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Recursive Determination of the Generalized
Moore—Penrose M-Inverse of a Matrix

F. E. Upwapia! AND P. PHOHOMSIRI?

Abstract. In this paper, we obtain recursive relations for the determi-
nation of the generalized Moore-Penrose M-inverse of a matrix. We
develop separate relations for situations when a rectangular matrix is
augmented by a row vector and when such a matrix is augmented by
a column vector.

Key Words. Generalized inverse, Moore-Penrose M-inverse, recursive
formulas, least squares problems.

1. Introduction

The concept of generalized inverses was introduced first by Moore
(Ref. 1) in 1920 and independently rediscovered by Penrose (Ref. 2) in
1955. In 1960, the recursive scheme of computing the Moore-Penrose
(MP) inverse of a matrix was obtained by Greville (Ref. 3). Because of
its extensive applicability, the Greville result appears in almost every book
on the subject of generalized inverses. Nevertheless, due to the complex-
ity of the proof, the Greville paper is seldom quoted or outlined even
in specialized textbooks which concentrate only on generalized inverses
like Refs. 4-6. Recently in 1997, Udwadia and Kalaba (Ref. 7) provided
an alternative, simple constructive proof of the Greville formulas. They
obtained also the recursive determination of different types of general-
ized inverses of a matrix which includes the generalized inverse, the least-
squares generalized inverse, the minimum-norm generalized inverse, and
the Moore—Penrose inverse of a matrix (Refs. §-9).
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Generalized inverses have various applications in the areas of statisti-
cal inference (Ref. 10), filtering theory, estimation theory (Ref. 11), system
identification (Ref. 12), optimization and control (Ref. 11), and lately ana-
lytical dynamics (Ref. 13). The reason for the extensive applicability is that
it provides a systematic method to generate updates whenever sequential
addition of data or new information becomes available and updated esti-
mates which take into account this additional information are required.

In the seventies, the concept of the Moore—Penrose (MP) inverse
was expanded to the generalized Moore-Penrose M-inverse of a matrix
(Ref. 6). This MP M-inverse is used in many areas of application, espe-
cially statistics, and recently has found also applicability in the field of
analytical dynamics. It appears explicitly (Ref. 14) in the general equations
of motion describing constrained mechanical systems.

In this paper, we obtain recursive formulae for the computation of the
generalized Moore—Penrose (MP) M-inverse of a matrix. Since the gen-
eralized MP M-inverse of a matrix is not as well known as the regu-
lar Moore—Penrose inverse, we provide its properties. For a given m by n
matrix B, the MP M-inverse of the matrix B;f, is the unique matrix that
satisfies the following four properties (Ref. 6):

BB,;B=B, ()
B}, BB, =B, (2)
(BB)))" = BB}, (3)
(BB =MB,BM~". 4)

Throughout this paper, the superscript + represents the MP inverse and
the subscript M denotes the generalized M-inverse. The matrix M in Eq.
(4) is a symmetric positive-definite n by n matrix.

Consider a set of linear equations

Bx=b, ®)

where B is an m by n matrix, b is an m-vector (m by 1 matrix), and x
is an n-vector. The minimum M-norm least squares solution of Eq. (5) is
given by

_ Rt
x=Byb.

The Moore-Penrose (MP) M-inverse of the matrix B (B;f[ and not B) is
then obtained by finding that n-vector x for which

G=|Bx—b|?, (6)
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T 12 ||? 2
H=x Mx:”M xH = |xI3, (7
are both minimized, where M is an n by n symmetric positive-definite
matrix. Note that, when M becomes «al,, where « is a given constant
which is greater than zero and I, is the n by n identity matrix, we have

H=ax'x=«a ||x||2;

thus, the MP M-inverse turns out to be the regular MP inverse (B;; =B7).
Equation (5) can be written as

e[ {]e [0 ®
or
Bx:[A|a]x=b, ©

where A is an (m — 1) by n matrix, b is a column vector of (m — 1) com-
ponents, a is a row vector of n components, s is a scalar, A is an m by
(n — 1) matrix, and a is a column vector of m components. We have thus

defined the row-wise partitioned matrix B = [2] in Eq. (8) and the col-

umn-wise partitioned matrix B = [A|a] in Eq. (9).

Our goal is to obtain the generalized M-inverse of B in terms of
the generalized M-inverse of A or the generalized M_-inverse of A, where
M_ is the (n —1) by (n — 1) principal minor of the matrix M, thereby
obtaining recursive relations. We develop different recursive formulae for
the generalized M-inverse of a matrix applicable for the two cases when
a row is added to a matrix and when a column is added to it. The rea-
son we develop both the row-wise and column-wise formulae is because it
does not appear to be straightforward to obtain one set of formulae from
the other. While for the (regular) MP inverse, we can use the property

(B*)T = (BT)Jr to obtain the row-wise formulae from the column-wise
formulae (and viceversa, as was done in Ref. 13), we do not have such a
property to draw upon for the MP M-inverse of a matrix. Furthermore,
the recursive generalized M-inverse depends upon whether the added col-
umn « in Eq. (9) (added row a in Eq. (8)) is linearly independent or lin-
early dependent on the columns (rows) of A (A). For each of these cases,
we develop the explicit recursive relations.
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2. Generalized M-Inverse of a Row-Wise Partitioned Matrix

In this section, we develop recursive relations for the generalized
M -inverse of an m by n matrix B obtained by adding an n component row
vector @, to an (m — 1) by n matrix A. We assume that M is a given n by
n positive-definite matrix.

ST

Result 2.1. Given the row-wise partitioned m by n matrix B =[ ],

its generalized MP M-inverse is given by

B,t,z[é]L:[AL—c;aA,@ G| c#£0.  (10)

=[AJACI—AA+,1uTu/(1+uuT) ‘ A;IMT/(I—i—uuT)], c=0. (1D

where

c:&(l—A;IA) and u:&AJACI.

Proof. We first consider a set of linear equations

A% =b, (12)
where A is an (m — 1) by n matrix, b is an (m — 1)-vector, and x is
an n-vector. Suppose that the generalized MP M-inverse of A, which we
denote by AT, is given, where the matrix M is an n by n symmetric

positive-definite matrix. The matrix AJAC, is n by (m—1). Let us then add
another equation,

ak=s, (13)

to the equation set (12) as the last row, where a is a row vector of n com-
ponents and s is a scalar.
Consequently, the new set of equations becomes

pr=[A]e=["]=s. (14)

a N

where x is the n-vector, which needs to be updated due to the addition of
the row vector a.
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Our aim here is to obtain the solution x of Eq. (14) so that

HEEE

Ax—EHZ—I—||&x—s|2,

G=||Bx—b||2=‘ (15)

2
H:IIxII%,,:HMl/ZxH =xT Mx (16)
are both minimized.
Let us start by noting that any n-vector x can be expressed in the
form (see Appendix, Property 5.1)
x=Ayb+y)+U—AfAw, (17)

where y is a suitable (m — 1)-vector and w is a suitable n-vector.
Substituting Eq. (17) in Eq. (15) and noting that

Al — Af,A)=0,
we obtain

A ~ A2 n n 2
G(y,w):”AAIT,I(b+y)—b” ~|—”&AL(b+y)—|—cw—s : (18)

where we have defined the 1 by n row vector

We see from Eq. (18) that the scalar cw plays an important role in
finding the minimum of G(y,cw): when ¢=0, G is no longer a function
of w. Therefore, we shall consider the two cases separately: when ¢=0 and
when ¢#0. When ¢ =0, the row vector a is a linear combination of the
rows of the matrix A; when ¢ #0, the row vector a is not a linear combi-
nation of the rows of the matrix A; see Property 5.2 in the Appendix.

(a) Case ¢#0. Let us first set y=yq, where yq is some fixed vector. By
using the definition of the MP M-inverse, the value of w that minimizes
G, which is given by Eq. (18), is

w=cj (s —aAl (b+y))+U—cyoh, (19)
where /1 is any arbitrary column vector of n components. We note that

c,T,, is the least squares generalized M-inverse of ¢ (see Appendix, Property
5.3).
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Substituting Eq. (19) in Eq. (18), we obtain

G (o, w(y0)) = HAAL(l;+y0) —13H2

2
+[adt b+ o) +ecs —adfBryon—s| . @0
which can be written as
GO0 woo) =[ Adfyy0 -~ |
A At P
+H(l—ch)aAM(b+yo)—(l—ch)sH . (21)

Since ccj{,, =1 (see Appendix, Property 5.4), Equation (21) becomes

~ A ~ A ~ll2
G0, w(yo) = | Adyyo— (1 = AAfpB| . (22)
Because

(AALyo) (I = AAT Db =yl (AAT)T (1 — AAT)b
=yl AAT, (1 — AA})b
=0,

Equation (24) can be expressed as

GO0 wio) = | Ak + [~ Adgs] (23)
For G to be minimized, we must choose yy so that

AR yo=0. (24)
Premultiplying Eq. (24) by A}, we obtain

At Yo=0. (25)
Substitution of Egs. (19) and (25) in Eq. (17) now gives us

x=ALb+(I— Al Ayl (s—aAlby+ (I — AL AT —ci0l, (26)

which now minimizes G. Here, /; is any arbitrary column vector of n com-
ponents. In the Appendix (Property 5.5), we show that ACA+/1 =0. Denoting

K=(I—-AL AU ~cho),
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Equation (26) then simplifies to
x=AIT41;+CL(S—&ALI;)+Kl1. 27)
We next choose I} so as to minimize
H=|xl
A R 2
= HA;{,[b+cL(s—&ALb)+K11 HM
A NN
= | Afb+ e —adgb| | +uKni,
+27 KM (A b+ ey (s —adb)). (28)
From the Appendix (Property 5.6), the last term of Eq. (28) is zero.
Hence, to minimize H, we require K/ to be zero. Thus, Equation (27)
becomes
x= A;Ib —l—c;\r,[(s — &AIT,II;), (29)

which can be expressed as

N o
e=tib=[3 ], [T 1= A0 - enadiled][ ] 60

Since B, is unique and the result is valid for any given (m — 1)-vector b
and scalar s, we have

+_[ATF At _ AT
si=( 4], [ i

] e=au -y do O

(b) Case ¢=0. When ¢=0, Equation (18) becomes

2

~ A ~ A2 ~ ~
G=|Adf G+ -b| + |ady b+ -], (31)
which can be rewritten as
S a 2 P 2
G=|Adpb+k-b| +|adfb+b—s| (32)

where we have defined
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and have used
Aj}y = ALk
Defining u:&/ix,l and minimizing G with respect to k, we obtain
8G/8k:2AALl§+2k—25+2uT(u(l;+k) —s) —0. (33)
The last equality of Eq. (33) gives
(I +u"wyk=u" (s —ub)+ (I — AA})b. (34)
Since I +u’u is a positive-definite matrix, we obtain
k= +uTwy " ul (s —uby+ (I +uu)y=' (1 — AAT)b, (35)
which minimizes G. Using the fact that
I +uTu)71 =I- uTu/(l +uul)
(see Property 5.7 in the Appendix) and

I +uTu)_luT = —uTu/(l +uu u”
=u” /(1 +uu"),

we get
=[uT/(1+uuT)](s—uz§)+[ —u u/(l—i—uuT)](I AAT)b,

=[uT/(1+uu )](s—ub)—i—(l AAT)b— [uTu/(1+uu )]
x(I — AA)b. (36)

Since
u(l —AAT b= (aA{)(I — AAT)b=0,

the last term on the right-hand side of Eq. (36) vanishes. Premultiplying
Eq. (36) by Al , we have

Al k=AT(AALY)
=ALy=[ i /(1+uuT)](s—ul;). (37)
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Let us then substitute the last equality of Eq. (37) in Eq. (17) to obtain
x:AL{B+ [uT/(l +uuT)](s —ué)} (I — AT Ay, (38)

which now minimizes G.
Since

(I—-ALATMA}, = —-MAL,AM~ " YMAT, =0,

the first and second terms on the right-hand side of Eq. (38) are
M-orthogonal. So, we get

H=|x|3, = HA;{BJF [uT/(l +uuT)](s —ué)] +( —Am)wH;

=[ A% o+ [uT 10+ |5 —ub)) H; +|a —A;A)wHL.
(39)

For H to be minimized, M'/>(I — A}, A)w must then be zero. Because M
is nonsingular, this gives

(I —ALAw=0.

Hence, from (38) we have

A
—[A‘L —AJruTu/(l—i—uuT)‘AJruT/(l-i-uuT)][l;] (40)
=[Apm —Am M L
For
c=a(l —A}A)=0,

we thus have, arguing as before, that
B+—[A]+ —[A+ — At uTu/(A +uu”) A+u7/(1+uu7)] 0
M= g |y~ M M M :

Corollary 2.1. When M =al,,a >0, the generalized M-inverse of a
matrix becomes the (regular) Moore-Penrose inverse and we obtain the
recursive relations
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[é];wzﬂ=[2]+=[’4+_C+&A+lc+]’ ¢ #£0,
[2];:% - [2]+: [A+ —A*uTu/(1 +uuT)‘/i+uT/(l +uuT)], c=0,
where

c=a(I—AtA) and u=aA"t.
Proof. When M =a«al,, we obtain
AL=A+ and cL:c"'.

Consequently, we have

A ]+ [ At At
=|AT, —ci,aA7, |c
[a M=al, M EMTEMTM |y,

= [AJF —ctaAt ‘c"'], c#0,

ATt i+ _ a4+ T T"‘-&—T T]
I:aiIM:aln_[AM A /() | Afd Q|
=[AJF—A+uTu/(1+uuT)‘A+uT/(l—l—uuT)], c=0,
where
c=a(I—ATA) and u=aA". O

Thus, we note that the recursive relations for the (regular) generalized
MP inverse (Refs. 3 and 13) are obtained from the recursive relations for

the generalized M-inverse by simply suppressing the subscript M in Result
2.1.

3. Generalized M-Inverse of a Column-Wise Partitioned Matrix

In this section, we provide recursive relations for the generalized M-
inverse of an m by n matrix B obtained by the addition of a column m-
vector a to an m by (n—1) matrix A. We assume that M is a given n by
n positive-definite matrix.

Result 3.1. Given the column-wise partitioned m by n matrix B =
[A |a], its generalized MP M-inverse is given by
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s [A, [T e
:[AL_—A;%_ah—ph} d—0, 42)
where

d=(I—AAf Ya, p=U—-Af, AM-Ym, h=q"/q" MgMU,

Al AT a+p M_
R ANNETL
01xm 1 -1 mT

SIS

Proof. Consider a system of linear equations
AX =b, (43)

where A is an m by (n—1) matrix, b is an m-vector, and ¥ is an (n —1)-
vector. We assume that the generalized M_-inverse of A, which we denote
by the (n — 1) by m matrix AIT,I_, is given. Here, M_ is the symmetric
positive-definite (n — 1) by (n — 1) principal minor of the matrix M.

Let us next add an extra column vector a of m components to the
matrix A in the equation set above to get

Bx=[Alalx=b, (44)

where x is now an n-vector and needs to be determined.
We aim to find the solution x of Eq. (44) so that

G(z,r)=||Bx —b|?

~[laleli] -

=|Az+ar —b|?, (45)

2
H= %]

(46)

are both minimized. In Eq. (45), we have denoted
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where z is an (n — 1)-vector and r is a scalar. It is also noted that

(47)

ul 2]

I’IN’lT
where M is a positive definite n by n matrix obtained by augmenting the
positive definite matrix M_ by one last column m of (n — 1) components
and then one last row [/ |/m] of n components, where m is a scalar.

We begin with minimizing G(z,r) for a fixed value of r, say r =ry.
The value of z(rg) that minimizes G(z(rg), ro) is then given by

2(ro)=A}, (b—arg)+ (I — A}, A, (48)

where #; is an arbitrary (n — 1)-vector, since AIT,,_ is the generalized
M_ inverse of A.
Substituting Eq. (48) in Eq. (45) gives

G(z(ro), ro) = HAA’T’L (b—arg)+arg— b”2
2

- Hdro (- AAJACL)b‘ (49)

where
d=(I—-AA}, )a.

Next, we need to find ry so that G(z(rg), ro) is @ minimum. From Eq.
(49), we see that the value of d becomes important for this minimization,
because when d =0, G(z(rg), ro) is not a function of ry. Therefore, two sep-
arate cases, when d#0 and when d =0, need to be considered. Note that
d =0 means that the column vector a is a linear combination of the col-
umns of the matrix A (see Property 5.8 in the Appendix).

(a) Case d #0. We shall determine first r¢ that minimizes G and then
find (I — A+7A)t1 that minimizes H.

Using the definition of the MP inverse, the scalar ry that minimizes
G (z(rg), ro) is given by

ro=dt(I —AA} b+ (1 —dtd)n, (50)
where f, is an arbitrary scalar. Since
d¥A=@"d)7 [ - AAL, Hal' A

=@ d) a1 - AAS, HTA
=0
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and
dtd=@"a)'a"d =1,
we have
ro=d"b. (51)
By Egs. (48) and (51), G is minimized by the vector
= [Z (ro) ]
ro
_ [AIL (b —aﬁ;;):l;(l —AS, At ] (52)
where the vector #; is arbitrary. For convenience, we write Eq. (52) as
x=f+E(I—-A}, Ae. (53)

In Eq. (53) we have denoted

fo [A,E_(;:adﬂ]h E_ [&;lwn]’ e=(I—A}, A,

where I,_; is the (n —1) by (n—1) identity matrix and 0;4(,—1) is the zero
row vector of (n —1) components. Note that [/ —A;LA is idempotent.

. 2. L. .
Now, we determine e so that H = |M!/2x||” is minimized. Taking the
partial derivative of H with respect to e, we have

2
IH/de =29 ”Ml/zx ” /e

i HMl/z(f+E(I — AL, Ae) ”2/86
=2(I— A}, ATETM(f+E(I - A}, Ae)=0. (54)

Since
I—-Af AT =M_(1-A}, AHMZ!
and

ETME=M_
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(see Property 5.9 in the Appendix), from the last equality of Eq. (54) we
have

[M_(I— A}, AMZ"IM_(I - A}, Ae
=—[M_(I - AT, AM_ET My, (55)
which yields
M_(I—Af, Ae=—[M_(I—A}, AMZ"ET My. (56)
It should be noted that, since
(I— Al Ae=I- A7, AU - AT, Al
=(I—A}, At =e,
the left-hand side of Eq. (56) can be rewritten as
M_e=—[M_(I - A}, AM-"1ET M. (57)
Since
T T _ m AL (I —ad"h)
e LA | i | e
=M_A3, (I—ad")b+md"b,
we obtain the (n — 1)-vector e that minimizes H as
e=—(I—A}, AMZ'ETMf
=—(I—A}, AM'md*b
=—pd*tb (58)
where

p=—A}, AYMZ'n.

We note again that the matrix M_ is positive definite. Thus, we have

x:BZ,}b
[ z(ro)
=1
_ (A}, (b—ad™b)+e
d*tb
(AT — AT adt — pd*t
o P }b, (59)
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which gives

B =[Alal},
_ I:AL_ — A}, adt - pd+]
d+ ’

when d = (I — AA}, Ya#0. O
(b) Case d =0. When d =0, Equation (49) becomes
G=|l(I — AAT, )b|*,

which does not depend on ry. As a result, by the relation (48), the vector
x that minimizes G is given by

= [Z(ro)}
ro

_ [A,; (b—arg)+ (I — Ay A ] 60)
ro
which can be expressed as
xz[AL(br_O“m)]Jr[é’;;inl)] (I— A3, A, (61)
or alternatively as
x=g+EWU—A} A)j, (62)

where we have defined

A}, (b—arp) I_ . i
= - N E: N = I—A A t .
8 |: - le(n—l) J=( M_ )t

For a fixed rg, we next find j(rg) so that
H(j.r0):=Ix]13
is minimized. Minimizing with respect to j, we obtain
. 12 2.
9H/3j =0 HM xH /aj

2
I HMl/z(g—l—E(I _ A,TLA)J')H /aj,
=21 - AL;MHTE"M(g+ E(I — A}, A)j)=0. (63)
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Since
I-Af AT=M_(I1—-A}, AMZ" and ETME=M_,

see Property 5.9 in the Appendix, from the last equality of Eq. (63) we
have

[M_(I — A, AYMZ'IM_(I — AS, A)j
= —[M_(I—-ALAMET Mg, (64)
which yields
M_(I—A} A)j=—M_(I-A}, AMT'ET Mg. (65)
Noting that
(I—-Al, Aj=U—-AS DU -AL Al
= —A}, Ay
:j,
Eq. (65) can be written as
M_j=—M_(I-A}, AMZ'ET Mg. (66)
Since

ETMg= [1,1_1 01T><(n—l):| |:::~14T nm?i| [AL‘(io_am)]
=M_A[T,1_ (b —arg) +mry,
Equation (66) gives
j=—U— A} AMZ'IM_AS, (b—arg)+iirg]
=—[(I — A}, A)A}, 1(b—arg)— (I — A}, AYMZrg.

Thus, we obtain

jro)=— — A}, AYMZ"iirg
= —pro, (67)

where we have denoted

p=U—A}, AYMZ'.
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Now, we find the value of ry such that H(j(ry), rp) is minimized. Substi-
tuting Eq. (67) in Eq. (60), we get
. 12, |7
H(j (o), r0) = | M|

_ |l ag12 A (b—arg) — pro 2
- N

2
=| M2 wb—qro|” (68)

where

At v+p
—| M- _ At —
U_|:01><mi|’ U_AMfa, Q—I: 1 ,

and 0O;,, is the zero row vector with m components.
Minimizing H with respect to rg, we obtain

dH/org=2q" M(Ub — qrg) =0, (69)
which gives, nothing that g7 Mq is a scalar greater than zero,

ro= (qT/qTMq> MUb

=hb, (70)

where

h= (qT/qTMq> MU.
Since

j=U =AY A,
using Egs. (67) and (70) in Eq. (60), we have

x=[A |a];, b
_ Ay b— A}, arg+j
ro
_ |:AL_b— A}, ahb —phb:|

hb D
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which gives, arguing as we have done before,

+
By, =

where

[Alaly,
[AL_ — A}, ah—ph

) ] d=(I—-AA}, Ya=0,

+
p=U—Ay AM, h=(qT/qTMq)MU, U=[AM—},

01><m

qz[i—{_p] v=AI,La. O

Corollary 3.2. When M =«al,,a > 0, the generalized M-inverse of a
matrix becomes the Moore-Penrose inverse and the recursive relations in

Result 3.1

reduce to

[Alalfy_y;, =[Alal*

d#0, (72)

At —Atad™
= d+ S

[AlaTfy_y;, =[Alal*

where
d=(I
Proof.

m=0,

|

h=q"U/q"q
=[1/A+vT )7, —1][

=UT

:|:A+—UUTA+/(1+UTU):| J=0 (73)

v AT/(1+0T)

—AAD)a, v=ATa.
When M =«al,, >0, we have
p=U—AL, AMZ'm=0, A} =AT,

At

_ At __U T T
lem:|, v=A"a, q—__11|, q' gq=1+v"v,

At
lem i

AT/ +vTw).
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Thus, we have

[Alal —[AL_AW‘”_”””}
M=al, — d+
M=al,
At —Atadt
K
(AT — AT ah— ph
+
[Asalyy—ar, =| ™ A,/ZI' e
L =al,
_[AT —A*an
| h
AT =T AT/ +0Tv) J=0
- v AY /(1 +0vTw) |7 -
where

d=(I—-AAY)a and v=A%a.

These relations are identical to those given in Ref. 7.

4. Conclusions

In this paper, we present explicit recursive relations for the Moore—
Penrose (MP) M-inverse of any matrix B. To the best of our knowledge,
this is first time that such recursive relations for generalized M-inverses of
matrices have been obtained. The value of these recursive relations is seen
from their ready applicability to fields as diverse as analytical mechan-
ics, statistics, filtering theory, signal processing, optimization, and controls,
where additional information, which often takes the form of augmenting
a matrix by a row or a column, is required to be processed in a recursive
manner.

The formulae for the MP M-inverse of a matrix B obtained by aug-
menting a given matrix by a row and by augmenting it by a column are
different. Due to the reason that these row-wise and column-wise MP M-
inverse formulae may not be easily obtained from each other as in the case
of the regular MP inverse, we provide herein both recursive row-wise and
column-wise formulae, In Section 2, the MP M-inverse formulae of the

partitioned matrix [2:| are derived. The analysis presented here points

out that two separate cases require to be distinguished: when the addi-
tional row a is a linear combination of the rows of the matrix A, and
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when it is not. Accordingly, different recursive relations for each of these
cases are obtained. In Section 3, we derive the column-wise formulae for
the MP M-inverse of the partitioned matrix [A|a]. Similar to Section 2,
two distinct cases are considered: the case when the column vector a is not
a linear combination (d #0) of the columns of A, and when it is (d =0).

5. Appendix

This appendix provides several important properties, mainly of gener-
alized M-inverses, which are used in the main proofs in the paper.

Property 5.1. Any n-vector x can be expressed as
x=AL(b+y)+U - AL Aw.

Proof. Since M is positive definite, the above equation can be rewrit-
ten as

x= M2 (MPRAL G+ v + MU — A Aw)
=M"2(S+T),
where
S=M'"V2AT (b+y), T=M"*U-A}Aw.
Let us then define
E=M'?(1- A}, A),
so that
~, AT ~ ~
ETSz[Ml/z(I—Ax,IA)] M'V2AL (b +y)
= —ALATM'PMV2AT (b +y)
=[M(I—AJACIA)M’1]MAL(B—i—y):O.

Since T belongs to the range space of E and from the above equation §
belongs to the null space of ET, S+ T spans the whole space R". Because
M is a positive definite matrix, M~/2(S+T) also spans the whole space
R". Thus, any n-vector x can always be expressed as

x=MHS+TY =AYb+ y)+ U — A AHw. O
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Property 5.2. The row vector ¢=0 if and only if the row vector a is
a linear combination of rows of the matrix A.

Proof. Let us assume that p is a row vector of (m —1) components.
We need to show that

c=0&a=pA.
When
c=a(l—AL,A)=0 or a=aA}A,

we haveA a = pA, where p= @AIT,[A. If 4=pA, then postmultiplying 4 =pA
by I—A;{A, we have a(/ —ALA):C:O. Hence, the result.

O

Property 5.3. ¢/, =M1 /(cM~1cT).
Proof. If M~ 'c¢T /(eM~1cT) is the MP M-inverse of ¢, it must satisfy
Egs. (1)-(4) as follows:
cc/':;,c:c M_lcT/(cM_lcT)c:c,
cltlcc;r,[ = [MflcT/ (chlcT)] c [MflcT/ (CM71CT>:|
= [MflcT/ (chlcT)] [cMﬁlcT/ (chlcT)]
=Mt (e 1T
:CJ’A;I’
1T 1.\
(CCA“L/I)T:[C M~ ¢ /(CM_ c )]
=c M~ ' /(e T
:cc,t,,
1T Ak
(CIT,IC)Tz[M_ c /(cM_ c )c]
:cTchl/(chlcT)
—M [M_lcT/ (cM_lcT) c] M-
=MCLCM_1.

Thus, M~'cT /(eM~"cT) is the MP M-inverse of c. O
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+ _
Property 5.4. ccy, =1.

Proof. Using Property 5.3 above, we have

cc&:c[M_lcT/cM_lcT]zl. O
Property 5.5. Ac}, =0.

Proof. Since

=M jeM™eT) and  e=a(l — A}, A),

Ac;, =A [M_ICT/ (cM_lcT)]
=AM~ a1 - AL A/ (cM—lcT)
=AM~ (1 - AL ATy (cM—lcT> ,
=AM~ M1 - At AyM1aT ) (cM—lcT)
=[A(I - A ANm~'aTy (cM’lcT) —0. O
Property 5.6. llTKTM (ALI;%—C;(,I(S —&A;}l;)) =0, where K = —
AT AT —c}je).
Proof. Since
K'TM=~cj,0)"(U—-AL,ATM

=M —c oM™ M1 — AL, AM~ 1M
=M —cj;0)(I — AL A),

we have
KTMAL, =M —cl o) — Al A)AT, =0.
Using, Ac;; =0, (see Property 5.5 above) we have

KTMcl, =M1 —cjo)(1 — Al A)ef,
=M — c,t,c)c&
=0.
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Thus,
KM (A b+l —adfh)
=1] (K"MAY)b+1] (K" Mcj;) s —ady by =o0. O

Property 5.7. (I4+u"u)"'=7I—uTu/(14+uu”), where u is a suitably
dimensioned row vector.

Proof. If I —u”u/(14+uu’) is the inverse of the matrix 7 +u’u, we
must have

(I—i—uTu)_l(I —i—uTu): 1 —i—uTu)(I—i—uTu)_1
=1.

Since

0 +uTu)71(I +uTu): v +uTu)(1 —i—uTu)71
=T +ulu—uTu/Q4+uu”y —[u"u/A +uu)u"u,
=I+u'u [1 —1/(1 +uul) —uuT/(l +uuT)] ,

=I+u'u [(1 +uul —1 —uuT)/(l +uuT)]
=1,

the result follows. O

Property 5.8. The column vector d =0 if and only if the column vec-
tor a is a linear combination of columns of the matrix A.

Proof. Let us assume that y is a column vector of n —1 components.
We need to show that

d=0&a=Ay.
When d=(I — AA}, )a=0, a=AA}, a, and so we have a=Ay where y =

AAJCLa. When a = Ay, then premultiplying a =Ay by I — AA;L we have
(I —AA}; Ja=d=0. Hence, the result. O

Property 5.9. ETME=M_.
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]

Proof. Using

E=|:I”_1 :| and M:[IL/IT_
O1x(n—1) m

3| R

we have

M_m]||IL,_
T _ T n—1
EME= [1"7” le(n_l)] |:n~17 11_1} |:Ol><(n—l)i|

~ | Ip—1
=[M_
(M- m] |:01><(n—1)]
=M_. O
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