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Preface

In teaching linear statistical models to first-year graduate students or to final-
year undergraduate students there is no way to proceed smoothly without
matrices and related concepts of linear algebra; their use is really essential.
Our experience is that making some particular matrix tricks very familiar to
students can substantially increase their insight into linear statistical models
(and also multivariate statistical analysis). In matrix algebra, there are handy,
sometimes even very simple “tricks” which simplify and clarify the treatment
of a problem—both for the student and for the professor. Of course, the
concept of a trick is not uniquely defined—by a trick we simply mean here a
useful important handy result. Notice the three adjectives we use here, useful,
important, and handy, to describe the nature of the tricks to be considered.

In this book we collect together our Top Twenty favourite matrix tricks
for linear statistical models. Interestingly, nobody can complain that our title
is wrong; someone else could certainly write a different book with the same
title.

Structure of the Book

Before presenting our Top Twenty, we offer a quick tour of the notation, lin-
ear algebraic preliminaries, data matrices, random vectors, and linear models.
Browsing through these pages will familiarize the reader with our style. There
may not be much in our Introduction that is new, but we feel it is extremely
important to become familiar with the notation to be used. To take a con-
crete example, we feel that it is absolutely necessary for the reader of this
book to remember that throughout we use H and M, respectively, for the
orthogonal projectors onto the column space of the model matrix X and onto
its orthocomplement. A comprehensive list of symbols with explanations is
given on pages 427-434.
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In our book we have inserted photographs of some matricians' and statisti-
cians. We have also included images of some philatelic items—for more about
mathematical philatelic items we recommend the book by Wilson (2001) and
the website by Miller (2010); see also Serre (2007). For “stochastic stamps”—
postage stamps that are related in some way to chance, i.e., that have a
connection with probability and/or statistics, see Puntanen & Styan (2008b).

We do not claim that there are many new things in this book even after the
Introduction—most of the results can be found in the literature. However, we
feel that there are some results that might have appeared in the literature in a
somewhat concealed form and here our aim is to upgrade their appreciation—
to put them into “business class”.

Twenty chapters correspond to our Top Twenty tricks, one chapter for
each trick. Almost every chapter includes sections which are really examples
illustrating the use of the trick. Most but not all sections are statistical. Most
chapters end with a set of exercises (without solutions). Each section itself,
however, serves as an exercise—with solution! So if you want to develop
your skills with matrices, please look at the main contents of a particular
section that interests you and try to solve it on your own. This is highly
recommended!

Our Tricks are not all of the same size~ as is readily seen from the number
of pages per chapter. There are some further matrix tools that might well
have deserved a place in this book. For example, Lagrange multipliers and
matrix derivatives, see, e.g., Ito & Kunisch (2008), Magnus & Neudecker
(1999), as well as Hadamard products and Kronecker products, see, e.g.,
Graham (1981), Horn (1990), Styan (1973a), could have been added as four
more Tricks.

Our twenty tricks are not necessarily presented in a strictly logical order
in the sense that the reader must start from Chapter 1 and then proceed to
Chapter 2, and so on. Indeed our book may not build an elegant mathematical
apparatus by providing a construction piece by piece, with carefully presented
definitions, lemmas, theorems, and corollaries. Our first three chapters have
the word “easy” in their title: this is to encourage the reader to take a look
at these chapters first. However, it may well be appropriate to jump directly
into a particular chapter if the trick presented therein is of special interest to
the reader.

2

! Farebrother (2000) observed that: “As the word matrician has not yet entered the
English language, we may either use it to denote a member of the ruling class of a
matriarchy or to denote a person who studies matrices in their medical, geological, or
mathematical senses.”

2 Unlike Greenacre (2007, p. xii), who in his Preface says he “wanted each chapter to
represent a fixed amount to read or teach, and there was no better way to do that than
to limit the length of each chapter—each chapter is exactly eight pages in length.”
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Matrix Books for Statisticians

An interesting signal of the increasing importance of matrix methods for
statistics is the recent publication of several books in this area—this is not to
say that matrices were not used earlier—we merely wish to identify some of
the many recently-published matrix-oriented books in statistics. The recent
book by Seber (2008) should be mentioned in particular: it is a delightful
handbook for a matrix-enthusiast-statistician. Other recent books include:
Bapat (2000), Hadi (1996), Harville (1997, 2001), Healy (2000), Magnus
& Neudecker (1999), Meyer (2000), A.R. Rao & Bhimasankaram (2000),
C.R. Rao & M.B. Rao (1998), and Schott (2005) (first ed. 1996). Among
somewhat older books we would like to mention Graybill (2002) (first ed.
1969), Seber (1980) (first ed. 1966), and Searle (1982).

There are also some other recent books using or dealing with matrix al-
gebra which is helpful for statistics: for example, Abadir & Magnus (2005),
Bernstein (2009) (first ed. 2005), Christensen (2001, 2002), Fujikoshi, Ulyanov
& Shimizu (2010), Gentle (2007), Gro8 (2003), Hardle & Hlavka (2007), Kollo
& von Rosen (2005), S. K. Mitra, Bhimasankaram & Malik (2010), Pan &
Fang (2002), C. R. Rao, Toutenburg, Shalabh et al. (2008) (first ed. 1995), Se-
ber & A.J. Lee (2003) (first ed. 1977), Sengupta & Jammalamadaka (2003),
Srivastava (2002), S.-G. Wang & Chow (1994), F. Zhang (1999; 2009), and
the Handbook of Linear Algebra by Hogben (2007).

New arrivals of books on linear statistical models are appearing at a regu-
lar pace: Khuri (2009), Monahan (2008), Rencher & Schaalje (2008) (first ed.
1999), Ryan (2009) (first ed. 1997), Stapleton (2009) (first ed. 1995), Casella
(2008), and Toutenburg & Shalabh (2009), to mention a few; these last two
books deal extensively with experimental design which we consider only min-
imally in this book. As Draper & Pukelsheim (1996, p. 1) point out, “the
topic of statistical design of experiments could well have an entire encyclo-
pedia devoted to it.” In this connection we recommend the recent Handbook
of Combinatorial Designs by Colbourn & Dinitz (2007).

There are also some books in statistics whose usefulness regarding matrix
algebra has long been recognized: for example, the two classics, An Intro-
duction to Multivariate Statistical Analysis by T.W. Anderson (2003) (first
ed. 1958) and Linear Statistical Inference and its Applications by C.R. Rao
(1973a) (first ed. 1965), should definitely be mentioned in this context. Both
books also include excellent examples and exercises related to matrices in
statistics. For generalized inverses, we would like to mention the books by
C.R. Rao & S.K. Mitra (1971b) and by Ben-Israel & Greville (2003) (first
ed. 1974), and the recent book by Piziak & Odell (2007). For Schur comple-
ments, see the recent book by Zhang (2005b) and the articles in this book by
Puntanen & Styan (2005a,b).



viii

The Role of Matrices in Statistics

For interesting remarks related to matrices in statistics, see the papers by
Farebrother (1996, 1997), Olkin (1990, 1998), Puntanen, Seber & Styan
(2007), Puntanen & Styan (2007), Searle (1999, 2000). Of special interest
also are those papers in which statistical ideas are used to prove some ma-
trix theorems, especially matrix inequalities; see, e.g., S. K. Mitra (1973a),
S.K. Mitra & Puntanen (1991), Dey, Hande & Tiku (1994), and C.R. Rao
(2000; 2006). As for the development of the use of matrices in statistics, we
would like to refer to Searle (2005) and to the conversation by Wells (2009,
p. 251), with Shayle R. Searle:

WELLS: “You were an early advocate of using matrices in statistics, looking
back this prospective seems obvious. Do you have a conjecture why early progress
on the application of matrices was so slow?”

SEARLE: “The first of my Annals papers of (1956), 1958 and 1961 was ‘Ma-
trix methods in variance and covariance components analysis’. Its title begs the
question: Why has it taken so long for matrices to get widely adopted where they
are so extremely useful? After all, matrices are two hundred and some years old
and their use in statistics is only slowly becoming commonplace. But this was not
so, even as recently as the 1950s. Even at Cambridge, in lectures on regression in
1952 there was no use of matrices.”

Many thanks to Kimmo Vehkalahti for alerting us to the following interesting
remarks by Bock (2007, p. 41):

“The year 1934 and part of 1935 was a period of intense work for Thurstone. In
1935, the University of Chicago Press published The Vectors of Mind, his extended
treatise on multiple factor analysis. [...] It also includes, for the first time in the
psychological or statistical literature, an introductory section containing defini-
tions and results of matrix algebra and their geometrical interpretations. [...]
As a matter of interest, I reviewed both the Journal of the American Statistical
Association and The Annals of Mathematical Statistics looking for applications
of matrix algebra before 1935. Even as late as 1940, JASA contained not only
no matrix algebra, but hardly any algebra at all; it was still largely a journal of
statistics in the old sense—the presentation and analysis of tables of economic
and social indicators. The earliest instance of matrix algebra I could find was in
the AMS, Volume 6, 1935, in an article by Y. K. Wong entitled, ‘Application of

orthogonalization processes to the theory of least-squares’”

Our Aim

In summary: our aim is not to go through all the steps needed to develop the
use of matrices in statistics. There are already several books that do that in
a nice way. Our main aim is to present our personal favourite tools for the
interested student or professor who wishes to develop matrix skills for linear
models. We assume that the reader is somewhat familiar with linear algebra,
matrix calculus, linear statistical models, and multivariate statistical analysis,
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although a thorough knowledge is not needed, one year of undergraduate
study of linear algebra and statistics is expected. A short course in regression
would also be welcome before going deeply into our book. Here are some
examples of smooth introductions to regression: Chatterjee & Hadi (2006)
(first ed. 1977), Draper & Smith (1998) (first ed. 1966), and Weisberg (2005)
(first ed. 1980).

We have not included any real data or any discussion of computer
software—these are beyond the scope of this book. In real life, when facing
a class of statistics students, there is no way to ignore the need of modern
high-calibre statistical software, allowing, in particular, access to flexible ma-
trix manipulation. Nowadays, pen and paper are simply not enough—clever
software can uncover or increase our understanding of lengthy formulas.

As regards the references, our attempt is to be rather generous—but not
necessarily thorough. Speed (2009, p. 13) asks “Do you ever wonder how
we found references before the www?” and follows with interesting remarks
on today’s methods of finding references. We recommend Current Index to
Statistics, MathSciNet and ZMATH, as well as Google!

The material of this book has been used in teaching statistics students at
the University of Tampere for more than 10 years. Warm thanks to all those
students for inspiring cooperation! The idea has been to encourage students
to develop their skills by emphasizing the tricks that we have learnt to be
used again and again. Our belief is that it is like practicing a sport: practice
makes perfect.

One possible way to use this book as a textbook for a course might be just
to go through the exercises in this book. Students should be encouraged to
solve and discuss them on the blackboard without any notes. The idea would
be to push the student into the waves of individual thinking.

Kiitos!

We are most grateful to Theodore W. Anderson for introducing matrix meth-
ods for statistics to the second author in the early 1960s, and for supervising
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1987) and by the third author (Isotalo, 2007).

Much of the work reported in this book follows the extensive collaboration
by the first authors with Jerzy K. Baksalary (1944-2005) during the past 30
years or so; we feel he had an enormous effect on us, and if he were still alive,
he would certainly be very interested (and critical as always) in this book.
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of his publications see Oskar Maria Baksalary & Styan (2007).
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Introduction

ALGERNON (Languidly): I don’t know that I am
much interested in your family life, Lane.

LANE: No, sir; it is not a very interesting subject.
I never think of it myself.

OscArR WILDE: The Importance of Being Earnest

Opening Figures

Let us start by considering the three scatter plots of Figures 0.1 and 0.2. In
Figure 0.1a we have three data points (5! ), (32), (42 ), while in Figure 0.2
there are 1000 data points. Suppose that we have two tasks:

e Task 1: Draw a line § = a + [z into each scatter plot so that the sum of
the squared vertical distances (y; — 9;)? would be as small as possible.

e Task 2: Define the line § = v + dz so that the sum of squares of the
orthogonal distances of each point (x;, y;) from this line would be minimal.

These tasks are typical things that every statistics student should be able
to do in no time. However, it is extremely clumsy to solve these problems
without knowing some appropriate matrix algebra. If you the reader are not
convinced about the usefulness of matrices, try to solve these problems by
other means—that should finally convince you that the life becomes more
comfortable after familiarizing yourself with handy matrix tricks.

The resulting lines, the regression line and the first major axis of a par-
ticular a confidence ellipse, are represented in Figures 0.8-0.9 (p. 56). By the
confidence ellipse we mean here a constant-density contour assuming that
this sample were taken from a normally distributed population.

The first two scatterplots are based on the following data matrices:

11
A=(x:y)=14 1], (0.1)
4 4
;oo (XY (111222333444
B(X'Y)<y’><2 3413412412 3> 0.2
Above A = (x : y) stands for a partitioned matrix; the columns of A are

vectors x and y. The matrix B is represented in the transposed form: the ith

S. Puntanen et al., Matrix Tricks for Linear Statistical Models: Our Personal Top Twenty, 1
DOI 10.1007/978-3-642-10473-2_1, © Springer-Verlag Berlin Heidelberg 2011
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column of B’ is the transpose of the ith row of B. The third data matrix is a
1000 x 2 matrix including 1000 observations from a two-dimensional normal
distribution.

y y
4 o 44 o o o
3 34 o o o
2 24 o o o
14 o o 1- o o o
T T 1 x I B — x
@ 1 2 3 4 (b) 1 2 3 4

Figure 0.1 (a) Three observations, (b) Twelve observations.

15 —

10 —

104 o

15 -

-15 10 -5 0 5 10 15

Figure 0.2 1000 observations from N2(0,X); 0, =5, 0y = 4, 04y = 0.7.
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Preliminaries to Linear Algebra and Statistics

First, let us shortly introduce some notation. A more comprehensive list of
symbols with explanations is given on pages 427-434.

The symbols A’, A=, A+, €(A), €(A)+, A4 (A), and rank(A) [or shortly
rk(A)] will stand for the transpose, a generalized inverse, the Moore-Penrose
inverse, the column space, the orthogonal complement of the column space,
the null space, and the rank, respectively, of A. The set of n X m matrices
is denoted as R"™*™. Occasionally we may denote A, «., indicating that A is
an n X m matrix. We only consider matrices with real elements.

It may be worth mentioning that we frequently use the symbol n to indicate
the number of rows in a matrix. This is a trivial fact but it may helpful to
keep this in mind.

Vectors belonging to R™ are denoted by lower-case bold-face Roman letters
like a, b and the matrices belonging to R™*™ in upper-case bold-face Roman
letters like A, B. Random vectors are denoted in the same way as the vectors
in R™; it is too complicated to devote a particular notation for them. When
dealing with random variables and vectors, our attempt is to use symbols
X, y,... for the random vectors and a, b, ... for vectors with real elements.
This rule will have several exceptions but from the context it should be clear
whether we are dealing with a random or a nonrandom vector.

Column Space

The column space of an n x m matrix A is a subspace of R" spanned by the
columns of A:

C(Anxm) ={y € R" : there exists x € R™ such that y = Ax}, (0.3)
and, correspondingly, the null space of A is
N (Apxm) ={xeR": Ax=0} CR™. (0.4)

For example, if 15 = (1), then ¢(1;) is a line in R? going through the origin
and the “point” (1, 1), i.e., it is a line spanned by the vector 15. Notice that
we will drop off the subscript from 1,, € R" if the dimension is obvious from
the context; the same concerns also the identity matrix I,,.

The columns of A, xm = (a1 @ ... : a,,) are said to be linearly independent
if (and only if) Ax = 0 is satisfied only for the null vector x = 0. In this
situation we say that A has full column rank, i.e.,

AN (A) ={0} <= A has full column rank
<= the columns of A are linearly independent. (0.5)
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The rank of the matrix A is the maximal number of linearly independent
columns of A, and the dimension of the column space € (A) is rank(A).

The Chapter 1 of this book, entitled Easy Column Space Tricks (pp. 57—
70), is devoted to some essential properties of the column space. Without
(most of) them, it is almost impossible to play with the matrices related
to linear models—or at least it becomes clumsy. For example, in regression
analysis we frequently need to know the rank of the matrix X’X. Then it
really should be obvious* to us that this rank is precisely the same as the
rank of X; otherwise things proceed far too slowly, so to say.

Generalized Inverse

Hopefully the reader has met the generalized inverses before reading these
lines, but if not, it is not the end of the world. Here we take a very quick look
at them; more thoroughly we go through them in Chapter 4 (pp. 105-120).
The matrix G, . is a generalized inverse of A, «, if it satisfies the equa-
tion
AGA=A, (mpl)

and we denote A~ = G. An equivalent characterization (see Theorem 4,
p. 106) is that G is a generalized inverse of A if b = Gy is a solution
of Ab = y for any y which makes the equation consistent (solvable). The
matrix AT, the Moore—Penrose inverse of A, is defined as the unique solution
to the four equations

(mpl) AATA =A, (mp2) ATAAT = AT, (0.6)
(mp3) AAT = (AAT),  (mp4) ATA = (ATA). '
The set of all generalized inverses of A, «,, is denoted as
{A7}={GeR™": AGA=A}. (0.7)

For example, if A, ., is such that (A’A)~! exists, then it is easy to
confirm that
(A’/A)TA = AT, (0.8)

It is also useful to know that always

(A/A)TA = A/(AA)T = AT, A(A’A)"A' = AAT.  (0.9)

4 According to an old (and possibly apocryphal) story, during one of his lectures David
Hilbert once wrote a line on the blackboard and said, “It is obvious that ... ,” but then
Hilbert paused and thought for a moment. He then became noticeably perplexed, and
he even left the room, returning only after an awkward passage of time. When Hilbert
resumed his lecture, he began by saying “It is obvious that ... " [Cited from Steele
(2004, pp. 55-56).]
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If the equation Ab =y is solvable for b and
G is a generalized inverse of A, then b = Gy
is one solution. All solutions (the “general so-
lution”) to Ab =y can be generated through

by = Gy + (I, - GA)z, (0.10)

where z € R™ is free to vary. The other way
to express by is to write it as

by = {one solution to Ab =y}
+ {the general solution to Ab =0}. (0.11)

The equation A, xmBmxg = Ynxq has a so-
lution for B if €(Y) C € (A) in which case all
solutions can be obtained from

Photograph 0.2 Adi Ben-
Israel (Windsor, Canada, 2007).

By = GY + (I, — GA)Z, (0.12)

where Z € R™*17 is free to vary.

As for the terminology, Ben-Israel & Greville (2003) call a matrix G satis-
fying (mpl) a {1}-inverse, and G satisfying (mp1l) and (mp2) a {12}-inverse.
A {12}-inverse is often called a reflexive generalized inverse.

Projectors

If the column spaces €' (A) and € (B) are disjoint (sometimes said essentially
disjoint) in the sense that

¢(A)N%(B) ={0}, (0.13)
then we have the direct sum decomposition
¢A:B)=%(A)®%(B). (0.14)

In particular, if €'(A) and € (B) in (0.14) are orthogonal [cf. (0.35) p. 10], we
denote € (A : B) = ¢(A)HB%(B). In (0.14), €(B) is a complement of ¢ (A)
in (A : B), and then every y € ¥ (A : B) has a unique representation as a
sum

y=x+z, wherexe¥(A),zc%(B). (0.15)

If € (B) is a complement of € (A) in the whole R™, not only in ¢'(A : B),
ie.,

R" = ¢(A) & €(B), (0.16)
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then every y € R" has a unique representation as a sum
y=ya+yp, whereys€?(A) ypc?(B). (0.17)

The vector y 4 in (0.17) is said to be the projec-
tion of y onto €' (A) along € (B). A matrix P
which transforms every y € R"™ into its pro-
jection is called a projector onto € (A) along
% (B); that is, the multiplication Py gives the
projection of y:

Py=ya. (0.18)

It appears that the projector P := PA‘B onto
% (A) along %' (B) may be defined by the equa-
tion

Pyp(A:B)=(A:0). (0.19)

Once the decomposition R" = € (A) @ € (B)

Photograph 0.3 C. Radha- is fixed, then the corresponding projector is

krishna Rao (Istanbul, 1997). unique.
Rao (1974) considered also an extended ver-

sion of projector in the sense that € (A) @ € (B) does not coincide with the
entire R™; even then (0.19) defines the projector P, onto ¢ (A) along
% (B). However, in this situation the projector P a/p Deed not be unique and

idempotent as is the case when (0.16) holds. We denote the set of matrices G
satisfying G(A : B) = (A : 0) as {P, g }:

Ge{Pyp} < G(A:B)=(A:0). (0.20)

Projectors belong to the set of very important tools in linear models. Their
basic properties are gone through in Chapter 2 (pp. 71-89).

Inner Product and Norm

The inner product and the norm are central concepts in linear algebra—as
well as their statistical “buddies” covariance and variance. The standard inner
product between two vectors x,y € R" is defined as

n

xy)=xy=) wy, (0.21)

i=1
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€(a:b)t

Figure 0.3 In this figure R® = ¢(a: b) ® ¥(c), R> = ¥(a:b)B%(a: b) .

T2
“ayt=¢((-1,2)) 3T ¢(b) =%((2,3))
2 =4
| ¢(a) = €((2.1))
} } } } } 1
-2 — 1 2 3
14

Figure 0.4 Here R = %(a) ¢ ¢(b), R? = ¢(a) B % (a)".

which is also called the Euclidean inner product in R™. The corresponding
standard norm (length, 2-norm) in R™ is the positive square root of (x,x):

%] = lIx[l2 = +v/(x,x) = +m (0.22)

In general, a real-valued function (x,y) is an inner product in R™ if it
satisfies the following three properties:

(x,x) > 0 and the equality holds <= x =0 (positivity), (0.23a)

(x,y) = (y.x) (symmetry), (0.23b)
(ax+y,z) = a(x,z) + (y,z) (linearity), (0.23¢)
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Figure 0.5 Geometric illustration of f = ca + fb and g = ya + db, a > 1, 8 < 1,
v < 1,8 > 1. Also the orthocomplement % (a : b)* is marked.

for all x,y,z € R", and o € R. If (0.23a) is replaced by the weaker condition
(x,x) > 0, we then have a semi-inner product; now it is possible that (x,x) =
0 but x # 0.

Correspondingly, a general vector norm in R™ is defined as a function
R™ — R, denoted by ||x||, that satisfies the following three conditions:

|[x]| > 0 and the equality holds <= x =0 (positivity), (0.24a)
[lax|| = |a||x|| (positive homogeneity), (0.24b)
Ix+yll <|x]+ |lyll (triangle inequality), (0.24c)

for all x,y € R™, and o € R. If (0.24a) is replaced by ||x|| > 0 for all x € R™,
the norm may be called a seminorm.

Given an inner product (x,y) and the corresponding norm ||x|| = 1/ (x, x),
the angle between two nonzero vectors x,y € R"” is the real number 0, 0 <
0 < m, such that

X,
cosf = _y) . (0.25a)
1] - Iyl
Instead of cos Z(x,y), we will frequently use the shorter notation cos(x,y)
to indicate the cosine of the angle between the nonzero vectors x, y:

(x,y)

— 0.25b
=Ty (0.25b)

cos(x,y) = cos Z(x,y) = cosf =

It is important to notice that the angle is dependent on the given inner
product.

Instead of R™, consider now the vector space R™* ™, that is, the set of
n X m real matrices. Let A, B € R™*™ and denote
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vec(A) =vec(ay :...:ay,)=|  |. (0.26)

am

Then the standard inner product of vec(A) € R™ and vec(B) € R"™ is

(vec(A),vec(B)) = ajby +--- +a), b, = tr(A’B) ZZ aijbij, (0.27)

i=1 j=1

where tr(U) refers to the trace of the matrix U:

Upn) Zu : (0.28)
Hence a natural way to define a matrix inner product is
(A,B) =tr(A'B), (0.29)

which is called the standard inner product for matrices. The corresponding
standard (Euclidean) matrix norm is the positive square root of (A, A):

|A||F = +/tr(A’A) = {Zzafjrﬂ, (0.30)

s
Il
-

<.
Il
—

where the subscript F' refers to Frobenius; the standard matrix norm (0.30)
is often called the Frobenius norm. Because the trace of A’A equals the sum
of the eigenvalues of A’A | see (18.5) (p. 358), we have

|A||F = v/chi(A’A) +--- + ch,,(A’A), (0.31)

where ch;(A’A) refers to the ith largest eigenvalue of A’A.

In passing we may refresh the reader’s memory about the useful commu-
tativity property of the trace: tr(K, xpLpxn) = tr(LpxnKnxp)-

The matriz 2-norm (or the spectral norm) is defined as follows:

A A 1/2
1Al = max |Ax]s = maX(XX)

lIx[l2=1 x7£0 x'x
chi(A’A) =sg,(A), (0.32)
where [|x||2 refers to the standard Euclidean vector norm, and

sg;(A) = \/ch;(A’A) = §; = the ith largest singular value of A. (0.33)
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Note that the Frobenius norm and the spectral norm are (usually) indeed

different:
[AllF=1/07 +---+ 02, [All2=0d1, (0.34)

where r = rank(A). For a definition of the general matrix norm, see, e.g.,
Ben-Israel & Greville (2003, p. 13) and Meyer (2000, §5.2).
Vectors x,y € R" are orthogonal if

(x,y) =0 which is denoted as x L y. (0.35)

It is important to pay attention to the fact that orthogonality depends on
the given inner product. If I/ is a subspace of R™, the orthocomplement U+
of U is the set of all vectors of R™ which are orthogonal to every vector of U:

Ut ={zecR": (z,x)=0forallxcU}. (0.36)

Again the subspace U+ depends on the given inner product. It is easy to
conclude, see Theorem 2 (p. 71), that under the standard inner product in
R™, the orthocomplement of € (A, xm) is

%(A)L ={yeR":zZA’y=0forallze R™}
={yeR":Aly=0}=4(A"). (0.37)

The columns of matrix A = (x : y) € R"*? are said to be orthonormal if
x’'y = 0 and they have unit length, i.e., A’A = I,. We say that a matrix A
is orthogonal if A € R"*"™ and A’A =1, (in which case also AA’ =1,,).

Orthogonal Projector

Let P,,», be an idempotent matrix, i.e., P2 = P. Then
¢P)ne(1, —P)={0}, (0.38)
and € (I, — P) = 4 (P) (please confirm), and hence
R"=%¢P)a¢(1,—-P)=¢P)s A4 (P). (0.39)

The column spaces € (P) and € (I,, — P) may not be orthogonal with respect
to a given inner product, but if they are, we may denote

¢P)LEI,—P), (0.40)
and then €'(I,, — P) is the orthocomplement of €' (P):

R" = ¢(P)BE(I, - P)=¢(P)BE(P): =¢(P)B.AN(P). (0.41)
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Now the matrix P is an orthogonal projector onto ¢ (P) (w.r.t. a given inner
product). Sometimes the term oblique projector is used, to emphasize that
(0.39) is valid but not necessarily (0.41).

Suppose P is an idempotent matrix. Then it satisfies (0.40) with respect
to the standard inner product (x,y) = x'y = x'I,,y, shortly said “w.r.t. I,,”,
if and only if

x'P'(I, —P)y=0 forall x,y € R", (0.42)

i.e., P = P'P, and hence P must be symmetric. We can conclude that the
matrix P is an orthogonal projector if it is idempotent and symmetric:

P is orthogonal projector (w.r.t. I) <= P? =P and P’ =P. (0.43)

If an idempotent symmetric P has the property ¢’ (P) = € (A), then P is the
orthogonal projector onto % (A), denoted as Py .

Let Ab, denote the orthogonal projection of y € R™ onto € (A, xm)-
Then it is (at least geometrically) clear that the vector y — Ab, must be
orthogonal to every column of A: A’(y—Ab,) =0,i.e., A’Ab, = A’y, whose
solution can be written as b, = (A’A)~ A’y. Hence Ab, can be expressed
as Ab, = A(A’A)"A’y. We will use intensively the fact that P, has the
explicit representation as

P, = A(A/A)"A' = AAT, (0.44)

which is invariant for any choice of (A’A)~. For detailed introduction of
(0.44), see Theorem 8 (p. 155).
By Al we denote any matrix whose columns span the orthocomplement
of €(A):
CAL) =/ (A)=F(A)*. (0.45)

One choice for At is I,, — P, . Hence we have
R"=F(A)BECA) =FC(A)BECIA-P,). (0.46)

It is important to remember that the matrix AL is not necessarily unique
(when is it unique?) but the column space ¢’ (A1) is unique.

Lowner Ordering

If a symmetric matrix A, x,, is nonnegative definite, we denote A > 0, which
means that
there exists a matrix L such that A = LL'. (0.47)

Instead of “nonnegative definite”, the term “positive semidefinite” is often
used. Notation A > 0 indicates that A is positive definite, i.e.,
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A =LL' for some nonsingular L, ., . (0.48)

The sets of all symmetric nonnegative definite and positive definite n x n
matrices are denoted as NND,, and PD,,, respectively. Moreover,

A >| B means that A — B = KK’ for some K, (0.49)

and then we say that the matrix B is below A with respect to the Liwner
partial ordering; this ordering is due to Léwner (1934).
In terms of quadratic forms, for a symmetric A, «,:

A> 0 < x'Ax>0 forall x € R", (0.50a)
A> 0 < x'Ax >0 for all nonzero x € R". (0.50b)

It is also useful to know that using the principal minors (cf. page 429) and
the ordered eigenvalues chy(A) > cha(A) > -+ > ch,(A) of a symmetric A,
we have

A > 0 < chy(A)>0 <= all principal minors of A are >0, (0.51)
A> 0 < ch,(A)>0
<= all leading principal minors of A are > 0. (0.52)

Notice that (0.47) means that
A is nonnegative definite = A is necessarily symmetric. (0.53)

Whenever we talk about a nonnegative definite matrix A we assume that A is
symmetric. Occasionally we may still clarify the situation by talking about “a
symmetric nonnegative definite matrix A” instead of “a nonnegative definite
matrix A” even though the latter implicitly indicates that A is symmetric.

The Lowner partial ordering is a surprisingly strong and useful property.
For example, we observe immediately the following implications of the Lowner
partial ordering:

A ZL B — Qi Z bii; tI‘(A) Z tI‘(B), ChZ(A) Z Chl(B),
det(A) = det(B), [|Allp = [IBllr, [[Al2= (B2, (0.54)

wherei = 1,...,n, and ch;(+) refers to the ith largest eigenvalue, and ||A||p =

Vitr(A’A) and ||Alls = Vchi(A’A) refer to the Frobenius norm and the
spectral norm, respectively. Notice that if \; = ch;(A) for a nonnegative
definite (symmetric) A, then

IAIE = tr(A%) = A7+ + A7, A3 = AT (0.55)
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We may also note that not all nonnegative definite matrices can be put into
Léwner ordering. For example, A = (§9) and B = (§ ) are both nonnega-
tive definite but neither A > B nor B > A holds.

i S | | It appears, see (0.82) (p. 18) that every
correlation matrix is nonnegative definite and
. hence one may be inclined to believe that for
— | example the matrix

AR | 1 —2/3 —2/3
_ A=|-2/3 1 —2/3 (0.56)
RS p —2/3 —2/3 1
] ™ is nonnegative definite because it “looks like a
’ \ correlation matrix”. However, A is not (why?)
nonnegative definite and thereby it is not a
i, correlation matrix; see, e.g., Yanai (2003),
7 Puntanen & Styan (2005b, §6.2.1), and Sec-
tion 14.1 (p. 307).
Photograph 0.4 Ingram Olkin As a thorough reference to matrix orderings

(Montréal, 1995). we may mention the book by Marshall, Olkin

& Arnold (2011).

More on Orthogonal Projectors

Consider now the inner product in R™ defined as
(x,y)v =x'Vy, (0.57)

where V is a positive definite symmetric matrix. Ben-Israel & Greville (2003,
p. 8) call (0.57) an ellipsoidal norm. Now (see Proposition 2.6, p. 81) the
orthocomplement of @ (A,,xm) with respect to this inner product appears to
be

CA)v={yeR":ZA'Vy=0forallzc R"} =%(V'AL). (0.58)

By Ay we will denote any matrix whose column space is 4’ (A)3;. Recall that
A4 is shortly denoted as AL. Now we have the following decomposition:

R"=%¢(A)BE(A)Y =FA)BE(VIAL). (0.59)
Every y € R” has now a unique representation as a sum
y=Ab+V !lAtc=y, +y, (0.60)

for some b and ¢ (which are not necessarily unique).
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The vector y,. = Ab is the orthogonal projection of y onto ¢ (A) along

% (A)%y- The orthogonal projector P a.v is such a matrix which transforms y

into its projection y., i.e., P5 vy =y« = Ab. Its explicit unique represen-
tation is

Pav=A(A'VA)"A'V. (0.61)

Finally we may recall the well-known fundamental minimizing property of
the orthogonal projector:

|y —Pavyllv < lly — Ablly, forallb,y, (0.62)

where the norm is defined as ||z||3, = z'Vz. It is just the property (0.62) that
makes the orthogonal projector such a powerful tool in linear models and
multivariate analysis.

FEigenvalues and Singular Values

We recall that the scalar A (real or complex) is an eigenvalue of A, ., if
At =\t for some nonzero vector t € R", (0.63)

in which case t is an eigenvector of A corresponding to \. If A is symmetric,
then all eigenvalues are real. The eigenvalues are the roots of the characteristic
equation

det(A — \I,) =0. (0.64)

Instead of det(A) we may occasionally use notation |A| (to save space).

As regards the matrix factorizations needed, the most important in this
book is the eigenvalue decomposition® (EVD) (spectral decomposition): every
symmetric n X n matrix A can be expressed as

A = TAT = M\tat) + - + Aptot!, (EVD)

where T is orthogonal, A = diag(\1,...,A,), and Ay > --- > )\, are the
ordered eigenvalues of A. The columns of T are the orthonormal eigenvectors
of A, and we denote ch;(A) = A;.

In particular, for a symmetric nonnegative definite n x n matrix A with
rank r > 0 we have

B S Ay O\ (T,
ATAT(Tl.T0)<O 0)<T6

= TlAlTll = )\1t1t/1 + -+ )\rtrt;, R (065)

5 According to Benzéceri (1973, p. 289): “All in all, doing a data analysis, in good math-
ematics, is simply searching eigenvectors; all the science (or the art) of it is just to find
the right matrix to diagonalize.”
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where Ay > -+ > A\, > 0, A; = diag(Ag,...,\), and Ty = (t1 : ... : t,),
To = (ty41:...:t,). Note that for a symmetric nonnegative definite A we
have

AT =T A'TY, (0.66)

and the symmetric nonnegative definite square root of A is
A2 =T AT (0.67)

Moreover,
(AH)/2 .= ATV/2 =T ATY2T (0.68)

There is a longish Chapter 18 (pages 357-390) devoted to the eigenvalues.
The other extremely useful matrix factorization needed in statistics is of
course the singular value decomposition (SVD):

A 0\ [V
Ayym=U nA me m U,:U ( ! )( 1)
nxm nx nxm X ( 1 0) 0 0 V6
= U1A1V,1 = 61U1V’1 +---+ 57~UTV; s (SVD)

where U and V are orthogonal, rank(A) = r, and

Anxm:<A01 g), A = diag(dy,...,6,), 0 >--->0,>0. (0.69)

Above 0; is the ith largest singular value, denoted also as sg;(A). The eigen-
values and singular values have crucial properties when finding the extrema
of quadratic forms (p. 360); Courant—Fischer minimax theorem (p. 389),
Eckart—Young theorem (p. 400), Poincaré separation theorem (p. 398), to
mention a few important results.

For example, for a statistician it is more than useful to know that for a
partitioned nonnegative definite covariance matrix

b'e Yex Dxy
cov(z) = co = =X 0.70a
v =eov (3) = (3 ) (0.700)
we have
I
!
ch;(¥) = max a - 2 _ max a’Sa = max var(a'z) , (0.70b)
a#0 a’'a a’a=1 a’a=1
and
2 (alzxyb)2
Yv) = —
sgi Y) a;é%lég(;éo a’a-b’b
= max (C'leyd)2 = ch; (Bxy Byx) , (0.70c)

c’c=d’'d=1
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2
N (a’XExyb)
a#0,b#0 a/3yxa - b’y b

1271/22’( 271/2(1 2
c'cg?'ﬁ: (C XX Y “=yy )

= chy (Bxy B Syxyy )

563 (Tl 7By Ty 1/%) =

— !/
o Jnax, cor %(a’x,b'y). (0.70d)

Chapter 19 (pages 391-413) is devoted to the singular values. A summary
of some formulas useful for linear models and related matrix theory is pre-
sented in Isotalo, Puntanen & Styan (2008c).

Preliminaries to Random Vectors and Data Matrices

Here we recall some elementary properties of random vectors and data ma-
trices.

An efficient quick tour through random vectors, data matrices, multivari-
ate methods and linear models can be done via Puntanen & Styan (2007)
and Puntanen, Seber & Styan (2007).

Random Vectors

An n x m random matrix Z is a matrix Z = {z;;} of random variables 211,
, Znm. The expectatlon (mean) of a random matrix Z is E(Z) = {E(z;;)}.
In the textbooks of mathematical statis-
tics, frequently the scalar random variables are
denoted as upper-case light-face italic letters
such as X, Y and Z. We, however, do not fol-
low this rule here. It gets too complicated to
keep up the consistency of notation, in partic-
ular, when dealing with the random vectors.
As was mentioned earlier in this chapter, ran-
dom vectors are denoted in the same way as
the vectors in R™. Our attempt is to use sym-
bols x, y,... for the random vectors and a,
b, ... for vectors with real elements. From the
context it should be clear whether we are deal-
ing with a random or nonrandom vector.
The variance var(z) of the random vari-

Photograph 0.5 George A.F. .
Seber (Auckland, 1999). able x is
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var(z) = 02 = E(x — pu)?,  where p = E(z), (0.71)

and the covariance cov(z,y) between the two random variables z and y is
cov(z,y) = 04y = E(x — p)(y —v), where p=E(z), v=E(y). (0.72)

The covariance matrix (or the variance-covariance matrix or dispersion ma-
trix) of the p x 1 random vector x = (z1,...,%,)" is the p X p matrix
cov(x) = X of variances and covariances of all the entries of x:

cov(x) = X = {0j;} = {cov(z, z;) } = {BE(z; — i) (25 — 1)}
=E(x—p)(x — p) = E(xx') — ppt/, (0.73)

where pp = E(x). We will use the short notation
E(x)=p, cov(x) =3: x~(p,X). (0.74)

The cross-covariance matrix cov(x,y) between the p x 1 random vector x =
(1,...,2p) and the ¢ x 1 random vector y = (y1,...,¥yq) is the p x ¢ matrix
of all the covariances cov(z;,y;):

cov(x,y) = {cov(ws, y;)} = {E(@i — p)(y; — v5)}
=E(x—p)(y —v) =Exy’) - o/, (0.75)

where pp = E(x) and v = E(y). Notice that in our notation
cov(x) = cov(x,X). (0.76)

The correlation matrix cor(x) = p, say, of the p x 1 random vector x =
(1,...,2p) is the p X p matrix of correlations of all the entries in x:

o) = p = o) = eontarnaey = { 2L o)

0i0;j
where 0; = \/0;; = standard deviation of z;; 0;,0; > 0. Denoting
35 = diag(®), (0.78)
we get
1/2

cor(x) = p =2, '?2512 cov(x) = B = X}/ px)/?. (0.79)

Let x be a p x 1 random vector with the expectation p = E(x), covariance
matrix 3 = cov(x), and let A be a ¢ x p (nonrandom) matrix and vector
b € R%. Then

E(Ax+b)=Ap+b, cov(Ax+b)=AXA’ (0.80)
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We note that
var(a’x) = a’3a for all nonrandom a € R . (0.81)
Because the variance is always nonnegative, (0.81) shows that
# cvery covariance matrix is necessarily nonnegative definite. (0.82)

The above conclusion concerns both theoretical covariance matrix and em-
pirical sample covariance matrix.

When a p-dimensional random variable z (taking values in R?) follows the
multinormal distribution with g = E(z) and ¥ = cov(z), we denote

z~Ny(p,X). (0.83)

A p-dimensional random vector z is said to have a p-variate normal distribu-
tion N, if every linear function a’z has a univariate normal distribution. If
a’z = b, where b is a constant, we define a’z ~ N(b, 0).

Alternatively, a p-dimensional random vector z, with p = E(z) and X =
cov(z), is said to have a p-variate normal distribution N, if it can be expressed
as z = pu+Fu, where F is an p x r matrix of rank  and u is a random vector
of r independent univariate random variables. Notice that this definition (as
well as the previous one) allows cov(z) to be singular.

Let z ~ N, (p, ), where X is positive definite. Then z has the density

1 —Lz—p)="Yz—
n(Z,'U/7E) = We 2( ) ( H). (084)

For a reference to multinormal distribution, see, e.g., Rao (1973a, pp. 525—
528), and Seber (2008, §20.5). Speed (2010) gives interesting remarks on how
to define the multivariate normal distribution.

Let us complete this section with a short list of distributional facts; for
further details, see Seber (2008, §20.5) and references therein:

(a) Central x?-distribution: z ~ N,(0,1,): 2’z = x; ~ x*(p) -
(b) Noncentral x2-distribution: z ~ Np(p,1,): 2’z = X;2775 ~ xX?(p,9), § =
M
(¢) Noncentral F-distribution: F =
are independent.
(d) t-distribution: t?(p) = F(1,p).
(e) Let z ~ N,(p,3) where ¥ is positive definite and let A and B be
symmetric and b € RP. Then (i)—(v) hold:
(i) zAz ~ x*(r,§) < AXA = A, in which case r = tr(AX) =
tk(AY), § = p'Ap,
(i) 2%~ 'z = z'[cov(z)] "'z ~ X3(1,d), where r =p, § = /'Sy,

Xp.5/P
X3/4q

~ F(p,q,9), where x7 5 and x;
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(iii) (z—p) 27 (2= p) ~ x*(p),
(iv) z’Az and z'Bz are independent <= AYXB =0,
(v) z’Az and b’z independent <= AXb =0.

If ¥ is possibly singular and z ~ N, (0, X), then

(vi) Az ~ x%(r) <= XAXAY = YAY in which case r =
tr(AS) = 1k(AS),
(vii) z’Az and x’'Bx are independent <= XAYXBY =0,
(viii) 237z = z'[cov(z)] "z ~ x?(r) for any choice of ¥~ and rank(X) =
.

Above the independence between random variables means of course statis-
tical (stochastic) independence: the random vectors x and y are statistically
independent if and only if the joint distribution function of (;) is the product
of the distribution functions of x and y. Intuitively this means that knowing
something about the value of x does not provide any information about the
value of y. For example, if x and y are discrete random variables with values
T1,..., 2, and y1,...,Y., then z and y are statistically independent if and
only if

Ple=a;,y=y;)=Plea=z,)Ply=y;),i=1,...,r,5=1,...,¢; (0.85)

here P refers to the probability. For a
deeper look at the statistical independence,
see, e.g., Anderson (2003, pp. 10-11). In-
teresting remarks on the independence of
the quadratic forms and so-called Craig—
Sakamoto-Matusita theorem appear, e.g., in
Driscoll & Gundberg (1986), Dumais (2000),
Ogawa & Olkin (2008), and Randles (2007,
pp. 140-141).

Data Matrices

Photograph 0.6 Theodore W. The matrix U € R"*9 is called a data matriz
Anderson  (Fort  Lauderdale, jf jt contains the observed values of d variables
1998). e

U, ..., ug, each measured on n individuals (or
corresponding units). We write

Y
Upa=(ur:...iug)= [ : |, u; €R”, uy eR% (0.86)

/
Yin)
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Some authors use the transpose of U as the data matrix, in which case the
data matrix W, say, could be written as

Wixn = (W1 :...:wy,), Ww;€ R, (0.87)

The notation of (0.87) is handy in particular when the “primary units” are
the observations as in multivariate methods, our notation being more conve-
nient for linear statistical models. While reading a statistical article or book,
the reader should indeed pay attention to such a trivially-feeling feature—
whether the data matrix is defined as (0.86) or as its transpose.

In this section, and also elsewhere, we often denote the data matrix with a
letter U. This allows us then to label the columns of U, 5 for example as x
and y, which sometimes makes the notation easier to follow. We could (and
we will) of course denote the data matrices as

and = (Xl Lot Xd) = (X(l) el X(n))/, (088)

or
Yn><d = (yl L Xd) = (Y(l) el y(n))l. (089)

We take minor efforts to save the symbol X for the model matrix in the linear
model—however, these efforts are really mild.

Note that we use symbol d to indicate the number of variables. Here (there
will be many exceptions) we follow the style initiated by George A.F. Seber,
see, e.g., Seber (1984, p. 3), where he states that he departs from a more com-
mon but less convenient notation p for dimension. Indeed d is conveniently
associated with the dimension of the (multidimensional) variable. Symbol n
is quite uniformly used to indicate the number of observations.

In the data matrix U, x4, the vector ug) € R¢ represents the ith case or
the ith observation in the observation space, and u; € R" represents the jth
variable in the variable space. Sometimes the u(;’s are called observation
vectors and the u;’s are called variable vectors. A good treatment of the
observation space and variable space appears, e.g., in Belsley (1991, §1.5).

The data matrix U can be thought to be a realization of the random ma-
trix U which represents a random sample from some population. In other
words, each u(;) is a realization of the d-dimensional random vector u. Math-
ematically this means each u(;) has an identical distribution, and, as a con-
sequence, they have identical means and identical covariance matrices:

E(uy) =p € RY, cov(ugy) = Bgxa, i=1,...,n. (0.90)

The second traditional assumption is that the random vectors (observations)
u(; are statistically independent of each other, which implies

cov(ugy,uiy) =0, forr#s. (0.91)
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The stochastic independence of the rows of U is not always holding, and then
that fact should be carefully taken into account. The phrase

“U=(uq):...:up) is a random sample” (0.92)

indicates that u;) are independent unless further information is provided.
Even though the observation vectors u;) are (usually) uncorrelated, the
variable vectors u; and uy (j # k) can be correlated:

cov(uj,ug) = oL, , while E(u;) =p;1,, jk=1,...,d. (0.93)

In terms of the vec-notation and the Kronecker product (for the definition,
see page 429), we have

u; pily,
u, =vec(U)=1| 1 |, B(u)= : =p®1, e R (0.94)
ug Hdln
and
U%In 012In N UldIn
cov(u,) = : : : =3®I, € NNDg,. (0.95)
O'dlln O'dQIn . O'Clen

What happens if the rows of U, 4, i.e., the random vectors u;, are not
statistically independent? We could express this dependence by replacing I,
in (0.93) with an n x n nonnegative definite matrix V:

cov(uj,ug) =0,V € NND,,, j.k=1,....d. (0.96)
Then (please confirm) for the rows of U we have
cov(ugy), Usy) = vps35 € NNDy, r,s=1,...,n, (0.97)
and corresponding to (0.95), we get

O'%V O'12V . aldV
covlvec(U)] = =3X®V eNNDy,. (0.98)
o1V oV ... 0'§V

Geometrically U can be interpreted as a collection of n points in R?, or
as a collection of d points in R™.

The sample variance of the variable x whose observed values are in the
vector x is defined as
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n
varg(z) = varq(x Z = Lotey =57, (0.99)
where z = 1 3" | z; and

tre =Y (1 —2)° =Y a7 —ni® =SS,. (0.100)

The symbol varg(z) refers to the sample variance when the argument is the
variable 2 while in varq(x) the argument is the vector (data) comprising the
observed values of the variable z. All in all, let’s write down one more time
the theoretical (population) variance and the sample variance:

var(z) = E(z — p)? = p1(r1 — p)* + -+ pe(er —p)* = 07, (0.101a)

varg(z) = ﬁ [(zl — )4t (2, — 5)2] =52, (0.101b)
where z in (0.101a) is a discrete random variable having values z1, ..., xj
whose probabilities are p1, ..., pp; p1+ - +pr = 1.

The sample covariance between x and y is

covs(z,y) = cova(x,y) = 77 Z )

Loty =15 SPIy = Suy - (0.102)

The sample correlation is

SP, z
corg(z,y) = corg(x,y) = SS gS = SS sy = T2y, (0.103)
x Yy Y

where we have to assume that s, > 0, s, > 0.
Let 1 € R™ denote the vector of ones and

J=P,=11"1)""v=111/, C=1,-17, (0.104)

where C is the centering matrix, and J = P, refers to the orthogonal pro-
jector (with respect to the standard inner product) onto % (1). Now

Jx=1-11x=21=XeR", (0.105)
and hence the variable vector x can be centered by premultiplying it by C:
Cx=x—-Jx=x—-721=%€cR". (0.106)

In matrix terms,
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x'Cy
SS_L = X/CX, SPly = chy, ’rwy = \/ﬁ . (0107)

The data matrix U can be centered by premultiplying it by C:

U=CU=U-JU=U-111U=U-1%

=(Cuy :...: Cuy)
=(u—wl:...:ug—ugl)=(01:...:09)
) — W el
= : = : , (0.108)
/ =/ ~/
Uy — 0 Y(n)
where
U1
a=1U1=|: | eRr’ (0.109)
Uq
and
@i; = jth centered variable vector, j=1,...,d,
G(;) = ith centered observation vector, i=1,...,n.

Hence the matrix of the sums of squares and products of the deviations about
the mean is

T = ﬁ/fj =U'CU = Z(U(l) — I_Jl)(U(i) — 1_1)/
i=1
n
_ Z u(;uf, —nat, (0.110)
i=1

and the sample covariance matrix from the data matrix U is

S=:1T=-UCU= 1 (u; - a)(uy — ). (0.111)

n—1
i=1

Corresponding to the notation varq(x) = ﬁx’ Cx = 52, where the argument
is the data, we may use the notation

covg(U) = L U'CU =58, (0.112)

where the argument is the data matrix. Moreover, corresponding to varg(z) =
s2, where the argument is the variable x measured, we may denote

covg(u) =S, (0.113)



24 Introduction

where the argument is the d-dimensional variable u which is being measured
(n times, yielding the data matrix U).
The sample correlation matrix is

R = [diag(S)]"/% - S - [diag(S)] /2, (0.114)
and

ti ii 'Cu;
ri; = corq(u;, u;) = AL - it . (0.115)

tiit; $iS; \/ u’iCui . u;-Cuj

If A is a d x ¢ matrix then the covariance matrix calculated from the
transformed data U,,, , = UA is

covg(UA) = ﬁA’U'CUA =A’ covg(U)A = A'SA. (0.116)
Notice that

If u refers to the d-dimensional variable yielding the data matrix U and u
yields UA, then

u=A'u, covs(u)=covs(A'u) = A’covs(u)A = A'SA. (0.118)

Mahalanobis Distance

The Euclidean distance (squared) of the ith observation u;) from the mean 4
is of course

d
lugy = Al* = (ug) — @)’ (ugy — @) = Y (ui; — @) (0.119)
j=1

While describing how far u;) is from the mean @, the Euclidean distance is
naturally doing a mathematically good job. But given the data matrix U, one
may wonder if there is a more informative way, particularly in a statistical
sense, to measure the distance between u(;) and u. In the univariate case,
regarding the variable x, it is natural to calculate

|z; — |

D; = (0.120)

varg(z)

because then the distance is measured in units of standard deviation and
then we might well know that D; is large if it exceeds 2 or 3. Moreover, D;
does not depend on the unit of measurement like the Euclidean distance.
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One natural step towards a statistical distance in the multivariate case
when, for simplicity, U = (x : y), would be to calculate

D? =
! 52 + s2
=(z; — T,y ?3)(3 0>1(xif>
Lo 0 s Yi—y
(2 0\ ! _
= (ug — )’ ( 0 52> (ug) — ). (0.121)
Yy

However, it is easy to construct situations where the above D? is relatively
small but at the same time the ith observation is “somehow different” from
the rest of the data points; in particular this happens when x and y are highly
correlated.

An improvement to (0.121), taking the correlations into account, is the
squared (sample) Mahalanobis distance:

MHLN?(u;), @, 8) = (ug)—1)'S™ (ug)—a) = [|S™*(ug —w)|*, (0.122)

where covq(U) = S. For the history of the Mahalanobis distance, see
Das Gupta (1993), and the first article on this concept by Mahalanobis (1936).
(See also Philatelic Item 2.1, p. 90.)

Consider now the following set A:

A={ucR?:(u-w)S'(u—-10)=c}, (0.123)
where ¢ is a given nonzero constant. The set A is an ellipsoid centered at the
mean u. Hence we have one fundamental feature of the Mahalanobis distance:

# those data points which have equal Mahalanobis distance

from the mean, are located in the same ellipsoid centered at
the mean. (0.124)

In Section 18.6 (p. 372), we discuss more thoroughly some interesting
properties of the Mahalanobis distance.
The population Mahalanobis distance (squared) is defined as follows:

MHLN?(u, p, 8) = (u — p)' S (u — p), (0.125)

where E(u) = p and cov(u) = . Note that u in (0.125) is a random vector
while u;) in (0.122) is an observed data point. [We can of course treat (0.122)
as a random quantity, based on random sample U.] Denoting

z=X""Y%(u—-p) (0.126)

we get E(z) =0, cov(z) = I, and if u ~ Ng(p, ), then
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Zde=z+ - +z2i=(u-p)= " (u-p)~ (), (0.127)

where 2; are independent and each z; ~ N(0,1), and x?(d) refers to the
Chi-squared distribution with d degrees of freedom.

It might be useful to list a few distributional properties related to the
random sample from the multinormal distribution—even though we do not
use these properties very much in what follows. For further details, see, e.g.,
Anderson (2003, Ch. 5), Muirhead (1982, §3.2), and Seber (2008, §21.2.2),
and references therein.

(a) Wishart distribution. Let U’ = (u() : ... : ug,)) be a random sample
from N,(0, X), i.e., up’s are independent and each ug) ~ Np(0, X).
Then W = U'U = 1", ug;)u;, is said to a have a Wishart distri-
bution with n degrees of freedom and scale matrix 3, and we write
W ~ Wishart,(n, ).

(b) Let U’ be a random sample from N, (p, 3). Then G = U1, and T =
U’(I - J)U are independent and T ~ Wishart,(n — 1, X).

(c) Hotelling’s T2 distribution. Suppose v ~ N, (0, £), W ~ Wishart,(m, X),
v and W are independent, and that W is positive definite. Hotelling’s
T? distribution is the distribution of

T?°=m - vVW lv= V'(%W)_lv (0.128)
and is denoted as T2 ~ T?(p,m). See also Exercise 0.25 (p. 53).

Example 0.1 (Simple data set of three observations). As an example,
let us consider the following (very) simple data of three observations and two
variables; see the first Opening Example (p. 2). Figures 0.6 and 0.7 illustrate
the situation.

U=(x:y)= jli i Ville | (0.129a)
(4O Q -0 v

3 2
Xx=71= (3], y=y1=|2], (0.129¢)
3 2
3 2
3 2
3 2

2 -1 Ty

Y(3)

(11/2 _11/2> , (0.129¢)
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where, e.g., the first centered observation vector is

Gy =ug) — = G) — (g) = (?) : (0.129f)

Moreover,
luy —af® = llug) —al* =5, [ue —al*=2, (0.129g)
MHLN?(u;),@,8) =4/3, i=1,2,3. (0.129h)
y y
Maija
4 4
3 3
Maija
2 | 2 |
1 1
Kall Ville
0 0 ®
o Tod
Kalle Ville
2 2
-3_ _3_
—— T T T X —— T T T X
@ 32401 2 3 4 ) 324 01 2 3 4

Figure 0.6 (Example 0.1) (a) Original data points, (b) centered data points. The mean
point is marked as a filled circle. A confidence ellipse is also drawn; see Figure 0.8a (p. 56).
Each observation has an equal Mahalanobis distance from the mean.

Keeping Observed Data as a Theoretical Distribution

Following Seber (2008, p. 433) we may make the following remark. Let x1,
..., T, be the observed values of some empirical variable z, that is, x1, ...,
T, is a realized sample of size n. Let us imagine that x, is a discrete uniform

random variable whose values are x1, ..., z,, i.e.,

P(a:*:xb):%, i=1,...,n. (0.130)
Then

E(z,) =z, var(z,)=""1s2. (0.131)
More generally, consider a data matrix U = (u() : ... : ug,)" and define a

discrete random vector u, with probability function
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Figure 0.7 (Example 0.1) The variable vector y in the variable space R3; § is the
centered y and y = Jy.

Plu, =uy) =+, i=1,...,n, (0.132)

i.e., every data point has the same probability to be the value of the random
vector u,. Then

E(u,) =1, cov(u,)=1U'CU=2-1§. (0.133)

Moreover, the sample correlation matrix of data matrix U is the same as
the (theoretical, population) correlation matrix of the random vector u..
Therefore any property shown for population correlation coefficients, holds
for sample correlation coefficients and vice versa. According to Seber (2008,
p. 433), we can “translate” sample properties into population properties using
an appropriate discrete population.

Preliminaries to Linear Models

In this book, most of our examples are related to the general linear model,
often called the Gauss—Markov model-—named after Johann Carl Friedrich
Gauss (1777-1855) and Andrey (Andrei) Andreyevich Markov (1856 N.S.—
1922):

y=XB+e¢, (0.134)

or in another notation,

M ={y, XB, 0>V}, (0.135)
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Photograph 0.7 Andrey (Andrei)
Andreyevich Markov (1856 N.S.-1922)
was a Russian mathematician, who is
best known for his work on stochastic
processes and what is now known as
Markov chains.

where

Photograph 0.8 Andrei Viktorovich
Markov (b. 1978) is a Russian profes-
sional ice hockey defenceman and an al-
ternate captain of the Montréal Cana-
diens of the National Hockey League
(NHL). (See also Tappara defenceman
in Photograph 10.6 p. 252.)

E(y)=XB8=pun, E()=0, cov(y)=-cov(e)=0?V. (0.136)
(For Gauss, see also Philatelic Item 9.1, p. 214.) For example, if we put
X =(1:%x1:...:xk) and denote p = k + 1, we can write the model as
Y1 1 o k Bo €1
Y2 1z k| |5 €2
- S (0.137)
Yn 1 Tnl Tnk Bk En

Here

e vector y is an n x 1 observable random vector,

e ¢ is an n x 1 unobservable random error vector,

e X is a known n x p model (design) matrix,

e [is ap x 1 vector of unknown parameters,

V is a known n x n nonnegative definite matrix, and
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e 02 is an unknown nonzero constant.

The variable y with values in y, is often called the response variable. The
variables x1,...,xr, whose values are in the vectors xi,...,Xg, are called
predictors, regressors, explanatory variables, or independent variables. Of
course, the constant variable “1” with values in 1, is also to be considered as
a predictor. It is not necessary to have the vector 1 as a column of X but if
we do have it there, we use the notation

Bo
Bx

Notice that in this setup, the model matrix X is a matrix of fixed quan-
tities, that is, the values of the predictors can basically be chosen, they
are controllable. Hence, for example, the sample variance of z;, varq(x;) =
x,;Cx;/(n—1), is not necessarily an estimate of the corresponding population
variance—because there may not exist any corresponding population. How-
ever, the situation changes if x1,...,z) are random variables and x1,...,X}
represent their observed values resulting from a random sample. Then we
might assume that the conditional expectation of the random vector y, given
that the random matrix X has the observed value X, say, is of the form
E(y | X = X) = X; similarly, cov(y | X = X) = ¢?V.

y:X,B+€:(1:X0)< )+e:,801+xoﬂx+e. (0.138)

Example 0.2 (Three treatments). Assume that we have three treatments
A, B, and C, whose effects on the response variable y we wish to study using
seven individuals. Let us suppose that one way to interpret the treatments
is that A means running 1 hour per day, B means running 2 hours per day,
and C' means running 3 hours per day. Then we can consider the following
models:

Y11 11 €11
Y12 11 €12
Y21 12 3 €21
M oy=ya| =1 2 (60) + e | =XB+¢, (0.139a)
Y23 12 ! €23
Y31 13 €31
Y32 13 €32
1 00
1 00
01 0| /m
M, y=10 10 o | +e=X.8.+¢, (0.139b)
01 0] \us
001
001
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1100
1100
1o1o0]| ("

My y=|[1010 :1 te=XuBu+te. (0.139¢)
1010 2
100 1]\
1001

Notice that the model .# differs essentially from the other two models .,
and #y. These latter models simply divide the data into three groups—
according to the treatments—and while doing so, the “numerical values” of
treatments disappear. The regressors in .#, are simply dichotomous variables
defined as z1 = 1, if treatment is A, 1 = 0 otherwise; x5 and x3 being defined
in the corresponding way. Model .#Z is “overparametrized”; there are more
parameters than necessary to indicate the treatment. Models .Z, and .4
are one-way analysis of variance, ANOVA, models. O

Example 0.3 (Block model). Let us take a quick look at the block model

1
M: y=Xy+e=(1,:T:B)| 7| +e, (0.140)
B
where

Y1 Yi1 1, 0 ... O

Y2 Yi2 o 1, ... 0
y=|".1, =] | B=| . . . (0.141)

Yb yici 0 O e 1Cb
and n = ¢; + -+ -+ ¢, = number of experimental units, 7 = (71,...,7) is the
vector of treatment effects (¢ treatments), 8 = (B1,...,8)" is the vector of

block effects (b blocks), By, is the design matrix of the block effects, T, «;
is the design matrix of the treatment effects:

T
T=(t;:ta:...:t) = E T, € R&*¢, (0.142)
T,
The variable t; whose values are in t;, has value 1 if the corresponding unit

receives the treatment ¢, otherwise it is 0; each unit receives one treatment.
Moreover, let r; denote the number of units receiving the ith treatment:

r = (ry,ra,...,7¢) = vector of replications, (0.143a)
c=(c1,c2,...,0) = vector of block sizes, (0.143b)
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so that r'1, = c¢’1, = n.

Let us denote the design, i.e., the arrangements of treatments on experi-
mental units as a symbol d. For example, if we have t = 3 treatments A, B,
C, b =2 blocks, and n = 6 experimental units, we could have the following
design d, say, (in the matrix form), where each row represents one block:

A B C
d= <A B B) . (0.144)
In this situation we have

Y11 1 1 00 10 €11
Y12 1 010 - 10 €12
vis | |1 001 ! 10| /5 €13
I "+ 10 0 :2 + 01 3, + o | (0.145)
Y22 1 010 3 01 E99
Y23 1 010 01 €93

The main interest in this kind of model is in comparing the treatments, not
in comparing the block effects.

We will consider properties of experimental design only very briefly in this
book. Experimental design offers a huge area of linear models with a lot of
literature. O

Example 0.4 (Multivariate linear model). In (0.137) (p. 29) we have
only one response variable y whose observed values are in the vector y. Sup-
pose that we have two response variables y; and y» whose observed values
are in the matrix Y:
Y
Y= :y)=| : |- (0.146)
Yin)

If we now believe that
yi = X,Bl -+ g, E(E,‘Z) = O, COV(Ei) = UiiIn 5 COV(El,EQ) = 012In 5 (0147)

where ¢ = 1, 2, then we have a multivariate linear model which can be written
as
Y=XB+¢€, (0.148)

where
B=(B1:B2), E=(e1:62). (0.149)

In this setup, the rows (individuals) are uncorrelated, i.e., cov(y (), ¥(s)) = 0,
r # s. Using the Kronecker product and the vec-notation, we can obviously
express (0.148) as
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_ (1) _ (X O B1 €1
w0 = (1) = (5 %) (32) + (2)
= (I ® X) vec(B) + vec(€). (0.150)
In view of (0.95) (p. 21), we have

oL, o120,

covlvee(Y)] = < ) =3ol,, (0.151)

oal, ol,

and hence the multivariate model (0.148) can be expressed as a univariate
model

{vec(Y), I ® X)vec(B), Z®1,}. (0.152)
Section 10.5 (p. 229) deals (shortly) with the estimation under the multivari-
ate linear model. O

Ordinary Least Squares

The idea in the least squares estimation is to find the vector 8 so that the
vector X3 would be as close to the observed y as possible, i.e., we are mini-
mizing the quantity

ly = XBII* = (y - XB)'(y — XB) (0.153)
with respect to 3, i.e., we
minimize ||y — p/|? under the condition p € €(X) . (0.154)

Of course, here we use B and p as mathematical variables—not as the pa-
rameters of the model .#. This sin is rather common in literature, and it
should not be too confusing. The minimum of (0.153) is naturally obtained
by projecting y onto the column space € (X). We will use the notation

H=Px, M=I,—-H, (0.155)
thereby obtaining the ordinary least squares (OLS) estimator of X as
OLSE(Xf8) = Hy = Pxy = X/ = )/(\,6 =p=y, (0.156)
the corresponding vector of the residuals being
é=y—-XB=y-Hy=My. (0.157)

The matrix H is often called the “hat matrix”. For a clarity, we may call
the vector & as the OLSE’s residual. (Recall that there are several kinds of
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residuals, like e.g. the BLUE’s and BLP’s residual.) Keeping y as a random
vector so that E(y) = X8 and cov(y) = 02V, we have

E(Hy) = HXB = X3, cov(Hy)=c*HVH, (0.158)

and
E(My) = MXB =0, cov(My)=0>MVM. (0.159)

For a geometric illustration of the OLS method, see Figure 8.3 (p. 183).

Remark 0.1 (Remember H and M). The reader is strongly encouraged
to put the short notations H and M into his/her active section of the memory.
This investment will be profitable. Of course there is a bunch of notations
worth remembering, but the importance of H and M makes their role worth
emphasizing. a

In (0.156) the vector B is an arbitrary solution to the normal equation
X'XB =X'y. (0.160)

The general solution (the set of all solutions) to the normal equation (which
is always consistent) is

B=XX)"X'y+[I, - (X'X)"X'X]z, (0.161)

where z € R? is free to vary and (X'X)~ is
an arbitrary (but fixed) generalized inverse of
X’X. On the other hand, every solution to the
normal equation can be expressed as

B=(X'X)"Xy, (0.162)

for some choice of (X'X)~.

When X does not have full column rank,
then the vector B = (X'X)~ X'y is not unique
and it is not a proper estimator: it is merely
a solution to the normal equations—*“. .. this
point cannot be overemphasized”, as stated by
Searle (1971, p. 169). The situation when 3
is needed is often such that we are interested
Photograph 0.9 Shayle R. in the OLSE of an estimable parametric vec-
Searle (Auckland, 2005). tor K’B, which is defined as K'B, where 3 is
any solution to (0.160). In such a situation K’ B is indeed unique. Of course
XA is always unique. In this context we wish to cite also the following from
Searle (2000, p. 26):

“One of the greatest contributions to understanding the apparent quirkiness of
normal equations of non-full rank (as is customary with linear models), which
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have an infinity of solutions, is due to Rao (1962). Using the work of Moore
(1920) and Penrose (1955), he showed how a generalized inverse matrix yields a
solution to the normal equations and how that solution can be used to estab-
lish estimable functions and their estimators—and these results are invariant to
whatever generalized inverse is being used. Although the arithmetic of generalized
inverses is scarcely any less than that of regular inverses, the use of generalized
inverses is of enormous help in understanding estimability and its consequences.”

Example 0.5 (Three treatments, continued). Notice that in Exam-
ple 0.2 (p. 30), the column spaces ¢ (X, ) and ¢’ (Xx) are obviously identical
and thereby

11
1100000
1 1
1100000
J, 0 0 003 33500
Px,=Px,=H=|0 J3 0|=]|00 3 3 % 0 0 (0.163)
111
0 0 J; 00t L 1loo
00000 3 3
0000034
Hence
y1lo
OLSE(X,B* | ) OLSE(X,B# | %#) = Hy = gglg s (0164a)
y3la
Y11 —
Y12 — N
y1—¥y1ls Yo1 — Yo
é:y—Hy: YQ—]jglg = y22—g2 5 (0164b)
y3 —yslo Y23 — Yo
Y31 — Y3
Y32 — Y3
and
SSE = min in|ly — X8| = ly1 — 112> + lly2 — 721s]* + llys — #s12|?
2 3 2
=Zy17—y12+Z(y2j—y22+2y3j—y3
j=1 j=1 j=1
— SS; 4SS5 + SS3 := SSpetween . (0.165)

where y; is the mean of the y-values in the ¢th group. The OLSE of 8. under
M. is unique but the OLSE of B under .#4 is not unique. O
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Remark 0.2 (Regression line and conditional means). Let the groups
of the previous Example 0.5 be indicated by numbers 1, 2, 3, and let us make
a scatter plot of seven data points, where z (treatment) is on the x-axis and y
on the y-axis; see Exercise 8.11 (p. 186). Fitting a regression line § = o+ (12
means that we have to minimize

2

3 2
ly = XBI1° = (v —1)* + D (y25 — @2)* + > _(ys; —s)®,  (0.166)
j=1 j=1 j=1

where oy = By + 51,02 = o + 261, a3 = fo + 351. Because (please confirm
if you are hesitant)

T4

Z(y” — Oél')2 Z Z(y” - 271)2 = SSl for all Qi = ]., 2, 3, (0167)
j=1 j=1

we confirm a very important fact:

& whenever possible, the regression line goes through the con-
ditional means. (0.168)

In other words, if the conditional means lie on the same line, then that line
is precisely the regression line. This information can be very helpful for quick
drawing of regression lines. Notice that this is just the case in Figures 0.8
(p. 56) and 0.9. O

Three Important Projectors

When X =1 € R", we will denote
J=P,=11"1)""V =111/, C=1,-17, (0.169)
and hence under the simple basic model .#, = {y, 13, 0>V} we have
OLSE(B) =3 = (1"1)" "'y =1ty =, (0.170a)
OLSE(18) =13 =Jy = i1, (0.170b)
where y = % Z?:l yi- The residual vector under .Z is the centered y:
y—-Jy=Cy=y. (0.171)

The three orthogonal projectors H, J, and C (the centering matrix), play
crucial roles in many considerations related to linear regression. An important
fact is also that the sample correlation coefficient between the variables x
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and y, whose values are the elements of vectors x,y € R", is the cosine
between the corresponding centered vectors:

x'Cy
VX'Cx-y'Cy '

It is important to realize that centering can be interpreted as a projection:

corg(z,y) = corq(x,y) = cos(Cx, Cy) = ryy, = (0.172)

y=y-Jy=Cy=(1-P,)y=P,.y=Pcy. (0.173)

For the geometry of correlation, see Figure 3.1 (p. 93).

Estimability

Let K’B be a given vector of parametric functions specified by K’ € RI*P
and let {LE(K’'SB;y)} denote the set of all linear estimators of K’'B, that is,

{LE(K'B;y)} = {Ay : A e RI*" } . (0.174)

In (0.174) we actually consider only homogeneous linear estimators; inhomo-
geneous linear estimators are of the form

Ay+a: AeR?" aeRi (0.175)

A parametric function K’ is said to be estimable if it has a linear unbiased
estimator, i.e., there exists a matrix A such that

E(Ay) = AX8 =K'B forall B € R, (0.176)
and hence
K’'B is estimable «— JA: K =X'A" +<— ¥ (K)C¢(X'). (0.177)
The OLSE of K’@ is defined as
OLSE(K'B) =K'B=K'8, (0.178)

where B is any solution to X’X8 = X'y. Now the condition %(K) C €(X’)
guarantees that K’ B is unique, even though B may not be unique; see Sec-
tion 12.2 (p. 284).

We can also conclude that

{K'B: K’'B is estimable } = { AXB: A € R?*" }. (0.179)
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The fact that all estimable parametric functions K’B3 are of the form AXg
(for some A) means that it is the vector X8 whose estimation has a central
role in linear estimation.

In particular, a scalar valued parametric function k’3 is estimable if

k = X’a for some a € R". (0.180)
Hence we can write
{K'B : k'S estimable} = {a’X3:acR"}. (0.181)

Example 0.6 (Two treatments). As an example, consider the model
{y, X8, 0*V}, where

[ =S
_ o O O
=

0
= (1 CXq SXQ), IB: 1 3 k = 0]. (0182)
1

O~ = =

Then k’B = 7 is not estimable because

0 1111 11 a+b
k=[0]¢eX)=¢[1110]=%¢(10]= a ,
1 0001 01 b

where a and b can be any real numbers. It is easy to confirm, using the above
technique, that each individual element of 3 is estimable under {y, X3, 02V}
if and only if X has full column rank. The other way to confirm this is done in
(0.187) below. Notice that the normal equation X'X3 = X'y in this situation
becomes

431 Iz Y1+ Y2 T Y3+ Y4
330 | = Y1+ Y2 +y3 . (0.184)
1 01 T2 Ya
Moreover,
0 0 0 il 0
(X’X)_ =10 1/3 0 - 1| = (yl + Y2 +y3)/3 . (0185)
0 0 1 2 Ya
O
The vector B itself is estimable if there exists a matrix A such that
E(Ay) =AXB=p8 forall B8RP, (0.186)

ie.,



Preliminaries to Linear Models 39

B is estimable <= JFA:I,=AX =X'A" < R =% (X)
<= X has full column rank. (0.187)

The vector X is (trivially) estimable because E(I-y) = X8.
The estimator Ay is unbiased for X3 if AXB = X3 for all B € R?, i.e.,

AX =X. (0.188)

It is of interest to note that if we consider such a matrix A which satisfies
the condition

¢(A)Cc ¥(X), ie, A=XL forsomelL, (0.189)
then we can characterize the unbiasedness of Ay = XLy as follows:
XLy is unbiased estimator of X8 <= L€ {X7}. (0.190)

We might emphasize at this point that we
overlook so called natural restrictions that
occur when V is singular; they concern the
freedom of B to vary through the whole
RP. We refer to discussion in Puntanen &
Styan (1990), Christensen (1990), Farebrother
(1990), Harville (1990b), Baksalary, Rao &
Markiewicz (1992), and Tian, Beisiegel, Da-
genais & Haines (2008).

Best Linear Unbiased FEstimator

A linear estimator Gy is an unbiased estima-

Photograph 0.10 Jerzy K. .
Baksalary (Dortmund, 2003). tor of X 43 if

E(Gy)=XB forall 3R,  (0.191)

and it is the best linear unbiased estimator (BLUE) of XA if it has the
smallest covariance matrix (in the Lowner sense) among all unbiased linear
estimators:

cov(Gy) < cov(By) for all By such that E(By) = X3. (0.192)

Since the unbiasedness of Gy means that GX = X, and under the model
{y, XB, 02V} we have cov(Gy) = 02GVG’, we can rewrite (0.192) as

GVG' <. BVB’ for all B such that BX = X. (0.193)
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We denote the BLUE of X as

BLUE(XB) = X8, (0.194a)
or _

BLUE(X3) = XA. (0.194b)
Sometimes it is convenient to denote p = X3 and BLUE(u) = fi.
Remark 0.3. A gentle warning regarding notation (0.194b) may be worth
giving. Namely in (0.194b) B refers now to any vector such that X/ is the
BLUE(Xf). The vector 8 in (0.194b) need not be the BLUE(B)—the pa-

rameter vector 8 may not even be estimable in which case it cannot have the
BLUE! O

Let X have full column rank. Then S is estimable and Ay is the BLUE
of B if
AVA' < BVB' for all B such that BX =1,. (0.195)

We denote the BLUE of 8 as BLUE(B) = 8. Because the Léwner ordering
is so strong ordering, see (0.54) (p. 12), we have

var(B;) < var(8}), i=1,...,p, (0.196a)
trcov(B) < trcov(B*), (0.196D)
det cov(B) < det cov(B8*), (0.196¢)
chi[cov(,é)] < chyfeov(B*)], i=1,...,p, (0.196d)
llcov(B) || < llcov(B)|lr (0.196¢)
leov(B)llz < llcov(B8")]l2, (0.196f)

for any 8* which is a linear unbiased estimator of 8. Above ||| and |||
refer to the Frobenius norm and the spectral norm, respectively.

Consider now the model {y, X3, 0?1}, where, for simplicity, we assume
that 02 = 1. Then

B=XX)"'X'y =XTy, cov(B)=(X'X)"L. (0.197)

Let By be another linear unbiased estimator of 3, i.e., B satisfies BX = I,,.
Then

cov(By — B) = cov(By) + cov(ﬁ) — cov(By, B) — cov(j3, By)

~—

=BB 4 (X’X)"! - B(X") - X*B’
=BB + (X'X)! - BX(X'X)™! - (X’X)"'X'B’
=BB - (X'X)! (0.198)

which implies
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BB’ — (X'X)™! = cov(By) — cov(B) = cov(By — ) > 0, (0.199)

where the last (Lowner) inequality follows from the fact that every covariance
matrix is nonnegative definite. Now (0.199) means that we have the Lowner
ordering

cov(B) <L cov(By) forall B: BX =1,,. (0.200)

Thus we have proved a simple version of the Gauss—Markov theorem, which
says that
OLSE(B) = BLUE(8) under {y, X3, ¢*I}. (0.201)

A generalized version of the Gauss-Markov theorem appears in (0.202)
below in the next subsection and more thoroughly in Theorem 10 (p. 216).
For a positive definite V, see also Exercise 0.16 (p. 50).

The Fundamental BLUE Equation

What is the necessary and sufficient condition that G has to satisfy for Gy
to be the BLUE of X3 under the model {y, X3, 02V }? The answer is given
in Theorem 10 (p. 216):

the fundamental BLUE equation: G(X:VX™*) = (X:0). (0.202)

The corresponding condition for Fy to be the BLUE of an estimable para-
metric function K'S is

F(X:VX!t) = (K':0). (0.203)

It is obvious that in (0.202) the matrix X+ can be replaced with M =
I, —H =1, — Py, and thus (0.202) becomes

G(X:VM)=(X:0). (0.204)
For references to (0.202), see, e.g., Drygas (1970, p. 55) and Rao (1973b,
p. 282).
Clearly if G; and G satisfy (0.204), then
G1(X: VM) = Go(X : VM). (0.205)

In particular, if X is partitioned as X = (X : X3), where X; has p; and
X5 has ps columns and

K =(X,:0), KpB=X8, (0.206)

then (0.203) becomes, assuming that X;8; is estimable,
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F(X;:X3: VM) =(X;:0:0). (0.207)
Hence we can also write

Gy = BLUE(XB) <= G c {Pxjvm}, (0.208a)
Fy = BLUE(X,8:1) <= F € {Px,|(x,.vm) } - (0.208b)

The parametric function X8 is estimable if and only if the column spaces
% (X1) and € (X3) are disjoint; see Proposition 16.1 (p. 345).
It is interesting to observe that the OLSE of X3 is defined as Ay if A
satisfies
AX:XH) =(X:0). (0.209)

Similarly By is the OLSE of the estimable parametric function K’@ if
B(X:X') = (K':0). (0.210)

Conditions (0.209) and (0.210) are simply the versions of (0.202) and (0.203)
when V is replaced with I,,.

For example, consider the estimation of k’@ via a’y under the model
{y, XB, V}. Then a’y is the BLUE of k'3 if and only if

a/Va, = mina’Va = min|jal|{, subject to X'a =k, (0.211)

i.e., we have to find such a solution to X’a = k which has the minimum
norm when the inner product matrix is V. Now according to (0.203), the
minimizing a, must satisfy

X'a, =k and a,VM =0/, (0.212)
which further can be written as
X'a, =k and Va, € ¢(X), (0.213)

ie.,

E(aly) =k'8 and cov(aly,My)=0,. (0.214)

All solutions to a consistent equation X’a = k can be generated through
(X’)"k by varying the generalized inverse (X’)~. In order to get the BLUE,
we should be able to pick up an appropriate (X’)~. The correct choice is a
so-called minimum norm g-inverse, denoted as G = (X’ );(V). Then k'G'y
is the BLUE for k’(.

One may wonder whether (0.202) actually has a solution for G. No wor-
ries, the disjointness of €' (X) N % (VM) = {0} guarantees the solution, see
Section 5.1 (p. 123).

It is useful to observe that
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Gy = BLUE(X8) = HGy = BLUE(XS), (0.215)

which further means that
Gy = BLUE(X3) = there exists L: XLy = Gy . (0.216)

Note that in equation (0.202) we can now interpret G as a projector—in
the spirit of (0.19) (p. 6)—onto € (X) along € (VM). In particular, when V
is positive definite, then G is the orthogonal projector onto ¢’ (X) when the
inner product matrix is V—!. In this situation the projection direction is, see
(0.58) (p. 13),

E(VM) =6¢(X)y-1 = 61— Px.y1) = H(X'V, (0.217)

where € (X)3;_, refers to the orthocomplement of ¢(X) with respect to the
inner product defined via V1.
When V is nonsingular then the BLUE of Xg is

BLUE(XB) = X8 = X(X'V™!X) "V 'y = Px.y-1y, (0.218)
cf. Aitken (1935, p. 45), so that

min(y - XB)'VH(y - XB) = (y - XB)V"'(y - X). (0-219)

We may recall here (see, e.g., Albert 1973, and Rao 1973b) three representa-
tions for the BLUE(X}3):

BLUE(XB) =Hy - HVM(MVM) My := Gy, (0.220a)
BLUE(X3) =y — VM(MVM) My = Goy, (0.220b)
BLUE(XA) = X(X'W X)) " X'Wy = Gy, (0.220¢)

where
W =V + XUX/, (0.221a)

and U is an arbitrary matrix such that
C(W)=%(X:V); (0.221b)

see also Section 10.4 (p. 228). When V is nonsingular the matrix G such that
Gy is the BLUE of X/ is unique, but when V is singular this may not be so.
However, the numerical value of BLUE(X /) is unique with probability 1. The
matrices X and V can be of arbitrary rank but the model must be consistent
in a sense that the realized value of random vector y satisfies

the consistency condition of the model {y, X8, V}: y € % (X:V).
(0.222)
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The consistency condition means, for example, that whenever we have some
statements where the random vector y is involved, these statements need to
hold only for those values of y which belong to € (X : V). Thus, if Gy and
Fy are two presentations of the BLUE(X/), then

Gy=Fy forallye¥(X:V). (0.223)

In view of (0.216), there always exists a matrix L such that BLUE(XS)
can be expressed as XLy. The unbiasedness condition (0.190) means that
L € {X7} [in which case rank(XL) = rank(X)], but other than that, the
vector Ly is not necessarily unique. We might denote Ly = B, and thereby
BLUE(XS) = X8, but it is important to realize that in this notation the
vector 3 is unique (with probability 1) only if X has full column rank. In this
case the vector B is estimable, i.e., it has an unbiased linear estimator, and
one general expression for 3 is

B=(X'X)"X'y - (X'X)"'X'VM(MVM) My
=Xty - X*VM(MVM) My. (0.224)

We can also define 3 as a solution to the generalized normal equations
X'W XB=XWy, (0.225)

where W is defined as in (0.221); see, e.g.,
Baksalary & Puntanen (1989), Mitra (1973b),
and Rao (1971c). The equation (0.225) is con-
sistent for y € € (X : V); see Exercise 12.1
(p. 288). If W is a symmetric nonnegative defi-
nite matrix and f is a solution to (0.225), then

min (y — XB8)'W~(y - XB)
=(y-XB)W~(y—Xp). (0.226)

Notice that once we decide to denote the
BLUE of X as X3, then, in view of (0.220b)
(p. 43), we also have

XA =y - VM(MVM) My

Photograph 0.11 Sujit Ku-
mar Mitra (New Delhi, 1992). = Goy, (0.227)

which may look somewhat confusing for a novice. However, as emphasized in
Remark 0.3 (p. 40), (0.227) is simply a short notation for the fact that the
matrix Gg satisfies the BLUE-equation (0.202) (p. 41). Perhaps notation X3
would occasionally be preferable to X 3.

In view of (0.227), we can define the BLUE’s residual as
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§=y—XB=VMMVM) My = VMy, (0.228)

where the matrix M is defined as
M=M(MVM) M. (0.229)

The matrix M appears to be very handy in many considerations and hence
we have devoted one chapter for it, see Chapter 15 (p. 317).

The weighted sum of squares of errors, which is needed when estimating
o2, see, e.g., Rao (1971a,b), can now be written as

SSE(V) = (y - XB)'V (v — XB)
= (y - XB)W~(y - XB)
=&V é=yMy, (0.230)

where W is defined as in (0.221a). See also Section 15.9 (p. 338).
Finally we remark that on the basis of (0.220), it is easy to introduce the
following general representations of the BLUE’s covariance matrix:

cov(XB) = HVH — HVM(MVM) MVH (0.231a)
=V - VM(MVM) MV (0.231b)
= X(X'W~X) X' — XUX'. (0.231c)

The covariance matrix of the BLUE’s residual appears to be (confirm please!)
cov(VMy) = VMVM'V

VM(MVM) MVM[MVM) "MV
VM(MVM) MV = VMV . (0.232)

cov(é)

If X has full column rank, then the expression for the covariance matrix of
the BLUE of 8 can be written as

cov(B) = (X'VIX)~?
= (X'X)"' [X'VX - X'VM(MVM) MVX] (X'X)™*
= cov(B) — (X'X)"'X'VM(MVM) MVX(X'X)"'.  (0.233)

Example 0.7 (Getting a ticket for over-speeding). We end this chapter
with a simple example in which the details are left to the reader.

Mr. Yrjo Kérkinen was stopped on a highway where the speed limit was
90km/h. In the court Yrjo claimed that he was driving only 85km/h. Judge
Juhani Jarvinen, dealing with this case, had called a witness, Ms. Maija
Mikinen, who told that she had been driving in the speed of 80km/h when
Yrjo heartlessly had passed her. She further explained that Yrjo had been
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driving 10km/h faster than she. The traffic police Matti Virtanen who had
caught Yrjo told that Yrjo had been driving 100km/h and Maija 60 km/h.

(a) Identify the appropriate linear model assuming that all five observations
are independent and have the same variance. Compute the ordinary least
squares estimates for the speeds of Yrjo () and Maija («).

[3 = 89.375, & = 73.125]

(b) What about if Maija had claimed—instead of saying that Yrjo had been
driving 10km/h faster than she—that Yrjo had been driving 90 km /h?

(¢) Suppose that the Maija’s two observations are correlated (1) and sim-
ilarly Matti’s two observations are correlated (p2). Write down the co-
variance matrix V of the five observations.

(d) Assuming that o1 = g2 = 0.5, compute the BLUEs for the speeds. Note

that poor Yrjé now gets a ticket. [0 =92.143, & = 74.821]
O

Exercises

These exercises are supposed to be warm-up exercises—to get rid of the
possible rust in the reader’s matrix engine.

0.1 (Contingency table, 2 x 2). Consider three frequency tables (contingency
tables) below. In each table the row variable is x.

(a) Write up the original data matrices and calculate the correlation
coeflicients 74y, 72> and 74.,.

(b) What happens if the location (cell) of the zero frequency changes
while other frequencies remain mutually equal?

(c) Explain why 74, = 74, even if the u-values 2 and 5 are replaced with
arbitrary a and b such that a < b.

Y z U
01 0 1 2 5
xOll 012 2 11
1({0 1 110 2 1({0 1

0.2. Prove the following results concerning two dichotomous variables whose
observed frequency table is given below.

1 ~6 n_ ¢ 0
vars(y) n—1n n—1 n( n)’ !
1 o i 0 1] total
ad — be aa — be
s = s\, = =T, 0 a b @
covs(x,y) T . cors(z,y) NI T P D 3
2
oo b et

afyo
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0.3. Let z = (;j) be a discrete 2-dimensional random vector which is ob-
tained from the frequency table in Exercise 0.2 so that each observation
has the same probability 1/n. Prove that then

() = % var) = (12 ). covn) = 2 cortay) = G2

0.4 (Continued ...). Show that in terms of the probabilities:

var(y) = p.1pa, 0 1 total
cov(x,y) = prip22 — P12P21
0 P11 Pi2| P1.
P11P22 — P12P21 x
cor(z,y) = = Quy - 1 | par pa2| po
\V/P-1P-2P1-P2.
total | p1 p.2 1

0.5 (Continued ...). Confirm:

b
0ny =0 & det (P11 P12} — geg (© Noopobu_pz o b
P21 P22 c d P21 D22 c d

0.6 (Continued ...). Show, using (0.85) (p. 19), that the dichotomous ran-
dom variables x and y are statistically independent if and only if 0., = 0.
By the way, for interesting comments on 2 x 2 tables, see Speed (2008b).

0.7 (Continued, in a way ...). Consider dichotomous variables x and y whose
values are Ay, A and By, Bs, respectively, and suppose we have n obser-
vations from these variables. Let us define new variables in the following
way:

x1 = 1 if x has value A, and 21 = 0 otherwise,

r9 = 1 if x has value A, and x5 = 0 otherwise,

and let y; and ys be defined in the corresponding way with respect to the
values B; and Bs. Denote the observed n x 4 data matrix as U = (xq :
Xz :y1 :y2) = (X :Y). We are interested in the statistical dependence
of the variables = and y and hence we prepare the following frequency
table (contingency table):

By B | total
Ay [ fun fiz| M

Ay f21 f22 T2
total | ¢1  ¢o n
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Let e;; denote the expected frequency (for the usual x?-statistic for test-
ing the independence) of the cell (4, j) and

ch="0 (e, P (1 12) < ihin).

and ¢ = (2; ), r= (:; ) We may assume that all elements of ¢ and r are
nonzero. Confirm the following:

(a) COrd(Xl,XQ) =—1, rank(X:Y) <3, rank[corq(X:Y)] <2

(b) X'1, =1, Y'1l, =r, X'X =diag(r) =D,, Y'Y = diag(c) = D,

(c) X’Y F, E=rc'/n=X1,1Y/n = X'JY.

(d) The columns of X'Y (YY)~ ! represent the conditional relative fre-
quencies (distributions) of .

() F—E = X'CY, where C is the centering matrix, and hence —+(F —
E) is the sample (cross)covariance matrix between the z- and y-
variables.

8 (Continued ...).

(a) Show that X'CY, X'CX, and Y'CY are double-centered; A, is
said to be double-centered if A1, = 0,, and A’'l, = 0,.

(b) Prove that 1,, € €(X)N%(Y) and that it is possible that dim ¢’ (X)N
¢(Y) > 1.

(¢) Show, using the rule tk(CY) = rk(Y) — dim%(Y) N €(C)*, see
Theorem 5 (p. 121), that

tk(Y'CY) =1k(CY)=c—1 and rk(X'CX)=1k(CX)=r-1,

where ¢ and r refer to the number of categories of y and x, respec-
tively; see Exercise 19.12 (p. 412) In this situation of course ¢ = r = 2.

(d) Confirm that (Y'Y)~! is a generalized inverse of Y'CY, i.e.,

YCY (YY)!' YCY=YCY,
(D — ted) D' (D — Lec’) = D — 2ec.

1e
n

See also part (b) of Exercise 0.11 (p. 49), Exercise 4.9 (p. 120), and
Exercise 19.12 (p. 412).

9 (Continued ...).

(a) What is the interpretation of the matrix
G = /n(X'X)"12X'CY(Y'Y) /2 = /nD;V2(F — E)D;1/%?
(b) Convince yourself that the matrix

G, =D Y?(F —E)D_'/?
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remains invariant if instead of frequencies we consider proportions
so that the matrix F is replaced with %F and the matrices E, D,
and D, are calculated accordingly.

(c) Show that the y2-statistic for testing the independence of z and y
can be written as

2 2
-y fu €ij)” = |G| = tr(G'G) = ntr(Px CPyC).
i=1 j=1

See also Exercise 19.13 (p. 413).

(d) Show that the contribution of the ith column of F on the x?2, x2(f;),
say, can be expressed as (a kind of squared Mahalanobis distance)

X*(£:) = (f; —e;) D7 (f; —e;),

where

. Nv_f(ea 0\ _ (rici/n 0O _ fri/n 0
D—d1ag(el)—(0 e¢2>_( 0 rgci/n>_cl( 0 ro/n)’

0.10 (Multinomial distribution). Consider the random vectors (for simplic-
ity only three-dimensional)

211 Z1m
Z1 =221, 3Zm=|%2m |, X=2Z1+ "+ Zn,
231 Z3m

where z; are identically and independently distributed random vectors
so that each z; is defined so that only one element gets value 1 the rest
being 0. Let P(z;; = 1) = p1, P(zi2 = 1) = po, and P(z;3 = 1) = p3 for
i=1,...,m; p1 +p2+p3 =1, each p; > 0, and denote p = (p1,p2,p3)’.
Show that

E(z;) = (p1,p2,p3) =p, E(x)=mp,

and
pi(l—p1)  —pipe —p1P3 pi 0 0
cov(z;) = [ —pap1 p2(l—p2) —pop3 | =(0 p» 0| —pp
—Pp3p1 —psp2 p3(l—p3) 0 0 p3

=Dp—pp' =32, cov(x)=mX.

Then x follows a multinomial distribution with parameters m and p:
x ~ Mult(m, p).

0.11 (Continued ...). Confirm:
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(a) X is double-centered (row and column sums are zero), singular and
has rank 2.
(b) ED,'Y = X, ie., D' is a generalized inverse of X. Confirm that

D, Ipdoes not necessarily satisfy any other Moore—Penrose condi-

tions. See also Exercises 0.8 (p. 48) and 4.9 (p. 120).

(¢) We can think (confirm ... ) that the columns (or rows if we wish) of a
contingency table are realizations of a multinomial random variable.
Let x; and x9 represent two columns (two observations) from such a
random variable and assume that instead of the frequencies we con-
sider proportions y; = x;/¢; and y2 = X2/co. Then x; ~ Mult(c;, p)
and cov(y;) = C%_E, where ¥ = D, — pp/, and the squared Ma-
halanobis distance, say M, between the vectors x; and x5 can be
defined as follows:

M = 0162(61 + 62)71(X1 — Xg),zi(xl — Xg)

= 0102(01 + CQ)_l(x1 — Xg)/Dgl(Xl — Xg) .

Neudecker (1997), Puntanen, Styan & Subak-Sharpe (1998),
Greenacre (2007, p. 270).

0.12. Let P, «, be an idempotent matrix. Show that
¢P)Nné(1,—-P)={0} and <“I,—-P)=4(P).
0.13. Confirm: A> B and B> C — A> C.

0.14. Suppose that x and y are p-dimensional random vectors. Confirm:

(a) cov(x +y) = cov(x) + cov(y) < cov(x,y) = — cov(y,X);
if A=—A’, A is said to be skew-symmetric.
(b) cov(x —y) = cov(x) — cov(y) <= cov(x,y)+ cov(y,x) = 2cov(y).

0.15. Let Gy and Hy be the BLUE and OLSE of X3, respectively, under
{y, XB, V}. Using (0.220) (p. 43), confirm the following:

cov(Hy — Gy) = cov(Hy) — cov(Gy) = HVM(MVM) MVH,
cov(y — Gy) = cov(€) = cov(y) — cov(Gy) = VM(MVM) MV .

0.16. Consider the model .#Z = {y, X8, 0>V}, where V is positive definite
and X has full column rank. Premultiplying the equation y = X8 + ¢ by
V12 we get the model

My ={y., X,B, 0°L,}, where y, =V /2y X, =V~ 12X,

Confirm that in view of (0.201) (p. 41),



Exercises 51
OLSE(B | #.) = (X.X,) Xy,
= (X'VX)"'X'V 'y .= Gy = BLUE(8 | A#.).

Clearly Gy is an unbiased estimator of 8 under .#. Let By be another
unbiased estimator of 8 under .#, i.e., BX = I,. Show that then By =
BV'/2v-1/2y = BV'/2y, and in light of (0.201),

cov[(X/X,) ' X y,] < cov(BV!/2y,),
(X'V'X)"' <. BVB' forallB: BX =1,,

so that (X'V71X)"!X'V~ly is the BLUE for 8 under .#. See also
Exercise 10.8 (p. 261).

0.17 (Continued ...). Show that the result of the previous Exercise 0.16 can
be expressed as the equivalence of the following statements:

a) (X'V-1X)~! < KK’ for all K: KV-1/2X =L,
p
(b) (X'V-1X)! < LVL/ for all L: LX = I,,.

0.18 (Continued . ..). Confirm that the result of Exercise 0.16 can be intro-
duced also as follows: Denote Gy = (X’V~1X)"!X'V~1y and let By be
an arbitrary linear unbiased estimator of 8. Then GX = BX = I,
so that (G — B)X = 0, i.e,, X'(G — B)’ = 0, which implies that
¢(G' —B') c #/(X') =F(X)+ =% (M), where M = I,, — Px. Hence

G' — B’ =MU for some matrix U.

Premultiplying the above equation by GV yields GV (G’ —B’) = 0, and
thereby GVG’ = GVB’ = BVG’, which further implies

(B-G)V(B-G) =BVB' - GVG' > 0.
Toutenburg & Shalabh (2009, p. 572).

0.19. Consider a random matrix Uy,xqg = (g : ... 1 ug) = () : ... 1 ugy)),
where cov(uj,ux) =01V, j,k=1,...,d. Show that

cov(uey, W) = vpsX, T,5=1,...,n.

0.20 (Block design). Using the notation of Example 0.3 (p. 31), create the
matrix T in the following block designs:

g (A BC g (A BC
#—\c B A)” "~ \A ¢ B/

0.21. Consider the block model (0.140) (p. 31). Show that
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11, 1T 1B n r
X'X=|T1, TT T'B|=|r D, N

B'1, B'T B'B ¢ N D,

nm rn T9 ... Ty €1 C2 ... Cp

T T 0 e 0

T2 0 ro ... 0 N

= Tt 0 0 Tt s

C1 C1 0 ... 0

Co N/ 0 Cy ... 0

Cp 0 0 ... Cp

where D, = diag(r), D. = diag(c), and N = {n;;} € R*? is a so-called
incidence matrix; n;; = the number of units receiving the ith treatment
in the jth block. Thus N is a contingency table like F' in Exercise 0.7

(p- 47); now = = the treatment and y = the block.
Bapat (2000, pp. 99-103).

0.22 (Orthogonal rotation). Denote

cosf) —sinf cos sin 0
Ag_(sin@ cos@)’ Ba_(sin@ —cos6‘>'
Show that any 2 x 2 orthogonal matrix Q is Ay or By for some 6.
Transformation Agu(;) rotates the observation ug; by the angle 6 in

the counter-clockwise direction, and Byu(;) makes the reflection of the

observation u; with respect to the line y = tan (%) z. For a graphic
illustration of a rotation, see Figure 19.3 (p. 404).

Horn & Johnson (1990, p. 68).

0.23 (Kronecker product). Confirm some of the following important (partic-

ularly in multivariate linear models) properties of the Kronecker product
and the vec-operation:

(a) A @b =ba’' =bga/,
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(J)) Pagp = Py ® Pg.

Henderson & Searle (1979, 1981b), Harville (1997, Ch. 16),
Abadir & Magnus (2005, pp. 273-284), Seber (2008, §11.1).

0.24. Consider the set of numbers A = {1,2,..., N} and let x1,22,...,2,
denote a random sample selected without a replacement from A. Denote
y=a1+x2+ - +x,= lggx. Confirm the following:

2
(a) var(z;) = le_l . cor(x;,x;) = —

(b) cor?(x1,y) = cor®(z1, 21 + -+ x

1

See also Section 10.6 (p. 234).

0.25 (Hotelling’s 7?). Let U} and U} be independent random samples from
N,(p1,X) and Ny (pe, 3), respectively. Denote T; = Uj(1,,, — J,,,)U;,
and S, = %(Tl + T5), where f = ny + ny — 2. Confirm that

T? = M2 (§; —#,)'S; (T — W) ~ T2 (p,n1 +na — 2),

ni+nsa

where T?(a, b) refers to the Hotelling’s T2 distribution; see (0.128) (p. 26).
It can be shown that if 1 = po, then

+ny—p—1 2
BB T2 F(pon + 2 —p - 1)

0.26 (Continued ...). Show that if ny = 1, then Hotelling’s 7? becomes

T2 = n:il (U(l) — ﬁg)/sgl(U(l) —Us).

0.27 (Finiteness matters). Throughout this book, we assume that the ex-
pectations, variances and covariances that we are dealing with are finite.
Then, for example, independence of the random variables x and y im-
plies that cor(z,y) = 0. The reader is encouraged to have a look at the
paper by Mukhopadhyay (2010), which provides counterexamples to this
implication in situations when the finiteness is not holding.

0.28 (Magic square). Confirm that the matrix

6 3 2 13

5 10 11 8

9 6 7 12|’
4 15 14 1

A_:

appearing in Philatelic Ttem 0.1 (p. 54), is a magic square, i.e., a k X k
array such that the numbers in every row, column and in each of the
two main diagonals add up to the same magic sum, 34 in this case; here
k = 4. The matrix A here defines a classic magic square since the entries
in A are the consecutive integers 1,2, ..., k2.
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Show that the Moore—Penrose inverse

275 —201 —167 173
L1 37 —31 —65 139
T 34-80 | —99 105 71 3

—133 207 241 —235

is also a magic square (though not a classic magic square) and that its
magic sum is 1/34.

There are many patterns of numbers in A and in AT which add up
to the magic sum (34 for A and 1/34 for A™); see Trenkler & Trenkler
(2001). For more about “magic generalized inverses”, see Chu, Drury,
Styan & Trenkler (2010).

ALBRECHT DURER (1471-1526). ENGRAVING: «MELENCOLIA In

Philatelic Item 0.1 The magic square defined by the matrix A in Exercise 0.28
appears in Albrecht Diirer’s copper-plate engraving Melencolia I which is shown on
philatelic sheetlets from Aitutaki (Cook Islands) 1986, Scott 391, and Mongolia 1978,
Scott 1039.

0.29 (Magic square, continued ... ). Confirm that the matrix

44 54 55 41
49 47 46 52
45 51 50 48
56 42 43 53

is a magic square. Find a scalar ¢ so that B = PAQ + cE, where A
is the Diirer magic square in Exercise 0.28, while E is the 4 x 4 matrix
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with every element equal to 1 and the matrices P and Q are permutation
matrices. The matrix P,,«, is a permutation matriz if it is obtained from
I,, by rearranging its columns.

The magic square represented by the matrix B here is associated with
a porcelain plate made in Jingdezhen, China, ca. 1775, and presented to
Queen Mary (1867-1953) in 1906; the plate is now in the Victoria and
Albert Museum in London. For further details see Cheng (1984).

For more about magic squares we recommend the books by Benson &
Jacoby (1976) and Pickover (2002).

Philatelic Item 0.2 Philatelic sheetlet from Guinea-Bissau 2009 depicting Albert Ein-
stein (1879-1955), Leonhard Paul Euler (1707-1783), Galileo Galilei (1564-1642), and
Isaac Newton (1643-1727). In addition to contributions involving magic squares and
Latin squares, see Styan (2007), Euler made important discoveries in fields as diverse as
infinitesimal calculus and graph theory; he is also renowned for his work in mechanics,
fluid dynamics, optics, and astronomy.
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Opening Figures: Continued—see page 2

y y
4 — 4 — O (@)
3 3 o
2] 24 \o
1 1- o o
[ I I I X I I I I X
@) 1 2 3 4 () 1 2 3 4

Figure 0.8 Completed Figures 0.1a and 0.1b. Regression line a bit thicker. The confi-
dence ellipses (constant-density contours) are based on the assumption that samples are
from Na(u, ), where p and 3 are equal to their sample values. The first major axis of
the ellipse will be along the 135° (slope —1) line through g, and it is the line satisfying
the minimization Task 2 on page 1. See also Figure 19.3 (p. 404).

-5 10 -5 0 5 10 15

Figure 0.9 Completed Figure 0.2: Observations from N2(0, X); 0, = 5, 0y =4, 0ay =
0.7. Regression line has the slope B~ Oaxy0y/0x. Also the regression line of z on y is
drawn. The direction of the first major axis of the contour ellipse is determined by ti,
the first eigenvector of 3.



Chapter 1
Easy Column Space Tricks

If you’ve heard this story before, don’t stop me,
because I’d like to hear it again.

GROUCHO MARX

The column space of an n X m matrix A,
C(Anxm) ={y € R" : there exists x € R™ such that y = Ax}, (1.1)

and, correspondingly, the null space of A,
N (Apsm) ={x€eR™: Ax =0}, (1.2)

are in every-day use throughout this book. In this chapter we take a good look
at some of their properties, most of them rather elementary. Our experience
is that decent steps in linear models are slow to take unless a reasonable
set of column space tricks is in the immediate access. Some of the results
that we go through are already likely to be in the reader’s toolbox. However,
there cannot be harm in repeating these helpful rules and going through their
proofs.

Theorem 1 (Column space properties). For conformable matrices A
and B, the following statements hold:

(a) H(A) = N (A'A),

(b) G(A): =4 (AL) = H#(A),

“(A) C €(B) «— €(B): C €(A)",
(

)
)
)
)

() R" = € (Anxm) BE(Anxm)t = C(A)BA(A),
) rank(A,,x,n) = n — rank(A+) = n — dim A (A’),
)
)
)

S. Puntanen et al., Matrix Tricks for Linear Statistical Models: Our Personal Top Twenty, 57
DOI 10.1007/978-3-642-10473-2_2, © Springer-Verlag Berlin Heidelberg 2011
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(k) ¥(A+B)CF(A)+%(B)=%(A:B),
(1) rank(A + B) <rank(A : B) < rank(A) + rank(B),
(m) €(A:B)t =¢(A)tNnE(B)*.

Proof. (a) First,
xEN(A) = Ax=0 = A'Ax=0 = xe #/(A'A). (1.3a)
To go the other way,

x€N(A'A) = A'Ax=0 = xX'A'Ax=0
= Ax=0 = x € /(A). (1.3b)

(b) comes from

%(AnXm)L ={yeR":yAz=0forallze R"}

={yeR":yA=0}=4(A). (1.4)
(¢) We see that
%(A) Z%(al : ...:am) C%(B) — df;: a; :sz7 1=1,....m
— A =BF forsome F = A’ =F'B’. (1.5a)

Hence x € A4 (B') = ¢(B)Y = x € A4 (A’) = €(A)*, and thereby we
have shown that

¢(A)C€(B) = ¢B)F CcEA)*. (1.5b)

The reverse relation follows by changing the roles of A and A', and B and
B
(d) follows from

N (A') = N (AA) < [N (A" = [/ (AA)]*
= C(A) =C(AA). (1.6)

(e) Tt is obvious that rank(A) = rank(AA’) and rank(A’) = rank(A’A)
but we still have to show that A and A’ have the same maximal number of
linearly independent columns. We omit the proof which can be done easily
using the full-rank decomposition of the matrix A; see Theorem 17 (p. 349).

(f) Because R™ =Y BU* for any subspace U C R", we get (f).

(g) In view of (f), we have

n = rank(A) + rank(A™*), (1.7a)

ie.,
rank(A*1) = (number of rows of A) — rank(A), (1.7b)
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which implies (g).
(h) comes from

¢(A:B)={y:y=(A:B)(}) for some x, z }
={y:y = Ax+ Bz for some x, z }

={y:y=y1+y2forsomey € ¢(A),y: € ¢(B)}
— € (A) +%(B). (1.8)

(i) From (h) it follows that

rank(A : B) = dim % (A : B) = dim [¢(A) + €(B)]
— dim¢(A) + dim % (B) — dim%(A) N ¢(B)
rank(A) + rank(B) — dim % (A) N (B) . (1.9)

(j) This comes by noting that rank(# ) = rank(A’ : B').
(k) Writing
A+B=(A:B)(), (1.10a)

we see that
%(A—FB):%[(A:B)(})] C%(A:B), (1.10b)

where the last inclusion comes from the fact
¢ (UF) C ¥(U) for any conformable matrices U, F'. (1.10¢)

(1) is a consequence of (k).
(m) comes from the following:
yeEFA:B)t «—= y(A:B)=0 < A'y=0, B'y=0
= ye?(A)n¥B)". (1.11)

O

We may almost confess that originally we planned to omit to represent
the results of Theorem 1, because the reader is almost expected to be aware
of them. However, these simple properties are so essential that we ..., so,
needless to say. They may look sterile but please do not underestimate them.

1.1 Equality ¢(X’'VX) = ¢(X’V) when V Is
Nonnegative Definite

Suppose that X is an n X p matrix and V is an n X n symmetric nonnegative
definite matrix. Then the following simple result is frequently used:
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% (X'VX) =%¢(X'V). (1.12)

The proof of (1.12) comes by noting that V must be of the form V = L'L
for some matrix L, and writing

¢(X'VX) = ¢(X'L'LX) C ¢(X'L'L)
¢(X'V) C €(X'L) = ¢[X'L/(X'L)]
¢

(X'L/LX) = ¢(X'VX). (1.13)

Now clearly (1.13) implies (1.12). Trivially we have also
rank(X’VX) = rank(X'V) = rank(VX), (1.14)

and
X'VX =0 < X'V=0. (1.15)

1.2 Estimability in a Simple ANOVA

Consider the situation of Example 0.2 (p. 30) where we had the following
models:

Y11
Y12
Y21
My y= |y | =
Y23
Y31
Y32

M1
e | +e=X.6.+e, (1.16a)

M3

OO OO O
OO === OO
_ =0 0000

+e=XuPBy+e. (1.16Db)

$

<

Il
— o= = = =
S OO OO ==
OO R =~ OO
__-0 o000 oo

In a more general situation, when we have g groups (or treatments) and n;
observations in the ith group, we can write these models as

yi 1,, O 0 H1
Yo 0 ]-n 0 12

My = =1 . ” | +e
Yy 0 0 1ng g
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=X.B. +¢, (1.17a)
1,, 1, 0 0 i

My: y= 1? ? 1? N ? 72| fe=XyuBy+e, (117D)
ool

where n = ny + - - - +ngy. We see immediately that 3. is estimable under .Z,
because X, has full column rank. On the other hand, B4 is not estimable
under .#%. Which parametric functions of B4 are estimable? We answer to
this question by using some properties of Theorem 1.

To simplify the notation, let us drop the subscript # and denote the
model (1.17b) as

Now the parametric function k’8 is estimable under .# if and only if

1, 1, ... 17,
1/ 1;“ 0/ PN 0/ 1/
ke%mq_%(7>_% R . —%<9>. (1.19)
X0 : : : I,
o o .. 1
g
Moreover, because
1/
rank (Ig) =rank(1l,:I,) =g, (1.20)
g
we have, in view of part (g) of Theorem 1,
1\"
rank (Ig> =(g+1)—g=1. (1.21)
g

1L
. 1/ . — .
We show next that one choice for (19) is ( 1; , i.e.,
9 .

TS (¢ S

The result (1.22) follows from the facts

1 1\ "
u/ (Ig) = 0/7 rank(u) = rank (Ig> =1. (123)

g g9
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According to (1.19), the parametric function k’J is estimable if and only if

ke (% (L>l> ) =% ()", (1.24)

ie.,
k'u=0, where u= <_1> . (1.25)
1,
We can also study the estimability of a parametric function of 7q,...,7,

(dropping off the parameter u); denote this function as £'7. Then

(0.£) (ﬁ) =L, (1.26)

and on account of (1.25), the estimability condition for £'7 becomes £'1, = 0.
We may summarize our findings as follows.

Proposition 1.1. Consider the one-way ANOVA model (1.18). Then k'S is
estimable if and only if
K (‘1) =0, (1.27)
1,

and €' 1 is estimable if and only if
£1,=0. (1.28)

The parametric function €7 is called a contrast if {1 +--- + ¢, =0, i.e.,
(1.28) holds. Contrasts of the form 7, — 7;, @ # j, are called elementary
contrasts.

For the estimability in the block model, see Exercise 16.2 (p. 348).

In passing we may mention that (1.22) is a special case of the following
general result:

1
Proposition 1.2. One choice for a matriz (Bf:“) is <_I§,), i.e.,
1
In Bn><q
()< (%)) 20

1.3 Column Space of the Covariance Matrix

Consider the partitioned (p + ¢)-dimensional random vector z = (;) whose
covariance matrix is

X Sx 2xy>
cov(z) = cov = =>. 1.30
@ = (3) = (3 5 (1.30)
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Because every covariance matrix is nonnegative definite, there exists a matrix
L = (L; : Ly) such that ¥ = L'L:

— L/l . — LllLl L/1L2 _ Z:xx Z:xy
2_(L,2) (Ll.Lg)_<L,2L1 D)= (3 ). as

In view of
¢ (LiLy) C (L)) = €(L1Ly), (1.32)

we can immediately conclude the following simple but important facts:
C(Bxy) CC(Bxx), C(Zyx) C C(Zyy). (1.33)

From (1.33) we can also conclude that

Tex O
2yy=0:2:(0 0), (1.34)

and in particular

cov <X) =¥ = (27"‘ Txy > — ¥ = (2’,"‘ OP> : (1.35)
Y Oxy 0y=0 0, O

Moreover, let us denote E(x) = px € R? and consider the random vector

u=Qx, where Q=1,-Pi_ ..)- (1.36)
Now
E(Qx) = (I, = P(s,: ) J0x = 0, (1.37a)
cov(Qx) = QExxQ =0, (1.37b)
and hence (I, — P(s_ . ,.))x = 0 with probability 1, and so
X € € (Bxx : px) with probability 1. (1.38)

For the corresponding condition in a linear model, see Section 5.2 (p. 125).
Notice that for Qg =1, — Py,

EQx,, (x —px)] = I, =P )(pux — px) =0, (1.39a)
COV[QEXX (X - /J'x)} = QExxzxezxx - 07 (139b)

and hence
X — px € €(Xxx) with probability 1. (1.40)

For a clarity, let us write the following proposition:
Proposition 1.3. Using the above notation,

(a) x € C(Xxx : px) with probability 1,
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(b) x — px € €(Xxx) with probability 1.

There is one particular consequence from (1.33) that deserves attention:
there exists a matrix B such that 3xxB = Xy, (1.41)
ie.,
LiL;B=L\Ly for some B € RP*7. (1.42)

This is indeed evident because €' (LiLs) C ¢ (L)) = ¢ (LiL1). One solution
to XyxB = 3y is
B=3_5%,, (1.43)

where 3, is an arbitrary generalized inverse of 3xx. By varying 3, through
all generalized inverses of 3xx we can generate all solutions to XxxB = 3.
According to Theorem 11 (p. 267), an alternative way to express all solutions
is

B = E;XEXY + (IP - E;xzxx)z7 (144)

where X, is an arbitrary (but fixed) generalized inverse of Xy and Z € RP*9
is free to vary.

The fact (1.41) is a crucial one in several connections. For example, there
are occasions when it is extremely useful to find a matrix A € R?*?P so that
the random vectors x and y — Ax are uncorrelated, i.e.,

cov(x,y — Ax) = By — kA’ = 0. (1.45)
Now (1.45) holds if and only if A’ is a solution to
A =gy, (1.46)
which indeed, in view if (1.41), is consistent, the general solution being
A =3, 5y + (1, - 2L S)Z, (1.47)
where Z € RP*? is free to vary. Transposing (1.47) yields
A=3n(S5) + 2L — S(S5)]. (1.48)

Choosing X, as (3,,)’ (this is indeed possible, please confirm!), the general
expression for A can be written as

A=3,3 +Z'(I, - TxXEL). (1.49)
For the above expression, see also (11.16) (p. 269).

We might extend the above simple but helpful results as a proposition.

Proposition 1.4. Using the above notation, the following statements are
equivalent:

(a) cov(x,y — Ax)=0.
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(b) The matriz A is a solution to A¥xx = Byx .
(¢) The matriz A is of the form

A=3,5 +Z 1, - SuXIy (1.50)

XX) ’

where Z € RP*1 is free to vary.
(d) A(x — px) = By D (x — px) with probability 1.
Proof. The equivalence of (a), (b) and (c¢) has already been shown. In part (d),
it is essential to observe that
G (Byx) = € (Bxy) C C(Bax) (1.51)
and
X — px € € (Xxx) with probability 1. (1.52)

Hence, in view of Theorem 12 (p. 283), the random vector Xy 3 (x — px)
is invariant with respect to the choice of 3 with probability 1. Choosing

XX
Y as Xf, we see at once that (d) implies that

Ax =3, 3 x+b for some b € R, (1.53)
and so

cov(x,y — Ax) = cov(X,y — Ty I x)
= cov(X,y) — cov(x, Eyx X5 x)
= Ty — TS Dy
= Sy — Byy =0, (1.54)

where we have used the fact
BB C=C < %(C)C¥%(B). (1.55)

Thus we have shown that (d) implies (a) and thereby (b) and (c). To go the
other way, postmultiplying (1.50) by x — ptx and using (1.51) and (1.52) gives

A(x — px) = nyE;x(x — Mx) + Z/(Ip = Dex V) (X — px)
B S (X — ). (1.56)

O

For a reference to Proposition 1.4, see Sengupta & Jammalamadaka (2003,
p. 56).

The squared population Mahalanobis distance between x and gy is defined
for a positive definite Xy« as

MHLN (x, ftx, Toox) = (% — ) B (x — ) (L57)
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For a singular ¥ we can define
MHLN?(X, s, Tyx) = (X — i) B, (X — i) (1.58)

and it is noteworthy that (1.58) it is invariant (with probability 1) with
respect to the choice of ¥_,. This follows immediately from the fact that
X — px € € (Xxx) with probability 1.

For the sample Mahalanobis distance we have the corresponding property:

MHLN?(x(s), Z, Sxx) = (X(5) = X)' S (X() — X) = %(;)SxX(i),  (1.59)

which remains invariant for any choice of S;.. To confirm this, we recall that
in (1.59)

X(i) = X(;y —X: ith centered observation, (1.60a)
X = (x(1):-.. X)) s  data matrix, (1.60b)
X = (R(1y:-.-:R(y)':  centered data matrix, (1.60c¢)

Sex = 5 X'X = Lo Z X(i)X(;: sample covariance matrix, (1.60d)
i=1

and X = (Z1,...,%p)". Now of course we have X;) € %(X') = €(Sxx), which
confirms the invariance of the sample Mahalanobis distance (1.59).

1.4 Exercises

1.1. Consider the matrix A = (‘é Z) Let the elements of A be independent
observations from the random variable z. What is your guess for the rank
of A if x follows

(a) uniform discrete distribution, values being the digits 0,1,...,9,
(b) uniform continuous distribution, values being from the interval [0, 1],
(¢) Bernoulli distribution: P(z =1) =p, P(xt=0)=1—-p=q.

1.2. Consider the nonnull vectors u,v € R™. Prove:
PP, =P,P, < u=Avforsome A€ Roruv=0.
1.3. Prove P ition 1.2 (p. 62): ( = Buxo )
.3. Prove Proposition 1.2 (p. 62): ( '3/ ) € 1, .
1.4. Show that the matrices A and A’ have the same maximal number of

linearly independent columns.
Hint: Utilize the full rank decomposition of A, Theorem 17 (p. 349).
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1.5. Consider an n X p matrix A which has full column rank. Confirm that

the columns of A(A’A)~/2 form an orthonormal basis for €(A).
Hint: Recall that (A’A)~1/2 = TA'/2T’, where A’A = TAT’ is the
eigenvalue decomposition of A’A.

1.6. Let rank(A,x,) = a and rank(B,,»4) = b. Show that the statements

(a) €(A)NE(B)={0} and (b) €(A):N%(B): = {0}

are equivalent if and only if rank(B) = rank(A*) = n — rank(A).

1.7. Show that for conformable matrices A, B and Z the following holds:

CA)CEB:Z) & €B)CE(A:Z) — CA:Z)=%B:Z).

1.8. Consider the two Latin square matrices

12 3 4 12 3 4
2 1 4 3 314 2
L1*3412’ L2*2413
4 3 21 4 3 21

Show that both L; and Lo are singular, and find their ranks. Construct
some choices for L, i =1,2.

In general, a Latin square of size k X k is a square array of k symbols in
k rows and k columns such that every symbol occurs once in each row and
once in each column. A 4 x 4 Latin square is in standard-form whenever
1,2,3,4 is in the top row. Show that there are 24 standard-form Latin
squares of order 4.

A Latin square is said tobe criss-cross whenever all the elements in
the main forwards diagonal are equal and all the elements in the main
backwards diagonal are equal. Show that the matrices Ly and Ly are the
only two 4 x 4 criss-cross Latin squares in standard form.

The earliest application of a Latin square in Europe seems to be the
one represented by this matrix L; for the “First elemental figure” in
Ars Demonstrativa by the Majorcan writer and philosopher Ramon Llull
(1232-1316) first published in 1283, see Plate XIII in and Styan, Boyer
& Chu (2009). Recently surfaced manuscripts show that Ramon Llull
anticipated by several centuries prominent work on electoral systems, see,
e.g., Higele & Pukelsheim (2001). The stamps shown here are from Spain
1963 (Scott 1197), and Andorra/Spanish Administration 1987 (Scott 182).
Depicted on the Andorran stamp is the detail “De Nativitat” from the
Catalan manuscript Llibre de Doctrina Pueril; for a French translation
see “De la nativité” in Raymond Llulle: Doctrine d’Enfant by Llinares
(1969), pp. 102-103.

The Latin square matrix Ly has been used in printing postage stamps
as noted by Loly & Styan (2010a). Depicted on the sheetlet of stamps
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Philatelic Item 1.1 Stamps for Ramon Llull (1232-1316).

(Philatelic Item 1.2) from the Pitcairn Islands 2007, Scott 647, are the
black noddy, the closely related brown noddy, the blue-grey ternlet, and
the sooty tern.

As indicated by Chu, Puntanen & Styan (2009) and by Loly & Styan
(2010b), 5 x 5 Latin squares have also been used in printing postage
stamps. Depicted on the sheetlet of stamps (Philatelic Item 1.3) from
Pakistan 2004, Scott 1045, are five kinds of tropical fish: neon tetra,
striped gourami, black widow, yellow dwarf cichlid, and tiger barb. This
Latin square has several interesting properties. In particular it is of the
type known as a “knight’s move” or “Knut Vik” design, as described by
Preece (1990):

“Of Latin squares used for crop experiments with a single set of treatments,
the earliest examples (published in 1924) are 5 x 5 squares of the systematic
type known as Knut or “knight’s move” designs (Knut Vik being a [Nor-
wegian| person, not a Scandinavian translation of “knight’s move”!), see Vik
(1924); these are Latin squares where all cells containing any one of the treat-
ments can be visited by a succession of knight’s moves (as in chess) and where
no two diagonally adjacent cells have the same treatment.”

For more about Latin squares we recommend the books by Dénes &
Keedwell (1974) and Laywine & Mullen (1998).
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Philatelic Item 1.2 A 4 x 4 philatelic Latin square.
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Philatelic Item 1.3 A 5 x 5 philatelic Latin square.



Chapter 2
Easy Projector Tricks

Poorly conceived abstraction:
aerodynamics in a viscous fluid.

P.C. MAHALANOBIS

In this chapter we go through some basic properties of the orthogonal projec-
tors. We are great fans of projectors and believe that their heavy use simplifies
many considerations and helps to understand what is going on particularly in
various minimization problems. We first consider the orthogonal projections
under the standard inner product, and then under the more general cases.
We believe that it is instructive to proceed in this order instead of first going
to the general case.

Theorem 2 (Orthogonal projector). Let A be an nxm matriz, rank(A) =
r > 0, and let the inner product and the corresponding norm be defined as
(t,u) = t'u, and |t|]| = \/(t,t), respectively. Further, let

e AL € R"™ 4 be a matriz spanning € (A)+ = A (A’),

e the columns of the matrices A, € R™" and Aj- € R™("=7) form bases
for €(A) and €(A)*, respectively.

Then the following conditions are equivalent ways to define the unique ma-
triz P:

(a) The matriz P transforms every y € R™,
Y=Ya+yar, ya€C(A), yar €C(A)T, (2.1)

into its projection onto € (A) along € (A)*; that is, for eachy in (2.1),
the multiplication Py gives the projection y 4:

Py=ya. (2.2)
(b) P(Ab + Atc) = Ab for allb € R™, ¢ € RY.
(c) P(A:A+Y)=(A:0).
(d) P(Ap: Af) = (A, :0).
(¢) €(P) C€(A). minlly— AbJ = [y —Py|® forally "

S. Puntanen et al., Matrix Tricks for Linear Statistical Models: Our Personal Top Twenty, 71
DOI 10.1007/978-3-642-10473-2_3, © Springer-Verlag Berlin Heidelberg 2011
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(f) €(P) C €(A), P'A=A.
(g) €(P)=%¢(A), P'P=P.
(h) ¢€(P)=¢(A), P>=P, P/ =P.
(i) €(P) =%(A), R"=¢(P)BE(I, - P).
() P = A(A’A)"A’ = AA™*,
(k) P = Ay(A}A,)" 1A
)

P=AA,=U(%9)U, where U= (A, :A}), the columns of A, and

AL forming orthonormal bases for €(A) and € (A)*, respectively.

The matriz P =P, is the orthogonal projector onto the column space € (A)
with respect to the standard inner product (t,u) = t'u. Correspondingly, the
matriz I, — P, is the orthogonal projector onto the column space € (A~L):

I, — Py, =Pj.. (2.3)
Proof. Consider the statement (a) and let y € R™ have a decomposition
y =Ab+ Alc, (2.4)

for some vectors b and ¢ which are not necessarily unique—even though Ab
and A'c are unique. Premultiplying (2.4) by P yields

Py =P(Ab + A'c) = Ab. (2.5)

Hence (b) is simply (a) represented in a shorter form. Equation (2.5) must
now hold for all b and ¢ (of conformable dimension), that is, we have

P(A:AY) (E’) =(A:0) <'Z) for all b, c. (2.6)

From (2.6) we immediately conclude the equivalence of (b) and (c). Moreover,
if the columns of A; form a basis for € (A), then according to Theorem 17
(p. 349), the matrix A has a full rank decomposition

A = AL/ for some L € R™*7", (2.7)
where L has full column rank. Hence, postmultiplying
PA,L' = AL/ (2.8)

by L(L'L)~" yields
PA, = A, . (2.9)
Trivially (2.9) implies (2.8). Similarly we can conclude that PA+ = 0 if and

only if PA} = 0 Thus we have confirmed that (a), (b), (c), and (d) are
equivalent.
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What about the explicit expression for P? We may notice that utilizing
some particular properties of generalized inverses, we could at once conclude
that

AA'A)"A(A:AH)=(A:0), (2.10)

and thereby confirm that A(A’A)~ A’ is an expression for P. However, below
we will introduce, using a longer route, expressions for P. Before that we may
recall that P is unique—once the column space €(A) is given. Namely, if Q
is another matrix satisfying Qy = Py for every y, then obviously Q = P.
Denote, for simplicity, Al} = Z. Then it is straightforward to check that

- _ ALA,)TLA]
(Ay:Ay) ' =(Ap:2)! = (( (Zb’zb))flz/ b) (2.11)
Postmultiplying P(Ap : Aj") = (Ap : 0) by (Ap: Aj)~1, yields (k):
ALA,)TTA) -
P =(A;:0) (( (Zb/zb))lz/b) = Ay(ALA) A (2.12)

Let us next introduce the expression A(A’A)~ A’ for P. Premultiplying
(2.4) by A’ yields the normal equation

A’Ab=A'y, (2.13)

i.e.

Ay —Ab)=0. (2.14)

From (2.14) we see that if b, is a solution to the normal equation (2.13),
then y — Ab, is orthogonal to €' (A). Now, because

y = Ab, + (y — Ab,), where Ab, € ¥(A), y — Ab, € €(A)*", (2.15)

the vector Ab, is the projection of y onto €' (A). Notice that equation (2.13)
is trivially consistent because A'y € €(A’A) = € (A’). The set of all vec-
tors b, satisfying (2.13) can be expressed as

b, = (A’A) A’y +[L, — (A'A)”" A’Alt, (2.16)
where t is free to vary. Premultiplying (2.16) by A, and using
AA'A)"A'A=A, (2.17)

gives

Ab, = A(A’A)"Aly, (2.18)

and thus we have obtained the expression (j) for matrix P.
In passing we would like to emphasize the importance of (2.17); this re-
sult frequently appears in this book. Without using the knowledge that the
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matrix A(A’A)~ A’ is an orthogonal projector, (2.17) can be proved using
the rank cancellation rule, see Section 6.1 (p. 146), or by using the fact that
L(A’A)"A’A =L if and only if ¥(L') C €(A’A); see Theorem 12 (p. 283).

Another way to introduce the expression (j) is the following; see, e.g., Rao
(1974, Lemma 2.6). Suppose that P(A : A1) = (A : 0) holds. Then

PAt =0 «—= ¢AH) cH(P)=¢P)" — €P)cCcFA), (2.19)

and hence
P =LA’ forsome L. (2.20)

Substituting (2.20) into PA = A yields
LA'A=A. (2.21)

One solution for the consistent equation (2.21) is L = A(A’A)~ and hence
we get
P=A(A'A)"A". (2.22)

Next we consider the connection between (e) and (g). We can write
ly — Ab|* = [y — Py + (Py — Ab)|?
= [ly = Py|* + [Py — Ab||* + 24, (223)

where
§=y' (I, —P)(Py — Ab). (2.24)

Tt is now clear that if 6 = 0, then (e) holds:

ly — Ab|2 > |y — Py||> forallbeR™, y e R", (2.25)

where the equality holds if and only if Py = Ab. Condition ¢ (P) = € (A)
implies that Py — Ab = Py — Pt = Pu for some t and u, which together
with P’P = P means that ¢ = 0; this confirms that (g) implies (e). Note that

PP=P « P =P and P = P2, (2.26)

which means that (g) and (h) are equivalent.

It becomes a bit trickier to confirm that (e) implies (f). Assume now that
(e) holds. Then %(P) C € (A) implies that Py — Ab = At for some t.
According to (e), we must now have

ly =Py +Ab|? = [ly — At[|* > |y — Py||* forallb,y. (2.27)
In view of Proposition 2.1 below (p. 76), (2.27) is equivalent to

y'(I,—P)YAb=0 forallb,y, (2.28)
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i.e., P’A = A. Hence we have proved that (e) is equivalent to (f):
(i) €(P) Cc €(A), (i) PA=A. ()

What about the connection between (f) and (g)? Condition (i) in (f) means
that there exists a matrix L such that P = AL. Postmultiplying (ii) by L
yields P'P = P which further implies that P’ = P, and so (ii) becomes
PA = A. This confirms that (f) implies the following three conditions:

(iii) €(P) c €(A), (iv)PP=P, (v)PA=A, (2.29)
or, equivalently,
(iii) €(P) c €(A), (V)P =P, P*=P, (v)PA=A. (230

Condition (v) above implies the inclusion ¢ (A) C € (P) which together with
(iii) implies the equality € (P) = % (A). Moreover, ¢ (P) = ¥'(A) means that
A = PK for some K, which together with the idempotency of P guarantees
that

P-A=P-PK=PK=A. (2.31)

Thus (2.30) can be replaced with
(vi) €(P) =% (A), (vii) P’ =P, P2 =P, (h)
or equivalently with
(viii) €(P) =% (A), (ix) PP=P. (g)

Hence we have proved that (f) indeed implies (g). For an alternative proof,
see Mitra & Rao (1974, Lemma 2.1). O

In the simple situation when we project y € R™ onto the line ¢ (a), where
0 # a € R™, Theorem 2 gives the projection

P,y = a(a’a) la'y = a/—ya = a.a (2.32)
ayY — y = aa = xa. .

We can now cite Steele (2004, p. 57):

“Anyone who is already familiar with a proof of this formula [Pay is the point in
¢ (a) which is closest to y] should rise to this challenge by looking for a new proof.
In fact, the projection formula is wonderfully provable, and successful derivations
may be obtained by calculus, by algebra, or even by direct arguments which require
nothing more than a clever guess and Cauchy’s inequality.”

The following result, see Rao (1973a, p. 73, Ex. 19.4), was used in the
proof of Theorem 2. We could have survived without it but it appears to be
useful in several connections and hence it may be appropriate to represent it
here.
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Proposition 2.1. Let A and B be n x m matrices and V be an m X m
nonnegative definite (semi)inner product matriz: (a,b)y = (a,b) = a’Vb.
Then the following statements are equivalent:

(a) [Aa|lv < |Aa+BB|v foral a,B € R™,

(b) llalv < Jla+blly  for alla c %(A), b %(B),
(c) (a,b)yy =0 forallac (A), be % (B),

(d) A’VB = 0.

Proof. Of course, (b) is simply another way to express (a), and similarly (d)
is an alternative way to write (¢). Assume now that (c) holds. Then (dropping
off the subscript v) [|a+bl||? = ||a||? + ||b||?, which implies (b). Assume then
that (b) holds. Then we also have

|all*> < la+ Ab||?> forallac ¥(A), bec€(B), N R, (2.33)
ie., [|a]? < [la]|> + A2||b||? + 2\(a, b), that is,
N|b|? 4+ 2X\(a,b) := u?A? + 20\ := f(\) >0 forall \€R.  (2.34)

In order for (2.34) to hold, the term v = (a,b) must (why?) be equal to 0.
Hence our claim “(b) = (c)” is proved. O

For a clarity, we may re-express one crucial finding from Theorem 2:

Proposition 2.2 (Normal equations). Let b, be an arbitrary solution for
the normal equation A’Ab = A'y. Then Ab, is the orthogonal projection of
y onto €(A), i.e., Ab, =P,y, and

min [y — Ab||* = ly — Ab. | = y'(I, - Pp)y. (2.35)

Proof. Let b, be a solution to the normal equation
A’'Ab=A'y. (2.36)
Then

ly = Ab|* = [ly — Ab. + (Ab. — Ab)|*
= lly — Ab.|* + |Ab, — Ab|* + 2(Ab, — Ab)'(y — Ab.)
= |ly — Ab.||* + [|A(b. — b)||* + 22’A’(y — Ab.)
= |ly = Ab.||* + ||A(b. — b)|%, (2.37)

where z = b, — b. The last equality above follows from (2.36). Hence we
have, for any b, satisfying the normal equation (2.36),

ly — Ab|? > |ly — Ab,||? forallb,y. (2.38)



2.1 Minimal Angle 7

2.1 Minimal Angle

The following result is almost obvious.

Proposition 2.3 (Maximal cosine and orthogonal projector). The
mazximal cosine (minimal angle) between the nonzero vectors y and Ab (for
variable b) is obtained when Ab = aP,y for some a € R:

'Ab 2 P
max cos’(y, Ab) = max (y’Ab) =Y Ay
Ab#0 Ab#0 y'y - b’A’Ab y'y

(2.39)

Proof. In view of the Cauchy—Schwarz inequality, Theorem 20 (p. 415), we
get
(y'Ab)? = (y'P, - Ab)? < y'P,y -b’A’Ab, (2.40)

and so, for y # 0, Ab # 0,

(y'Ab)? - y'Ppy-b’A’Ab  y'P,y

2
Ab) = = 2.41
cos(y. ) y'y -b’/A’Ab — y'y-b’A’Ab y'y ( )
An alternative simple proof goes as follows. First, it is clear that
P 2 P,
cos*(y, Ab) = | Ab};” — Y ALY, (2.42)
Il y'y

On account of Proposition 7.1 (p. 152), there is the Léwner ordering

Py <t P, forallbeR™, (2.43)
ie.,

IPaLYl? < ||Pay|l? forallb e R™, yc R, (2.44)
which proves (2.39). O

The minimal angle between the nonzero vectors Ab and y can be seen as
the minimal angle between the subspaces A = ¢(A) and B = €(y):

max _cos?(u,v) = cos’ min /(u,v). (2.45)
ucA,veB ucA,velB
u#0, v#£0 u#0,v#0

The minimal angle between the subspaces A = € (A) and B = ¢(B) is
defined to be the number 0 < @i, < 7/2 for which

I A/ 2
c0s? Oppin = max cos?(u,v) = max (o’ABS)
uecA,veB Aacz0 0/ A’Ac - B'B'BfS
u#0, v#£0 BB+#0
= . 2.46
Jnax f(e, B) (2.46)

BB#0
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The above task in the case when A and B are columnwise orthonormal is
considered via the singular value decomposition on page 134. Here we use a
different approach. Notice that obviously cos? 0,,:, = 0 if and only if €(A)
and ¢'(B) are orthogonal to each other, i.e., A'B = 0. Similarly cos? 6,,;, = 1
if and only if ¥(A) and %' (B) are not disjoint, i.e., €(A) N %€ (B) # {0}.

Let us first keep the vector « given and let 8 vary. Then, in light of
Proposition 2.3, for Aa # 0 we have

a’A'PgAa

2(Aa, BB) = T2 "B 2.4
é%%cos( o, Bp) ]g%%f(a,ﬂ) Y AAG gla),  (247)

and the maximum is attained if and only if BS is a multiple of PgAa i.e.,

BB = aPgAa for some nonzero a € R. (2.48)

In view of Proposition 18.9 (p. 377),

i o’A'PgAa _ o/ A'PgAa;
Aaz0 o'A’Ac ajA’Aoy
=chi[(A’A)TA'PgA)]
=ch1[A(A’A)TA'Pg]
= ch; (PAPg) = A\2. (2.49)
It is noteworthy that according to Proposition 18.9 (p. 377), A? in (2.49) is

also the largest proper eigenvalue of A’'Pg A with respect to A’A and a is
the corresponding proper eigenvector satisfying

A'PgAa; = MfA'Aa;, Aa; #0. (2.50)
Premultiplying (2.50) by A(A’A)* yields
Po,PgAc; = MAa, (2.51)

showing that Ao is an eigenvector of P, Pg.

Having now characterized a; so that it maximizes g(a), we should find
B1 so that f(ag, B1) attains its maximum; this happens if and only if (2.48)
holds. Premultiplying (2.51) by Py and using (2.48) we can conclude that

PP PgAa; = M PgAa, (2.52a)
PsP,B3: = MBS, (2.52b)

and
B'P,BB; = X)B'Bj,; . (2.53)

We can summarize our conclusions in the following proposition.

Proposition 2.4. Let A, «, and B, «p be given matrices. Then
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L (A'BE’  (alA'BB)
Aaro, @ A’Aa- fBBB  o,A'Aa, - B,B'BB;
BB#0

a/A'PgAa,

= Tl AAar =chi(P,Pg) = \7, (2.54)

where A\ is the largest proper eigenvalue of A'PgA with respect to A’ A and
a 1s the corresponding proper eigenvector satisfying

A'PgAa; = MA'Aa;, Aa; #0. (2.55)
The vector B1 is the proper eigenvector satisfying
B'P,BB, = \iB'B3;, BB, #0. (2.56)

Remark 2.1. Notice that trivially

max cos’(y, Ab) =1 — mgn sin?(y, Ab), (2.57)
and that
I,-P 2 I,-P 2
Iyl [yl
O
Remark 2.2. It is worth emphasizing that the tasks of solving b from
mbiIl ly — Ab||?* and max cos®(y, Ab), (2.59)

yield essentially the same solutions Ab, = P,y. Obviously cos?(y, Ab) =
cos?(y, AAb) for any A # 0. The equivalence of the tasks in (2.59) will be
utilized in many connections. a

2.2 Minimizing varq(y — Xob)

As an example of the usefulness of Remark 2.2, consider the following tasks:
(i) mbinvard(nyob) and  (ii) mgxcor?i(y, Xob), (2.60)

where U = (Xg :y) = (X1 : ... : X} : y) is a given n x p data matrix,

p = k + 1. Let C be the centering matrix and denote the centered U as
CU=U=(Xp:¥). Then
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varg(y — Xob) = -1 || — Xob)?, (2.61)
cor?(y, Xob) = cos*(§, Xob) . (2.62)

In view of Remark 2.2, the solution b, to the above problems is
b, = (iéio)_lf%y = T;itxy = S;;Sxy = 3x, (2~63)

where )NCO is assumed to have full column rank and

T=UU= (55,6320 %f)f’) - (T,Xx t"y) , (2.64a)
¥Xo ¥ Gy Ly
S=_-LT, Sux=cova(Xo), sxy=-cova(Xo,y). (2.64b)
Then
mbin varg(y — Xob) = =5 §'(I, — Pio)y = —Lo(tyy — t;yT;itxy)
= 53 - s;yS;isxy =Ly (I, -H)y, (2.65)

where the last equality follows from the decomposition
I,-H=1,-P.x,)=C—-Pcx,=C— CX T i X,C, (2.66)
see (8.108) (p. 170). Moreover,

/ -1 / -1
Sxy Sxx Sxy _ txy Txx txy

= R?

Y-X?

max cori(y, Xob) = (2.67)

2
Eh Ly

where Rz,x refers to the sample multiple correlation coefficient squared.

2.3 Minimizing (Y — XB)'(Y — XB)

For a given matrix X € R™*™ (notation X having now no relation to the
model matrix) we have seen that for all b € R™

(y = Xb)(y — Xb) > (y — Pxy)'(y - Pxy) =y¥'(I. = Px)y, (2.68)

where the equality is attained if Xb = Pyxy. What about if y and b are
replaced by Y € R"*? and B € R™*P? Then our object for minimization
would be the p x p matrix (Y — XB) (Y — XB). We might make a guess
that corresponding to (2.68), for all B € R™*? we have the following Lowner
ordering:

(Y - XB) (Y — XB) > (Y - PxY) (Y - PyY) =Y'QyY, (2.69)
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where Qx = I,, — Px. This is indeed true as can be easily seen. Namely,

(Y — XB)' (Y — XB)
= (Y -PxY +P4xY - XB)(Y - PyxY +P,Y — XB)

= (QxY + XL)(QxY + XL) [XL:=PyY — XB|
—Y'QxY + L'X'XL
> Y'QxY. (2.70)

Let us write a proposition about the above result.

Proposition 2.5. Suppose that X € R"*™ is a given matriz. Then for any
Y € R"*P agnd B € R™*P we have the Lowner partial ordering

(Y = XB) (Y - XB) > (Y — Py Y) (Y - PxY) =Y'QyY. (2.71)

The equality in (2.71) holds if and only if XB := XB. = PxY. The matriz
B. can be written as
B, = (X'X)"X'Y. (2.72)

2.4 Orthogonal Projector with Respect to V

Proposition 2.6 (Orthogonal projector with respect to the inner
product matrix V). Let A be an n X m matriz, rank(A) =r > 0, and let
the inner product (and the corresponding norm) be defined as (t,u)y, = t'Vu
where V is a positive definite symmetric matriz. Further, let A\L, be an n X q
matrix spanning

C(A)y = N(A'V)=F (VAT =€(V 1AL, (2.73)

Then the following conditions are equivalent ways to define the unique ma-
triz P:

(a) P.(Ab+ A$c) = Ab for allb € R™, c € RY.

(b) P.(A:AY) =P, (A: V1AL = (A:0).

(c) €(P.) C¢(A), miny - Ab|y = [ly = P.y|y forally € R™.

(d) ¢(P.) C€(A), P.VA=VA.

(e) PL.(VA:AL)=(VA:0).

(f) €(P.) = €(A), PLV(L,-P,) =0,

(g) ¢(P.)=%(A), PI=P,, (VP,)=VP,.

(h) €(P,) = €(A), R"=%(P.)BEI, —P.); here B refers to the or-
thogonality with respect to the given inner product.
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(i) P. = A(A'VA)"A'V, which is invariant for any choice of (A’VA)~,
and thereby P, = A(A'VA)TA'V.
The matriz P, = Pa.v is the orthogonal projector onto the column space
C(A) with respect to the inner product (t,u)y, = t'Vu. Correspondingly, the
matriz I, — P av is the orthogonal projector onto the column space C(AS):
L, —Pav=Paryv= VIZ(Z'VZ)"Z'

= (Pz;v—l)/ = /z;v—1 = PV—1Z;V7 (2.74)

where Z € {A1}, i.e.,

PA;V =1, - PiA‘L;V—l =1, - PV_lAL;V : (275)

Proof. As was mentioned earlier, it might be more natural to put Proposi-
tion 2.6 as Theorem 2 and then consider the simpler situation but we believe
it is more instructive to start with a simpler case. In any event, the proof
below is very much parallel to that of Theorem 2.

Let us first confirm that (2.73) indeed holds. Just as in (0.58) (p. 13), we
have

C(A)y={yeR":Z/A'Vy =0forallzc R™}
={yeR":A'Vy =0}
= N(A'V)=F(VA): =4(V AL, (2.76)

where the last equality can be concluded from

AV-VIALt =0 = ¢V AL c /r(A'V), (2.77)

and
rank(V-'A1) = rank(A1) = n — rank(A) , (2.78a)
dim € (VA)* =n — rank(VA) = n — rank(A) . (2.78b)

Now the first equality in (2.74) is obvious (or almost obvious) while the

other representations follow by simple substitutions in view of (2.76). The

formula (2.75) is very useful and it is utilized in several places in this book.
Corresponding to (2.4), for every y € R™ we have the decomposition

y = Ab+ Ayc=Ab+ V!1Alc, (2.79)

for some vectors b and ¢. Premultiplying (2.79) by A’V yields the generalized
normal equation
A'VAb=A'Vy, (2.80)

i.e.

A'V(y — Ab) = 0. (2.81)
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Hence, if b, is a solution to the generalized normal equation (2.80), then
y — Ab, € €(A)y, (2.82)

and Ab, is the orthogonal projection of y onto € (A) (with respect to the
given inner product). Now the vector

b, = (A'VA)"A'Vy + [I,, — (A’'VA)~(A’VA)]t, (2.83)

where t is free to vary, is the general solution to the (consistent) equa-
tion (2.80). Premultiplying (2.83) by A gives

Ab, = A(A'VA) A'Vy, (2.84)
and thus we have obtained the expression (i) for the matrix P,. Note that
AA'VA)"A'VA=A (2.85)

when V is positive definite; see (6.13) (p. 146).

The proof of the equivalence of statements (f), (g) and (h) is straightfor-
ward and we omit it here.

Let us consider (c). Then, just as in (2.23),

ly — Ab||y = |y — P.y + (P.y — Ab)|{,
= |y - P.y|% + |P.y — Ab|]3, + 26, (2.86)

where
=y, -P,)V(P.y — Ab). (2.87)

It is easy to confirm that ¢ = 0 if any of the statements (f), (g) and (h) holds.

To prove that (c) implies (d), we can proceed just as in the proof of
Theorem 2. Corresponding to (2.27) and Proposition 2.1 (p. 76), the equa-
tion (2.28) becomes

y'(I,—P,)VAb=0 forallb,y, (2.88)

ie.,

P'VA =VA. (2.89)

Hence we know that (c) is equivalent to conditions
(i) ¢(P.) C€(A), (i) P.VA=VA, ()
which can be equivalently expressed as

P (VA:A+)=(VA:0). (e)
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From (i) in (d) above it follows that P, = AL for some matrix L. Postmul-
tiplying (ii) by L yields
P VP, = VP,, (2.90)

and thereby VP, = P, V. Substituting this into (ii) gives
VP,A =VA. (2.91)

Thus we have shown that conditions (i) and (ii) in (d) imply the following
three conditions:

(iii) ¥(P.) C €(A), (iv) PLVP,=VP,, (v) VP,A=VA. (2.92)

It is obvious that the reverse relation “(2.92) = (d)” holds as well and
hence we can conclude that (c) and (2.92) are equivalent. Notice also that

P VP, = VP, « (VP,) = VP, and VP2 = VP, . (2.93)

Here it is time to take a breath and notice that while proving that
“(2.92) <= (d)” we have not assumed that the inner product matrix V
is positive definite; it could be a singular nonnegative definite matrix. This
fact will be utilized when dealing with the generalized orthogonal projector
in the next section.

However, if V is positive definite, then (v) becomes P,A = A, and so
€ (A) C €(P,) which together with (iii) means that € (P,) = ¢ (A). Hence
in the positive definite case, (2.92) can be replaced with

(iiix) €(P.) =% (A), (ivx) PLVP,=VP,, (vx) P, A=A. (2.94)
Now
P.VP,=VP, — VP?=VP, — P2 =P,. (2.95)

The idempotency of P, and € (P.) = € (A) imply immediately that P, A =
A holds. Hence we can delete (vx) from (2.94) and thereby obtain the con-
ditions appearing in (f)—(h). O

We will return several times to the important matrix
P.=A(A'VA)"A'V, (2.96)

where V is positive definite, but let us devote a minute to it right now. First,
its invariance with respect to (A”VA)~ can be shown easily using Theorem
12 (p. 283) or by the rank cancellation rule, see (6.13) (p. 146). Moreover,
Proposition 2.6 tells that P, has the following properties (to some of which
we will return to later on):

A(A’VA)~A'V is idempotent , (2.97a)
rank[A(A’VA)~A’V]| = rank(A), (2.97b)
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CIA(A'VA)"A'V] =F(A), (2.97¢)
A(A'VA)"A'VA = A. (2.97d)

2.5 Generalized Orthogonal Projector

Let V be a singular nonnegative definite matrix. Then (t,u)y, = t'Vu is
a semi-inner product and the corresponding seminorm (squared) is [|t||3, =
t'Vt. Now when V is singular, there are nonzero vectors t whose norm is
[t]yy = 0. Then t € A (V) = €(V)L. Moreover, in view of (2.76) (p. 82),

we have

C(A)y ={yeR":Z/A'Vy =0forallzeR"}
= N (A'V)=%(VA)*. (2.98)

As discussed earlier, when V is positive definite, we have
FC(VA)L =€ (V'AY), dim%(VA)' =n —rank(A), (2.99)

and
AV =VIAL R"=%(A)@F(AY), (2.100)

and for every y € R™ we have a unique decomposition
y=ya+yar forsomeysc @ (A),ysr € C(AT). (2.101)

For a singular nonnegative definite matrix V we can define the matrix A{;
again as any matrix spanning ¢’ (A)y;, and so, in view of (2.98),

C(Ay) =C(A)y = AN (A'V)=F(VA)*L. (2.102)
Let b, be a solution to the generalized normal equation
A'VAb=A'Vy, ie, A'V(y—Ab)=0, (2.103)
in which case y — Ab, € ¥(A3{;). Then
y = Ab, + (y — Ab,), where Ab, € ¥(A),y — Ab, € F(A3;), (2.104)
which means that for (even) a singular V we do have the decomposition
R" = %(A) + € (Ay) = €(A) + C(VA) . (2.105)

However, the above decomposition is not necessarily a direct sum, as is easily
demonstrated by considering the matrix L satisfying
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FL)=F(A)NEV)E=C(A) NN (V). (2.106)

Then A’VLu = 0 for any vector u, and so Lu € €(A) N ¢ (A;). Note that
the vector Lu has now zero length: ||Lu||3, = w'L’VLu = 0.
For any nonnegative definite V we have, on account of Theorem 5 (p. 121),

dim¢(VA)* = n — rank(VA)
= [n — rank(A)] + dim €(A) N €(V)*, (2.107)
which means that (2.105) becomes a direct sum decomposition if and only if
F(A)NE(V): ={0}. (2.108)

As mentioned by Rao & Rao (1998, p. 81), the nonuniqueness of (2.105)
makes it difficult to define the projection of y onto ¢’(A). However, according
to Rao & Rao (1998, p. 81): “We need not worry about it. We can get around
this difficulty.”

Let us consider the minimization of |y — Ab||3,. If b, is a solution to the
generalized normal equation (2.103), we have

ly — AbJ3 = [ly — Ab. + (Ab, — Ab)[%
= |y — Ab.|% + [A(b. — B)[
> |y — Ab.[f%, (2.109)

and so the minimum of ||y — Ab||%, is attained when b, is a solution to
(2.103). However, in this situation the vector Ab, may not be unique. The
general solution to (2.103) can be expressed as

b, = (A'VA)"A'Vy + [I,, — (A’'VA)"A’'VA]u, (2.110)

where u is free to vary. Premultiplying (2.110) by A yields
Ab, =A(A'VA)"A'Vy + A[l,, - (A’VA)"A'VA]u. (2.111)
On account of Theorem 12 (p. 283) the last term above vanishes for all u,

i.e.,

A(A'VA)"A'VA = A, (2.112)
if and only if €(A’) C €(A’VA) = €(A’V), i.e., if and only if (2.108) holds:

C(A)NE(V): ={0}; (2.113)
see also Proposition 5.4 (p. 132). Notice that if
t=A[l, — (A'VA)"A'VAJuc €(A)NE(V)*, (2.114)

then [[t|v = 0. Actually, see (5.118) (p. 138),
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¢ [AL, — (A'VA)"A'VA]] =€(A)NE(V)". (2.115)

Now, in view of the proof of Proposition 2.4, in particular in light of (2.92)
(p. 84), we get the following characterization for the generalized orthogonal
projector; see Mitra & Rao (1974). Some related considerations appear also
in Harville (1997, §14.12.1).

Proposition 2.7. Let A be an n x m matriz, rank(A) = r > 0, and
let 'V be a symmetric nonnegative definite matriz (possibly singular), and
let the semi-inner product (and the corresponding seminorm) be defined as
(t,u)y = t'Vu. Then the following conditions are equivalent ways to define
the (possibly nonunique) matriz P:

(a) (i) €(P) C €(A), (i) |y —Ab|R > |y — Pyl forallb, y.
(i

(b) (i) ¥(P)c ¥(A), (ii) PPVA=VA.

(c) P(VA:AL)=(VA:0).

(d) (i) ¢(P)Cc F(A), (i) PPVP=VP, (ili) VPA=VA.

(e) (i) €(P)Cc €(A), (ii) (VP) =VP, (iii) VPA =VA.

() (i) €(P)Cc€(A), (ii) PPVP =VP, (iii) rank(VP) = rank(VA).

g) P=A(A'VA)"A'V+A[L,,—(A'VA)" A'VA]U, where U is arbitrary.

(
(h) P=A(A'VA)"A'V+ A1, — Pav)U, where U is arbitrary.

The matriv P = Pa.v is the generalized orthogonal projector onto the col-
umn space € (A) with respect to the semi-inner product (t,u)y, = t'Vu. The
matriz P A,y is unique if and only if

C(A)NE(V): ={0}, e, rank(A)=rank(VA). (2.116)

For related considerations, see also Rao
(1974), Tian (2007, 2009a, 2010), Tian & Tian
(2010), Tian & Wiens (2006), Tian & Takane
(2008b,a, 2009b).

We will complete this section by a quick
comment regarding the projector denoted as
PaB; see Rao (1974). As was mentioned on
page 6 of the Introduction, P o g is a notation
for a matrix satisfying

Pap(A:B)=(A:0), (2.117)

where it is assumed that € (A)N%(B) = {0},
but € (A)®% (B) does not necessarily coincide
with the entire R™. Then (2.117) defines the

Photograph 2.1 Yongge Tian  geperalized projector P onto € (A) alon
(New Delhi, 1992). & proj AlB (A) along
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% (B). However, in this situation the projector P 5 g need not be unique and
idempotent as is the case when ¢ (A) @ ¢ (B) = R™.

There is one crucial difference between the singular and nonsingular V:
for a positive definite V we can characterize the orthogonal projector Pa.v
by equation

Pav(A: VAL =(A:0), (2.118)

but for a singular V equation (2.118) of course does not work. In view of
Proposition 2.7 we can define the generalized orthogonal projector P a.v by
equation

Phv(VA:AL)=(VA:0). (2.119)

Hence we have
{Pav} ={Pvaja:}- (2.120)
It is left to the reader to confirm the following identities; see Rao (1974):

(Pvajat +Parjva)z =1z, (2.121a)
(Pvatia +Pajvar)y =y, (2.121b)
Pajvary = (I =Py, (2.121c)

forallz € €(A+ : VA) =% (At : V)andy € €(A: VAL) =% (A : V).
Moreover, let

W =V + XLL'X', where (W) =%(X:V), (2.122)

and denote Px.w- = X(X'W~X)"X'W~, where W~ is an arbitrary non-
negative definite generalized inverse of W. Then it appears, see, e.g., Propo-
sition 10.5 (p. 228), that

Pxvxiy =Pxw-y forally e 4(X:V). (2.123)

The matrices Pxjyxt, In — Pk y,, and Px.w- obviously yield the BLUE
of X8 under {y, X3, V} and hence they are of great importance in linear
models.

2.6 Exercises

2.1. Prove the equivalence of statements (f), (g) and (h) of Proposition 2.6
(p. 81).

2.2. Prove the statements in (2.121) (p. 88).

2.3. [Equality of two projectors under different inner products| Suppose that
V1 and V3 are positive definite nxn matrices and rank(X,, ) = r. Prove
the equivalence of the following statements:
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(a) PX~V;1 = PX;V;1 , (b) X/V51Px;v;1 =X'Vy',

() Phyor 2—1PX;V;1 =Vy'Pyyo1,  (d) V3'Pyy-i is symmet-
ric,

(e) €(V ) =¢(Vy'X), () €(ViX4) =4 (VoXH),

(&) C(VaVIIX) = %(X), (h) X'Vi'V,M =0,

(i) €V ‘1/2v Vi2viEX) = e (viPX),

() €V _I/QX) has a basis U = (u; : ... : u,) comprising a set of r

eigenvectors of V;l/QVgV;UQ,

(k) V;1/2X = UA for some A, ,, rank(A) =r
(1) X = V}/2UA; the columns of V}/2U are r eigenvectors of VoVt
(m) %(X) has a basis comprising a set of 7 eigenvectors of VoVt

Some statements above can be conveniently proved using Proposition 10.1
(p. 218). See also Section 11.1 (p. 269), Exercise 11.9 (p. 281), and (18.81)

(p. 368).
Thomas (1968), Harville (1997, p. 265), Tian & Takane (2008b, 2009b),
Hauke, Markiewicz & Puntanen (2011).

4 (Continued ...). Show that € (V;X) = € (V.X) = €(V.X') =
€ (V2X1), but the following statements are equivalent:
(a) ¢(ViX)=7(X), (b) €(ViX*) =% (X"),
(€) €(Vi'X)=%(X), (1) ¢(V{'X")=9%(X").
2.5. Suppose that V is positive definite nxn matrix and X € R"*?. Confirm:
Px.v-1 = X(X'VIX)"X'V™!
— X(X’V71/2V71/2X)7X/V71/2V71/2
= V2Py 1 /ax V72
= Vl/z(In - P(V—l/ZX)L)V71/2
= V2L, — Pyujop) V2
=1, - VM(MVM) M =1, — P}y
See also (2.74) (p. 82), Proposition 5.9 (p. 140), and part (i) of Theorem 15
(p. 318).
2.6. Suppose that €(A) N %€ (B) ={0,,} = €(C) N € (D). Show that then

{Pcp} Cc{Pa}t <= ¥(A)C?(C) and ¢(B)C ¢ (D).

Kala (1981, Lemma 2.5).
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P. C. MAHALANOBIS

Philatelic Item 2.1 Prasanta Chandra Mahalanobis (1893-1972) was an Indian scien-
tist and applied statistician. In 1936 he introduced what is now called the Mahalanobis
distance (see the formula in red in the First Day Cover above and pages 24-25). In 1931
Mahalanobis founded the Indian Statistical Institute in Kolkata (shown on the stamp,
Kolkata was then known as Calcutta), and contributed to the design of large-scale sam-
ple surveys. The second five-year plan (1956-1961) focused on industry, especially heavy
industry; domestic production of industrial products was encouraged, particularly in
the development of the public sector. The plan followed the Mahalanobis model, an eco-
nomic development model developed by Mahalanobis in 1953. The stamp (Scott 1449)
was issued by India in 1993, the 100th anniversary of the year in which Mahalanobis
was born.



Chapter 3
Easy Correlation Tricks

In conclusion I must repeat what was said before, that it
is impossible to go deeper into this subject without using
very technical language and dealing freely with
conceptions that are, unhappily, quite unfamiliar to the
large majority of educated men. I can only say that there
is a vast field of topics that fall under the laws of
correlation, which lies quite open to the research of any
competent person who cares to investigate it.

FrAaNcis GALTON (1890): Kinship and Correlation

In this chapter we remind the reader about one fundamental fact: the geo-
metric interpretation of the sample correlation coefficient. It’s hardly news
for the reader but because of its importance it is worth its own chapter.

Let the n x 2 data matrix U be partitioned as

T oy ui(l)
T2 Y2 U(2)
U=(x:y) = = : . (3.1)
!
Tn Yn u(n)

Here u;) = (i) € R? represents the ith case or the ith observation in the
observation space, and the vectors x,y € R" represent the two variables in

T

the variable space. Let 1 = (%) € R? denote the mean vector of z- and

y-variables and S the sample covariance matrix:

i=21(ug +upe +-+uy) =101, = (;) : (3.2a)
S=-LUCU=_T="2Y (uy - d)(uy - o), (3.2b)
=1

where C is the n x n centering matrix: C = I, —J = I, — P;. In what
follows, we most of the time drop off the subscript from the vector 1,; from
the context its dimension should be obvious.

Theorem 3 (Correlation coefficient geometrically). For conformable
matrices, the following statements hold:

(a) The vector y = y1 is the orthogonal projection of the variable vector y
onto the column space € (1):

y=yl=Jy="Pyy. (3.3)

S. Puntanen et al., Matrix Tricks for Linear Statistical Models: Our Personal Top Twenty, 91
DOI 10.1007/978-3-642-10473-2_4, © Springer-Verlag Berlin Heidelberg 2011
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(b) The centered variable vector § is the orthogonal projection of y onto the
column space € (1)*:

y=y-Jy=Cy=(I1-P,)y=P.y=Pcy. (3.4)

(c) Let the variances of the variables x and y be nonzero, i.e., x ¢ € (1) and
y € €(1). Then the sample correlation coefficient r, is the cosine of the
angle between the centered variable vectors:

Tzy = cOrg(x,y) = corq(X,y)
= cos(Cx, Cy) = cos(X,¥)
B x'Cy
- /XCx-y'Cy’
(d) y is centered <= y € €(1)+ =€(C) = A4 (1').

Proof. All proofs are straightforward consequences from the definitions of the
projectors J and C. See also Figure 3.1 (p. 93). We might, for completeness,
consider the observed values y1,¥ys,...,y, of y and the task to find o € R
such that it minimizes

fla) = (yi— ). (3.6)

The solution comes from

I* =

n
. . 2 . . 2
= E i — = y—al y —
min f(c) rrgni 1(92 @) rrgn” o ém?n” ul|

n

=y =Pyl =lly-JIyl*=lly - s1]*=> (i - 9> (3.7

i=1

O

3.1 Orthogonality and Uncorrelatedness

It is essential to recall that orthogonality and uncorrelatedness are not neces-
sarily identical concepts. The following proposition summarizes some related
features.

Proposition 3.1. Let x and y be nonzero n-dimensional variable vectors.
Then it is possible that

(a) cos(x,y) s high, but corq(x,y) =0,

(b) cos(x,y) =0, but corq(x,y) = 1.
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%(X)L Cg(l)J—

Cy

cos(ar) = corq(x,y)

¢(1:x)=%(X)

Figure 3.1 Correlation between x and y geometrically.

Moreover, let x ¢ €(1) andy ¢ €(1). Then
corg(x,y) =0 <= y e €(Cx)t =¢(1:x)"BE(1). (3.8)

Proof. For the situation (a), Belsley (1991, p. 20) has an illustrative example
where correlation is zero but the cosine is very close to 1. For this purpose,
consider the data matrix

1 1
(x:y)=1-1 1]. (3.9)
0 -2

Here x,y € €(C) = A (1') and Xy = 0, i.e., x and y are centered and
uncorrelated: corg(x,y) = 0. Define t and u so that

t=x+al, u=y+al, (3.10)
where « is a nonzero real number. Then corq(t,u) = 0 but
302 3

cos(t,u) = = , 3.11
o V(xx+30%)(y'y + 307) \/(X’X+3)(y'y+3) )

which can be made arbitrarily close to 1 by choosing « very large. We could
also consider variables
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v=ax+1, w=ay+1, wherea#0, (3.12)

in which case corg(v,w) = 0 but

cos(v,w) = 5 . (3.13)
V(x'xa? + 3)(y'ya? + 3)
Now cos(v, w) approaches 1 when « tends to 0.
For (b) the following data gives an example:
0 -1
(x:y)=10 —-1]. (3.14)
10
Consider then (3.8). It is obvious that
xX'Cy=0 < ye 4/ (x'C)=%(Cx)*t. (3.15)
We next prove that
€(Cx)=¢(1:x)NE1)t =€(1:x)NE(C). (3.16)
Now
Cx=x-71=(1:x) <_1$> , (3.17a)
1 —%
(1:Cx)=(1:x) (0 1 > =(1:x)A, (3.17b)

where A = ((1) _15” ) is nonsingular and hence we get (a very useful fact to be
used also later on)

¢(1:x)=%(1:Cx). (3.18)

Now it is clear that Cx € €(1 : Cx) N % (C). To show the reverse inclusion,
consider
ueé(1:Cx)N%(C), (3.19)

which implies that
u=al+bCx=Cc forsomea,becR, ceR" (3.20)

Premultiplying (3.20) by C shows that u = bCx € ¥ (Cx), and thus (3.16)
is proved. The claim

C(Cx)t=%(1:x)TBEQ) (3.21)
follows by taking orthocomplements of each side of (3.16). O

We may note in passing that (3.18) means that
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n1 0 1
P(l:x) = P(l:Cx) = (1 : CX) < 0 (X/CX)—I) (CX)

=J+ Cxx'C/x'Cx =J + Pcx, (3.22a)
1-P( .0 =C—Pcy. (3.22b)

The decomposition (3.22) follows also at once from Theorem 8 (p. 155).

CK(X)J‘ %(Z)J—

cos(a) = peorq(x,y | z)
= cor(M_x, M,y)

C(x:z)=%(X)

Figure 3.2 Partial correlation ryy.. geometrically.

3.2 On the Role of the Vector 1

In this section we discuss some features of the constant term in linear regres-
sion, that is, on the role of vector 1; see Isotalo, Puntanen & Styan (2006).
So, consider a very simple linear model

My = {y, 15y, o*1}. (3.23)

Then obviously

e the vector Jy = OLSE(13y) = 1(1'1)!1'y = ¢1 is the vector of the fitted
values,

e the vector Cy =y — Jy = ