastrophicity of € is equivalent to right primeness of G, the statement follows.
A second way to prove this theorem is to use Theorem 55 and Theorem 56. These
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theorems imply that the probability of non-catastrophicity is equal to the right hand
side of equation (4.1). O

Remark 25.

(i) Combining ways one and two of the proof for the preceding theorem, leads to an

alternative proof for Lemma 13.

(i) The probability that a convolutional code of rate 1/n and degree § > 1 is non-
catastrophic is (exactly) 1 —t"~ 1,

(iii) With the same argumention as in Example 2 (i), one gets that the probability
that a c}gnvolutional code of degree 1 and rate % is non-catastrophic is (exactly)
1 -t "

(iv) Since each matrix from F™** of full column rank is right prime, every convolutional
code of degree 0 is non-catastrophic (see Remark 24 (i)).

If one only fixes the rate of a convolutional code and chooses the degree randomly,
i.e. there are no degree bounds for the polynomial entries of the generator matrix, the
corresponding probability of non-catastrophicity could be expressed by the natural
density.

Remark 26.
The natural density of a convolutional code of rate % to be non-catastrophic is equal to
n—1 i

Hj:n—k(]' - tj)'
Proof.
The statement follows from Proposition 6 of [17], which states that the natural
density that a square matrix has a constant nonzero determinant is equal to zero.
Therefore, the natural density that all square submatrices of an arbitrary polynomial
rectangular matrix have a determinant equal to zero is zero, too. Thus, the natural
density that a generator matrix of a code, i.e. a matrix containing a square submatrix
with determinant unequal to the zero polynomial, is right prime is equal to the
natural density that an arbitrary polynomial matrix is right prime.

O

4.4 Interconnected Convolutional Codes

In this section, we want to consider interconnected convolutional codes. To this end,
we start with transferring Theorem 10 to the situation of convolutional codes. Doing
this, one achieves the following theorem:

Theorem 59.
Let €; = €(A;, B;, C;, D;) be non-catastrophic with (4;, B;, C;, D;) minimal for i =
1,..., N. With the same notation as in Theorem 10, set

A=A+ BK(I - DK)™'C
B=B(I—-KD) 'L
C=M(I-DK)'C
D=M(—-DK)"'DL+J
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and consider coprime factorizations C;(zI — A;)"'B; + D; = P;(2)Qi(2) %
If det(I — DK) # 0, one has:

1. (A, B,C,D) is a minimal representation of €(A, B,C, D) if and only if (Q(z) —
KP(z), L) are left coprime

2. (A,B,C,D) is a minimal representation of € = €(A,B,C,D) and ¢ is non-
catastrophic if and only if (Q(z) — KP(z),L) are left coprime and (Q(z) —
KP(z), MP(2)) are right coprime.

In the following, this theorem should be applied to some interconnection struc-
tures used to connect convolutional codes. The first two interconnection models draw
our interest since they were used in [7], where sufficient criteria for (A, B,C, D) to
be a minimal representation of €(A, B,C, D) were provided.

4.4.1 Series Connection of two Convolutional Codes

In this model, the interconnection matrices are

- 0 O | Iy -
K|:Ik2 0:|7 L|:0:|7 M*ITL27

where ky = ny — k; because the output of the first input serves as input for the second
system. Since the matrices K and L are the same as in Example 1 (b), and M is not
relevant for the reachability of the interconnection, the corresponding probability is
the same as in Theorem 34. Hence, one gets:

Theorem 60.
Let (A, By, C;, D;) € Foix0i 5 fdixki o (ni—ki)x0i o p(ni=ki)xki he minimal represen-
tations of the non-catastrophic convolutional codes €(A;, B;, C;, D;) for i = 1,2. Then,

the probability that (A, B,C, D) is a minimal representation for the series connected
code €(A, B,C, D) is equal to

1—t" 4O (tht).

Since M = I, the observability of (A;, B;, C;, D;) obviously implies the observ-

ability of (A, B,C, D). This could also be seen using Theorem 10: Q;ﬂ[gP =
Ql 0 Ql 0
P Qe is right prime if and only if P 0 is right prime, which is true
P 0 0 Q2
0o P 0 P

since % are right prime. Thus, one has:
3

Theorem 61.
Let (A, By, C;, D;) € FOix0i 5 F0ixki s (ni—ki)x0i o (ni=ki)xki he minimal represen-
tations of the non-catastrophic convolutional codes €(A;, B;, C;, D;) for i = 1,2. Then,
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the probability that (A, B,C, D) is a minimal representation for the series connected
code €(A, B,C,D) and that €(A, B,C, D) is non-catastrophic is equal to

L—th 4+ 0 (¢,

Furthermore, the probability that this interconnection is minimal is equal to the
probability that the single systems are minimal and P, and @, are left coprime.
According to Theorem 27 and Theorem 34, this probability is

2
i=1
-1— 2tk1 _ 2tk‘2 _ tng—kg + O(tmin(kl,kg,ng—kg)—&-l)

since n; — k1 = ko. Hence, one has the following theorem:

Theorem 62.

Let (A;, B;,Ci, D;) € F0ix0i 5 Roixki 5 R(ni—ki)xdi o R(ni—ki)xki pe randomly for
i = 1,2. Then, the probability that (A, B,C,D) is a minimal representation for the
series connected code €(A, B,C, D) and that €( A, B,C, D) is non-catastrophic is equal
to

1— 2tk _gphs _ym—k1 4 O(tmin(k17k2,n2—k2)+1)_

Remark 27.

In [7], where this interconnection structure was introduced, it is shown that rk(D;) = k1
is a sufficient condition to lower bound the free distance of the concatenated code by the
free distance of the second code.

According to Lemma 4, the probability that this condition is fulfilled is equal to
H?;;fl—m’cl-l-l(l ) = 1 gm2atl L Om=t2) for g~k > ky and zero
otherwise. If ny — 2k +1 > ky, i.e. k1 < "1T+1, the probability that the interconnection
of minimal systems is reachable and the condition k(D) = k; is fulfilled is still equal
to 1 — t*1 4+ O(t*1+1). The same holds for the probability that an interconnection of
minimal systems with rk(D;) = k; is reachable. But to compute these probabilities for
"1T+1 < ky < %, it would be necessary to investigate how the condition rk(D1) = ki
influences the condition that P; and Q2 have to be left coprime, which seems to be quite

difficult.

4.4.2 Parallel-Series Connection of two Convolutional Codes

In a parallel-series connection the input for the second system consists not only of
the output but also of the input of the first system. Hence, one has ks = n; and the
interconnection matrices are

0 0 I,
K= Ik}2*]€1 0|, L= 0 , M= na—ki-
0 0 I,
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4.4 Interconnected Convolutional Codes

QQQ
where Qg1 € F[2]("1=F1)%k2 and Qg9 € F[2]F1**2, the criterion for reachability of the
interconnection is that

As det(I — DK) = 1 # 0, Theorem 59 could be applied. With @, = { @21 }

Q1 0 0 0] I Q. 0 I
[Q - KP L] = 0 Q21 — P1 0 0 = —P1 le 0
0 ng 0 O I 0 QZQ 1
. Do . o =P Qa1 | . :
has to be left prime, which is true if and only if 0 Q is left prime.
-G @22

Theorem 63.

Let (A, B;, Cy, D;) € Foix0i x Foixki 5 Rni—ki)xdi o p(ni—ki)xki be minimal repre-
sentations of the non-catastrophic convolutional codes €(A;, B;, C;, D;) for i = 1,2.
Then, the probability that (A, B,C, D) is a minimal representation for the parallel-series
connected code €(A, B,C, D) is equal to

1—t" 4O (th ).

Proof.

According to the proof of Lemma 13, one has to show that the probability that

[ A } is left prime under the condition that [ @ } are right prime for
—Q1 Qa2 P;

i=1,2,isequal to 1 — tF1 + O(tF+1),
One proceeds as in the proof for a series interconnection of linear systems and
therefore, defines A; := {(P;, @;) not right coprime} for i = 1,2,
-P Qxn
Az =
2= 0 Qu
probability is equal to

} not left prime} and A;; := A; N A;. Then, the sought-after

L Pr(As) — Pr(A;3) — Pr(Ags) + Pr(A;23)
1— PI‘(Al) — PI‘(AQ) + PI‘(Alg) '

At first, Pr(Ajs) should be computed, which is equal to the probability that { Q1 Qo ]

P Qxn
is not left prime since changing the sign of columns and interchanging rows does not
affect the property to be left prime.

One defines Qg = { Q22 } and considers

Q21
_ | @ pu| _| @ 5 I 0

=[5 at]=[% e[} &)

I

0 Us
defines Q¥ := Q,U, to be the Hermite form of Q;.

where Q4 is in Hermite form and U := { } is unimodular. Furthermore, one
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4 Applications to Coding Theory

Choose z, € F such that G(z,) is not of full row rank. At first, one wants to eliminate
the entries of ); that are fixed (zeros or ones) due to degree constraints. Therefore,
consider the rows whose diagonal elements are constant equal to 1; denote the
indices of these rows by i1, ...,is with 0 < s < k; — 1 (since deg(det(Q1)) = 61 > 1).
It follows that the other elements of ); that are in one of these rows are identically
zero. The same holds for the entries of the columns i4,...,7, that are above the
diagonal. By adding appropriate multiples of rows i1, ..., is of G(z.) to rows further
down, one could achieve that all entries in the columns i1, ..., ¢ but the ones on the
diagonal are nullified. Thus, one could delete the rows and columns with indices
i1,...,1s without changing the property that the matrix has no full row rank at z..
Denote the matrix that is achieved by this row operations and deletion process by G.
The remaining entries of Q; and P; in G are unchanged as well as the entries of Q¥
that are on the diagonal or above. Moreover, in Q4 , only rows have been deleted
(while in P;, only columns have been deleted), which affects that the remaining part
of it is no longer lower triangular but has a echelon form. Hence, the number of fixed
zeros at the end of a row of G is strictly decreasing with the index of the row and the
last entry of each row that is no fixed zero is a (unchanged) diagonal element of the
matrix Qf . Furthermore, the difference of a entry of Qf (below the diagonal) in G
and the corresponding entry in G is a sum of products of entries that were deleted
when constructing G out of G. Consequently, if we fix the deleted entries, a entry of
G is fixed at z, if and only the corresponding entry of G is fixed at z,.
Therefore, it is possible to treat G(z,) with the same iteration procedure as the
matrix [P, Q] in the proof for a series interconnection of linear systems. Here, the
remaining parts of (J; and P; play the role of P; there, which is possible since all
fixed zeros or ones (due to degree conditions) in ); have been deleted, and the
remaining part of Q4 plays the role of Q4 there. Hereby, the echelon form ensures
that adding multiples of a row to rows further down does not change the last entry
of a row that is no fixed zero, i.e. the diagonal entries of Q4 that are contained in
G remain unchanged. Assume that the iteration stops in the row which had index
i in the original matrix G and index 7 in G. Then, one has k; +i —1—s— (i — 1)
polynomials (from Q; or Q2 for i < k; and from P, or Qf for ¢ > k) that are fixed
at z, by the other entries of GG. Moreover, the ii-entry of Q¥ is fixed to zero, which
additionally, leads to the factor t"* ~% according to (2.1) (see also proof of Theorem
19). Consequently, the probability is O(tk1—s+i=i+m =) = O(tF+1) if ny — s — i > 1.
G has n; — s rows. Hence, if the iteration stops before the last row of G, one has
i < ny — s and therefore, the probability is O(t* 1), If i = ny — s, i.e. the iteration
continues till the last row, one has k; +n; — s — (3 — 1) = ky + 1 polynomials that
are fixed at z,, which gives a factor for the probability of at least t*1. Hence, if Q¥ or
Q¥ have no simple form, which contributes a factor that is O(t), the probability is
O(tk+1),
Q1 I, 0

T Gkal - Gk
above, we eliminate the fixed zeros and ones (due to degree restrictions) in Q; by
constructing the matrix G. Again, denote the indices of the deleted rows in G by
i1,...,1s. Furthermore, setm; := j+ {4y < j, l=1,...,s}[forj=1,... k1 +ka—s

If Q¥ and Q¥ are of simple form, G is of the form . As
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4.4 Interconnected Convolutional Codes

to achieve §;j = gm,m, fori =1,..., ks —sand j = 1,...,k + k2 — 5. One gets

that G(z,) is not of full row rank if and only if G(z,) is not of full row rank. This

is true if and only if pflll)_kl’mi(z*) = Gky—s,i(2e) = 252 11 ® Gjiha,m, (22) for i €

{1,k = 8} Grasivki—s(2) = Y020 Gy —slham, (2:) fori € {in, ... is}
and g, k,(2+) = 0. Since the difference of § Gko—s,ithk,—s(2+) and G, i(zs) is a sum
of products of the values at z, of entries that were deleted when constructing G
out of G, the k; + 1 polynomials pn Jforie {1, ki \ {i1,... 05}, Gr,,i for
i € {i1,...,is} and G, x, are fixed at z* by the values of the other entrles of G(z.).
Proceedmg as in the part of the proof for Theorem 12 concerning simple form (see
also proof for series connection of two systems), one gets that the probability for
these conditions is equal to t** +O(t¥1+1) and hence, Pr(A3) = tk1 + O(t*1 1), too. It
is already known that Pr(A,) = O(t*2) = O(t***1). Thus, it only remains to compute
Pr(A;3). As in the case of series connection, one has only to consider simple form.
Moreover, it is known that the corresponding matrices lie in A; if and only if there
exists 2, € Fwith ¢, (2) = Y0, pyul) () = - = ol ) (2 =
Again, as in the proof for series connection, there exists [y such that u, &, (2.) # 0
and gqy,,;, # 1. Therefore, Iy ¢ {i1,...,4s} and the doubly fixed polynomial pi}fﬁ koo
has an upper bound for its degree of at least 1, which ensures that Lemma 7 (c) could
be applied to it. Still following the lines of the proof for series connection, one gets
Pr(A3) = O(t***1) and finally, 1 — t** 4+ O(t*+*Y) for the desired probability. [

As in the previous subsection, one has M = I and therefore, the observability of
(A;, B;, Cy, D;) for i = 1,2 implies the observability of (A, B,C, D). If one wants to
show this with the help of Theorem 10, one needs the right primeness of

Q1 0
0
Q- KP P Qn ?gl
[ VP } = 0 @22 |, which is given since 01 0 is right prime.
P 0 %
01 P, 0 P

Thus, one has:

Theorem 64.

Let (A, By, Cy, D;) € Foix0i x Roixki 5 Rlni—ki)xdi o (ni—ki)xki be minimal repre-
sentations of the non-catastrophic convolutional codes €(A;, B;,C;, D;) for i = 1,2.
Then, the probability that (A, B,C, D) is a minimal representation for the parallel-series
connected code €(A, B,C, D) and that €(A, B,C, D) is non-catastrophic is equal to

1=t 40 (th ).

Furthermore, the probability that this interconnection is minimal is equal to the
P Qx
—@Q1 Q2

Hence, analogous to the previous subsection, one has the following theorem.

probability that the single systems are minimal and { } is left prime.

125



4 Applications to Coding Theory

Theorem 65.
Let (A;, By, Ci, D;) € T0ix0i 5 Roixki 5 F(ni=ki)xdi o @(ni=ki)xki pe randomly for
i = 1,2. Then, the probability that (A, B,C,D) is a minimal representation for the
parallel-series connected code €( A, B,C, D) and that €(A, B,C, D) is non-catastrophic
is equal to

2

=1

— 1 _ thl _ tk2 _ tn17k1 _ tnsz}g + O(tmil’l(kl7k}2,’ﬂ17’€1,n27k2)+1)’

4.4.3 Interleaved Parallel-Series Connection

The most frequently occuring type of series connection in the coding literature (see
e.g., [31, [12]) is given by interconnection matrices of the following form:

0 0 I,
K = m 0 , L= 0 5 M = [O In2—k2]
0 0 )

with permutation matrices m; € Sk,_k, and my € Si,. We call this a interleaved
parallel-series connection. The difference to a parallel-series connection is that the
second part of the input vector for the second system is not necessarily identical
with the input vector for the first system but its entries are a permutation of the
entries of the input vector for the first system. Again, it holds det(/ — DK) =1#0
and Theorem 10 could be applied. One gets the criterion that the interconnection
TP
maQ1

probability for that is not affected by the values for 7; and 75 and hence, one has:

Theorem 66.

Let (Aj, B;, Cy, D;) € F0ix% x Foixki 5 p(ni—ki)x0i ¢ p(ni—ki)<ki be minimal repre-
sentations of the non-catastrophic convolutional codes €(A;, B;, C;, D;) for i = 1,2.
Then, the probability that (A, B,C, D) is a minimal representation for the interleaved
parallel-series connected code €( A, B,C, D) is equal to

11—t + 0 (th ).
The most frequently occuring type of parallel connection is also an interleaved

one (see e.g., [2], [41]). In the coding literatur, such interleaved parallel connected
codes are called turbo codes and will be considered in the following subsection.

is reachable if and only if [ Qz} is left prime. If P; and @); are randomly, the

4.4.4 Turbo Codes
For this type of network of convolutional codes, the interconnection matrices are

1
K=0, L=| : |, M=I

TN
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4.4 Interconnected Convolutional Codes

with m; € S, fori=1,..., N. Again det(I — DK) = 1 # 0 and Theorem 10 implies
that this interconnection is reachable if and only if

Q1(2) m
[Q(z) - KP(2) L] = ‘ :
Qn(z) 7N
is left prime. Subtracting 7; - 7, ' times the first block of rows from the i-th block for
I Q1 m
, ) ) —mom; 'Q1 Q2 0 i
i =2,..., N, transforms this matrix to . . . , which
| v Q1 Qn 0
is left prime if and only if the following chain of matrices is left prime:
- -1
_1 —momy Q1 Q2 0
—ToT 0 z
2 k Q1 Q2 0 ey Qs
- - ‘
1 : :
T _
N7 Ql QN i 0 —TNT 1Q2 QN
—mom; Q1 Q2 0
L 0 —TNTN QN1 QN
[ty 75 Qs 0
L 0 —mn QN1 TN QN
This is true if and only if 7, 'Q1, ..., 75" Qx are mutually left coprime.
Remark 28.
(i) Very often turbo codes are used which consist of an interconnection of identical
codes, i.e. one has Q1 = --- = Q. In this case, it is necessary that the matrices

m; are pairwise different, which is not possible for k! < N, i.e. in particular, in the
case of single-input, where k = 1.

(ii) If the polynomial matrices QQ; are arbitrary, the probability that
T 1Q.,. ..WJQIQN are mutually left coprime is equal to the probability that
Q1, - ..,QN are mutually left coprime.

If one wants to compute the probability that a interconnected system representing
a turbo code is reachable, it is easier not to apply Theorem 10 with K and L
as defined at the beginning of this subsection but to trace this problem back to
the computation of the probability of reachability for a parallel connection with
K =0and L = [I --- I]". Doing this, it does not matter that M is different for
turbo codes and parallel connected systems because this matrix has no affect on
the reachability. Therefore, neglecting the output of the interconnected system,
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4 Applications to Coding Theory

a turbo code where the constituent codes are represented by (A4, B;, C;, D;) for
i=1,..., N could be regarded as identical with the code represented by the parallel
connection of (A;, B;m;, C;, D;m;). Since for fixed matrices 7; and randomly chosen
(A;, B;, C;, D;), the matrix-quadruple (A;, B;m;, C;, D;m;) reaches every element of
[F0i%0i 5 Fixhi 5 [p(ni—ki)xdi ¢ R(ni—ki)xki the same number of times, the probability
that the parallel connection of (A;, B;m;, C;, D;m;) for i = 1,..., N is reachable is
equal to the probability that the parallel connection of (4;, B;,C;, D;) fori =1,...,N
is reachable. Therefore, using Theorem 31, one gets the following theorem:

Theorem 67.

Let (A;, B;, Cy, D;) € F0ix% x Foixk x F(ni=k)xdi  (ni=k)xk be randomly for i =
1,...,N. Then, the probability that (A, B,C, D) is a minimal representation for the
turbo code €(A, B,C, D) is equal to

B
1-> ( )tk + O(th*1).

=1 Y
Remark 29.
Viewing a turbo code as a code represented by the parallel connection of the lin-
ear systems (A;, Bym;,C;, D;m;) = (A, Bm;,C,Dm;) for i = 1,...,N also makes
it possible to improve the statement of Remark 28 (i). By the Hautus test (see
Theorem 2), the parallel connected system is reachable if and only if the matrix

z2I — A 0 B7T1

. : has full row rank for each z € F. If z is an eigen-
0 zI — A Bmy

value of A, the column rank of the first N¢§ columns of this matrix is at most N(§ — 1).
B7T1

Therefore, for left primeness of the whole matrix it is necessary that : has (at
BTI'N

least) N linearly independent columns, which is only possible if k > N. This clearly is a
stronger condition that k! > N from Remark 28 (7).

Next, we consider what happens if the node system are not chosen completely
randomly but only amongst minimal systems, i.e. we require the constituent codes
to be non-catastrophic. One gets that the probability for the interconnection to be a
minimal representation of the corresponding convolutional code is asymptotically
equal to the probability of mutual left coprimeness.

Theorem 68.
Let (A, By, Cy, D;) € F0iX0i x 0ixki 5 [(ni—hki)x0i » @(ni=ki)xki he minimal represen-
tations of the non-catastrophic convolutional codes €(A;, B;,C;, D;) fori =1,...,N.

Then, the probability that (A, B,C, D) is a minimal representation for the turbo code
¢(A,B,C,D) is equal to
k+1

1-> (Z) tF o).

y=2
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4.4 Interconnected Convolutional Codes

Proof.
One has to compute the probability that 7, 'Q1, ... 7' Qx are mutually left coprime
under the condition that (A;, B;, C;, D;) are minimal for ¢ = 1, ..., N. To do this, one

proceeds as in the beginning of Section 3.3 and defines F; := {(P;, Q;) not right coprime}.
Moreover, set

Eny1 = {n7'Q1,... 75 Qn not mutually left coprime} and E;; := E; N E;. Analo-
gous to (3.5), one gets that the sought-after probability is equal to

—Pr(UYT'E) 11— ZV);&IC{L...,N+1}(_1)”‘71 Pr(Er)

1 - Pr(UL, E;) 1- zjm;aélc{l,...,z\/}(*1)“‘71 Pr(Ey)
Pr(En11) + O(X0L, Pr(Ein11))
1- Z@;ﬁzc{l,...,zv}(_l)m*l Pr(E;)

It remains to show that Pr(F; y41) =t - O(Pr(En41)) fori = 1,..., N. Then, the
theorem follows from Theorem 22 because

=1— (4.3)

—71'le1 ﬂ;ng 0 U1 0
0 —TN QN1 TN QN 0 Un
—m ' Q1h 75 ' QaUs 0
0 —TNQn-1Uno1 TN QNUn

and hence, for the computation of Pr(Ey 1), one could assume that ; 'Q; are in
Hermite form for i = 1,..., N, which implies Pr(Eny1) = P (N).

Since P; and Q; are right coprime if and only if 7; ' P; and 7; *Q; are right coprime
and deg;(P;) < deg;(Q;) for j = 1,...k if and only if deg,(w; ' P;) < deg;(m; ' Q;)
for j =1,...,k, one could define QZ = W*IQZ and P, :=; 'P;fori=1,..., N and
compute the probablhty that Q1, ..., Qn are not mutually left coprime and Qz and
P; are not right coprime. Moreover, as frequently done before, one could assume
Ql, ..., Qu to be in simple form (see proof of Theorem 21). According to the proof
of Theorem 12, in this case, ; and P; are not right prime if and only if there exists
2o € F such that

=

i (20) ZPU wik(20) Z _klulk z9) = 0. 4.4)

If one fixes Q1, ..., Qn not mutually left coprime (which fixes U, too), one has only
finitely many possibilities for 2, to be a zero of (j,gC For each of these possibilities,
it was shown in the proof of Theorem 12 that there exists [y € {1,...,k} such that
uy,.k(20) # 0. Hence, it follows from Lemma 7 (b) that the probability that P; fulfils
(4.4) is at most t"~* < t. Consequently, Pr(E; xy11) = t - O(Pr(Exn+1)) and one is
done. O
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Since M = I for turbo codes, one could employ the same reasoning as for series
connections of convolutional codes and additionally, gets the following two theorems:

Theorem 69.

Let (A, By, Cy, D;) € FO:x0i 5 oixk 5 Rni=k)xoi  R(ni=k)xk be minimal represen-
tations of the non-catastrophic convolutional codes €(A;, B;,C;, D;) fori=1,..., N.
Then, the probability that (A, B,C, D) is a minimal representation for the turbo code
¢(A, B,C, D) and that €( A, B,C, D) is non-catastrophic is

k+1

1-> (Z) th Ot th).

y=2

Theorem 70.

Let (A, By, C;, D;) € F0ix0i 5 Foixk 5 Rni=k)xoi  (ni=k)xk pe randomly for i =
1,...,N. Then, the probability that (A, B,C, D) is a minimal representation for the
turbo code €(A, B,C, D) and that €(A, B,C, D) is non-catastrophic is

k+1
N .
1— tk +0 tk+1 1 _ tk _ tni—k +0 tnnn(k‘,ni—k) ]
(-3 () I i)

y=2

Proof.
This theorem follows from the preceding theorem, Remark 4 and Theorem 27. [

Remark 30.

In [9], it is shown that for a turbo code with two constituent codes, tk(D1) = rk(D3) = k
is a sufficient condition to lower bound the free distance of the concatenated code
by the maximum of the free distances of the constituent codes plus 1 According to
Lemma 4, the probability that this condition is fulfilled is equal to [T7L " 5, (1 —#7)-
H;Linf—Qk-&-l(]‘ _ ) — 1 — ¢ma—2k+1 _ yna—2k+1 + O(tmm(nl,ng) 2k+2) lfm —k>k
for i = 1,2 and zero otherwise.

In contrast to Remark 27, where we made similar considerations for series interconnec-
tion, the matrices D1 and Dy have no influence on the reachability and observability
of the single systems and the interconnected system here. Consequently, if one wants
to calculate a lower bound for the probability that the interconnected code is non-
catastrophic and its free distance can be lower bounded as above, one could just multiply
the probabilities for these two properties.

4.5 Interconnection of Convolutional and Block Codes

In this section, we consider two types of interconnected codes, which were introduced
in [8]. Both are variations of a series connection, where the first code is a block code
and the second code is a convolutional code. We will call the first model a series

connection and the second model a truncated series connection.
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4.5.1 Series Connection

Here, a sequence of codewords of a block code with generator matrix G € F™** of
full column rank and where m > k serves as input for a linear system (A, B,C, D) €
[0 5 foxm 5 Rn=k)x9  F(n=k)xm defining a convolutional code of rate ~—2—
and degree 6. The final codeword consists of the output of (A, B,C, D) and the
input sequence for the block code. Hence, (A, BG, C, DG) is a representation of the
interconnected code, which is a convolutional code of rate % and degree §. If one
fixes G with full column rank and chooses B randomly, BG reaches every element of
F9** exactly t—°(™~*) times. Since every element occurs the same number of times,
it follows that the probability that (A, BG) is reachable coincides with the probability
that (A, B) with B € F®*¥ is reachable. Analogously, the probability that (A, BG,C)
is minimal coincides with the probability that (A, B, C) is minimal. Because these
probabilities are independent of G, they stay the same if one also chooses G randomly
and does not fix it any more. Therefore, one has the following theorem:

Theorem 71.
Let G € F™** of full column rank and (A, B,C, D) € F0*9 x Foxm x F(n=Fk)x5
F(n=k)xm be randomly. Then, it holds:
(i) The probability that (A, BG,C, DG) is a minimal representation of the series
connected code €(A, BG,C, DG) is equal to
S+k—1
II a-#).
j=k
(i) The probability that (A, BG,C, DG) is a minimal representation of the series
connected code € = €(A, BG,C, DG) and that € is non-catastrophic is

1— tk o tn—k + O(tmin(k,n—k)-&-l)'

Proof.
(i) The statement follows from the preceding considerations and Theorem 26.
(ii) See the preceding considerations and Theorem 27. O

Next, we want to consider what happens if (A, B, C, D) is not chosen completely
randomly but one has the restriction that this matrix quadruple is a minimal repre-
sentation of the second code of the series connection.

Theorem 72.
Let G € F™** of full column rank and (A, B,C, D) € %% x oxm x R(n=k)x5
F(=k)xm be randomly. Then, it holds:
(i) The probability that (A, BG,C, DG) is a minimal representation of the series
connected code €(A, BG,C, DG) if (A, B,C, D) is a minimal representation of
¢(A,B,C, D) is equal to

-1

S+k—1 d+m—1 k k41

j j 1-t"+ 0" k k+1
[T a-)-| J] a-#) :l_tm+0(tm+1)=1—t + Ot ).
ji=k j=m
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(i) The probability that (A, BG,C, DG) is a minimal representation of the series con-
nected code € = €(A, BG,C, DG) and that € is non-catastrophic if (A, B,C, D)
is a minimal representation of the non-catastrophic code €(A, B, C, D) is

1 — ¢tk —n—k 4 O(tmin(k,n—k)+1) - 1 — ¢k + O(tk+1) fOT n—k>k
L—¢m —gnF £ O(mintnn=R+) ~ V140" *1)  forn—k <k’

Proof.
G 0
Since the surjectivity of R(4, BG) = R(A, B)- implies the surjectiv-
0 G
ity of R(A, B), the probability that (A, BG) and (A, B) are reachable is equal to the
probability that (A, BG) is reachable. Analogously, the probability that (A, BG, C)
and (A, B,C) are minimal is equal to the probability that (A, BG,C) is minimal.
Using the formula for conditional probability as well as the preceding results, one
gets the statements of the theorem. O

Remark 31.

If one interprets the input sequence for the block code as coefficients of a polynomial, one
could regard this interconnection as the series connection of two convolutional codes,
where the first one has degree 0.

The main reason why we got interested in this type of interconnected code is
that in [8] the authors provide a sufficient condition for such a concatenation to be
of maximum distance profile if the corresponding parameters fulfill certain criteria.
Therefore, in the following, let k > 2, n = k+ 1land § = 1, i.e. (A,B,C,D) €
F x F1Xm x F x F*™, For this case, one has the following theorem:

Theorem 73. [8, Theorem 25]
I,
If k> 2 and the matrix | DG | € F*+2)xk is the generator matrix of a MDS block
CBG
code, then the series connected code €(A, BG,C, DG) has rate kiﬂ, degree 1 and is a
maximum distance profile convolutional code.

Therefore, we want to compute the probability that a [k + 2, k]-block code is MDS.

Theorem 74.
The probability that a [k + 2, k]-block code is MDS is equal to
k k+1
. . k+3)k
L= [[a—it)y=1-> i-t+O(# :1—(7-1,‘—1—0752 .
(1—1) ,1;[2( ) 2 () 5 ()

Proof.
According to Theorem 50, the needed probability is equal to the probability that every
square submatrix of a random matrix P € F?** is nonsingular. The formula for this
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probability should be shown per induction with respect to k. For k = 1, the two entries
of P have to be unequal to zero, i.e. the probability is equal to (1 —t)?. Now, consider

P= { g e ]Z; 1k ] . Per induction, the probability that every square submatrix
21 .- D2k

of [ 1;11 o 51,1@71 ] is nonsingular is equal to (1 —t)* Hf:_;(l — it). Additionally,
21 -+ D2,k—1

one has the conditions pyx # 0, par # 0 and py;por — paip1x #O0fori=1,... .k — 1.
Hence, if all entries of P but po;, are fixed (unequal to zero), one has to exclude
(besides zero) the values P2iPik 2"p ik forq=1,. — 1 for poy. These values are pairwise
different since otherwise, there would exist 1 <i#j<k—1with 227 = p— But this
would imply that the square submatrix consisting of the i-th and j-th column was
singular. Thus, one has 1 — ¢ possibilities for py;, and 1 — kt possibilities for poi. The
statement follows since (1 — )% [T2, (1 —it) (1 — ¢)(1 — kt) = (1 — t)F1 T, (1 —it).
Note that this probability is equal to zero if t~! < k, which corresponds to the fact
that you cannot exclude k values for an entry in this case. O

Remark 32.
(i) The condition of Theorem 73 implies that BG # 01xi, i.e. that (A, BG) is
reachable, as well as that C # 0, i.e. that (A, C) is observable and therefore, the
concatenated convolutional code is of degree 1 and non-catastrophic.

(ii) Since Theorem 73 only considers matrices P of a special form, the preceding
theorem is not sufficient to get a formula for the probability that the series con-
nected code is of maximum distance profile but some additional investigations are
necessary.

(iii) Since Theorem 73 only provides a sufficient condition for the interconnected code
to be of maximum distance profile, one only could achieve a lower bound for the
probability that it has this property.

Theorem 75.

For randomly chosen matrices B € F'*™, C € F, D € F'*™ and G € F™** such that
G has full column rank, the probability that every square submatrix of [ C%% } is
nonsingular is equal to (1 — t)k+2 H o(1 —it).

Consequently, the probability that the series connection of a randomly chosen [m, k]-
block code with k > 2 and a convolutional code €(A, B, C, D) with randomly chosen
(A,B,C,D) € F x FI*™ x F x F1*™ is of maximum distance profile is at least

k+1

’”QH 71721 t+O(t?) = 7(k+2)2(k+1)~t+0(t2).

Proof.

For C' =0, { CDBGG ] has a entry equal to zero and hence, a singular square submatrix.

Since G is of full column rank, the matrix [ reaches every element of F2**

G
BG
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4 Applications to Coding Theory

exactly t—2(™~k) times, if D, B € F'*™ are chosen arbitrarily. Thus, for C' # 0, the
(J%?G } reaches every element of F2** exactly (1 — ¢)t~2(™~*) times if D,
C and B are chosen randomly. In particular, every element of F2** is obtained with
the same probability if (A, B, C, D) is chosen randomly with C' # 0. Consequently,
the result follows from the preceding theorem, where the additional factor 1 —¢ arises
from the condition C' # 0. O

matrix {

Combining the preceding theorem with Remark 23, leads to the following result:

Corollary 19.

The probability that the series connection of a randomly chosen [m, k]-block code with
k > 2 and a convolutional code €(A, B,C, D) with randomly chosen (A, B,C, D) €
F x F1Xm x F x FYX™ is strongly MDS is at least

k
(1 -t [ - ).
1=2

For the case k = 1 (and n = 2, § = 1), one could use the following theorem:

Theorem 76. [8, Theorem 31]

If for each v € {D,CB,CAB,CBGCB — CABGDY}, it holds vG # 0, then the series
connected code €(A, BG,C, DG), has rate %, degree 1 and is a maximum distance
profile convolutional code.

Computing the probability that the conditions of this theorem are fulfilled, one
gets a lower bound for the probability that the interconnection is of maximum
distance profile in the case k = 1:

Theorem 77.

The probability that the series connection of a randomly chosen [m, 1]-block code and
a convolutional code €(A, B, C, D) with randomly chosen (A, B,C, D) € F x F1*™ x
F x F'X™ is of maximum distance profile is at least

(1—t)%(1 —2t).

Proof.

Let G € F™ \ {0} be the generator matrix of the block code. It holds vG # 0
for each v € {D,CB,CAB} if and only if A # 0, C # 0, BG # 0 and DG #
0. Assuming these conditions, (CBGCB — CABGD)G = 0 if and only if (B —
4D)G # 0. Thus, one has (t~! — 1)? possibilities for the choice of A and C,
and for fixed G, t=™ — t~(m~1 possibilities for D. If A, C and D are fixed with
these conditions, one additionally has BG ¢ {0, 2DG}. Since 4DG # 0, this
leads to t—™ — 2t~ (m~1) possibilities for B. Hence, the total probability is equal to
2 20 A0 H e 20D W (1—1)3(1 —2¢). O

t—2—2m
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4.5 Interconnection of Convolutional and Block Codes

As above, combining the previous result with Remark 23 provides another state-
ment:

Corollary 20.

The probability that the series connection of a randomly chosen [m, 1]-block code and a
convolutional code €(A, B, C, D) with randomly chosen

(A,B,C,D) € F x F1*™ x F x F1*™ is strongly MDS is at least

(1—1)3(1 —2t).
4.5.2 Truncated Series Connection

. . 1
Here, one chooses for the first code a generator matrix of the form G = Pk € Fmxk,

For each u € F* which is encoded by this block code, only Pu € F™~* is transmitted
to the second code, which is a convolutional code of rate +m and degree ¢ defined
by a linear system (A, B, C, D) € F®*9 x Fx(m=k) y F(n=k)xé  p(n—k)x(m—Fk) The
final codeword consists of the output of (A4, B,C, D) and the input sequence for
the block code. Hence, (A, BP,C, DP) is a representation for the interconnected

code, which is a convolutional code of rate % and degree . To consider if this

representation is a minimal one, set B = BP and r = rk(P) < min(m — k, k). If P €
F(m=k)Xk is fixed and B € F**(m—k) is chosen randomly, it holds ker(P) C ker(B)
and each element of F*** with this property is reached by B exactly ¢t—*=") times.
Since for T' € GIy(F), R(A, B) - T is of full row rank if and only if R(A, B) is of
full row rank, one could assume that B = (by,...,b,,0,...,0), where b; € F° for
i=1,...,kand (l)17 ..., by) reaches every element of ]F‘s” exactly t—o(k= " times. It
follows rk(R(A B)) = rk(R(A, (b1, ...,b,))) and hence, according to Theorem 26,
the probability that (A, B) is reachable is equal to H‘HT 1( —t7). This formula does
not depend on the concrete choice of P as long as rk( ) = r. Finally, one gets the
following theorem:

Theorem 78.
Let P € F(m k) x k and (A B, C D) c %0 « ]F6><(m k) « F(n k)xé& o F(" k)x(m—k)
be chosen randomly. Then, it holds.

(i) The probability that (A, BP,C, DP) is a minimal representation of the truncated
series connected code €(A, BP,C, DP) is equal to

min(m—k,k) o+r—1
Z tm=Rk N (m — k, k,r) H (1 —t).
r=1 j=r

(ii) The probability that (A, BP,C, DP) is a minimal representation of the truncated
series connected code € = €(A, BP,C, DP) and that € is non-catastrophic is

min(m—k,k)
Z t(mflc)lc . N(m —k, k,?“) . (1 4 tnfk + O(tmin(r,nfk)Jrl))‘

r=1
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Moreover, analogously to Theorem 72, one has:

Theorem 79.
Let P € Fm=K*k and (A, B,C, D) € F®*? x FOx(m=k) 5y F(n=k)xd » R(n=k)x(m=k)
be chosen randomly. Then, it holds:

(i) The probability that (A, BP,C, DP) is a minimal representation of the truncated
series connected code €(A, BP,C, DP) if (A, B, C, D) is a minimal representation
of €(A, B,C, D) is equal to

-1

min(m—k,k) S4+r—1 d+m—k—1
> PR N(m — k k) H 1—#) II a-+)
r=1 j=r j=m—k

(i) The probability that (A, BP,C, DP) is a minimal representation of the truncated
series connected code € = €(A, BP,C, DP) and that € is non-catastrophic if
(A, B,C, D) is a minimal representation of the non-catastrophic code €(A, B, C, D)
is

Z:ﬂlfi(m k.,k) t(m k)k | N(m k, k 7”) (1 _ ¢t _n—k + O(tmin(r,n—k)+1))
1 —¢tm— k _ tn— k + O(tmin(m—k,n—k)+1) :

Again, we proceed considering the case k > 2, n = k 4+ 1 and § = 1 since for
truncated series connection, one has the following analogon to Theorem 73:

Theorem 80. [8, Theorem 29]
Iy,
If k> 2 and the matrix | DP | € F(+2)%k is the generator matrix of a MDS block
CBP
code, then the truncated series connected code €(A, BP, C, DP), which has degree 1 and
rate 5 +1’ is a maximum distance profile convolutional code.

Computing the probability that the condition of the previous theorem is fulfilled,
leads to:

Theorem 81.
For k > 2 and randomly chosen matrices B € F'*(m=k) C ¢ F, D € F'*(m=k) gqnd

P ¢ Fm=k)xk  the probability that every square submatrix of { Cl‘)B p } is nonsingular

is equal to
k
(1—t)3 - (1—tm k). (1 — ¢k H (1—(G+1)-t+j-12).

Consequently, the probability that the truncated series connection of a block code with
Iy,

generator matrix G = P

) € F*k where P is chosen randomly, and a convolutional
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4.5 Interconnection of Convolutional and Block Codes

code €(A, B, C, D) with randomly chosen (A, B, C, D) € F x F1*(m=k) 5 [ 5 F1x(m—k)
is of maximum distance profile is at least

k
A=) (1 —tm )@=t T (=G +1) t+5-17).
j=2

Proof.
DP
For C = 0, [ CBP
matrix. Moreover, it does not influence the probability which nonzero value is
taken by C. Therefore, the overall probability is equal to 1 — ¢ times the probability

] has a entry equal to zero and hence, a singular square sub-

that every square submatrix of { B]P; ] is nonsingular. To compute this proba-
bility, set | := m — k and write P = (p;...py) with p; € F! fori = 1,...,k,
i.e bp = Dpy... Dpy Since, in particular, it is necessary that
€ | Bp Bpi ... Dpy » 1P ’ Yy

(Dp1) - (Bp2) — (Bp1)(Dp2) # 0, it follows that B and D have to be linearly in-
dependent. Otherwise, there would exist A € F with D = AB, which implies
(Dp1) - (Bpz2) — (Bp1)(Dp2) = A(Bpz) - (Bp2) — A(Bp1)(Bpz) = 0.

Using these notations and considerations, in the following, we will prove the stated
formula per induction with respect to k and start with k¥ = 2. In this case, one has
Dp1 Dpo
Bp1 Dps
to be linearly independent, too. But if p; and p, are linearly independent, one is
in the situation of Theorem 75. Consequently, one has to multiply the probability
that two elements from F' are linearly independent with the formula from Theo-
rem 75 for the case k = 2, in which the factor 1 — ¢ for the condition C' # 0 is
already included. In summary, one gets (1 — /) - (1 — =) - (1 —t)* - (1 — 2t) =
(1—1)3- (1 —tm=2). (1 —tm3) . (1 — 3t +2t2).

to look at [ } € F2%2, As shown above for D and B, p; and p, have

For the step from k — 1 to k, one uses that every square summatrix of { gg ] =

Dpi ... Dpi is nonsingular if and only if every square submatrix of M :=
Bp1 ... Dpg

[ Dp1 o Dpr ] is nonsingular and Dpy, # 0, Bpy, # 0 and (Bp; D—Dp;B)pi. #
Bpr ... Dpg—1

0 fori =1,...,k — 1. Per induction, one knows that the probability that every

square submatrix of M is nonsingular is equal to (1 — )% - (1 —#!) - (1 — ¢/=1) .
Hf;; (1—(j+1)-t+j-t*). Wefix D, B and py,...,pr—1 with this property.

To determine the additional factor for the overall probability due to the conditions
on py,, define

A; :={(Bp;D — Dp;B)p;, = 0} for i=1,...,k—1
Ak = {Dpk = O}, Ak+1 = {Bpk = 0}

Then, according to the inclusion-exclusion principle (see Lemma 2), the sought-after
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additional factor is equal to

1— > ()ITTPr(Ay) with Ap = () As

PAIC{L,....k+1} iel

Next, we show A; = Ay N Ayyq forevery I C {1,...,k + 1} with |I| = 2, which
implies Ay = Ay N Ay for |I]| > 2. First consider A, N A; with: € {1,...,k—1}. In
this case, one has Dp;, = 0 as well as (Bp;D — Dp;B)p, = 0, i.e. Dp; Bpy, = 0, which
implies Bpy, = 0 since Dp; # 0 because it is a (one-dimensional) square submatrix of
M. Hence, A N A; C Ax N Agy1. But the other implication Ay N A1 C Ax N A;
is obviously true and therefore, Ay N A; = Ax N Ag11. The proof of Ap 1 NA; =
Ap N Agqq fori = 1,...,k — 1 could be done completely analogue. It remains
to show A; N A; C Ay N Apqq fori,j € {1,...,k — 1} with ¢ # j. To this end,
one firstly shows A; N 4; N A{ = 0, where A{ denotes the complementary set
of Aj. In AY it holds Dpy. # 0 and thus, (Bp;D — Dp;B)p;, = 0 is equivalent to

Dp; Bpi o . . _ Dp;B
Bp; = =52k Analogously, (Bp;D — Dp;B)py, = 0 is equivalent to Bp; = #.
But then, Bp; Dp; — Dp;Bp; = D’sizip’“Dpj - DpiD%jizim = 0, a contradiction to the

fact that the square submatrix of M formed by the i-th and j-th column is nonsingular.
Consequently, 4;NA;NA{ = (. In the same way, one could proof A;NA; ﬁAkCH =10,
which shows A4; N Aj C AN Ak+1.

Thus, the additional factor for the probability due to the conditions on p;, simplifies
to

k+1
1— Z Pr(A Z (k i 1) (=1)7 Pr(Ag N Agpy) =

Jj=2 J
k+1
=1-— ZPr )+ k-Pr(Ap N Apgr).

Here, for the last step, the identity ZkH( 1) (kjl) = 0 was used. To compute

Pr(A;) note that Bp;D — Dp;B # 0 € ]lez since otherwise Bp;Dp; — Dp; Bp; = 0
for j = 1,...,k — 1 with j # 4, which is in contradiction to the assumptions on
M (as we already saw). Similarly, B and D have a nonzero entry. Therefore,
Pr(A;) =tfori=1,...,k+ 1. Since we saw at the beginning of the proof that the
condition on M implies that D and B are linearly independent, one additionally gets
PI‘(Ak NAgy1) = t2, l.e

k+1
I—ZPr Y+ k-Pr(ApNAp)=1—(k+1)-t+k-t2

Multiplying this factor with the probability that every square submatrix of M is
nonsingular, completes the proof of the whole theorem. O
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4.5 Interconnection of Convolutional and Block Codes

Again, using Remark 23 enables us to get a further result.

Corollary 21.

The probability that the truncated series connection of a randomly chosen [m, k]-
block code with k > 2 and a convolutional code €(A, B, C, D) with randomly chosen
(A,B,C,D) € F x F1*™ x F x F1*™ is strongly MDS is at least

k
A=t (=t =) =G+ 1) t+5- ).
j=2

J

As in the previous subsection, we finalize with considering the case k¥ = 1 (and
n = 2, 6 = 1), where one could use the following theorem, which is analogue to
Theorem 76:

Theorem 82. [8, Theorem 33]

If for each v € {D,CB,CAB,CBPCB — CABPD}, it holds vP # 0, then the
truncated series connected code €(A, BP,C, DP), which has degree 1 and rate %, isa
maximum distance profile convolutional code.

Using this, one gets the following theorem:

Theorem 83.

The probability that the truncated series connection of a randomly chosen [m, 1]-block
code and a convolutional code €(A, B,C, D) with randomly chosen (A, B,C, D) €
F x F1X™ x F x FYX™ is of maximum distance profile is at least

(1—t)*1 —2t).

Proof.

The criterion provided by the preceding theorem could only be fulfilled if P is not
the zero vector. However, this implies that P is of full (column) rank and one is in
the situation of Theorem 77. Therefore, one just has to multiply the formula from
there with the probability that P is unequal to the zero vector, which is 1 — ¢. O

Finally, Remark 23 leads to another corollary:
Corollary 22.
The probability that the truncated series connection of a randomly chosen [m, 1]-block
code and a convolutional code €(A, B,C, D) with randomly chosen (A, B,C, D) €
F x F1Xm x F x FYX™ is strongly MDS is at least

(1—t)*1 —2t).
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4 Applications to Coding Theory

4.6 Probability of MDP Convolutional Codes

In the preceding section, we computed, in particular, the probability that special types
of series connection of convolutional code and block code have the MDP property. In
this section, we will look on general convolutional codes and compute the probabiliy
that such a code is of maximum distance profile. In the first subsection, this is done
for the case that the rate is 1/n and the degree ¢ is 1, while the second subsection
deals with the general case, effecting that no exact probability but a upper and a
lower bound are obtained.

4.6.1 Probability of MDP Codes with Rate 1/n and Degree 1

Since the generator matrix consists only of one column, one could write it as G(z) =
S0, 9i7" = go + g1z with go,g1 € F". Moreover, L = 2] + |2 | = 1+ [ L]
Hence, L = 1forn >3 and L = 2 for n = 2.

We will start with the case n = 2, i.e. n = k + 1 as at the end of the two preceding
subsections.

Theorem 84.
The probability that a randomly chosen convolutional code with parameters k = 1,

n = 2and 0 = 1 is of maximum distance profile is % =1->5t4+O(t?).

In particular, there exists no binary MDP convolutional code with these parameters.

Proof.
According to Theorem 53, one has to compute the probability that each full size minor
goa1 O 0
go2 O 0
of Gy = gr1 go1 that is not trivially zero is nonzero, under the condition
g12 go2 O
0 911 9o
0 912 902

that g; # 0 to ensure that § = 1. This is true if and only if 0 ¢ {g0.1,90,2,91,1, 91,2}
and ¢1,190,2 — g1,290,1 # 0. The probability that these conditions are fulfilled is equal
to (1 — t)3(1 — 2t). Dividing by the probability for the condition g; # 0, which is
1 — t2, one gets the stated result. O

Remark 33.

Without the condition g1 # 0, one gets the same probability as the lower bound of
Theorem 77. The constraint g, # 0, which ensures that the degree is 1, corresponds
to the property of (A, BG) from Theorem 77 being reachable, which was not taken
as a condition there. Thus, for comparison, we should take the probability value
(1 —¢)3(1 — 2t). Since it coincides with the lower bound from Theorem 77, a series
concatenation of a block and a convolutional code has at least the probability of being
MDP than a general convolutional code with the same parameters.
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4.6 Probability of MDP Convolutional Codes

Finally, the case n > 3 should be considered.

Theorem 85.
The probability that a randomly chosen convolutional code with parameters k = 1,
n > 3 and 6 = 1 is of maximum distance profile is

n(n+1)

) 2
St O().

(11—t~ 1 —t)nt? ﬁ(l —it)=1—
=2

Proof.

In this case, one has to consider the fullsize minors of G; = { go gO ] under the
1 90
condition g; # 0. All not trivially zero fullsize minors of G; are nonzero if and only if

goi #0fori=1....,nand g #%feri<j and j = 2,...,n. This is fulfilled

with probability (1 — )" [T]_(1 — (j — 1)t) = (1 — t)"** H;:;(l — jt). Finally, one

has to divide by 1 — ", which is the probability that g; # 0. O

4.6.2 Probability Bounds for General MDP Convolutional Codes

In [25], it has been shown that the property of a convolutional code to be of maximum
distance profile is generic. In other words, for each choice for the parameters of
a convolutional code, there exists an extension field of IF such that the probability
that a convolutional code over this extension field and with these parameters is of
maximum distance profile is unequal to zero. In the following, a lower and an upper
bound for this probability should be obtained.

Theorem 86.
The probability that a convolutional code with fixed parameters n, k and § has maximum
distance profile is upper bounded by

(1—t)"=Rk =1 (n—k)k -t + O(t?).

Proof.

For each convolutional code €, choose an arbitrary representation (A, B, C, D) with
¢ = C¢(A, B,C, D). For being MDP it is necessary that all entries of D are nonzero,
see Theorem 57. Hence, the statement follows from the fact that D € F(»—k)xk ]

Theorem 87.

Let T be finite with cardinality |F| = t~!. There exists d € N such that the probability
that a convolutional code over the extension field F¢ has maximum distance profile is
lower bounded by

L 4d
1o Gk )y o k6) - 11 O
Hjics (1 —#39)
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with

(L+1) min(k,n—k) s .
C = T k—(r—
(n, k, ) E:quD > [T max(0,[—1 -k = (2 = 1))
s=1 {iy,...,is }C{1,...,(L+1)(n—k)} 2=1
(L41) min(k,n—k)

< “L+UCL+DW_H>CL+U%'

S S
s=1

Proof.

For each convolutional code €, choose (A4, B,C, D) € FO*9 x FOxk x Fn—Fk)xd »
F(n=k)xk with ¢ = ¢(A, B, C, D). In particular, (A, B) is reachable. Since all minimal
representations of a convolutional code are conjugated (see Theorem 56), they lead to
the same matrix 77,. Moreover, each convolutional code with the same parameters has
the same number of minimal representations, namely |Gls(F)|. Thus, the probability
that a convolutional code is not MDP is equal to the probability that there exists a not
trivially zero minor of 77, that is zero, under the condition that (A, B) is reachable.
This probability is upper bounded by the quotient of the probability of such a zero
minor divided by the probability of reachability.

Each minor of 77 is a polynomial in the entries of A, B, C' and D, whose degree is
upper bounded by L+ 1. The corresponding code is not MDP if and only if the product
f of all polynomials corresponding to not trivially zero minors is zero. According
to [25], there exists an extension field F¢ over which there exists a convolutional
code with the given parameters n, k,d and therefore, f is not the zero polynomial
over this extension field. Hence, one could apply the Schwartz-Zippel Lemma (see
Lemma 3) and gets that the probability that f is zero is upper bounded by deg(f) - t.
Consequently, it remains to show that C'(n, k, §) is an upper bound for the degree of
I

According to Definition 1.3 of [11], the not trivially zero minors could be described
in the following way: For a s x s-minor, choose a set of rows {i1,...,is} and a
corresponding set {ji,...,js} of columns fulfilling j, < [-=.]-kforz = 1,...s.
Thus, if the rows {i,...,i,} are fixed, one has [-*-] - k possibilities for the first
column. Since all s columns have to be chosen differently, one has [ =]k — (z — 1)
possibilities for the x-th column. Because this number might be negative, one has
to take the maximum of this number and 0 in the above formula. Finally, the factor
s(L 4+ 1) arises from the fact that the degree of each s x s-minor is upper bounded by
(L + 1)s as the degree of each entry is upper bounded by L + 1.

If one considers the product of all minors of 77, (not only those which are not trivially
zero), one gets the weaker bound stated in the last line of the theorem. O

Corollary 23.
The probability that a convolutional code with fixed parameters is of maximum distance
profile is 1 + O(t) for t — 0.
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4.7 Probability of MDS Block Codes

4.7 Probability of MDS Block Codes

In Theorem 74, we computed the probability that a [k + 2, k]-block code is MDS to
be able to obtain probability bounds for interconnections of block and convolutional
codes. But the probability that a block code is MDS is of interest on its own and
therefore, we want to consider it for arbitrary parameters now. To this end, we will
use Theorem 50, i.e. we have to compute the probability that every minor of the
non-systematic part of the generator matrix, which is an element of F(»—k)xk jg
nonzero. However, we will only achieve bounds for this probability.

Theorem 88.

The probability that a random [n, k]-block code is MDS is upper bounded by (1—t)(—*),
Proof.

It clearly is necessary that all entries of the non-systematic part of the generator
matrix are non-zero and (1 — ¢)("~*)* is the probability that this is fulfilled. O
Theorem 89.

If 1/t > n, the probability that a [n, k]-block code is MDS is lower bounded by 1 —
min(k,n—k) (k\ (n—k t
>t (;)( j ) -t

Proof.

It is known that if 1/t > n, there exists a [n, k] MDS block code over F. Therefore, one
could apply the Schwartz-Zippel Lemma (Lemma 3) to the product of all the minors
of the non-systematic part of the generator matrix of the code since it is not the zero
polynomial when we view it as a polynomial with the entries of the non-systematic
part as variables. The bound follows because the degree of this polynomial is equal

to i (en =) (b (k) O

Corollary 24.
The probability that a [n, k]-block code is MDS is 1 4+ O(t) for t — 0.

4.8 Random Linear Network Coding

We start this section with a short summary about network codes; see [23] for more
details. One considers a network represented by a graph I' = (V, ) with set of
vertices V and set of directed edges £. The set of vertices is partitioned into three
disjunct subsets V1, V> and Vs, where the elements of V; have no ingoing edges and
are called source nodes and the elements of V5 have no outgoing edges and are called
sink nodes. Moreover, we assume that there are no edges originating at a source
node and terminating at a sink node. Additionally, set r := [V, | := |V2|, d = |Vs]
and associate with the corresponding vertices the values uq, ..., u,, x1,...,2; € F,
Y1,--.,yq € F" with t=! = |F| = 2™ for some m € N. The Values of the source nodes
represent the coding message. Furthermore, the value of a vertex is formed as a linear
combination of the values of the origins of its ingoing edges. The graph I' defines
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a so-called network coding problem, which is said to be solvable if the coefficients
for these linear combinations could be chosen in such way that y; = (u1,...,u,)"
for i = 1,...,d. This corresponds to the fact that the original message could be
reproduced at each sink node. In the following, we consider two different types of
network codes.

4.8.1 Delay-free Acyclic Network Coding

In this subsection, we assume that the network contains no cycles - in other words it
is acyclic. This additionally allows us to assume that transmission happens instan-
taneously and simultaneously, i.e. delay-free. Under these conditions, one gets the
following coding equations:

l T
Ii:zaijxj+2bijuj fori=1,...,1 (4.5)
j=1 j=1

with A € F*! and B € F'*", where a;; = 0 if I" contains no edge from vertex j of
Vs to vertex ¢ of V, and b;; = 0 if I contains no edge from vertex j of V; to vertex ¢
of V,. Since I is acyclic, we could number the vertices in such way that A is lower
triangular with zeros on the diagonal. Moreover, the decoding equations are given by

l
yi7k:ZC§€Zj)xj for i=1,...,d and k=1,...,r (4.6)
j=1

with C) e Fr>! for i = 1,...,d. As above, C") contains fixed zero entries if the
corresponding edge is missing in I". Combining (4.5) and (4.6), leads to

yi = M;u fori=1,...,d

with transfer matrices M; := C)(I — A)~'B € F"*" and v := (uq,...,u,)" . Accord-
ing to the proof of Theorem 2.2. in [23], a network coding problem is solvable if and
only if there exist A, B and C'¥) for i = 1, ..., d with entries from a sufficiently large
finite field such that det(M;) is nonzero fori =1,...,d.

In the approach of random linear network coding, one chooses the entries of the
matrices A and B that are no fixed zeros due to the structure of I' randomly from
the finite field F and asks for the probability that there exist C'¥) for i = 1,...,d that
lead to a solution for the network coding problem. Theorem 2.6 of [23] in particular
states that this probability is lower bounded by (1 — dt)! if t=! > d and all entries of
A below the diagonal and all entries of B could be chosen randomly, i.e. T" is the
complete graph. Especially, it follows that the probability tends to 1 if t~! - the size
of the field F - tends to infinity. In the following, we set » = 1. At first, we give an
exact formula for the above probability in this case. Afterwards, we consider the
probability that random choice of A, B and C¥) for i = 1,...,d leads to a solution
for the network coding problem. For both computations, we will need the following
lemma:
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4.8 Random Linear Network Coding

Lemma 16. [23, Lemma 2.3]
For an acyclic delay-free network, it holds

ch o .
det({I—A B])' fori=1,...,d.

Since we need the probabilty that det(M;) # 0 for i = 1,...,d in some special
situations, this lemma will help to prove the following two theorems:

Theorem 90.

Let T be acyclic and r = 1. If the coding coefficients, i.e. the entries of B € F! as well as
the entries below the diagonal of A € F'*!, are chosen randomly, the probability that
there exist decoding coefficients, i.e. matrices CY) € F'*! for i = 1,...,d, which lead to
a solution of the network coding problem is equal to

1—t'>(1—at).

| det(M;)] =

Proof.
We have to compute the probability that there exist C'() € F'*! such that
A D
1 1
1 0 e 0 b
c o L | _
det([I—A BD: —G21 - E ¢ | #O0fori=1,...,dif
—ay - —ap—1 1Yy

B € F! and the entries below the diagonal of A € F'*! are chosen randomly. Recall
that the other entries of A are fixed zeros.

In the following, we will show per induction with respect to ! that the only case in
which every choice of ¢(*) leads to zero determinant is when b; = - -- = b; = 0, which
proves the stated formula for the probability.
0
—a b
the only case in which every choice of ¢(*) leads to zero determinant is when b = 0.
For [ > 2, expanding det(M;) along the 2-th row yields

O

For [ = 1, the matrices M, are of the form [ ] € F?*2fori=1,...,d. Thus,

G
(1—1) —a21 1 0

det(M;) = det(M;" ) £ by - det . ) 4.7)
—ay o —ap—1 1

where Mi(l_l) is defined to have the same structure as M, but for a network with
[Vo| =1 — 1. If by # 0, expanding the last determinant in (4.7) along the first row
yields that one could solve the equation det(A/;) = 0 with respect to c(l’). Hence,
there always is a possibility to choose the matrices C'(¥) in such way that the matrices

M; are nonsingular. Consequently, it only remains to consider the case b; = 0. Here,
det(M;) = 0 if and only if det(M, (171)) = 0 and the claim follows per induction.

K3

O
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Theorem 91.

If T is acyclic, = 1 and the entries of B € F' and CY) € F'*! fori = 1,...,d as well
as the entries below the diagonal of A are chosen randomly, the probability that one
gets a solution for the network coding problem is

(1—t)%1 —t).

Proof.

As in the previous proof (and with the notation from there), one uses (4.7) to show
the stated formula per induction with respect to I. For [ = 1, one gets a solution if and
only if b # 0 and ¢® # 0 for i = 1,...,d, i.e. the probability is equal to (1 — ¢)%*1.
For [ > 2, one again distinguishes the cases b; # 0 and b; = 0. If b; # 0, it follows
from (4.7) that for each choice of A, B and céz), e ,cl(z), there is exactly one value
for cgi) that yields det(M;) = 0 and therefore has to be excluded. For b; = 0, one gets
a solution if and only if det(3{" ")) % 0, which has a probability of (1 — ¢)%(1 — #/~1)
per induction. Consequently, the overall probability is equal to

Q- . (1-t)a—-t"H=0-t) Q1 —t+t—th) =1 -t)%1—1t).
O

Remark 34.

The fact that is possible to achieve a solution for the network coding problem if and
only if B € F' # 0, which was stated in the proof of Theorem 90, could also be seen
without considering the matrices M;. It is obvious that there is no solution if B = 0. If

B # 0, assume without restriction that by # 0 and choose céi) =...= cl(l) =0 as well

as c§“> = 0 to get a solution. Combing Theorems 90 and Theorem 91, makes it possible
to achieve a formula for the number of possible solutions, namely t~'¢ . (1 — t)?. The
first factor of this expression gives the total number of matrices C) for i = 1,...,d
and the second factor is the probability that random choice of these matrices leads to
a solution, provided that A and B are chosen in such way that it is possible to solve
the network coding problem. This probability is obtained by taking the quotient of the
formulas from Theorem 91 and Theorem 90.

Remark 35.

For r > 2, it clearly is necessary for a solution of the network coding problem that
B is of full column rank. This in particular, implies r < I, which corresponds to the
fact that r parts of information cannot be forwarded by less than r network nodes.
Thus, the probability te get a solution is upper bounded by the probability that B is
of full column rank, which is equal to H;:FTH(l — t)). In the case r = I, one has
det(M;) = det(C™) - det(B) for i = 1,...,d, and therefore, the probability that it
is possible to get a solution is equal to " - |Gl (F)| = H§=1(1 — t7). Moreover, the
probability that one gets a solution if the matrices C*) are chosen randomly, too, is upper

l )4 L . L\ 4t
ounded by g — and jorr = I, 1t ts equat to - —
bounded by (TTj—;_,:(1 - #9)) d f I, it Leo (ITj—y(1 1))
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4.8.2 Memory-free Convolutional Network Coding

So far, we only considered acyclic networks. One possibility to deal with networks
containing cycles is to use convolutional network coding; see [23, p. 36]. Doing this,
each edge has a fixed unit delay and the coding equations (4.5) get the form

J(T+ 1) Za,]xj wauj fori=1,...,1 (4.8)

where 7 is the time variable. Since we want to consider memory-free coding, a node
only receives linear combinations of the values of other nodes from the preceding
time step. As now a sink node could additionally receive its own value from the
preceding time step, the decoding equations are given by

l
yir(r+1) =3 claj(r) + &yin(r) for i=1,....d and k=1,...r

j=1

4.9

Fori=1,...,d, define ') € F™*" as the diagonal matrix with diagonal elements

&, 09)- Setting * = (z1,...,71), u = (u1,...,uy) and y; = (Yi,1,---,Yi,r) aS

well as X; = (27 )" fori = 1,...,d, one obtains the following linear system
equations

A 0 B
Xi(r+1) = [ OG0! } - Xi(T) + [ 0 } ~u(T)
yi(T) =10 I] - X;(7). (4.10)

c® o0
transfer functions are

Defining A; := [ A- Y }, B = [ g ] and C := [0 ], the corresponding

Gz(Z) = C(ZI - Ai)_lg = (ZI — é(z))_lc(z)(zj — A)_lB c FTXT(Z),

According to the proof for Theorem 2.7. of [23], one has a solution for this
network coding problem if and only if det(G;) # 0 for i = 1,...,d. Since obviously
(2 — C™)~1 is invertible, this is true if and only if det(C(2I — A)~'B) # 0 for
it =1,...,d. To achieve some necessary criteria that this condition is fulfilled, we
need the following lemma, which transfers Lemma 16 to the case of convolutional
network coding.

Lemma 17.

Fori=1,...,d, the transfer function G; of a convolutional network coding problem is
o . : c® 0

not identically zero if and only if det ([ J_-A B ] > Z 0.
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Proof.
Analogously to the proof for Lemma 2.3 of [23], it holds

zI1—-A B

det ([ ¢t o })‘ = ‘det (C(i)(zl — A)_IBM -|det(zI — A)].

Since det(21 — A) is monic polynomial of degree | and therefore, not identically zero,
the statement follows. O

Theorem 92.
For a solution of the network coding problem given by (4.8) and (4.9), it holds:

(a) B is of full column rank,

(b) C9 are of full row rank fori=1,...,d,
() (A, B) is reachable,

(d) (A,C®) are observable fori=1,...,d.

Proof.

Clearly, statements (a) and (b) are true if det(C) (2] — A)"'B) #0fori=1,...,d.
Moreover, using the preceding lemma, statements (¢) and (d) follow from the Hautus-
test. O

The preceding theorem makes it possible to achieve upper bounds for the proba-
bility to get a solution for the considered network coding problem.

Corollary 25.

The probability that random choice of the matrices A € F'*!, B € F'*" and C'V) ¢ Fr*!
fori=1,...,dleads to a solution for the network coding problem given by (4.8) and
(4.9) is upper bounded by

@ (I, -9) - (T - o))

d+1

® (Lo a1 - 1)

Proof.

For (a) one employs that C'*) have to be of full row rank fori = 1,...,d and (A, B)
has to be reachable and for (b) that B has to be of full column rank and C'*) have to
be of full row rank fori =1,...,d. O

Remark 36.
It depends on the values for r and [ which of the preceding bounds is best, i.e. has the
smallest value. Bound (b) is better than (a) if and only if Hé‘:lfr 11 (1 —t7) is smaller

than H;zfl(l — 7). Moreover it is easy to see that for r < Y1, bound (a) is strongest

and for r = I, bound (b) is strongest.
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Finally, we want to investigate the observability and reachability of the linear
system given by (4.10).
Theorem 93.
(a) Fori=1,...,d, (A;,C) is observable if and only if (A, C")) is observable.

(b) If (A, B) is reachable, then (A, B) and (C'V), C)) are reachable. The converse,
however, is not true.

Proof. - A 0

(2) The matrix (ZI E Ai) = —0c® 21 —C® | isof full column rank if and
0 I

only if < C(z)A> is of full column rank. Thus, the statement follows from the

Hautus-test.

zI — A 0 B
—CH 1 -CH 0
[z — A B] and [2] — C) C¥)] have to be of full row rank, too. Furthermore,

(b) If the matrix [2I — A; B] = [ ] is of full row rank, then

a counterexample for the converse is given by A = { (1) 8 }, B = { (1) (1) },

C® =0and OO = . O
Corollary 26.

(a) Fori = 1,...,d, the probability that (A;,C) is observable if the matrices A €
Fixl. B e Fixr, 0 ¢ F**t and C € F"*" are chosen randomly is equal to

T (- v).

(b) Fori=1,...,d, the probabilgty that (A;, B) is reachable if the matrices A € F'*,
BeFxr ¢® e Fr*t and C¥) € F"*" for i = 1,...,d are chosen randomly is

upper bounded by (1 — )" - [[;_1 (1 — jt) [T}~ 1(1 — ).
Proof.

(a) This statement follows directly from Corollary 8.

(b) The probability of reachability for (A, B) is given by Theorem 26 to be equal to
H;J;:_l(l —t7). Since C™ is a diagonal matrix, the reachability of (C'?), C'())
is equivalent to the reachability of the parallel connection of the scalar systems

(é;i), (c§-i1) e (i))> for j = 1,...,r. The corresponding transfer functions are
given by (z — &)1 (c}{ - 5?) (i ey diag(z — &0, 2 —&V)7L,

According to Theorem 28, one needs the probablhty that the node systems
are reachable as well as the probability of mutual left coprimeness. The
node systems are reachable if and only if (cgzl) e cg?) # 0 and the matrices

() _ ég_i))

diag(z — ¢;°,...,2 are mutually left coprime if and only if the values
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ég-i) for j = 1,...,r are pairwise different. Consequently, the probability of
reachability for (C(?), C()) is equal to (1 — ¢!)" - H;;i(l — jt). Note that this
probability is equal to zero if [F| =¢t~1 <r — 1. .

For a network coding problem it might be of more interest to investigate the joint
reachabiliy of the systems defined by (4.10) for i = 1,...,d, than just considering

one of these systems since one wants to control all these systems with the same input.
This is done in the following theorem.

Theorem 94.
For
A 0 B
R c® ¢ ) 0
A= . . and B:= | . |,
o o &t 0
the probability that (A, B) is reachable is upper bounded by
rd—1 I+r—1 .
@@=ty JTa-a I a-#).
j=1 j=r
Proof.

This proof could be done analogously to the preceding one. The only difference is
that one has to consider the reachability of a parallel connection of rd scalar systems
for the first part of the formula. O

4.9 Conclusion

In this chapter, we considered various applications of the results of the preceding
chapters in the area of convolutional codes. Furthermore, we did some new cal-
culations dealing with such codes as well as with block codes, where we had to
investigate constant matrices instead of polynomial matrices. Since the interconnec-
tion structures which are standard in the theory of linear systems are nearly the same
as those used in the coding literature to concatenate convolutional codes, we could
use the relationship between systems and codes to transfer probability results quite
directly. If one considers linear network coding in the usual sense, the connection
to linear systems is very weak. Both objects, a linear system as well as a network
code, have a similarly defined transfer function but it is just a constant matrix in the
case of network coding. However, if one considers convolutional network coding,
one could formulate solvability criteria in terms of reachability and observability of
certain linear systems, which again enables direct transfer of some results.

We chose several examples to show various applications but their number seems to
be unlimited. For further research, one might consider more complicated interconnec-
tion structures such as woven convolutional codes (see [24]), look at generalizations
of provided results or try to improve obtained bounds.
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This book is dealing with three mathematical
areas, namely polynomial matrices over finite
fields, linear systems and coding theory.
Primeness properties of polynomial matrices
provide criteria for the reachability and observa-
bility of interconnected linear systems. Since
time-discrete linear systems over finite fields
and convolutional codes are basically the same
objects, these results could be transferred to
criteria for non-catastrophicity of convolutional
codes. In particular, formulas for the number
of pairwise coprime polynomials and for the
number of mutually left coprime polynomial
matrices are calculated. This leads to the pro-
bability that a parallel connected linear system
is reachable and that a parallel connected con-
volutional code is non-catastrophic. Moreover,
other networks of linear systems and convolu-
tional codes are considered.
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