23rd International Symposium on Mathematical Theory of Networks and Systems
Hong Kong University of Science and Technology, Hong Kong, July 16-20, 2018

Reduction of Wave Linear Repetitive Processes to 2-D Singular State
Space form

Mohamed S. Boudellioua! and Krzysztof Galkowski?

Abstract—In this paper, a method is given that reduces a
polynomial system matrix describing a discrete wave linear
repetitive process to an equivalent 2-D singular Fornasini-
Marchesini (SFM) model. It is shown that the transformation
linking the original polynomial system matrix with its associated
2-D SFM form is zero coprime system equivalence. The exact
nature of the resulting system matrix in singular form and the
transformation involved are established.

I. INTRODUCTION

An important aspect of the research in 2-D linear Systems
theory has been the connection between various 2-D singular
and nonsingular state space representations, e.g. [1] and the
references therein. Recently, the 2-D state space models
have been shown to represent linear repetitive processes and
the motivation being that the theory already developed in
the analysis and synthesis of the standard 2-D state space
models may serve to tackle the problems related to these
new classes of systems, see for example [2]. For example,
in [3] it was shown that the way to obtain conditions for
local controllability of discrete linear repetitive processes
was to convert the repetitive process state-space model to
that of a singular 2-D Roesser state-space model. Hence
the motivation to establish the connection between the state
space representations of the repetitive systems and those of
the standard 2-D models, e.g. [4], [2]. Also, in [5] it was
shown that a linear repetitive process is equivalent to a 2-
D singular Roesser model. An elementary operations based
method for transforming a polynomial matrix description
of linear repetitive processes to a 2-D nonsingular Roesser
model was proposed in [6]. This method was extended in [7]
to reduce so-called wave repetitive processes to 2-D singular
Roesser form. The reduction transformation involved is that
of Input/Output equivalence. In this paper, a method is
presented for the reduction of wave repetitive processes to
2-D Fornasini-Marchesini singular forms such that both the
Input/Output properties of the system and the zero structure
are preserved. Furthermore the exact equivalence transforma-
tion linking the original system with its associated singular
form is established. The type of equivalence used has been
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the subject of considerable attention in the literature, e.g., [8],
[9] and [10], [11].

II. DISCRETE LINEAR 2-D SYSTEMS AND REPETITIVE
PROCESSES

A singular version of the 2-D Fornasini-Marchesini state
space model (SFM) model [12] is given by
Ex(i+1,j+1) Avz(i+1,75) + Asx(i, j + 1)
on(i7 j) + BU(L‘])’
Cx(i, j) + Du(i, j),

=+

y(i, j)

(D

where x(i,7) is the state vector, u(i,j) is the input vector,

y(%, j) is the output vector, E, Ay, Ay, Ay, B, C and D are

constant real matrices of appropriate dimensions and £ may
be singular.

Discrete linear repetitive processes evolve over the subset
of the positive quadrant in the 2-D plane defined by {(p, k) :
0 <p < a-—1,k > 0}, and the most basic state-space model
for their dynamics has the following form [2]

Tpr1(p+1) = Azg1(p) + Bugy1(p) + Boyr (),

Yrt1(p) = Cxhy1(p) + Dups1(p) + Doyr(p), @
where o denotes the number of samples along the pass.
On pass k, zx(p) € R™ is the state vector, yx(p) € R™
is the pass profile vector, and uy(p) € R is the vector of
control inputs. The simplest form of boundary conditions are
2+1(0) = dg11, k > 0, where the n x 1 vector dj41 has
known constant entries, and yo(p) = f(p), where f(p) is an
m X 1 vector whose entries are known functions of p.

The 2-D systems structure of a repetitive process arises
from the influence of the previous pass profile on the current
pass state and pass profile vectors, i.e., due to the presence
of the terms Boyy(p) and Doyx(p) in (2) respectively.

In the repetitive process model (2), the only previous pass
(k) contribution to the dynamics at p on the current pass
(k +1) comes from the same instance. An alternative, more
general, discrete linear repetitive process that also evolves
over {(p,k) : 0 < p < a—1,k > 0}, where the previous
pass (k) contribution to the dynamics at the given sample
p on the current pass (k 4+ 1), comes from a pre-specified
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window of points and the state-space model is

2hi1(p+ 1) = Azpi1(p) + Bugy1(p)

WH

i=—wyp,

Yrt1(p) = Cxt1 (p) + Dugr1 (p)

WH

iszL

3)

where on pass k, x5 (p) € R™ is the state vector, y,(p) € R™
is the pass profile vector, uy(p) € R! is the vector of control
inputs and wy,, wy are positive integers.

On each pass in the model (3), the previous pass (k)
‘window’ of samples p — wr, < p < p + wyy, that moves
along the pass, contribute to the current pass k + 1. This
has led the term ‘wave’ repetitive process [13] to describe
examples represented by this model. Also setting wy, = 0
and wy = 0 recovers the previous state-space model.

The boundary conditions for a wave repetitive process are
of the form

2kp4+1(0) = dg41, k>0,
vo(p) = f(p), 0<p<a-—1,
_ . 4)
Try1(i) =0, (i) =0,

ie{-wg,...,—1}U{e,...,a—1+wg}, k>0,

where the n x 1 vector dy4; has known constant entries and
f(p) is an m x 1 vector whose entries are known functions
of p. One area where a wave repetitive process state-space
model arises is iterative learning control. This design method
has been especially developed for the many applications
where the same finite duration task is performed over and
over again. Each repetition is termed a pass (or trial in some
of the literature) and the duration of each trial is termed the
trial length.

In the simplest form of operation the system resets to the
starting location at the end of each pass and the next pass
can begin either immediately resetting is complete or after a
further period of time has elapsed. Once a pass is complete
all information generated over the pass length is available
for use in constructing the input for the next pass. The core
task in iterative learning control design, therefore, is how to
use this information to best effect in improving performance
from pass-to-pass and the most common route is to construct
the input for the next pass as the sum of the previous pass
input and a correction term computed using previous trial
data (or a finite number of previous trials).

Background references on iterative learning control can be
found in the references cited in, e.g., [14] which reports the
design and experimental verification of an iterative learning
control law designed in the repetitive process setting. Let
er(p) denote the error between a supplied reference signal
and the output on each pass. Also let ug(p) denote the input
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on pass k. Then one formula for computing the control input
on pass k + 1 is

up11(p) = ur(p) + Kex(p + 1), ()

where K is a scalar gain (or matrix in the multi-input multi-
output case). The term e (p+ 1) is causal and hence imple-
mentable despite the shit in p because it can be computed for
all p on the completion of pass k. This is the novel feature
of iterative learning control and is termed ‘phase-lead’.

In some applications it is beneficial to include in the
control law further phase-lead terms, e.g., at p + 2 and also
‘phase-lag’, e.g., at p — 1 terms. Such a control law fits
naturally within a wave repetitive process state-space model.

The similarity between wave repetitive processes and
the Roesser model is much less obvious and hence there
still remains the question: is it possible to convert a wave
repetitive process to Roesser form?. This question is the
subject of the future works with the emphasis on system
matrix equivalence.

III. SYSTEM EQUIVALENCE

Following the formulation of Rosenbrock [15], a general
linear 2-D system can be represented by the following system
of equations:

U(z, 22)u,
V(z1,20)x + W (21, 22)u,

T(z1,22)x

y (6)

where x € R™ is the state vector, u € R! is the input
vector and y € R™ is the output vector, 7,U,V and
W are polynomial matrices with elements in Rz, z5] of
dimensions n X n,n x [,m x n and m X [ respectively. The
operators z; and zo may have various meanings depending
on the type of system. For example, in delay-differential
systems z; may represent a differential operator and 2o a
delay-operator. In the case of 2-D discrete systems, z; and 2o
represent horizontal and vertical shift operators, respectively,
but in this paper only the latter case is considered. The
system (6) gives rise to the system matrix in the general
form:

P =| g pea ] o
where
P(1, 22) [ - ] _ { ) } . ®)

In the case when T'(z1,22) invertible, the system matrix
in (7) is said to be regular. The transfer-function matrix
corresponding to the system matrix in (7) is given by:

G(Zl, 22) = V(Zl, ZQ)T_l(Zl, Zg)U(Zl, 22) + W(Zl, 2’2).
©))
The concept of coprimeness plays a crucial role in the
theory of linear systems. In 2-D there are two distinct
notions of coprimeness, namely factor coprimeness and zero
coprimeness. The latter forms the basis of the definition
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of the transformation used in this paper and is defined as
follows.

Definition 1: Let D = K[z1, 23] be a polynomial ring in
z1 and z9 and K an arbitrary but fixed field. Two polynomial
matrices P, and S7 of compatible dimensions, with elements
in D, are said to be zero left coprime (ZLC) if the matrix

[ P 5 ] (10)
admits a right inverse over D.
Similarly, two polynomial matrices P5 and S2, of compatible
dimensions, with elements in D are said to be zero right
coprime (ZRC) if the matrix

admits a left inverse over D.

There are a number of equivalence concepts in n-D systems
theory. Most of them are extensions from the 1-D to the n-
D setting. More recently, a transformation using a module
theoretic approach was used in [16]. A basic transformation
proposed for the study of 2-D system matrices is zero
coprime system equivalence as given in [8], [9]. This trans-
formation may be regarded as an extension of Fuhrmann’s
strict system equivalence [17] from the 1-D to the 2-D case
and is characterized by the following definition.

Definition 2: Let P(m, 1) denote the class of (n + m) X
(n + 1) with polynomial system matrices in z; and z with
real coefficients. Two polynomial system matrices P;(z1, 22)
and Py (z1, z2) € P(m, 1), are said to be zero coprime system
equivalent if they are related by the following

P

S, Y

M 0 n U | _ [ T U N Y

X I, -V W | =V W 0 I

S1(z1,22) P1(z1,22) P>(z1,22) S2(z1,22)
(12)

where Pj(z1,22), S2(21,22) are zero right coprime and
Py(21,29),51(21, 22) are zero left coprime and M (21, 22),
N(z1,22), X(z1,22) and Y (21, z2) are polynomial matrices
of compatible dimensions.
The concepts of controllability, observability and stability lie
at the heart of the theory of linear systems and these concepts
are characterized by the zero structure of their associated
system matrices, see for example [18]. The transformation of
zero coprime system equivalence plays a key role in many
aspects of 2-D systems theory, see for example ([9], [8], [11]
and [10]) as illustrated by the following lemma.

Lemma 1 (Johnson, [9]): The transformation of zero co-
prime system equivalence preserves the transfer-function
matrix and, the zero structure of the matrices:

T;(21,22), Pi(z1,22), | Ti(21,22) Ui(z1,22) |,

T‘i(zlwzQ) .
{ Vi(21,20) i=1,2.
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IV. POLYNOMIAL SYSTEM MATRIX DESCRIPTIONS

Consider the singular Fornasini-Marchesini model given
in (1) and introduce the forward shift operators z; and zo in
the horizontal and vertical directions, i.e.

le(iaj) = x(z + 1aj)a Zg%(i,j) = :I;’(Z,] + 1)7 (13)

respectively. Then the process dynamics of (1) can be written
in the polynomial matrix description form as:

Y ’
where the polynomial matrix over R[Zl, 22},

legE — ZlAl — Z2A2 — Ao ‘ B
—C D

X

o (14)

|

(15)
is the system matrix of (1). The transfer-function matrix is
given by:

GSFJV[(Zh 2'2) = C(legE - 21A1 - ZQAQ - Ao)ilB + D.

(16)

Similarly, consider the wave linear repetitive process (3)
and introduce the state vector

v(k,p) = 2% () vk (0)]"-

Using the shift relations (13) adopted to the repetitive pro-
cesses case, 1.€.

Pspni(z1, 22) {

Pspa(z1, 22) = [

a7)

21w (p) = wrt1(p), 2wk (p) = wi(p + 1), (18)

where a signal w stands for a state x, or output y, or an input
u, the system matrix associated with (3) takes the form

wH
legfnleA — Z Z%Bv Zlé
1=—wp,
P = o0 .
W —zC 211y, — Z z5D; | 21D
i=—wL
Om,n _Im Om,l
(19)
with transfer-function matrix
Gwr(z1,22) =[ 0 In | x
WH -1
z1221, —ZlA — Z ZéBz ~
i=—wy, |: ZlB :|
wH ) o D )
—le' lem_ Z Z%Dl !
1=—wrp,

(20)
provided the matrix inverse in (20) exists.

An alternative description of the system given in (3) is
to multiply the system equations by the shift operator z5'“.
This corresponds to multiplying the system matrix Py g in
(19) on the left by the transfer function preserving matrix

2L 00 |0
0 25 t1y | 0
0 0 |1
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q
zlzg’”'l[n —zz5 " A - E 2B _w, z125 " B
. [ J 3=0
PWR = |: TYVR UWR :| —_ w " q ) or - . (21)
—Vwr  Omy —2125EC 2125 F Ly — E 2D, | 2125 D
j=0
Om’n _Im Om,l

V. REDUCTION OF THE WLRP TO THE SFM MODEL

Let t = n+m and let Pyyg(z1,20) be a (t+m) x (t+1)
be a polynomial system matrix given by (21). Then
Py r(z1,22) can be written as:

(Pio=0), (22

1 q
_ B s
Pywr(z1,22) = E E 2125 P 5,

where P; ; are (t + m) x (t + 1) constant matrices. Now
construct the matrices:

I [ Oq-1)(t40) 041 O(g=1)(t4D), e+ O(q—1)(-+1), 141 ]
P14 P g1 P ’

—L(q-1)(t+1)

O(q—1)(¢+1),t41 } A =0
Ot fm,(q—1)(t+1)

Ao = [ —Po.o

Og—1)(t+1), 141

0
A — | Qa1+ e
2 [ —Po,q-1

0(g—1)(t+1),t+1 }
_PO,(]

—Po1

0(q- m
Yo = [ (@D } 2 Ze=[ Ogean—t I ]

m

is clearly in the singular Fornasini-Marchesini form (15) with
A =0.

Theorem 1: Let Pgpp(z1,22) is constructed and given
by (24). Then Pspp(21, 22) is related to its corresponding
system matrix Py in (21) by the zero coprime system
equivalence: R

S1Pwr = PspuSa, (25)
where

Og—1)(t+1),t | Og—1)(t+1),m

g — Iy O¢,m
1= 0 0 )
m—1,t m+Il,m
Om,t Im

Zg_lft 0¢,1
Ol,t Zgilll

2372& 04,1 (26)
017,5 25_211

Sy = : :
Iy 0¢,1

Oz I
Vwr | Omy

07, I;

The resulting system matrix: 9 with the matrix Viy g of (21).
e . Proof: The matrix Pspjs in (24) can be represented
Tsrv  Usrm in the form
P. =
sF(21,22) [ ~Vsrm  Omy
2129F — 2045 — Ay Y | O (24)
07n,t+l *Im ‘ Om,l
[ Ty —2oli 4 0 0 0 0
0 Tipi 0 0 0o lo
Pspy = 0 0 Iy A 0 0
f122P1q + 2P0 2122P1g-1 + 220,01 z2122P1 0 + 22P02  m122Pia + 2Po1+ Py FL |0
O _-’T"l O Il
L 0 0 0 0 _Im 0 |
(27)

where Fi, = [ Op; Ir |, from which it can be verified that (25) is satisfied, i.e.,

S1Pwr = PspuSs =

O@g-1)t+1),t Og=1)(t+0).1

Twr Uwr

28
Omt1,t Om+1,1 (28)
—Vwr O,

680
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with VW R» TW r and UW r given in (21). Now it remains
to show the zero coprimeness of the matrices. The zero
right coprimeness of the matrices Py and S, follows
from the fact that the matrix

Twr Uwr
—Vwr  Om,y
27N Oy
0 247,
P 2477, 01,
[ WR}: One  287°I (29)
SQ . .
I, 0,1
Op¢ I;
Vwr Opm,1
| Oi¢ I ]

contains a highest order minor which is equal to 1

obtained from the two block rows before the last
two block rows of (29). Similarly the zero left
coprimeness of the matrices Pspp; and S follows
from the fact that the matrix | Pspas S1 | given by:

- o ol 0 0 0 0] 0 017
0 I 0 0 0 0 0 0
B 0 B B 0 B B Iz+l B B _ZQItirl B 0 0 It+l 0
z122P1,q + 22P0,q  z122P1,q—1 + 22FP0,q—1 z122P12 + 220P02  z122P11 + 22P0,1 + Poyo -7‘—3;1 0 0 0
0 0 0 —F 0 I 0 0
L 0 0 0 0 —I, 0 0 I |
(30)
has a highest order minor equal to 1 obtained by deleting Example I: Consider the system matrix P Wk in
the columns (¢ — 1)(t +1)+1,...,(t4+1)q from the matrix ~(21) with wy = l,wg = 1 and ¢ = 2, ie,
in (30). u
B legln — 212214 —B_1 — BOZ2 — Blzg 2’1223
Pyr = —2122C 2120l — D_y — Dozy — D123 | z129D Gh
Om,n _Im ‘ OmJ
It follows that I, 0|0
0 0[0]|. @33
- - - - 9 9 0 0|0
Pyr=PFPyo+FPo1z2+2122P11+25 P02+ 2125 P12, (32)
Then the matrices in (23) are given by:
where 0 0 ~Iitm 0 }
E=| - - , Ag = ~ ,
{ Py Pra } ’ [ 0 —FPoo
0 —By |0 A — 0 0 }
N 9 = - - ,
Poo = =0 —=Dy|0 |, —Py2 —Fo
0 0 |0 0
0 Y, = { 2(t+1)—m,m } . 7 = [ O2¢t+0)—n 1o ] . (34
O m
0 The resulting system matrix Psgps(21, 22) has the form
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I, 0 0 —2I, 0 0 0 0
0 I, 0 0 —zolm, 0 0 0
0 0 I 0 0 —2zo1; 0 0
P . 212’2[7, —ZgBl 0 —2’12214 —B_l — ZQBO Z]_Z2B 0 0 (35)
SEM = 0 —ZQDl 0 —21220 leQIm — D,1 — 22D0 ZlZQ.D 0 0 ’
0 0 0 0 -1, 0 I, |0
0 0 0 0 0 -1 0 |
0 0 0 0 0 0 —I,|0 |

where the transformation matrices S; and Sy are given by:

zoly | Oy
0(t+l),t 0(t+l),m Or,¢ 201}
1 0¢,m I; 0¢,1
S = ’ S — s
! Om—i-l,t Om+l,m ’ 2 ~0l,t Il
Ot I, VR | Omyi
07,4 I |

(36)
Furthermore it can be confirmed that

Gsram (21, 22) = Gwr(z1,22) = Gwr(21, 22).
CONCLUSIONS

In this paper, an equivalent representation is obtained in
2-D Fornasini-Marchesini singular form for a given system
matrix arising from a discrete linear wave repetitive process.
The exact connections between the original system matrix
with its corresponding 2-D singular forms have been de-
veloped and shown to be zero coprime system equivalence.
The zero structures of the original polynomial system matrix
are preserved making it possible to analyze the polynomial
system matrix in terms of its associated 2-D singular form.
It is worth mentioning that in order to preserve the zero
structure, the resulting system matrices become quite large.
It will be an interesting problem to find a way to reduce
the size of these matrices while not sacrificing their zero
structure.
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