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ABSTRACT

It is well known that the determinant of a matrix can only be defined for a square matrix. In this paper,
we propose a new definition of the determinant of a rectangular matrix and examine its properties. We
apply these properties to squared canonical correlation coefficients, and to squared partial canonical
correlation coefficients. The proposed definition of the determinant of a rectangular matrix allows an
easy and straightforward decomposition of the likelihood ratio when given sets of variables are partitioned
into row block matrices. The last section describes a general theorem on redundancies among variables

measured in terms of the likelihood ratio of a partitioned matrix.

1 Introduction

It is well known that the determinant of a matrix in the usual sense can only be defined for a square ma-
trix. Farebrother (1997) noted, however, that Cullis (1913-1925) published three large volumes on matrix
algebra, in which he introduced the determinant of a rectangular matrix, which he called “determinoid.”
Cullis’ notion of determinoid, however, does not necessarily reflect the geometrical structure of elements

embedded in a rectangular matrix, and consequently its use in statistics is quite limited.

In this paper, we propose a new definition of the determinant of a rectangular matrix from a geo-
metrical point of view and examine its properties. We then apply the notion to standard multivariate
analysis methods. Let X = [z1,...,x)] denote an n x p (p # n) rectangular matrix. The determinant
of X cannot be defined in the usual sense. Instead, we define det(X’'X), which is equal to n times the
determinant of the covariance matrix of X if X is a columnwise centered data matrix (i.e., a matrix of
deviation scores from column means). Here, det(X’'X)/n is called the generalized variance of X, which
is equal to the squared volume of the p dimensional simplex defined by p column vectors of X (Takeuchi,
Yanai & Mukherjee, 1982, pp. 76-78).

We first apply these properties to squared canonical correlation coefficients, and then to squared
partial canonical correlation coefficients. The cases of squared correlation coefficients, squared partial
correlation coefficients, and squared multiple correlation coefficients follow as special cases. It will further
be shown that the proposed definition of the determinant of a rectangular matrix renders a straightfor-
ward decomposition of the likelihood ratio, when the given sets of variables, X and Y, are partitioned
into row block matrices, X = [X4,...,X,] and Y = [Y4,...,Y,]. The final section describes a general
theorem on redundancies among variables measured in terms of the likelihood ratio of a partitioned ma-

trix.

In the remaining part of this section, we give some notations and some preliminary results concerning
orthogonal projectors useful in this paper. For a given n x m matrix A, we let R(A) and AN (A) denote
the range space and the null space of A. We use P 4 to denote the orthogonal projector onto R(A), and
Q4 =1, — P4 to denote the orthogonal projector onto N'(A’) = R(A)*, the null space of A’ and the

orthogonal complement subspace of R(A). It is well known that

Py,=AA'A)"'A’and Qs =1, - A(A’A) A"



For a definition of projectors A’A could be singular, and the regular inverse of A’ A may be replaced by
a generalized inverse (g-inverse). In the above definition of projectors , however, A’A is assumed to be

nonsingular, as it is usually assumed in this paper.

We first give a lemma stating important decompositions of orthogonal projectors onto R([X,Y]) and

its ortho-complement subspace.

Lemma 1. Let X and Y be matrices of the same row order. Further, let P(x y) be the orthogonal
projector onto R([X,Y]), and let Qx y) = I, — Pix,y|. Then,

Pixy) = Px+Pqoyv =Py +Pq,x, (1)
Qxy] = QoxvQx =Qq,xQv. (2)

The first decomposition, (1), was given by Rao & Yanai (1979; Theorem 6), and the second, (2) by Yanai
& Puntanen (1993; Lemma 1).

The following lemma gives a well-known formula on the decomposition of the determinant of a parti-

tioned square matrix.

Lemma 2. Let A and B be n X p and n X q columnwise nonsingular matrices. Let

A’A A'B
C = (3)
B'A BB
Then,
det(C) = det(A’A)det(B'B—-B'P,B) = det(A’A)det(B'Q4B) (4)
= det(B'B)det(A’A — A'PgA) = det(B'B)det(A'QpA) (5)

where P4 = A(A’A)"1A’ and P = B(B'B)"'B’ are orthogonal projectors onto R(A) and R(B),
respectively, while Q4 = I, — P4 and Qp = I, — Pp are their orthogonal complements, that is, the
projectors onto R(A)L and R(B)*, respectively.

