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Abstract

We extend the algorithm for computing {1},{1,3},{1,4} inverses and their gradients from [11]
to the set of multiple-variable rational and polynomial matrices. An improvement of this extension,
appropriate to sparse polynomial matrices with relatively small number of nonzero coefficient matrices
as well as in the case when the nonzero coefficient matrices are sparse, is introduced. For that purpose,
we exploit two effective structures form [6], which make use of only nonzero addends in polynomial
matrices, and define their partial derivatives. Symbolic computational package MATHEMATICA is used
in the implementation. Several randomly generated test matrices are tested and the CPU times required
by two used effective structures are compared and discussed.

AMS Subj. Class.: 15A09, 68Q40.
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1 Introduction

The following Penrose equations are crucial in pseudoinverses definition:
(1) AXA=A, (2) XAX=X, (3) (AX)T=4X, (4) (XA)T=xA

For a subset I of the elements from the set {1, 2, 3,4}, the set of matrices obeying the equations determined
by the set I is denoted by A{{}. A matrix from A{1} is called an i-inverse of A and it is denoted by A¥.
The Moore-Penrose inverse is the unique matrix satisfying all the equations (1)—(4), and it is denoted by
Af.

A lot of methods were proposed to compute various generalized inverses of a matrix. These include
methods arising from the Cayley-Hamilton theorem, the full-rank factorization and the singular value de-
composition (see for instance, [1, 15]). Greville in [2] proposed a finite recursive algorithm for determining
the Moore-Penrose inverse. Due to its ability to undertake sequential computing, this method has been
extensively applied in statistical inference, filtering theory, linear estimation theory, optimization and also
in analytical dynamics [4]. About a decade ago, Udwadia and Kalaba gave an alternative and a simple
constructive proof of Grevilles formula [12]. A generalization of Greville’s method to the weighted Moore-
Penrose inverse is introduced in [14]. The results in [14] are established by using a new technique.

Symbolic computation of generalized inverses and their gradients is one of the most interesting areas of
computer algebra. Matrix differentiation is of considerable importance in statistics. It is especially useful in
connection with the maximum likelihood estimation of the parameters in a statistical model. The maximum
likelihood estimates of the model’s parameters satisfy the equations (known as the likelihood equations)
obtained by equating to zero the first-order partial derivatives (with respect to model’s parameters) of the
logarithm of the so-called likelihood function [3]. In many important cases, the likelihood function involves
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the determinant and/or inverse of a matrix. The gradient of the pseudo-inverse may be needed for sensitivity
analysis, optimizations or in the nonlinear least squares problems.

There is a lot of extensions of the partitioning method to sets of rational and polynomial matrices. The
algorithm for the computation of the Moore-Penrose inverse of the one-variable polynomial and/or rational
matrix, based on the Greville’s partitioning algorithm, was introduced in [8]. The extension of results from
[8] to the set of the two-variable rational and polynomial matrices is introduced in the paper [7]. The Wang’s
partitioning method from [14], aimed in the computation of the weighted Moore-Penrose inverse, is extended
to sets of one-variable rational and polynomial matrices in the paper [9]. Also the efficient algorithm for
computing the weighted Moore-Penrose inverse, appropriate for the polynomial matrices where only a few
polynomial coefficients are nonzero, is established in [6]. Udwadia and Kalaba derived in [13] a constructive
procedure for determining different types of generalized inverses for constant matrices. These results are
extended to one-variable rational and polynomial matrices in [10].

An efficient method for direct simultaneous computation of the Moore-Penrose inverse in conjunction
with its gradient is derived in [5]. Layton in [5] used the approach to simply differentiate terms arising
from the Grevile’s partitioning method. The resulting algorithm in [5] is usable and efficient because of
its unique property that it requires only elementary matrix operations, such as addition, subtraction and
multiplication. In the paper [11] the Layton’s method is combined with the representation of the Moore-
Penrose inverse of one-variable polynomial matrix from [8]. In consequence, the algorithm for computing
the gradient of the Moore-Penrose inverse for one-variable polynomial matrix is developed. Moreover, using
the representation of various types of pseudo-inverses from [10], more general algorithms for computing
partial derivatives of {1}, {1,3} and {1,4} inverses of one-variable rational and polynomial matrices are
derived in [11].

As usual, let R be the set of real numbers, R™*™ be the set of complex m x n matrices, and R"*"={X €
R™*™ | rank(X) =r}. Let A € R(s1,S$2,...,8,)™*" be arbitrary multi-variable rational or polynomial
matrix. In order to make a notation shorter we denote S = (s1,s2,...,5p) and write A(S) instead of
A(s1,82,...,8p). Let A;(S) be the submatrix of A(S) consisting of first ¢ columns of A(S). If i-th column
of A(S) is denoted by a;(S), then it is obvious that A4;(S) is partitioned as A;(S) = [A;—1(5)|a;(5)],
i =2,...,n, assuming A;(S) = [a1(S)]. The set of polynomials (resp. rational functions) with complex
coefficients in the variables S are denoted by R[S] (resp. R(S)). The set of m X n matrices with elements
in R[S] (resp. R(S5)) are denoted by R[S]™*™ (resp R(S)™*™). Also by O, we denote an appropriate zero
matrix and by 0, appropriate zero vector.

Main results of the present article are summarized in the following.

- Algorithms from [10], which give recursive rules for computation of Af(s) in terms of A} |(s), s € R,
are extended from the single-variable polynomial matrix case to the multi-variable polynomial matrix case.

. . . . . . DAI(S) A (S)
- Algorithm which gives recurrent relations between the partial derivatives Bar and v estab-

lished in [11], is improved in the case when a great number of coefficient matrices vanishes to zero matrix as
well as in the case when the nonzero coefficient matrices are sparse. In order to define effective algorithm for
computing partial derivatives of generalized inverses, it is necessary to define partial derivatives of effective
structures defined in the papers [6] and [7].

Generally, the present paper is a continuation of the papers [6, 7, 9, 10, 11] on multi-variable polynomial
matrices and sparse matrices.

Extension of results from [10, 11] to multi-variable polynomial matrices is presented in the second
section. In this way, a finite recursive algorithm for symbolic computation of generalized inverses Aif (S) and
their gradients is derived. Algorithms effectively applicable to sparse polynomial matrices are developed in

the third section. Implementation, evaluated in the package MATHEMATICA, is exploited in development of
several illustrative examples in the last section. A comparison of two used effective structures is given.

2 Multi-variable polynomial matrix case

Udwadia and Kalaba [13] proved the following theorem which gives the expressions for compute genera-
lized inverses of partitioned matrix Ay = [Ax_1 | ai] where A1 € R™** q, ¢ R™*! and k € {2,3,...,n}.
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Theorem 2.1. (Udwadia and Kalaba, 1999) Denote by I any of following generalized inverses: {1},
{1,3}, {1,4} or {1,2,3,4}. Also let c¢;, = (I — AkAi)ak and d;, = Aiak. Then

Al — dpbT
A}i — [ k—le k k}
k
where by, is given by:

1. If ¢, =0 then

(Af_0)"d
1+dlde’

and by, is an arbitrary vector from R™ ! if + = {1,3} or {1}.

bk: 12{1727?%4} 0Ti={174}7

2. Otherwise, if c;, # 0 then

I (I — Ap-14}_,)

bk: T ) 12{174} Ori:{l}a
ckck
and .
C
bk:CTkC ) ¢:{173} 07”1:{1,2,3,4}
K Ck

Previous theorem gives the recursive method for computing A* = Af. Note that for k = 1 and a; # 0
we have [10]

T
0= g E={L3beri={1,234)

and

(ot
CL1: T17 i:{l}or:l::{lv4}

Moreover, for a; = 0 trivially holds aj{ =0.

Based on the Theorem 2.1, Stanimirovi¢ and Tasié¢ [10] developed an algorithm for recursive computation
of generalized inverses of one variable rational or polynomial matrix A(s). The computation of the derivative
of A*(s) is shown by same authors in [11].

Generalizations of results form [10, 11] to the multi-variable polynomial or rational matrices gives the
following algorithm.

Algorithm 2.1 Moore-Penrose inverse, {1},{1,3}, {1, 4}-inverses and corresponding gradients.

Require: Initial value: matrix A(S) € R(S)™*", inverse I and 71(5),...,m,(S) € R(S)™*! arbitrary
vectors.
1: if a1(S) = 0 then

AY(5) = af (), 2 = 21,

2: (9S)€ Bsk
3: else
4 if $=1{1,2,3,4} or f = {1,3} then
5: ALS) = 1 .
' L at (8)ai(9)’ . .
. oAL(S) _ ol (9)a1(9) 2G>~ TE P ar($)a] () —a] (5) 75 al (5)
: Bsy, (af (S)a1(9))? ’
7. end if
g if f={1,4} or { = {1} then
o: ALS) = 18
' 1 TEaE)” ;
o pAL(S) _ 1 (9)m(9) 75>~ P an(8)r] ()] (5) DT (S)

6Sk
11:  end if

(ri (8)a1(9))?



4 M.D. Petkovié¢, M.B. Tasi¢, P.S. Stanimirovié¢

12: end if

13: for i =2 ton do

14 di(S) = Af 1(S)ai(S);

15: 65(;;5) 851(S) i(S) + A (S)%(ks);

16: ¢i(S) =ai(S) — Az_l(S)di(S);

17: 351(5) 9a;(S) _ 9Ai—1(S) d;(S) — A;_1(S) 9di(S) .

e 0sk dsp
18: 1f cl 7é 0 then
19: if $=1{1,2,3,4} or { = {1,3} then
. (o) — ()
20: bi(S) = THam’ )
. T (s) _ el (S)ei(S) 00905 0 (9)eT (8) T (9) i T (5)
: D5k (T (S)ei(5))? ’
22: end if
23: if $={1,4} or { = {1} then
_A, 1 T,
24 bi(s) = U Al;l(g;‘;;(gf)) i
HT(S) _ 2T ()74, (5) 2 AL ()T A1) 4t () 05T 4 (54 (5)
o5, 0sy. cT'(S)ei(S)
‘ (252 ei() T () 2542 ) (cx(8)T i () A1 ()41, (5))
(cF(8)ei(9))” ’
26: end if
27:  else
28: if 1 ={1,2,3,4} or t = {1,4} then
(AL, ($)Tdi(S)
29: bl(S) = 1+d1(S)Tdi(S)
| . (1+d?(S)di(S))(ad8§LS) (S)+dT(S)%(S))> —(dz'(S)Afil(S))(ad ) 4,(8)+dT (5) 2% (S))
30: D5, (1+d7(5)di(5))”
31: end if
32: if 1={1,3}ori= {1} then
_ . b7 (S) _ orl(S)
33: bl(S) = ’I“i(S), Bsk = Bsk
34: end if
35:  end if ; .
A;_1(S) — di(9)b; (5)
. Ai = i—1 Q 7
oA b (9)
AAF_ () adi(s avT (S
37 aAI(S) 852 a( )bT(S) di(S) 65(k )
T Osk 8bT(S)
8Sk
38: end for

AL(S); DA(S)F _ 2A3(S)

39: return The stopping criterion: A(S)* = G =

Now assume that A(S) € R[S]™*" is a multi-variable polynomial matrix. We can represent the matrix
A in the polynomial form

Q

dq dp
S) = Z Z Aiyiys3 sl = ZAISI7 (2.1)

i1=0  i,=0 1=0

where I = (iy,...,ip), Ar = Ay, .4, are constant m x n matrices (called the coefficient matrices), ST =
sPs sy, Q = (dy,...,d,) = deg A(S). Here d; = deg (A(S),s;) is the degree of A(S) with respect to
variable s; in (2.1).

Theorem 2.2. Consider the matriz A(S) €R[S]™*™ of the form (2.1). The following statements are valid:

. i
(1) Generalized inverse Af(S) € R[S]|"*™ and its partial derivative ag;is), corresponding to the first i
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columns in A(S) have the general form

ANS) = T2 i=1,..,n, (2.2)

314%(5) Yi(5) aék - agk Xi(S)
ds, Y;(5)?2

where X;(S) € R[S]™™ and Y;(S) € R[S].

(2) Matriz X;(S) and polynomial Y;(S) can be computed from X;_1(S), Yi—1(S), Ai—1(S) and a;(S) (or
r;(5)), using exact recurrence relations, for each i > 2.

(3) Partial derivatives 8)8(;;(65) and agi(ks) can be computed from X;_1(S), Yi_1(S), A;—1(S), ai(S) (or

r;(S)) and partial derivatives OX(;;;(S), ayé,;i(s) and ag;(:) (or Bg;(:)), using ezact recurrence relations

and no derivative operation, for each v > 2.

Proof. We prove theorem by the induction. Exact relations for X;(S) and Y;(S) can be derived after the
investigations of two possible cases: a1(S) = 0 and a1(S) # 0.

In the case a1(S) = A1(S) = 0 it suffices to use X1(S) =0, Y1(S) = 1. Indeed, since

0X1(5) _ 9Y1(9)
8Sk - 8Sk

=0,

the proof follows from Step 2 of Algorithm 2.1.
In the case a1(S) = A1(S) # 0 we observe two different cases, (a) and (b).

(a) Assume that § = {1,3} or I = {1,2,3,4}. Algorithm 2.1 computes a1(S) in steps 5 and 6. Note that
aT(S) is the numerator and aZ'(S)ay(S) is denominator of at(S), given by step 5. Since X;(S) and

Y1(S) are polynomials, we conclude that X;(S) = aT'(9), Y1(S) = aT(9)a;1(S) and

9Xi1(S) _ 9af(S)  9Yi(S) _ daf (S) T
aSk o 8sk ’ 8Sk o 8sk al(S) + “ (S)

8a1(S)
Bsk

(b) Otherwise, let £ = {1,4} or { = {1}. Algorithm 2.1 then executes steps 9 and 10 of Algorithm 2.1.
From the same reasons as in the previous case, we have

X1(8) =r{ (S), Yi(S) =r{ (S)ar(S)
0X1(S) orf(S) ovi(S) or{(9)
8sk B 8sk ’ 8sk B 8Sk

(’)al(S)
&Sk ’

a1(S) + 17 (S)

Consider now the inductive step. From the inductive hypothesis we can write

9Xi-1(S aY;_1(S
Ai (S) = )(2_71(5) and aAT_l(s) — 1/1—1(5) Osk( L Bsk( )Xl—l(s)
o Yifl(s) sy, }/;71(5)2 .

Then Af(S) can be computed by using Step 2 of Algorithm 2.1. From Steps 14 and 16 we have:

() = ALy (S)ai(s) = T - U
ci(S) = (1 - Ai_l(S)m> ai(S)
(Yie1(S)I — Ai1(9)Xi—1(95)) ai(5) _ Mi—1(S)ai(S) _ Ci(S)

Yio1(S Yi—1(9) Yi—1(S)’
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where we denoted by M;_1(S) = Y;_1(S)I — A;—1(S)X;—1(S). Note that
aDz(S) - 8X1_1(S) 8@1(5)

CLZ‘(S) + Xifl(S)

Osy, Osy, Osy,

OM;(S) _ 9Yi_a(S), 0Aia(S) N 0X; 1(S5)
ds,  Osy ! sy, Xi-1(5) = 4 () sy,
8sk B 8sk al(s) + MZ?l(S) 3Sk

Therefore,

8di(S) }/;71(5) dD;(S)  9Yi_1(S) D;(S) 8@(5) Yi_1(S) 9Ci(S) 83’71_1(5)01_(5)

s e Osg, Osy

dsp Yi_1(S)? " T Osp Yi_1(S)2

In the case C;(S) # 0 we have two possibilities, corresponding to the class of pseudoinverses we compute
(holds directly from steps 20, 21, 24 and 25 of Algorithm 2.1):

(a) If £ ={1,4} or = {1} then

Xi—1(S T C; (S
(1-46328) 2% MLecs) _ we)

CT(5)Ci(5) =7 i = W
YT (S)Yiei(5) C(9)Ci(9) (S)

bi(S) =

avi(S) oME (S) T oC;(S)  oWy(S)  aCH(S) 7, 0C(S)
sy, n sy, Ci(8) + M;_1(5) Os, 05y - sy, Cil9) + G (S) Osi
(b) If £ ={1,3} or £ ={1,2,3,4} then
Ci(S)
! Cl(S)Ci(9) CT(S)Ci(9) W;(S)’
YT, (S)Yi-1(5)
avi(S) oYL (9) T oC;(S)  OWy(S)  aCH(S) 7, o0 0C;(S)
s, sy Ci(S) +Yima(9) Os dsi,  Osy CilS) +C(S) Osp
Otherwise if C;(S) = 0 we have (holds directly from steps 29, 30 and 33 of Algorithm 2.1):
(a) If £ ={1,3} or = {1} then V;(S) can be chosen arbitrarily and W;(S) = 1.
(b) If t ={1,4} or 1 = {1,2,3,4} then
XI1(S) _Dy(S) -
s DI(S)Di(S) VI (S)Yio DI (S)D;(S)  Wi(S)’
l+m 271(5) K3 1(S)+ z(S) Z(S) ( )
avi(S)  9X[,(S) T dD;(S)
8Sk; - 85]{: Dl(S)+X1—1(S)TSk
oW;(S) 9. ,(S) o OYii1(S) oD (9) 7, o 0D;(S)
83k - aSk ijfl(s)—’—yvzfl(‘s) 88k + aSk; DZ(S>+D'L (S) 85k
The gradient %S(f) is in all cases equal to
obi(S)  WilS) Zgi — M Elvi(s)
(9Sk o WZ(S)Q '
Now from Step 36 we obtain
Xi—1(9) Di(S) Vi'(8)
AKS) = | Vi) T Vi BT WIS | 1 X (S)W(S) — Di(S)VT(S)
l LAlC] Vi (S)WI(S) Yia(S)VI(S)
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From the last expression we can conclude that

() = [F O - BV

~1(S)VT(S) ’

and therefore

0Xi(8) _ [Pt OW(8) + X, 1(5) 25 8gsis>VZT(S) D,($)245)
sk 53’187:(5)‘/;(5)+Y1 1(‘9)8‘/87,53) )
aYi(S) aYi—1(S) T aw_T( )
= - Y_ 17.
Dsi gsr Wi (5) +Yima(8)—5

This completes the proof by mathematical induction of the part (1) of the theorem. Parts (2) and (3)
directly hold according to the above expressions. [

From Theorem 2.2 we can conclude that agis(fg ) depends only on 3:34;65)’ A(S) and c’)gs(ks ) where R(s) =
[r1(S) r2(S) -+ r(9)] is the matrix whose columns are arbitrary vectors used in steps 9 and 10 of Algorithm

1
2.1.

Based on Theorem 2.2, it is not hard to construct the algorithm for computing A*(S) and its partial
derivatives.

Remark 2.1. At the end of this section, note that parts (1) and (2) of Theorem 2.2 ares valid also in
the case of multi-variable rational and polynomial complex matrix, i.e. for A € C[S]™*". Same holds
for Algorithm 2.1 when A € C(S)™*™ is multi-variable rational complex matrix. In such case, the matrix
A* is rational or polynomial matrix with respect to the conjugated variables 51,52,...,5,, i.e. A" €
R(51,32,...,8,)™*"™. Hence by using conjugate-transpose operation on rational matrices, together with
matrix addition and multiplication, results will be rational or polynomial matrices with respect to the
variables si,s2,...,5p,51,52,...,5p. Therefore, in the case of complex matrices, we have to assume that
S =(s1,52,...,5p,5p,Sp—1,...,51), l.e. the number of variables is 2p.

3 Effective method

Polynomial matrices which occur in many mathematical and scientific applications are sparse, in the sense
that they have a comparatively small number of nonzero coefficients. Also, it is possible that polynomial
entries of these matrices are sparse. To avoid executing redundant operations on zero matrices in the case
when a substantial minority of nonzero elements (coefficients) is detected, appropriate sparse structures
should be used in such things. We assume that algorithms on polynomial matrices are effective if the sparse
data structure represents a matrix in a space proportional to the number of nonzero coefficients and matrix
operations are performed in a time adequate to measured sparsity.

We restate the next two definitions which provide the quantitative measure of sparsity for multi-variable
polynomial matrices.

Definition 3.1. [6] For a given matriz A(S) = [a;;(S)] € R[S]™*" (polynomial or constant), the first
sparse number sp;(A) is the ratio of the total number of nonzero elements and total number of elements

in A(S):
(6.5 (5) # 0}

m-n

sp1(A(S)) =

Definition 3.2. [6] For a given polynomial matriz A(S) € R[S|™*" and S = (s1,...,5sp), the second
sparse number spy(A(S)) is the ratio

| {(4,4,k1,..., kp) | 0<k; <deg(A(S), sj), Coef(a;;(S5), slfl . ~s§”)740} |

sp2(A(S5)) = deg(A(S),s1) - - - deg(A(S), sp) -m - n

where Coef(P(S), sh -~-s];p) denotes the coefficient corresponding to s** ~~s§" in polynomial P(S).
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The first sparse number represents the density of nonzero elements. The second sparse number represents
density of nonzero coefficients contained in elements a;;(.S). Both sparse numbers are between 0 and 1.

In this section we briefly recall sparse storage formats Eff and Ef from [6] and consider the partial
derivative computation on both structures. The result is the effective algorithm for computing A*(S) and
corresponding partial derivatives.

The main idea in the sparse structure Eff is to exploit only nonzero coefficient matrices A;=A;, . ;, #0O
of the polynomial matrix A(S) given in the form (2.1).

Definition 3.3. [6] The effective sparse structure of the polynomial matriz A(S), defined in (2.1), is equal
to
Eff s ={(J,A))|A;#0, 0< J <degA(S)}. (3.1)

Recall that by 0 we denote appropriate zero vector and by O we denote appropriate zero matrixz. Also, the
index set of this effective structure is defined by

Indg ={J|A; #0, 0<J <degA(S)}. (3.2)
Define operations +, —, - and T on sparse structures by
Eff s + Eff g =Effy,p5, Effy —Effz=Eff) p,
Eff, -Effp = Eff s, Eff = Eff 4r. (3:3)
Denote the size of the structure Eff 4 by e4 = |Eff 4| = [Ind 4].

It is not hard to prove that if C(S) = A(S) - B(S) then ec < e4 + ep and hence the effective structure
Eff o can be computed in the time O(es + ep). Similarly, if D(S) = A(S) + B(S) then ep < max{e4,ep}
which implies that Eff p can be computed in time O(max{e4,ep}). In view of (3.3), we compute Eff;=
{(I,AT) | (I, As)€ESf 4} with complexity O(ea).

Definition 3.4. The partial derivative of the sparse structure Eff of the polynomial matriz A(S), defined
n (2.1), is defined by OLEff 4(5) = 05, Bff 4(5) = Eff oacs) .
ZErS

Since

OA(S) 0 o ) ) ) ) ) )

_ E J1oJ2 ... odp — : J1 ... Jk—1 Jk—1 Jk+1 ]

Jsi,  Osy Assi'sy 5’ = E : JkAgsy Sk—15k  Sky1 " Sp s
: ° Jelnda JeInd 4,570

we conclude that Oy Eff 4(s) is equal to
8kEHA(S) = askEﬁ.A(s) = Eff ag(s)
Sk
= {(‘] - ekvjkAJ) | J= (j17j2a R 7jp) c IndA7 jk 7& 07 €L = (07 .. 707 1a0a cee 70)} (34)
————
k—1

It is clear that the derivative computation can be performed in the time complexity equal to O(e4).

Usually, coefficient matrices Ay in the polynomial representation (2.1), i.e. in the sparse representation
(3.1) are sparse. Using this fact we can significantly improve our sparse structure Eff by using an appropriate
structure for these constant coefficient matrices.

Definition 3.5. [6] For the constant matriz A = [a;;] € R™*™, define the following sparse structure:

Spa = {(i, 4, aij) | ai; # 0} . (3.5)
Denote by sp = |Spy4| the size of the structure Sp 4.

Similarly as in the case of Eff 4, we can define elementary matrix operations on Sp 4 (see [6]). In this
way, we have the following improvement of the structure Eff:
E, — {(J.Sp4,) | Ay # 0, 0< J < deg A(S)}

— {(J{iss (Al (As)is # 01) | Ay £ 0, 0 < J < deg A(S)}. (3.6)
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It can be seen that the complexity of computing Sp 4 +Spp is O(s4+sp) and for Sp is O(s4). In the case
of multiplication the complexity depends on concrete implementation. Sparse structure Sp is implemented
in MATHEMATICA as the structure SparseArray. Note that in MATHEMATICA, the basic matrix operations are
performed in the same way on SparseArray structure and usual matrices [16]. Hence, the same code can
be used in both cases. It is also possible in object-oriented programming languages, using the inheritance
concept and virtual classes.

In the second type of the sparse structure for polynomial matrices we represent the matrix A(S) in the
form A(S) = [a;;(S5)], where a;;(S) are scalar polynomials, and construct effective sparse structures Eff
for each a;;(S) [6].

Qjj

Definition 3.6. [6] Effective structure for the scalar polynomial a(S) = ?igla(S)
as in the matriz case (3.1):

a;ST is defined similarly

Ef, ={(J;ay) | a; #0, 0 < J <dega(S)}. (3.7)
Sparse representation of the matriz A(S) is denoted by Ef 4.5y = [Ef,,(s)]-

If we use notations ef4 = >/, 377 e,,;, then the complexity for the addition is O(ef 4 + efp) while
the complexity of matrix multiplication is O (3"} _, col(A, k)row(B, k)). Here we denoted by row(B, k) =
> ¥ 1 eby; and col(A, k) =307 eq,.

Partial derivative of the sparse structure Ef is introduced in the next definition.

Definition 3.7. The partial derivative of the sparse structure Ef of the polynomial matriz A(S), defined
in (2.1), is equal to 8kEfA(S) = 8SkEfA(S) =Efosac) -
Osy

As in the previous case, JyEf 4(s) can be computed using the following relation
OpEf 4(5) = {(J=1,jray) | as #0, 0 < J <dega(S)}. (3.8)

The following algorithm is the effective partitioning method for computing the generalized inverses of
polynomial matrices and its partial derivatives. It is 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 also use the same symbol for the effective structure
of the number 0.

Algorithm 3.2 Computing the {1},{1,3},{1,4} or {1,2,3,4} inverse A*(S) of sparse matrix A(S) and

: . . 1
corresponding partial derivative %@,

Require: Effective structure of matrix A(S)
and of the matrix R(S) = [r1(S) 72(5) -+ 7.(5)] in the case = {1,3} or § = {1}.

1: £44 = Or€a, also compute Eqq, = Oy, and Ega, = Or€a,.

2: if 1 ={1,3} or { = {1} then

3: Ear = 8kER and gdm = ak£m~

4: end if

5. if £, = O then

6: gXl = O, 5}/1 = 51, ngl = O, ngl =0.

7: else

g if 1 ={1,2,3,4} or 1 = {1,3} then

9: gxl = 5(?1’ Syl = 521 . 5a1> ngl = ggl:h, Edyl = Et}:h . gal + ggl . gda1~
10:  end if

11:  if $={1,4} or £ = {1} then
12: Ex, = 5TT1, Ey, = 831 “Eayy  Eax, = Bkggz, Eay, = 8;4‘331 -Eay + EZ; - Eda,, where 11(5) is an
arbitrary vector.

13:  end if
14: end if



10 M.D. Petkovié¢, M.B. Tasi¢, P.S. Stanimirovié¢

15: fori=2,...,n do
16: o, =Ex; 1 Eayy Ead, = Eax, 1 Eai T Exi 1 Eday-
17: 51%1‘—1 = gYi—1 &1 — gAi—l 'ng‘_la EdMi—l = ngi—l & — SdAi—l 'gXi—l - 5141:—1 'ngi—lv
18: gci = SMFI . 5,11.7 5dci = ngi—l . gai + (‘:MFI . gdai'
19:  if &, # O then
20: if 1 ={1,4} or { = {1} then
v, =€l £, Ew =T &,

21:

Eavi = Eqnt_, Eei FEA_  Edcrr Eawy = Ee, + Eey + EL - Eu,.
22: end if
23: if t={1,3} or { ={1,2,3,4} then

Ev, :83:271 iy Ew, :6’67; &,

24:

Eavi =Ely.  Eei + EF | Eacyy Eaw, = E4p, Eci +EL - Eqe,.
25: end if
26:  else
27: if 1 ={1,3} or { = {1} then
28: &, =&, &w, =&, &, =0k&r,, Eaw, = 0.

(&, is an effective structure of an arbitrary vector r;(.5)).
29: end if
30: if ={1,4} or { ={1,2,3,4} then
N Ev, = &%, Eay Ew, =&y, Evi, +E; &y,

ngi = ggXFl 'gdi + 5§i71 '5ddia gdWi = ggyFI '(c/'YF1 + 5)1/:,71 . 5in71 + 55211 -5511. + 55: . gddiw
32: end if

33:  end if
o, =E&x, 4 ga/l — &, 511/1’ Eu, =&, , glj/:_
34:
5(191. = 5dX7:71 . 55;/1 + 5)(1.71 . ngi — gdd,; . 5‘7/1 — 5di . ng, Ed\pi = 5dyi71 . 5‘7/: -+ 5Yi71 . 531‘/1
0, dO;
35: X, = \I/z , dX; = d\I/i:| s gYi = 83"571 '55[1/1-7 ngi = ngia : gvTVl + gYi—l E(P{W7

36:  If we use Ef or Eff sparse structure, £x, is equal respectively to:
_ | Efe, (i [(©:); Ry WA
Ein = |:Ef\1;1:| ) EHXi _{<j’ |:(\I]Z)j | (j’ (Gl)j) GEff@“ (]7 (lpl)J) EEH‘Pi
. 1(©4); .
A1) 1o e Bta e, =0} 39)

A6 L2 ]-ouom o)

Analogously we compute Egx, from Eqe, and Eqw, .
37:  Find the polynomials X;(S), Y;(5), dX;(S) and dY;(S) from its effective structures and compute:

Xi(S)
AF(9) = &2
OAH(S); _ dX;(9)Yi(S) — dYi(S)Xi(S) '
8Sk B YZ(S)Q
38: end for . ;
39: The stopping criterion is i = n. In this case is A*(S) = Af(S) and %&9) = %{S).
4 Examples

Algorithm 3.2 is implemented in the programming package MATHEMATICA (version 7.0) and tested on
several test matrices. Functions KalabaEf and KalabaEff provide the implementation of Algorithm 3.2 for
Ef and Eff sparse structures effectively. Tests are run on Intel Core i5 CPU at 2.6 GHz, without multicore
optimization.
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Example 4.1. The following table contains the CPU times of functions KalabaEf and KalabaEff, while
computing {1, 3} inverses, on test matrices from [17]. All presented times are in seconds.

Table 1. CPU times corresponding to test matrices from Zielke [17]

Test matrix | Alg 3.2 with Ef Alg. 3.2 with Eff
Vo (s, t) 0.094 7.363
Vs (s, t) 20.131 78.329
V3 (s, s) 0.031 3.127
Sa(s) 0.234 0.843
55(s) 17.847 61312
Hs(s) 0.016 0.046
Hi(s) 0.032 0.218
Hs(s) 0.203 3.073
Hg(s) 2.668 50.217

Comparing the numerical data arranged in Table 1, it is clear that the sparse structure Ef requires signifi-
cantly smaller computational time with respect to Eff structure.

We also tested our implementations on randomly generated test matrices.

different levels of sparsity of the input matrices.

Results are provided for

Example 4.2. In the following tables, we provide running times of the functions KalabaEf and KalabaEff
for randomly generated test matrices of various dimensions and degrees. We have chosen six groups of tests,
as the combination of three different levels of sparsity of an input matrix (0.4, 0.6 and 0.9) and two levels
of its rank (2 and 4). That choose is made in order to demonstrate the dependence of running time of
Algorithm 3.2 of both sparsity and rank.

Table 2. Numerical experiments for various dimensions m,n and degree d

m | n | d | Alg 3.2 with Ef | Alg. 3.2 with Eff m | n | d | Alg 3.2 with Ef | Alg. 3.2 with Eff
4 4 2 0.002 0.054 4 4 2 0.009 0.087
4 4 4 0.013 0.059 4 4 4 0.061 0.433
5 4 2 0.005 0.058 5 4 2 0.025 0.130
5 4 4 0.012 0.103 5 4 4 0.047 0.302
5 5 2 0.013 0.081 5 5 2 0.035 0.230
5 5 4 0.017 0.103 5 5 4 0.271 1.305
6 4 2 0.011 0.061 6 4 2 0.025 0.125
6 4 4 0.025 0.136 6 4 4 0.458 1.628
6 5 2 0.013 0.088 6 5 2 0.096 0.402
6 5 4 0.033 0.201 6 5 4 0.946 3.750
6 6 2 0.016 0.107 6 6 2 0.118 0.530
6 6 4 0.058 0.359 6 6 4 1.051 4.524
sp1(A(S)) = 0.4, sp2(A(S)) = 0.4, rank(A(S)) =2 sp1(A(S)) = 0.4, sp2(A(S)) = 0.4, rank(A(S)) =4
m | n | d | Alg 3.2 with Ef | Alg. 3.2 with Eff m | n | d | Alg 3.2 with Ef | Alg. 3.2 with Eff
4 4 2 0.027 0.122 4 4 2 0.393 1.548
4 4 4 0.072 0.302 4 4 4 2.621 9.479
5 4 2 0.029 0.138 5 4 2 0.590 1.981
5 4 4 0.074 0.333 5 4 4 4.028 13.367
5 5 2 0.057 0.243 5 5 2 1.271 4.223
5 5 4 0.136 0.586 5 5 4 4.914 16.146
6 4 2 0.055 0.202 6 4 2 0.811 2.496
6 4 4 0.076 0.327 6 4 4 5.005 15.282
6 5 2 0.052 0.222 6 5 2 1.532 4.481
6 5 4 0.208 0.688 6 5 4 7.117 20.068
6 6 2 0.142 0.507 6 6 2 2.453 7.471
6 6 4 0.382 1.181 6 6 4 13.191 38.625
sp1(A(S)) = 0.6, sp2(A(S)) = 0.6, rank(A(S)) =2 sp1(A(S)) = 0.6, sp2(A(S)) = 0.6, rank(A(S)) =4
m | n | d | Alg 3.2 with Ef | Alg. 3.2 with Eff m | n | d | Alg 3.2 with Ef | Alg. 3.2 with Eff
4 4 2 0.079 0.248 4 4 2 0.998 3.145
4 4 4 0.179 0.509 4 4 4 4.859 15.853
5 4 2 0.117 0.296 5 4 2 1.763 5.006
5 4 4 0.288 0.634 5 4 4 6.382 18.622
5 5 2 0.177 0.473 5 5 2 3.058 7.839
5 5 4 0.542 1.117 5 5 4 11.191 30.075
6 4 2 0.132 0.318 6 4 2 1.886 5.019
6 4 4 0.384 0.757 6 4 4 8.208 21.998
6 5 2 0.247 0.538 6 5 2 3.482 8.562
6 5 4 0.733 1.330 6 5 4 15.175 36.473
6 6 2 0.347 0.731 6 6 2 5.569 12.648
6 6 4 1.072 1.895 6 6 4 21.530 50.610
sp1(A(S)) = 0.9, sp2(A(S)) = 0.9, rank(A(S)) =2 sp1(A(S)) = 0.9, sp2(A(S)) = 0.9, rank(A(S)) =4
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It can be noticed, from Table 2, that the running time of Algorithm 3.2 increases when the sparsity of
matrix A(S) increases. The fact that this dependence is significant, shows that sparse structures considerably
improve the performances of Algorithm 3.2. Moreover, it shows that intermediate matrices in Algorithm
3.2 are also sparse.

By comparing fourth and fifth column from each table in Table 2, we observe that the effective structure
Ef posses considerably better performances than the effective structure Eff, for all test matrices.

Finally, by comparing values in tables from left and right side of Table 2, we can see that running time
of Algorithm 3.2 depends on the rank of an input matrix A(s). That dependence is notable both for sparse
and dense matrices.

Example 4.3. We also compared Algorithm 3.2 (with both effective structures) without derivative com-
putation with Algorithm 3.1 from [10]. Results are shown in the following tables.

Table 3. Comparison of both effective structures and usual representation

m | n | d Alg 3.2 Alg. 3.2 Alg. 3.1 m | n | d Alg 3.2 Alg. 3.2 Alg. 3.1
with Ef | with Eff | from [10] with Ef | with Eff | from [10]
4 4 2 0.012 0.044 0.621 4 4 2 0.088 0.312 5.538
4 4 4 0.025 0.105 1.217 4 4 4 0.575 1.603 18.606
5 4 2 0.025 0.049 0.643 5 4 2 0.193 0.614 12.199
5 4 4 0.027 0.118 1.617 5 4 4 0.655 1.880 42.549
5 5 2 0.026 0.104 0.899 5 5 2 0.212 0.684 32.841
5 5 4 0.052 0.208 3.931 5 5 4 1.205 3.851 111.954
6 5 2 0.027 0.098 1.111 6 5 2 0.343 0.986 79.631
6 5 4 0.062 0.213 4.150 6 5 4 1.329 4.088 331.623
6 6 2 0.047 0.166 2.532 6 6 2 0.427 1.383 129.777
6 6 4 0.135 0.348 5.528 6 6 4 2.027 6.664 487.912
sp1(A(S)) = 0.7, sp2(A(S)) = 0.5, rank(A(S)) =2  sp1(A(S)) = 0.7, sp2(A(S)) = 0.5, rank(A(S)) =4

Besides the before observed advantages of the sparse representation Ef with respect to the representation
Eff, from Table 3 we also observe significant acceleration of Algorithm 3.1 after the usage of both sparse
representations. We also see that the difference is larger for right table (higher value of matrix rank).

5 Conclusion

We extended the algorithm for computing {1}, {1,3},{1,4}, the Moore-Penrose inverse and the weighted
Moore-Penrose inverse from [10] to the set of multiple-variable rational matrices with complex coefficients.
An adaptation of the algorithm from [11], applicable to sparse polynomial matrices is developed. Two
effective structures from [6], which make use of only nonzero addends in polynomial matrices, are used.
Partial derivatives on these sparse structures are defined. In the last section we presented illustrative
examples and compared various algorithms. Significant improvements with respect to previous results on
the set of sparse matrices are observed.
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