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Abstract

We introduce a method and an algorithm for computing the weighted Moore—Penrose inverse of multiple-variable polynomial
matrix and the related algorithm which is appropriated for sparse polynomial matrices. These methods and algorithms are
generalizations of algorithms developed in [M.B. Tasi¢, P.S. Stanimirovi¢, M.D. Petkovi¢, Symbolic computation of weighted
Moore—Penrose inverse using partitioning method, Appl. Math. Comput. 189 (2007) 615-640] to multiple-variable rational and
polynomial matrices and improvements of these algorithms on sparse matrices. Also, these methods are generalizations of the
partitioning method for computing the Moore—Penrose inverse of rational and polynomial matrices introduced in [P.S. Stanimirovi¢,
M.B. Tasi¢, Partitioning method for rational and polynomial matrices, Appl. Math. Comput. 155 (2004) 137-163; M.D. Petkovi¢,
P.S. Stanimirovi¢, Symbolic computation of the Moore—Penrose inverse using partitioning method, Internat. J. Comput. Math. 82
(2005) 355-367] to the case of weighted Moore—Penrose inverse. Algorithms are implemented in the symbolic computational
package MATHEMATICA.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Let C"™*" be the set of m x n complex matrices, and C"*" be the set of m x n complex matrices of rank r:
CP" ={X € C"™*" | rank(X) = r}. For any matrix A € C">"" and positive definite Hermitian matrices M and N of
the orders m and n respectively, consider the following equations in X, where * denotes the conjugate and transpose:

(1)AXA=A 2) XAX =X
3) (MAX)* = MAX 4) (NXA)* = NXA.

The matrix X satisfying these equations is called the weighted Moore—Penrose inverse of A [4], and it is denoted by

X = A}LW - In the partial case M = I, N = I, the matrix X = AL n comes to the Moore-Penrose inverse At of
A [4].
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As usual, Cls1,...,sp] (resp. C(s1,...,sp)) denotes the polynomials (resp. rational functions) with complex
coefficients in the variables si,...,s,. The matrices of format m x n with elements in C[sy,...,s,] (resp.
C(s1, ..., sp)) are denoted by Cl[sy, ..., s,1"*" (resp C(s1, ..., s,)™>"). An appropriate identity matrix is denoted
by 1.

The computation of the Moore—Penrose inverse of one-variable polynomial and/or rational matrices, based on
the Leverrier—Faddeev algorithm, is investigated in [5—10]. The implementation of this algorithm in the symbolic
computational language MAPLE, is described in [11]. An algorithm for computing the Moore—Penrose inverse of
two-variable rational and polynomial matrix is introduced in [12]. A quicker and less memory-expensive effective
algorithm for computing the Moore—Penrose inverse of one-variable and two-variable polynomial matrix, with respect
to those introduced in [8] and [12], is presented in [13]. This algorithm is efficient when elements of the input matrix
are polynomials with only few nonzero addends.

Papers [9,14-17] deal with a computation of the Drazin inverse. A generalization of these algorithms, introduced
in [18], generates the wide class of outer inverses of a rational or polynomial matrix.

An interpolation algorithm for computing the Moore—Penrose inverse of a given one-variable polynomial matrix,
based on the Leverrier—Faddeev method, is presented in [19]. Algorithms for computing the Moore—Penrose and
the Drazin inverse of one-variable polynomial matrices based on the evaluation—interpolation technique and the
Fast Fourier transform are introduced in [20]. Corresponding algorithms for two-variable polynomial matrices are
introduced in [21].

In this paper we consider the set of rational and polynomial matrices and various variants of the partitioning method
for computing generalized inverses. Greville’s partitioning method for numerical computation of generalized inverses
is introduced in [22]. Two different proofs for Greville’s method were presented in [23,24]. A simple derivation
of the Greville’s result has been given by Udwadia and Kalaba [25]. In [26] Fan and Kalaba used the approach
of determination of the Moore—Penrose inverse of matrices using dynamic programming and Belman’s principle of
optimality. Wang in [27] generalizes Greville’s method to the weighted Moore—Penrose inverse.

Many numerical algorithms for computing the Moore—Penrose inverse lack numerical stability. The Greville’s
algorithm requires more operations and consequently it accumulates more rounding errors (see for example [28]).
Moreover, it is well-known that the Moore—Penrose inverse is not necessarily a continuous function of the elements
of the matrix. The existence of this discontinuity presents further problems in the pseudoinverse computation. It is
therefore clear that cumulative round-off errors should be totally eliminated, which is possible only by means of the
symbolic implementation. In the symbolic implementation variables are stored in the “exact” form or can be left
“unassigned” (without numerical values), resulting in no loss of accuracy during the calculation [8].

An algorithm for computing the Moore—Penrose inverse of one-variable polynomial and/or rational matrices, based
on the Greville’s partitioning algorithm, is introduced in [2]. An extension of results from [2] to the set of two-variable
rational and polynomial matrices is introduced in the paper [3]. In our recent paper [1] we propose an algorithm for
computing the weighted Moore—Penrose of one-variable rational and polynomial matrix. In this work we generalized
the results from [1] in the following two ways:

— extend algorithms from [1] to the set of multi-variable rational and polynomial matrices with complex coefficients,
— make algorithms from [1] more effective on sparse matrices with a relatively small number of nonzero elements.

The structure of the paper is as follows. In the second section we extend the algorithm for computing the weighted
Moore—Penrose from [27] to the set of multiple-variable rational matrices with complex coefficients. The main results
are given in the third and the fourth sections. In Section 3 we adapt the previous algorithm to the set of polynomial
matrices. In the fourth section we consider two effective structures which exploit only nonzero addends in polynomial
matrices and improve previous results on the set of sparse matrices. In the last section we presented an illustrative
example and compared various algorithms.

2. Weighted Moore—Penrose inverse for multi-variable rational matrices

Let A(sq,...,sp) be a complex rational matrix. For the sake of simplicity, we will introduce new variables
S2p+1—i = 8. Also we will denote the vector of all variables s1, ..., s2, by § = (s1,...,52p) and further we will
denote A(sy, ..., sp) as A(S).

By A;(S) we denote the submatrix of A(S) consisting of its first i columns, and by a; (S) is denoted the ith column
of A(S):
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Ai(S) =[Ai-1(8) | ai(9)], i=2,....n, A1(S) =ai(S). 2.1)

We will consider positive_ dgﬁnite Hermitian matrices M (S) € C(S)"*™ and N (S) € C(S)"*". The leading principal
submatrix N;(S) € C(8)"*" of N(S) is partitioned as

N w© ],
N;(S) = I:II*(S) ”lii(S):|’ i=2,...,n, 2.2)

where ;(S) € C(S)E~D>1 and n;; (S) is the complex polynomial. By Nj(S) we denote the polynomial n11(S).

In the following lemma we generalize the representations of the weighted Moore—Penrose inverse from [24,1] to
the set of rational matrices of multiple complex variables C(S)™*".

For the sake of simplicity, by X;(S) we denote the weighted Moore—Penrose inverse corresponding to M (S) and

submatrices A;(S), N;(5): X;(S) = A;(S)}y,. foreach i = 2, n. Similarly X1 (S) = a1(S)} .-

Lemma 2.1. Let A(S) € C(S)™*", assume that M(S) € C(S)™*™, N(S) € C(S)"*" are positive definite Hermitian
matrices, and let A;(S) be the submatrix of A(S) consisting of its first i columns, as it is defined in (2.1). Assume that
the leading principal submatrix N;(S) € C(S)"*! is partitioned as in (2.2). Then the matrices X;(S) can be computed
in this way:

X1(S) = {(a?‘<S)M(S>al(S))‘1 af (M), a($) #0, 2.3)
ai (), ai(8) =0,
—1 *

X,(S) = [Xi_l(S) — (di(S)+ - X,»;((S;)A,-_NS)) NiZ ()i ($))b] (5) } i—2 . n, 2.4
where the vectors d; (S), ¢;(S) and b?‘(S) are defined by

di(8) = Xi—1(S)a;(S) 2.5)

ci(8) = ai(S) = Ai-1(9)di(S) = (I — Ai-1(5)X;-1(S)) ai (S) 2.6)

pi(s) = | (EOME)E) ™ FS)MS), ¢i($)#0 e

’ 871 (S) (df (INi=1(S) = 1(9)*) Xi=1(S).  ¢i(8) =0,

and where in b} (S) is

8i(S) = nii (S) + di (SYNi—1()d; (S) — (df ($)Li ($) + [} (S)d; (S))

—IF(S) (I = Xi—1(HAi—1()) N[ (9 (S). 2.8)

Also in [24], the authors used a block representation of the inverse N, i_l (S), which we also generalized to the set
of rational matrices.

Lemma 2.2. Let N;(S) be the partitioned matrix defined in (2.2). Assume that N;(S) and N;_1(S) are both
nonsingular. Then

1 [Nf—l(5> li(S)]_l_[Ei—l(S) fz-(S)} i=2....n
NS =11 7S niS] , i=2,...n,

fES)  hii(S) 2.9)
n(S), i=1,
where
-1
his($) = (mi1 () = FSNL(S1(S)) 2.10)
fi(8) = —hii (N ()1 () @.11)

Ei_1(S) = N\ [(S) + hi; () fi(S) £7(S). (2.12)
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In view of Lemmas 2.1 and 2.2, respectively, we present the following algorithms for computing the weighted
Moore—Penrose inverse and the inverse matrix Nfl(S) € C(8)"*'. These algorithms are generalizations of
corresponding algorithms from [1] to the set of multiple-variable rational matrices with complex coefficients.

Algorithm 2.1. Input: A(S) € C(S)™*" and positive definite matrices M (S) € C(S)"*™ and N(S) € C(S)"*".

Step 1. Initial value: Compute X{(S) = atl(S)Jr defined in (2.3).
Step 2. Recursive step: For eachi =2, ..., n compute X;(S) performing the following four steps:
Step 2.1. Compute d; (S) using (2.5).
Step 2.2. Compute c;(S) using (2.6).
Step 2.3. Compute b} (S) by means of (2.7) and (2.8).
Step 2.4. Applying (2.4) compute X;(S).
Step 3. The stopping criterion: i = n. Return X,,(S).
Algorithm 2.2. Let N;(S) = [f}"'(*si(s) 2,(,5()5)] be the leading principal submatrix of positive definite matrix N €
C(S)"*". Then the inverse matrix N ~!(S) can be computed as follows:
Step 1. Initial values: N; ' (S) = n ] ($).
Step 2. Recursive step: Fori = 2, ..., n perform the following steps:
Step 2.1. Compute h;; (S) using (2.10).
Step 2.2. Compute f;(S) using (2.11).
Step 2.3. Compute E;_1(S) using (2.12).
Step 2.4. Compute Ni_1 (S) using (2.9).
Step 3. For i = n return the inverse matrix NS = Nn’l(S).

We used MATHEMATICA function Together in order to enable simplifications of rational expressions (this function
joins rational addends together and cancels common multipliers in the numerator and denominator).

3. Weighted Moore-Penrose inverse for multi-variable polynomial matrices

Now suppose that A(S) € C[S]"*" is a multi-variable polynomial matrix. We can represent it in the following
polynomial form:

dy de . 0]
i 5] 1
AS)Y=) - D Aip i) o ospr =Y ArS!, 3.1)
i1=0  iy,=0 =0
where I = (i1, ..., i2p), A = Aj,....i,, are constant m x n matrices, st = s;'séz--wa, 0= (d,....drp) =

deg A(S). Here d; is the degree of the matrix polynomial with respect to the variable s; in A(S).

If by J we denote J = (j2p, ..., j1), where J = (ji,..., jop) then it can be easily checked that it holds for
AX(S) = Y9, AxsY.

An application of Algorithm 2.1 to the multiple-variable polynomial matrix A(S) gives the following result.

Theorem 3.1. Let us consider A(S) € C[S]"*" of the form (3.1) and positive definite Hermitian matrices M(S) €
C(S)™ ™ and N (S) € C(S)"*". Assume that the leading principal submatrix N;(S) € C(S)"*" of N(S) is partitioned
as in (2.2). Then the weighted Moore—Penrose inverse AL N, (S) € CX™[S] corresponding to the first i columns in
A(S) is of the form
t Zi(S) .
XS =A S) = ——, =1,...,n, 3.2
i(S) MN,-( ) Y;(S) l n (3.2)

where Z;(S) € C"™¥[S] and Y; (S) € C[S], can be computed from Z;_1(S), Yi—1(S), A;—1(S) and a;(S) using exact
recurrence relations.
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Proof. We will prove theorem by the induction. In the case i = 1 exact relations for Z;(S) and Y (S) can be derived
from (2.3):

ai(§) =A1(8)=0=>2;(5) =0, 7S =1
a1(8$) = A1(S) # 0= Z1(S) = aj (HM(S), Y1(S) = aj(HM(S)ai($).

Consider now the inductive step. From the inductive hypothesis we can write X;_1(S) = IZ/’:I'((;) . Then X;(S) can be
computed by using Step 2 of Algorithm 2.1. From Steps 2.1 and 2.2 we have:

di(S) = Xi—1(8)a;(S) = Zi—1(8)a;(S) _ D;(S)

Yi—1(9) Yi—1(9)
ey 4. o G(9)Yio1(S) —Ai—1(9)Di(S)  Ci(S)
¢i(S) =a;(§) — Ai—1(8)d;(S) = Y1 (S) — Yl._l(S)'
If C;(S) # 0, according to the Step 2.3 of Algorithm 2.1 we have:
CE(S)
b(S) = 7o MG) Y (CFSMS)  Vi(S)
TGS ), dSy T GTOMEGE) T Wi

Y, (S)

Otherwise, we need to evaluate first the expression §; (S). From (2.8) we obtain:

6;(S) = n;;i (S — = N;_1(S [ (S 1*(S —_— 3.3
$) =ni )+ F g N1y T\ @ O Oy 5 ) TSy 33

D} ($) Di(s) ( D} (S) Di(5) ) $i(S)

Here we used the inductive hypothesis together with temporary polynomial matrix ¢;(S) € C[S]Y~D*! and
polynomial v; (S) are defined by:

_ Yii 1) — Zi_1()Ai_1(S)  Ni_1(S)
I —Xi1(S)A_1($)) N~L($I;(S) = . 1i(S
( 1(S)A_1($) N ($)1:(S) s ) (S)
Yist(S)Ni_1 () (S) — Zi—1(S)Ai_1(S)Ni_1(S); ()

Yi—1(S)Ni—1(S)

_ (S
Vi)

Also, we use N;_ 1(S) N( 5’ where N (S) € C[S1E=DxG=1) apd N (8) € C[S] are defined in the next theorem.
By collecting addends under the same denominator in (3.3) we can write §; (S) in the form:

(3.4)

where:

Ai(S) = nii(SNi_1 ()Y ()Y;—1(S) + Ni_ 1(S) D} (S)Ni-1(S) Di (S)

— (Yim1(S)DF () (S) + Y71 (S)Di()F(S)) Ni—1(S) — I} ()i (Y} ()

Ai(S) = Y/ 1 (S)Yi—1(S)N;—1(S).
Now we apply Step 2.3 in the case C;(S) = 0 and evaluate b} (S):
Ai(S) [ Di(S) Zi—1(S)
2:085) \ Y7, (S) Yi—1(S)
Ni—1(S) (DF(S)Ni1(8) — Y7 [ ()IF($) Zi1(S)  Vi(S)

A;(S) WS’

bi(S) =

5 o Ni-1(S) =i (S)*>
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Let us now rewrite expression (2.4) in the following way:
Zi—1(S) _< D;(S) n ¢>i(S)> Vi(S)
Xi(S) = Yi—1(S) Yi1(S)  ¥i(S) ) Wi(S)

’ Vi(S)

Wi (S)

! [Wi(S)M_l(S>Z,-_1<S> — (DUSON-1(S) +¢i(9)) Vi($) ] .

Wi ($)¥i (S) Ni—1(S)Yi_1(S)Vi(S)
From the last expression we obviously have that it holds for:
7 - [Wi(swi_l(S)zi_{(S) — (DiSINi—1(8) + 4:(5)) Vi(S) } _ [&»(S)}
Ni—1($)Yi-1(S)Vi(S) Zi(S)
Yi = Wi(S)vi(S).
This completes the proof of the theorem. [

Theorem 3.2. Let the leading principal submatrix N;(S) of the positive definite matrix N(S) € C[s]"*" be
partitioned as in (2.2). Then the inverse Ni_l (S) is of the form:

Ei_1(S)  Fi(5)
F(S)  Hi(S)]’

. Ni(s) 1
N S)=—F =
Ni(S)  Ni(S)
where E;_(S) € CU—Dx(=1 FX(S) € CYU=Dx1 4nd scalar Hii(S) € Cls] can be computed from Ni_1(S), 1(S),
n;; (S), N;i_1(S) and Ni_l(S) using exact recurrence relations.
Proof. As in the proof of the previous theorem we will use induction and Lemma 2.2 (Algorithm 2.2). The case i = 1
is again trivial and we have:

Ni(S)=1,  Ni(S) =ni(S).

Let us consider now the inductive step and suppose that N l.__ll S = x’*—lg; From the relation (2.10) we have:
i—1
1 Nioi(8)
—— = ;i (S) = ¥ (S)= L (S)
Hi($) T NS
Ni_1($)nii (8) = (SN 1 (S)i(S)  H(S) 35)
N;i—1(S) N;i—1(S)
Therefore, we can write H;; (S) = % Using the relation (2.11) we can represent f;(S) in the following way:
Ni_i(S Ni_1(S FSNi_1(S)  Fi(S
s = 1) o Binr®) _ EONS) _ FS)

Ho(S) 1(S) H(S)  H(S)

1
Furthermore using the fact that 1\~/,~_ 1(S) is symmetric and positive definite, we can conclude that I::l.*(S) =
N;_1(S)I; (S) which further implies that:
FX(S)  Ni—1(9I(S)

*(S) = — =1
IO =5 H;(S)

We also used that I:Ii S = I:Il.* (S) which can be easily proven from (3.5). From (2.12) we can conclude:
Nio1(8) | Hi(S) Fi(S) F($)
Ni—1(S)  Ni—1(S) H;i(S) H;(S)
Ni—1(S) = Fi(S)F/(S)  E;i1(5)
Ni—1(S)H;(S) Ni—1($)H;(S)

Ei_1 =
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Finally, we can represent Ni_1 (S) in the following matrix form:

Ei_1(S) Fi(S)

NS = | NmUOH S Hi(S)
l F(5) Ni—1(S)

H;(S) H;(S)

_ 1 [ Ei-i($) Nijl(S>E(S>] _ N
Hi(S)N;—1(8) LNi-1(DES(S)  Nimi($)? Ni(S)”
This completes the proof of the theorem. [

Now it is easy to construct corresponding algorithms from the Theorems 3.1 and 3.2.
4. Effective method

In practice we often work with polynomial matrices A(S) with a relatively small number of nonzero coefficients.
In that case, the previous algorithm is not effective because many operations are redundant. To avoid this problem

we will construct two appropriate sparse structures for the representation of the polynomial matrix A(S) and the
corresponding effective algorithm for computing A;rw ~ (8). The first sparse representation is denoted by Eff and its
improvement by Eff’, while the second structure is denoted by Ef.

The main idea in the first considered sparse structure is to exploit only nonzero coefficient matrices A; =
i, 7 0 of the polynomial matrix A(S) given in the form (3.1).

,,,,,

Definition 4.1. The effective sparse structure of the polynomial matrix A(S), defined in (3.1), is equal to:

Effs ={(J,A;) | A; #0,0 < J < deg A(S)}. 4.1
Also define the index set of this effective structure by:

Indg ={J | Ay #0,0 < J <deg A(S)}. 4.2)
Define operations +, —, - and * on sparse structures as:

Eff, + Effg = Effs 5, Effy — Effp = Eff4_3,

(4.3)
Eff, - Effp = Eff4.5, Eff}, = Eff,.

Denote by e4 = |Eff4| = |Ind4| the size of the structure Eff 4.
Obviously we have

AS)-B(S)= Y ArB;S"™,

I€lnd 4
Jelndp

where
s+ = silﬂl ...sézpfﬂzp.
If C(S) = A(S)B(S) then the elements of Effc are pairs (K, Cx) where Cg is defined as the following sum of matrix

products:

Cg = Z ArBg-g, 4.4)
Ielnd g4,
K—Ichdg
where Cx # 0. Therefore it holds for ec < es + ep and Effc = Eff4 - Eff g can be computed in the time O(e4 - ep).
Similarly it holds for computing the sum C(S) = A(S) + B(S). Elements of Eff. are pairs (K, Cg) where values
Ck are defined by
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AK7 A[(#O,B[(=0
Cx = { Bk, Bx #0,Ax =0 4.5)
Ak + Bk, Ax #0,Bx #0

and satisfy Cg # 0. As in the previous case we can conclude that ec < max{e4, ep} and Effc can be computed in
time O (max{e4, ep}).
Index sets corresponding to addition and multiplication of sparse matrices are equal to:

Indg+p = Indy U Indp, Indggp = Ind4 + Indp.

In view of (4.3), we compute Eff, = {(1, A7) | (I, Ay) € Eff,} in time O(e,).

Usually, coefficient matrices A; in the polynomial representation (3.1), i.e. in the sparse representation (4.1) are
sparse. Using this fact we can significantly improve our sparse structure Eff by using an appropriate structure for these
constant coefficient matrices.

Definition 4.2. For the constant matrix A = [a;;] € C"*", denote the following sparse structure:

Spa = {G, j, aij) | aij # 0} . (4.6)

Denote by s4 = |Spy4| the size of the structure Sp4.
Similarly as in the case of Eff4, we can define elementary operations on these sparse structures:

Sps +Spp = {(, j.aij + bij) | (i, j,aij) €Spy V (i, j, bij) € Spp, a;j + bij # 0}

Sp4 - Spp = {(i, J.cij) | cij = Zaikbkj #0, (i, k, aix) € Spy A (k, j, bij) € SPB]

Sph = (1. | (. j.aij) € Sp4).
In this way, we have the following improvement of the structure Eff:

Eff, = {(J,Sps,) | A; #0, 0 < J <deg A(S)}

= {(J. (i, J, (ADij | (Apij #0}) | Ay #0, 0 < J < deg A(S)} . 4.7)

It can be seen that the complexity of computing Sp, + Spg is O(sa + sp) and for Sp’ is O(sa). In the case
of multiplication the complexity depends on concrete implementation. Suppose that A € C"*" and B € C"*P.
If the triples are sorted lexicographically in Sp, and in Spp then for every (i, k, Ajx) € Sp, we need to find all

(k, j, Bxj) € Spg, i.e. all triples in Spp which begin by k. If we denote this number by sl(gk):

sy =1{(k. j.bij) €Spg | j=1.....p)l

then the complexity of multiplication Sp4 - Spp is:

0 Yoo sy 4mep]. (4.8)
(i.k,air)€Sp

The last addend in (4.8) comes from the fact that we need to construct the sparse structure Sp. for the matrix
C=AB e C™*P,

We implemented the sparse structure Sp in MATHEMATICA as the structure SparseArray. MATHEMATICA
offers a sparse representation for matrices, vectors, and tensors with SparseArray [29,30]. Both of the expressions

SparseArray[{ii, j1} — vi, {i2, 2} = v2,...,]
SparseArray({{i1, j1}, {i2, j2}, ...} = {v1, v2,.. .}]

represent the SparseArray with elements in positions {ix, ji} having values vg.
Operations on sparse matrices are all equivalent to the operations on dense matrices [29,30]: P1lus(+) for matrix
addition, Dot (.) for matrix multiplication, Times (*) for multiplication by scalar, etc.
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Therefore, in our implementation we have
Eff, = {(J, SparseArray[A;]) | A; #0,0 < J < deg A(S)}.

The shown fact that basic operations are the same for dense and sparse matrices allows us to use the same procedures
for basic operations on Eff in cases when Sp is embedded in Eff and when it is not. In procedural programming of
languages we can decide to use Sp or not in the beginning of algorithm, depending on the structure of input matrices
A(S), M(S) and N (S). Similarly, it is possible to change the choice of one between these two variants of the structure
Eff during the algorithm implementation.

In the second type of the sparse structure for polynomial matrices we represent the matrix A(S) in the form

A(S) = [a;j(S)], where a;; (S) are scalar polynomials, and construct effective sparse structures Effa,,_/ for each a;; (S).
Effective structure Eff, for the scalar polynomial a(S) = (Iie:gla(s) a; 8! is defined similarly as in the matrix case
4.1):

Eff, = {(J,ay) la; #0,1 < J < dega(S)}.

Such sparse representation we denote by Ef, and have Efy = [Eff,;]. If we use notations ef4 = sz=1 Z’}Z] €a;;»
then the complexity for the addition is

m n
10) (ZZ% +eb,.j> = O(efy + efp).
i=1 j=1

After the notations row(B, k) = Z‘}’:] €y and col(A, k) = Z;-"zl eq;, we conclude that the complexity of the matrix
multiplication C = AB is equal to

(55 S e

i=1 k=1 j=1

k=1 i=1

10) (Z col(A, k)row(B, k))

k=1

(0] (i i €q;, TOW(A, k))

for the multiplication.

Polynomials in MATHEMATICA are represented in the internal form using the little modified Ef sparse structure.
For example, two-variable polynomial p(sy, s3) = 4s19s210 + sg’ + slzsg + 3s13sz + 57 + 2s12 + 3s1 4+ 10 is represented
in the following MATHEMATICA internal form:

Plus[

10,

Times[3, si1],

Times[2, Powerl[si, 2]1],

s2,

Times[3, Power[s1l, 3], s2],

Times [Power[sl, 2], Powerl[s2, 2]],
Power[s2, 3],

Times[4, Power[sl, 9], Power[s2, 10]]
1.

The last expression is obtained by using MATHEMATICA function FullForm[E] which returns an internal
representation of the expression E [29,30]. This internal form of the polynomial p(S), at the top level is the list
with length ef, with the head P1lus. Each element of this list contains the exponent J = (ji, j2) and the value p,
(values j; =0, 1 and j, = 0, 1 and are not shown), hence the length of each element is O(1). Also the size of whole
structure is O (ef (5)). Therefore, we can use this natural polynomial representation in MATHEMATICA and built-in
elementary operators to implement the effective partitioning method using the Ef structure. The complexity of these
built-in operations are the same as the corresponding operations defined for Ef structure.
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The next algorithm is the effective partitioning method for computing the weighted Moore—Penrose inverse of
polynomial matrices, suitable for sparse matrices. Generally, the same method can be used with both two presented
sparse structures. Therefore, we will denote general sparse structure with £, which can be exchanged either by Eff
or Ef. Also by O we will denote the general effective structure of an appropriate zero matrix. We will use the same
symbol for the effective structure of the number 0.

Algorithm 4.1 (Computing the Weighted Moore—Penrose Inverse A(S)L(S) NGS) of Sparse Matrix A(S)). Input:
Effective structures of matrices A(S), M(S), N(S).

Step 1. In the case &, # O compute initial values:
&z, =& - Ems Ev, =& - Em - Eay-

If &, = O, thenset £z, = O and &y, = &), where &) is the corresponding sparse structure of the number 1.
Step 2. Recursive step: Fori = 2, ..., n perform the following steps
Step 2.1 Compute: &g, = E7,_, - &,
Step 2.2 Compute: &, =&y, - Ey,, —Ea,_, - Eu;
Step 2.3 If &, # O then compute £y, and Ew, using
Evi =Ey_, - & -Em
Ew, =& - Em - &

Otherwise use the following formulae:
Ey, = 531 (&G Eny =& Ey ) €z
Ew, = 5Z,~ ‘8;,-_1 &y,

where the structures Ai and Zi are defined by:
gﬁi = 5,/,1. : g;i,l '5Yi—1
5Zi = &y iy — gd,-* & — 51,-* &) + & - EN,_, - EDy) 'SNH

- EYi—l : 51;‘ : 5901'

We used sparse representations for temporary variables ¢; and ;, defined in (3.4):

o=y &1 =&z, €A ) 51\7,-_1 - &y

i

&y, =&y, &y,
Step 2.4. Now compute £z, and Ey, using:
Zi= [g] . &y, =Ey - Ew,.
14
Structures £g, and £ g, are defined by:
o =€z, '51\71-,1 Ew; — &y '51\71-,1 &y — &y,
Ey, =&y, - Ey.
If we use Ef or Eff sparse structure, £z, is equal respectively to:
Efg,
iz = |:Ef¢’£:|

Eff;, = {(1 [§§§;])\ (. (60))) € Effg,. (. (7)) € Effq/i}

ST I

; 0 ;
U { (J, [(W‘) D' (6)); =0,(j, (¥);) € Eff@-} : (4.9)
i)j
Step 2.5. Find the polynomials Z;(S) and Y; (S) from its effective structures and compute:
Zi(S)
Xi(S) = ——, 4.10
i(S) Y.05) (4.10)

Cancel the common multipliers in numerator Z;(S) and denominator Y;(S), recompute (if
necessary) effective structures and continue with the next i.
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Step 3. The stopping criterion is i = n. In this case is AL(S)’N(S)(S) = X, (9).

Similarly we can derive a modification of the method introduced in Theorem 3.2 for computing the inverse matrix
Nfl (S) in the polynomial form:

Ni(S

NS = VilS) (4.11)
Ni(S)

Algorithm 4.2 (Effective Computation of Ni_1 (S), Fori = 1,...,n). Input: Effective structure of positive definite

Hermitian polynomial matrix N (S) of the order n. Notations are the same as in Theorem 3.2.

Step 1. Generate initial values: N 1 = I and N 1 = n11 and corresponding effective structures.
Step 2. Recursive step: Fori = 2, ..., n perform following steps:
Step 2.1. Compute: £y =&, - Ey | — &7 EF, - &
Step 2.2. Compute: & = —&F, | - &;-
Step 2.3. Compute: &g, =& — EF, - €
Step 2.4. Generate:

Ni(S) = [

i

CES) NS E(S)}
Ni-1(8)- F(S)  NZy(S)

Ni(S) = Ni—1(S) - H;(S).
As in the previous algorithm, we have also two different representations for Ef and Eff sparse
structures. These relations are similar to (4.8).

Step 3. Stop criterion for i = n. Inverse matrix N, 1($), for every k = 1,...,nisequal to:
Ni(S
NLS) = Vi(S). (4.12)
Ni(S)

5. Examples

We implemented Algorithms 2.1, 2.2, 4.1 and 4.2 in the programming language MATHEMATICA. An
implementation of the Eff sparse structure is also made. Functions WPolyEf and WPolyEff implement Algorithm 4.1
using respectively Ef and Eff sparse structures. All basic operations for Eff sparse structure (functions Add, Sub,
Muls, Mul and TE corresponding to the addition, subtraction, multiplication by scalar, multiplication and conjugate-
transposition respectively) are also implemented.

Example 5.1. Let us find the weighted Moore—Penrose inverse of the following two-variable polynomial matrix
A(x,y):

1 —3x 549x —10y 1648x +2y
Ax,y)=|-T74+9% -8y 8+5x—y 4 4 2x + 3y
7—x—8y 16 —2x —6y —3—2x—4y

with respect to the following matrices M (x, y) and N (x, y):

—-20—x—Xx —8—Tx —4x —2(8+3x +4x)

Mx,y)=| —-8—4x—7x —-204+7Tx+7x 2(5x — X)
—2(8 + 4x + 3x) —2(x — 5%) T(=2+x+X)

16 +7x +7x 7—6x —2x 6 —10x — 3x

Nx,y)=| 7T—2x —6x 23 4+5x+5x) —2(6+4x+3%)
6—3x —10x —-2(6+4+3x+4x) —-3(—6+x+X)

The obtained weighted Moore—Penrose inverse is:
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—1
X0 y) = Ay @09 = (60x3 — 5yx2 — 540x2 4 51yx 4+ 779x — 42y — 435)

—5x% 4+ 51x — 42 —3x? 4+ 8x — 13 —3x24+33x —4
« | —30x%+71x +15 42x% —5yx —33x 4+ y + 15 —18x% — 63x + 10y + 105
) (10x2 ~19x + 12) 2 (18x2 ~2yx —29x +2y + 17) —24x2 4 yx 4+ 42x — 2y — 23

Let us notice that degrees of intermediate results in Algorithms 4.1 and 4.2 are much greater than the degrees of
A, M, N and X (maximum degree in this example are 874 and 122 of the variables x and y respectively). This is the
reason why the algorithms for computing the weighted Moore—Penrose inverse for polynomial matrices are very slow
(working time of the function WPolyEff for the last example is 172.922 s). As we will see in the sequel, when matrices
A, M and N are sparse, corresponding intermediate results are also sparse. Therefore, sparse structures introduced in
the previous section improve the working time of the implementation.

Algorithm 4.1 is tested on several random generated test examples. We tested variants of Algorithm 4.1 using Ef
and Eff sparse structures separately. In this test, matrices A(S), M (S) and N (S) were complex polynomial matrices
of one variable s (i.e. they hold for S = (s, 5)).

We did the testing for two different classes of matrices: sparse and dense. The measures representing sparsity of a
given polynomial matrix are the same as in [19] (Definitions 6.1 and 6.2). We are now restating these two definitions
and generalizing them to the multi-variable complex polynomial matrices.

Definition 5.1. For a given matrix A(S) = [4;;(S)] € C[S]"*" (polynomial or constant), the first sparse number
sp1(A) is the ratio of the total number of nonzero elements and total number of elements in A(S):

G, ) | aij(S) # 0}

m-n

sp1(A(S)) =

The first sparse number represents the density of nonzero elements and it is between 0 and 1.

m n d Algorithm 4.1 Algorithm 4.1 m n d Algorithm 4.1 Algorithm 4.1
with Ef with Eff with Ef with Eff
sp1(A(S)) = 0.9, 5p2(A(S)) = 0.9 sp1(A(S)) = 0.7, 5p2(A(S)) = 0.5
2 2 1 0.14 0.188 2 2 1 0.06 0.89
2 2 2 0.65 1.24 2 2 2 0.25 0.46
2 2 3 1.92 3.93 2 2 3 0.60 1.23
3 3 1 1.34 1.32 3 3 1 0.47 0.68
3 3 2 9.01 11.81 3 3 2 4.60 7.18
3 3 3 34.39 48.13 3 3 3 14.89 24.65
4 4 1 7.87 6.74 4 4 1 6.10 6.18
4 4 2 69.31 64.48 4 4 2 34.95 39.68
4 4 3 461.07 594.98 4 4 3 256.31 299.61
5 5 1 49.13 58.48 5 5 1 30.85 39.43
5 5 2 309.38 330.32 5 5 2 246.32 283.12
sp1(A(S) = 1, sp2(A(S)) = 0.2 sp1(A(S) = 0.2, 5p2 (A(S)) = 0.2
2 2 1 0.04 0.112 2 2 1 0.032 0.105
2 2 2 0.11 0.263 2 2 2 0.069 0.190
2 2 3 0.422 1.303 2 2 3 0.187 0.713
3 3 1 0.281 0.972 3 3 1 0.185 0.675
3 3 2 1.367 3.505 3 3 2 0.628 2.944
3 3 3 5.808 18.449 3 3 3 1.031 3.275
4 4 1 1.613 5.549 4 4 1 0.987 4.344
4 4 2 12.134 27.113 4 4 2 6.087 25.263
4 4 3 55.139 107.27 4 4 3 27.466 176.581
5 5 1 7.475 13.582 5 5 1 3.294 15.853
5 5 2 84.712 139.681 5 5 2 42.159 171.416
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Definition 5.2. For a given polynomial matrix A(S) € C[S]"*" and § = (s1, ..., 5p), the second sparse number
sp2(A(S)) is the following ratio:

#H, j, ki, ..., kp) | 0 <k; <degA(S), Coef(a;;(S), sf' ~-~sf,") # 0}
Sj
degA---degA-m-n
S s

p

sp2(A(S)) =

By Coef(P(S), sf‘ - ~s];,p ) we denoted the coefficient corresponding to slfl .- ~sf,” in polynomial P (S).

The second sparse number represents density of nonzero coefficients contained in elements a;; (), and it is also
between 0 and 1.

Results are presented in the next table (column d states for the degree of corresponding matrix polynomials A(S),
M(S) and N(S)):

All presented processor times are in seconds and the sparse numbers for matrices M (S) and N (S) are the same
as the corresponding sparse numbers for A(S). Every processor time is obtained by averaging working times of
15 different randomly generated test cases. Testing was done on an Intel Pentium 4 processor at 2.6 GHz and
MATHEMATICA 5.2. We can notice that Algorithm 4.1 with an Ef structure showed best timings on all test cases. We
have already mentioned that an Ef sparse structure is already implemented in MATHEMATICA. In the implementation
we used standard built-in operators for manipulation with matrices in Ef structure.

The first table (when sp1(A(S)) = sp2(A(S)) = 0.9) corresponds to dense matrices. In this case, sparse structures
are not so effective because there are a lot of nonzero elements in all matrices and nonzero coefficients in polynomials.
But we can notice a significant improvement in working time when Ef structure is applied against the case when Eff
structure is applied. This difference mainly comes from the fact that Ef structure is implemented by MATHEMATICA
built-in operations.

m n d Algorithm 2.1 Algorithm 4.1 with Eff Algorithm 4.1 with Ef Algorithm 3.1 from [1]
sP1(A(S) = 0.7, spa(A(S)) = 0.7

3 3 1 0.32 0.23 0.10 0.94
3 3 2 0.69 0.57 0.20 1.32
3 3 3 0.82 1.17 0.43 1.84
3 3 4 1.19 2.15 0.73 2.38
4 3 1 0.76 1.26 0.14 1.29
4 3 2 1.29 0.65 0.31 2.12
4 3 3 2.14 1.32 0.59 242
4 3 4 2.84 2.26 1.01 2.93
5 5 1 3.48 1.45 1.01 3.56
5 5 2 5.90 4.54 2.92 4.92
5 5 3 9.18 8.79 6.82 8.27
5 5 4 12.15 15.87 10.85 10.34
6 6 1 7.98 2.65 2.17 8.16
6 6 2 12.93 8.20 7.31 11.32
6 6 3 21.76 18.29 13.53 19.42

The second case (when sp1(A(S)) = 0.7 and sp2(A(S)) = 0.5) represents sparse matrices. We can notice that
working times are significantly less than in the first case. Also here Ef structure produces less working times than Eff.

In the third and fourth cases (when sp1(A(S)) = 1 and sp2(A(S)) = 0.2, and sp1(A(S)) = sp2(A(S)) = 0.2,
respectively) we deal with matrices whose entries are very sparse polynomials. Moreover, in the fourth case we work
with matrices with only few nonzero elements. In the fourth case, smallest average working times are obtained for all
considered matrix dimensions and degrees. Also we can notice that as sparse numbers decrease, the average working
times also decrease (for constant matrix dimensions and degree). This holds for both sparse structures and verifies the
theoretical results about sparse structures Ef and Eff in practice.

We also considered a simpler case: when all input matrices (A(S), M(S) and N(S)) and variables s1, ..., s, are
assumed to be real. In that case we have only p variables and conjugate-transpose operation reduces only to transpose.
We also should suppose that matrices M (S) and N(S) are symmetric in that sense. Algorithms 4.1 and 4.2 remain
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the same except that we should change the definition of conjugate-transpose operator (also the implementations in
MATHEMATICA). This case is considered in [1] and Algorithms 4.1 and 4.2 are effective versions of corresponding
Algorithms 3.1 and 3.2 in [1]. Here working times of the algorithms are significantly less, and also the inverses have
much smaller degrees. Results obtained in this special case are presented in the following table:

It can be seen from the table that here in all cases Ef structure was better than Eff (both with using Algorithm 4.1).
Both effective algorithms were significantly better than Algorithm 2.1 (for rational matrices) and Algorithm 3.1
from [1]. For smaller values of d, Algorithm 2.1 was better than Algorithm 3.1 from [1] due to the implementation
details.

All presented results lead us to the same conclusion: the best choice for computing weighted Moore—Penrose
inverse for polynomial matrices is Algorithm 4.1 with the sparse structure Ef.

6. Conclusion

We extend the algorithm for computing the weighted Moore—Penrose from [27] to the set of multiple-variable
rational matrices with complex coefficients. We adapt the previous algorithm to the set of polynomial matrices.
We consider two effective structures which make use of only nonzero addends in polynomial matrices and improve
previous results on the set of sparse matrices. In the last section we presented an illustrative example and compared
various algorithms.
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