Observe that B'Q4B is called the Schur complement of A’A in C, while A’QgA is called the Schur
complement of B'B in C.

The readers interested in further discussions on orthogonal projectors, see Rao & Yanai (1979), Yanai
(1981), and Takeuchi, Yanai, & Mukherjee (1982, pp. 27-44).

2 Definition of the determinant of a rectangular matrix and its

properties

Definition 1. For a given matrix A of order n x m, we define the determinant of a rectangular matrix

as the square Toot of the determinant of A’ A. That is,

ndet(A) = /det(A’A) . (6)

The following properties hold regarding the determinant of a rectangular matrix just defined. Let A

be an n X m (n # m) matrix.



Property 1. ndet(A) > 0 and the equality holds when AN(A) is non-null.
Property 2. ndet(—A) = ndet(A) .

Property 3. If n = m, then ndet(A) = abs(det(A)).

Property 4. ndet(kA) = (abs(k))™ ndet(A).

Property 5. Let the k*" singular value of A be denoted by py(A). Then,

ndet(A) = J] ux(A). (7)
k=1

Note 1. Note that according to (6), ndet(A) # ndet(A’). One idea to ensure ndet(A) = ndet(A’) is to
modify m in (7) to Min(n,m) and use it as the definition of ndet(A). However, the results that follow

from (6) are considerably richer in statistics, where A is n by m, and often rank(A) = m.

Property 6. If matrices A and B are of orders n x p and n X ¢, ndet([A, B]) = ndet([B, A]).

Property 7. If matrices A and C are of orders m x n and n X n, then

ndet(AC) = ndet(A) ndet(C’) . (8)

This follows from ndet(AC) = /det(C’A’AC) = /det(A’A),/det(CC’).

Property 8. Let A and B be n x m matrices, and let D; and D5 be square matrices of orders m. Let

[A, B] indicate a row block matrix. Then, the following relations hold.

ndet([A, B+ AD;]) = ndet([A,B]) (9)
ndet([A + BDy,B]) = ndet([A,B]) . (10)

This immediately follows from Lemma 1 and Definition 1. As special cases of Property 8, we note the
following.

Note 2. ndet([A + B,B|) = ndet([A, A + B]) = ndet([A,B]).

Using Property 8, we can establish the following lemma.

Lemma 3. Let A and B be matrices of orders n X p and n X q, respectively. Then,

ndet([A,B]) = ndet(A)ndet(QsB) = ndet(B)ndet(QpA), (11)
ndet([A,B]) < ndet(A)ndet(B), (12)
ndet([A,B]) = ndet(A)ndet(B) & A'B = O. (13)

Proof of (11). Formula (11) easily follows from (9) by substituting —(A’A)~1A’B for Dy, or from (10)
by substituting —(B’B)~'B’A for Dy, since B+ AD; = B—- A(A’A)"A’'B = Q4B, and A + BD, =
A -B(B'B)"'B’A = QpA.

To prove (12), we need the following property.

Property 9. Suppose that there exist two distinct matrices, X and Y, both of order n x p, such that
A=X'Xand B=Y'Y. If A —B > O, then ndet(X) > ndet(Y).

Proof. Property 9 holds, since if A > B > O, A\,(A) > A\i(B), which implies pg(A) > ux(B) for



k=1,...,p. Using Property 5, we can prove the desired result.

Proof of (12) and (13) of Lemma 3. To prove (12), observe that A’/A = A'PgA + A'/QgA >
A’'QpA > O, leading to ndet(A) > ndet(QpA), which establishes a proof by (11) of Lemma 3. To
prove (13), we note that A'B = O implies ndet([A,B]) = ndet(A)ndet(B). To prove the reverse, we
first obtain

ndet(B) = ndet(Q4B) = det(B'Q4B)/det(B'B) = 1,

where C = (B'B)~'/2(B’A)(A’A)~1/2 since det(I, + AB’) = det(I, + B’A). It follows that 0 <
M(C'C) <1for k=1,...,rank(C). Then, det(I, — C'C) = 1 implies C = O, establishing B'A = O.
(QE.D.)

Suppose that A and B are matrices of orders n x p and n x ¢, respectively, and of full column rank.
Definition 2. We introduce
Re(A,B) = ndet([A,B])/(ndet(A)ndet(B)). (14)

From (12) of Lemma 3, we have 0 < Re([A,B]) < 1, and from (13) of Lemma 3, a necessary and sufficient
condition for Re([A,B]) =1 is A'B = O. Observe that (14) can be expanded as

A’A A'B
B'A BB

Re(A,B) = ,|det <

> / (v/det(A’A)+/det(B'B)), (15)

which is the square root of the likelihood ratio of the variance covariance matrix of [A, B], if both A and
B are columnwise centered.

Property 10. Suppose T and S are square matrices of orders p and ¢, respectively, such that rank(A) =
rank(AT) and rank(B) = rank(BS). Then,

Re(AT,BS) = Re(A,B).

When m matrices, A1, ..., A,,, have the same number of rows, we can extend Lemma 3 to the following

three corollaries.

Corollary 1.

ndet([Ay,...,A;]) = ndet(Aq) ﬁ ndet(Q[Al’m’AjiﬂAj) . (16)
j=2
Corollary 2.
ndet(Aq,...,A,) < ﬁndet(Aj) . (17)
j=1
Corollary 3.
AlA; =0 (i #j) & ndet([Aq,...,A,]) = ﬁndet(Aj) . (18)
j=1



Note 3. If each A, consists of a single standardized vector (with zero mean and unit variance), then

(ndet([Ay, ..., Am]))2 /n = det(R) < 1 where R is the correlation matrix among m variables.
Note 4. If in Corollary 2, each A consists of a single vector a;, i.e., A = [a1,...,a,,], then
m n
ndet(A) < H Z ag; - (19)
j=1 \ i=1

The above inequality is an extension of the Hadamard inequality in the sense that (19) holds even if A

is a rectangular matrix. If A is a square matrix, it reduces to the original Hadamard inequality.

Proofs of Corollaries 1 and 2. We first give a proof of Corollary 1. In order to represent

ndet([Aq,...,A,,]) as the product of two nonnegative determinants, we may use the following decompo-
sition,
ndet([Al,...,AmD = ndet([[Al,..., j—l},Aj])
= ndet([Al, ey Aj—l]) ndet (Q[Al,...,Ajfl]A'j) .

Repeating this formula from j = 2 up to m, we have m — 1 equations. Multiplying these equations, we

obtain (16). To prove Corollary 2, we note
ndet(Qa, ... 4, ,]A;) < ndet(A;).

Furthermore, when m > 2, (14) can be extended to
Regny(A1,...,Ap) = ndet([A,, ... ,Am])/ [ ndet(A;) . (20)
j=1

For simplicity, we write Re(A1, Az) instead of Re(s) (A1, Ag) hereafter for m = 2. In view of the definition
(20), Corollary 2 can be written as 0 < Re(;,)(A1,...,Ay) < 1, while Corollary 3 can be written as

A;Ajzo (i#j) & Re(m)(Al,...,Am)=1.

(QED.)

Let [ g ] denote a column block matrix. Then,

Property 11.

([ 1) =i ([ 4, ]) - i

We now state Theorem 1.

A B
A

Theorem 1. Let A and B n x m matrices. Further, let C = . Then

)

ndet(C) = ndet(A + B)ndet(A —B) . (21)



Proof. From (11) of Lemma 3, we have

A+B B
ndet(C) = ndet( AiB A > = ndet(X)ndet (QX
A+B
where X = + . Observe that
A+ B
B B B 1 1
= (I, - P - X = -
Qx| o (L =Px) | Al 2 2[

establishing (21) by Property 2 and Property 11.

If A and B in C are square matrices of the same order, it is well known that

det(C) = det(A+ B)det(A —-B).

).

)

It is interesting to note that the same type of decomposition as in (21) holds even if C is a rectangular

matrix. Based on Theorem 1, we make the following remark.

Note 5. Let A = () and B = (y) be columnwise centered vectors. Further, let s

variances of x and y, and covariance of x and y, respectively. Then,

ndet([w y])
Yy T 1 284y

= (H) e (H

is the squared intraclass correlation between x and y.

284y
2 2
sz + sy

Observe that

3 Applications to multivariate analysis

2

x?

si and sz, denote

In this section, we give some applications of the results presented in the previous section and illustrate

the usefulness of the nonnegative determinant of a rectangular matrix for representing various methods

of multivariate analysis. We first give a theorem on various equivalent representations of the nonnegative

determinant of the likelihood ratio of two sets of variables.

Theorem 2. Let X and Y be columnwise centered matrices of orders n X p and n X q, respectively, and

of full column rank. Further, let cci,(X,Y) denote the k' largest canonical correlation between X and

Y. Then, the following quantities are all equal.

(a) ndet([X,Y]) (b) ndet(QxY) ©
ndet(X) ndet(Y) ’ ndet(Y) ’
() m = Jdet(T, - YX(X'X) XY (YY) ),
Min(p,q)
(e) \/det(]:n - PXPY) ’ (f) H (1 - CC% (Xa Y)) ’
k=1

ndet(Qy X)
ndet(X) ’



where cc,(X,Y) is the k" canonical correlation coefficient between X and Y.

Proof. Proofs of (a) & (b) and (a) < (c¢) can be easily established, using the formulae given in (11). A
proof of the equivalence between (b) and (d) is also straightforward. (QE.D.)

Observe that any of the six quantities given in Theorem 2 is equivalent to what Hotelling (1936) called
the vector coefficient of alienation.

The following two corollaries are special cases of Theorem 1, in which both X and Y consist of a single

vector (Corollary 4), and in which X is a matrix while Y is a single vector (Corollary 5).

Corollary 4. Let  and y be two columnwise centered n-component vectors. Further, let r(x,y) denote
the correlation coefficient between x and y, and let 0(x,y) denote the angle between vectors x and y.

Then, the following quantities are equal.

ndet([x, y]) ndet(Q.y) ndet(Qyx)
(a) ndet(x) ndet(y) ’ (b) ndet(y) (c) ndet(x) ’
@ (L © JEXE T,

(g) |sinb(z,y).

To see the equivalence between (f) and (g), we note r(x,y) = cosf(x, y).

Corollary 5. Let X = [x1,..., 2] be an n X p columnwise centered matriz of predictor variables, and
let y be a columnwise centered n-dimensional vector of the criterion variable. Let mc(X,y) denote the
multiple correlation coefficient obtained by regressing y onto X. Then, the following four quantities are
equal.

ndet([X, y]) ndet(Qxy)

(a) ndet(X) ndet(y) ’ (b) ndet(y) ’

Y Qxy
(c) 4/ vy (d) V1I-mer(X,y) .

Theorem 3. In addition to matrices X and Y given in Theorem 2, add a third matrix Z of order n x r,
again assumed columnuwise centered. Further, assume that both QzX and QzY are of full column rank.

Then, the following seven quantities are equal.

(a) ndet([X,Y, Z]) ndet(Z) (b) ndet([QzX, QzY))
ndet([X, Z]) ndet([Y, Z]) ’ ndet(QzX) ndet(QzY) ’

ndet(Q[X’Z]Y) ( ) ndet(QszQzY)
ndet(QzY) ' ndet(QzY) ’

—~
o
~

(&) \/det(T, — (Y'QzY)"(Y'QzX)(X'QzX)~ (X'Q/Y)),

Min(p,q)

(f) \/det(In —Py,xPo,y), (g [ (-ed(X,Y/2) .
k=1




where cci(X,Y /Z) is the k" partial canonical correlation between X and Y eliminating the effect of Z
from both X and Y.

Proof. We first show the equivalence between (a) and (b). From (11) of Lemma 3, we have ndet([X,Y, Z]) =
ndet(Z) ndet(Qz[X, Y]) = ndet(Z) ndet([QzX, QzY]). Further, we have ndet([X, Z]) = ndet(Z) ndet(Q,X),
and ndet([Y, Z]) = ndet(Z) ndet(QzY), from which (b) follows. A proof of (b) = (a) is similarly given,
using (11) of Lemma 3. To prove the equivalence between (a) and (c), one may note

ndet([X,Y, Z])/ ndet([X, Z]) ndet(Qx,7Y)

(@) = et (Y. 2] ndet(Z)  — ndet(QyY)

To prove (c) < (d), we obtain Q[x 7] = Qg,xQz, using (2) of Lemma 1. From (d) to (e), we may note

ndet(Qq,xQzY)/ndet(QzY)
= ndet((In — Psz)QzY)/ Hdet(QzY)

= det(Y'Qz(L, — P, x)QzY)/ det(Y'QY)

- \/det(Y’QZY ~Y'Q/X(X'Q,X)"X'QzY)/det(Y'Q,Y),

establishing (e).

The equivalence among any pair of (e), (f) and (g) are easy to establish, following the definition of partial
canonical correlation analysis. (See Theorem 1 of Yanai & Puntanen (1993).) (Q.ED.)

The following corollary is a special case of Theorem 3 when all three matrices, X, Y and Z, consist of a

single vector.
Corollary 6. Let X = (), Y = (y), and Z = (z). Further, let
7"(:157 y/Z) = T(sz, sz) (23)

be the partial correlation coefficient between x and y eliminating the effect of z. Then, the following five
quantities are equal.

(a) ndet([z, y, z]) ndet(2) ) ndet([Q.x, Q.y]) . ndet(Q[z,-1y)
ndet([z, z]) ndet([y, 2]) ’ ndet(Q.x) ndet(Q.y) ’ ndet(Q,y) ’
@ Moo (© I~y

A direct proof of the equivalence between (a) and (e) was first given by Yanai & Ishii (2001).

Lemma 4. Let X, Y, Z, and W denote matrices having the same number of rows. Then, the following

six quantities are equal.

ndet([X,Y, Z, W]) ndet([Z, W]) ndet([Qrz,w X, QizwY])

(2) ndet([X, Z, W]) ndet([Y, Z, W]) ’ (b) ndet(Quz. 1 X) ndet(Qzy Y) ’

ndet(Qx,z,wY)
ndet(Qzw1Y)

ndet([Qqg, zQwX, Qg zQwY])
ndet(Qq,, zQwX) ndet(Qq,, zQwY) ’

(e) \IH (1 - (QwX, QwY/Qw2)) , (f) JH (1-c2(X,Y/[Z,W))) .



Proof. Equivalences among any pair of (a), (b), (c), and (d) can be easily proved by replacing Z in (a),
(b), (c), and (d) of Theorem 3 by [Z, W]. (Q.E.D.)

When X = (z), Y = (y), Z = (z) and W = (w), Lemma 4 reduces to:
Corollary 7. The following quantities are equal.

ndet([Q[z,w]wa Q[z,w] y])
ndet(Q[z,w]m) ndet(Q[z,w]y) ’

ndet([x, y, z, w]) ndet([z, w)])

(a)

: (b)

ndet([x, z, w]) ndet([y, z, w])

ndet(Q[x,z,w]y)
ndet(Q[z,w] y) ’

ndet([Qszwaa Qszwa])
ndet(Qszwa) ndet(Qszwa) ’

() (d)

(€) V1-r*Quz,Quy/Quz) , () V1-r(z.y/lzw]) .
Proof. Equivalences among any pair of (a), (b), (c¢), and (f) can be established immediately by setting
X = (x), Y = (y) and Z = [z, w] in Theorem 3. An equivalence between (d) and (e) can be shown by
Qpz.zw] = QQpu.y2Qzw) and the equivalence between (d) and (e) of Lemma 4. We give a proof of (e)
< (f) below.

\/1 - TQ(wa7 wa/sz> = \/1 - 7"2(Qszwa> Qszwa)
= \/1 - TZ(Q[Z,w]mv Q[z,w]y)
= V1-1r2(x,y/[z,w]) . (Q.E.D.)

Definition 3. Similar to Definition 2, we introduce the following definition:

Re(A,B/C) = Re(QcA,QcB). (24)
Lemma 5.
Re([X,Y],Z) = Re(Y,Z/X)Re(X,Z) (25)
Proof. A proof follows, since
Re(X.Y)Z) — _ndet(X.Y,7)

ndet([X, Y]) ndet(Z)

ndet([X,Y, Z])ndet(X)  ndet([X, Z])
ndet([X, Y]) ndet([X, Z]) ndet(X)ndet(Z)

= Re(Y,Z/X)Re(X,Z). (Q.E.D)
Using Definition 3 and the equivalence between (a) and (b) of Theorem 3, we note:

Re(Y,Z/X) = Re(QxY,QxZ)

ndet([X,Y, Z]) ndet(X)
ndet([X, Y]) ndet([X, Z])

B ndet([X,Y, Z)) ndet([X, Z])
~ ndet([X, Y])ndet(Z) / ndet(X) ndet(Z)

Re([X,Y],Z)/Re(X,Z),

10



which provides an alternative proof of Lemma 5. We make the following two remarks based on Definition
3:

Note 6.

R@(wa, QwY/QWz) = RB(Q[Z,W]XaQ[Z,W]Y) = Re(X,Y/[Z,W]) . (26)

Proof. A proof follows immediately by substituting for A = Qw X, B=QwY, and C = QwZ in (24),
that is,

Re(QwX, QwY/QwZ) = Re(QquzQwX,QquwzQwY)
Re(Qrzw X, QzwY)
— Re(X,Y/Z,W)). (QED.)

Note 7. Let X = [Xy,...,X,], and X(;) = [Xy,...,X;]. Then, using Lemma 5, Re(X(;),Y) =
Re([X(j—1),X;],Y) = Re(X;,Y /X (;_1))Re(X(j_1), Y). Repeating this formula from j = 2 up to p, we
have

Re(X(p),Y) = Re(Xp,Y/X(p_l))Re(X(p_l),Y)
Re(Xp,Y/X(p_l))Re(Xp_l,Y/X(p_g))Re(X(p_Q),Y)

P

Re(X1,Y) [] Re(X;,Y/X(j1) -
j=2

Using Note 7, the following theorem can be established.

Theorem 4. Let X = [Xy,...,X,] be a row block matriz with X; of order n x m; as the it" block. Let
Y be a matriz of order nx. Further, let X;y = [X1,...,X;] be the matriz with the first j blocks of X.

Then, the following five quantities are equal, where r < Min(p1, p2, .., Pm)-
ndet([X,Y])
2
(a) ndet(X) ndet(Y) ’ 27)
(b) [[Q-cqxY), (28)
k=1
ndet([X1,Y u (X (), Y])ndet(X ;1))
(C) 1 H (9)> [C)) , (29)
ndet(X1 ndet i X(] ndet([X(] 1) Y])
(d)  Re(Xi,Y HRe X, Y /X 1) s (30)
j=2
) J J[(1—edX Y H H =i (X5, Y/X(j-)) - (31)
k=1 j=2k=1

Lemma 6. Let z be a vector with zero mean. Further, let me([X,y],z) be the multiple correlation

coefficient between [X,y] and z. Then, the following four quantities are equal:

11



(a) ndet([X, Yy, ZD ( ) ndet(Q[va]z)
ndet([X, y]) ndet(z) ’ ndet(z)

(©) V1I-me(X,y]2), (@) VI-me(X,2)y/1-12(y,2/X) .
Proof. The equivalence between (a) and (b) can easily be obtained. The proof (b) = (d) follows from

ndet(Qx y2) ndet(Qg,yQxz) ndet(Qxz)

ndet(z) ndet(Qx z) ndet(z)

which follows from (2) of Lemma 1. (Q.E.D)

Corollary 8. If both X;, (j =1,...,m), and Y consist of a single vector, formula (31) in Theorem 4

reduces to the following well-known formula.

1-mc*(X,y) = J (1=r2(@1,y) [](1 -2 9/X;G 1)) (32)

j=2
We may further decompose Re(X,Y) by partitioning Y into [Y1,...,Y,].
Theorem 5. Let Y = [Y1,...,Y,]. Then,
P
Re(X,Y) H H Re(X;, Yi/[X(j-1), Y(-1)]) (33)
j=1k=1

where

Re(X;, Yi/[X(j—1): Yo)l) = Re(X;, Yi/X(j-1));

P

Il
I

-
o

<

Il
-
ol

Il
-

o

—
=
Il

1

<.

e
=
e

Re(X;, Yi/[X0), Ye-1)]) = Re(X;, Y& /Y (p—1)), and

j=1k=1 j=1k=1
p q p q
ITII ReX;. Y/ X0, Yoo) = [] ] Re(Xs, Y.
j=1k=1 j=1k=1

Proof. To prove (33), observe that Re(X;,Y/X(;_1)) in (30) can be decomposed as

Re(vaY/X(j—l))
= Re(Qx(; 1, X Qx(; ) Y)

a
= Re(Qx;_, X, QX(jﬂ)Yl)(H Re(Qx ;) X, QX(jfl)Yk/QX(j—l)Y(’f—l)))
k=2

q
= [ Re(X;, Yi/[X(j-1), Yia-1)))-
k=1

These follow from (26).
Note 8. If p =2 and ¢ = 2, then (33) reduces to

Re([Xl,Xg], [Yl,Yg]) = Re(Xg,Yg/[Xl,Yl])Re(Xg,Yl/Xl)Re(Xl,Yg/Yl)Re(Xl,Yl). (34)
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4 Decompositions of the likelihood ratios

We first give the following definition of the likelihood ratios of three and four sets of variables.

Definition 4.

ndet([X,Y, Z))
ndet(X) ndet(Y) ndet(Z) ’
ndet([X,Y, Z, W])

Rewy(X,Y,Z,W) = ndet(X) ndet(Y) ndet(Z) ndet(W) - (36)

Re(3)(X,Y,Z) (35)

Theorem 6. Let X,Y, and Z denote three sets of variables with the same number of rows. Then, the

following relations hold.

() Res(X,Y,Z) = Re((X,Y),Z)Re(X,Y) , (37)
(b)  Re)(X,Y,Z) = Re(X,Y/Z)Re(X,Z)Re(Y,Z) . (38)
Proof. To prove (37), we may note

ndet ([[X, Y], Z)) ndet([X, Y])
ndet([X,Y]) ndet(Z) ndet(X)ndet(Y)

R6(3) (X, Y, Z) =

Re([X,Y],Z)Re(X,Y) .

To prove (38), we may note

ndet([X,Y, Z))
ndet(X) ndet(Y) ndet(Z)

R6(3) (X, Y, Z) =

ndet([X,Y,Z])ndet(Z)  ndet([X, Z]) ndet([Y, Z])
ndet([X, Z]) ndet([Y, Z]) ndet(X)ndet(Z) ndet(Y)ndet(Z)

= Re(X,Y/Z)Re(X,Z)Re(Y,Z). (Q.ED.)
Definition 5.
Re3) (X, Y,Z/W) = Res) (QWX, QwY, QWZ). (39)
Using Definition 5 and Theorem 6, we can establish the following corollary.

Corollary 9. Suppose we have, in addition to X, Y and Z, a fourth matric W of the same row order

as the previous three matrices. Then, it can be shown that

(a)  Rew(X,Y,Z,W) = Re(X,Y)Re([X,Y],Z)Re([X,Y,Z], W), (40)
(b)  Rew)(X,Y,Z,W) = Res(X,Y,Z/W)Re(X, W)Re(Y, W)Re(Z, W). (41)

Furthermore, we can show the following:

Theorem 7. The following four quantities are equal.

(a) Rep)(X,Y,Z/[W,V]), (b)  Regs)(QuwiX, QuwY, Qw,viZ),
(¢)  Re (QwX, QwY,QwZ/QwV), (d)  Res (QvX,QvY,QvZ/QuW).
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Proof. A proof of the equivalence between (b) and (c), and that of (b) and (d) can be seen by noting
Definition 5, and the following decompositions:

Qw,v) = QquvQw, and Qv = Qq,wQv,
respectively. (QE.D.)

Theorem 6 and Corollary 9 can be generalized as follows:

Note 9. Given X = [Xy,...,X,], denote X(jy = [Xi,...,X;], we have

(@)  Re(X) = [[Re(X(-1), X)), (p>2), (42)
p—1

(b)  Re(X) = Rep1y(Xi, ..., Xp,l/x,,)HRe(xj,xp), (43)

(C) Re(p)(X) =1 < Xng =0, (Z #* j) (44)

Note 10. Formula (42) can be represented as

ndet([Xl,..., ﬁ ndet Xl, ..,X]])

H ndet(X =2"

IfX; (j=1, ..., p) are columnwise centered, it follows, from the equivalence between (a) and (f) of
Theorem 2, that (45) can be written as
ndet([X1,...,X,)) u
> 2= =Xy, .oy X4 X)) (46)
H HdCt(X]‘) j=2
j=2
Note 11. Let X = [@1,...,%,] be an n X p columnwise centered matrix. Then, from Corollary 1, we

have
ndet(X) = ndet(z1)ndet(Qq, z2) ndet(Q[q, w01 3) - ndet(Qpa, ..oy _,)%;) - - ndet(Qx,_, xp) -

If X columnwise standardized, ndet(X) reduces to

ndet(X) = \/(1 — T2(.’131, :BQ)) (1 — ch([ml, (132],2173)) e (1 — mCQ(Xz'_l,(Bi)) e (1 — ch(Xp_l, $p)) (47)

where mc?(X;_1,x;) is the squared multiple correlation coefficient of X; 1 on x;.

5 Redundancy of variables in terms of the likelihood ratio

Consider a multiple regression situation, in which y is a criterion variable and X = [z, x2] is a set
of predictor. It is assumed that both y and X are columnwise centered. In this case, the squared
multiple correlation of y on X can be expressed, using an orthogonal projector, as y'P,, ..,14/Y'y,
which can be decomposed into y'P.,y/y'y + y'Pq, +,y/y'y. If yPq, +,y =0 (which is equivalent to
Y'Q.,x2 = 0), then mc?([x1, x2),y) = r?(x1,y), which implies that adding 2 to 1 does not provide
any new information, that is, xo is completely redundant with x;. In this section, we consider the
redundancy of variables defined in terms of the likelihood ratios of two and three sets of variables, using

the nonnegative determinants of a rectangular matrix.
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Theorem 8. Let X = [X1,Xs] and Y = [Y1,Ys], each partitioned into two sets. Then, the following

relationship,
Re(X1,Y1) > Re(X,Y) (48)
holds. The equality in holds if the following three conditions,
(i) X5Qx, Y1 =0, (i) X|Qy,Y2=0, and (ii) X5Qx, v, Y2=0 (49)
hold simultaneously.

Proof. A proof of (48) can be easily obtained given by (34), noting that Re(X2,Y2/[X1,Y1]), Re(X2,Y1/X1),
and Re(X1,Y2/Y:) are all strictly less than 1. Condition (49) holds when

Re(XQ,YQ/[Xl,Yl]) = ]., RG(XQ,Yl/Xl) = 1, and Re(Xl,Yg/Yl) =1

hold simultaneously. (Q.ED.)

Note 12. Condition (iii) of (49) may be replaced by either (iv) X5Qx, Y2 = O or (v) X5Qy, Y2 = O.

When X = [z, z2] and Y = (y) as a special case, (48) becomes
Re(z1,y) > Re([z1,@2],y) - (50)

The equality in (50) holds when Re(zs,y/®x1) = 1, which implies y'Q., @2 = 0, and consequently,
r(@x2,y/x1) = 0. Thus, the condition required for x5 to be completely redundant with @1 is exactly the

same as the condition introduced for the equality of the squared multiple correlation coefficients.

If X = [x1,z2] and Y = [y;, ys], then from (34),
ndet([X,Y])
ndet(X) ndet(Y)
= Re([z1, 22, [y1,y5))
= Re(®a,y,/[x1,y1])Re(x2, Y1 /1) Re(x1, Yo /Y1) Re(T1, Y1) (51)

Re(X,Y) =

Thus, Re(x1,y,) > Re([x1,®2], [y1,Ys]), and the equality holds when Re(x2,y,/®1,y,) = Re(x2,y, /1) =
Re(x1,y5/y,) = 1, which implies that x5Q,, ,,1¥2 = 0, £5Q,,y; = 0, and 2} Q,, y, = 0 hold simulta-
neously. When these three equations hold simultaneously, we obtain

Re([wh w2]7 [y17 y2]) = Re(wla y1)7
which implies that 2 and y, are redundant with x; and vy, respectively.

In closing, we consider the redundancy of variables when given variables are partitioned into three sets.

Note 13. Let X = [X,X3], Y = [Y1,Y,], and Z = [Z;, Z,]. Assume further that Re(3)(X,Y,Z) # 0.
Then, Re3)(X,Y,Z) = Res) (X1, Y1, Z1) implies both
(a) Re([X,Y],Z) = Re([X1,Y1],Z1), and (b) Re(X,Y)=Re(X;, Y1)

Furthermore, in order for both (a) and (b) to hold, the following three conditions,
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X4

(1) lelQ[X%mzlzo, (2) lY,]Qzlzz=07
1

X5
(3) v/ Qx,,v1,2.1%2 = O,
2

must hold simultaneously. Note that condition (3) above may be replaced by either one of the following

conditions:
X5 X5
(4) [ v/ Qx,v11Z2=0, (5) l v, ] Qz,Z> = 0.

A proof of Note 13 follows immediately by observing that Re(X1,Y1,Z1) = Re([X1,Y1],Z1)Re(X1,Y1) >
Re([X,Y],Z)Re(X1,Y1) > Re([X,Y],Z)Re(X,Y) = Re(3)(X,Y,Z) from (37) and (48). Conditions (1)

through (5) above can easily be established, following a similar line of proof for condition (49).
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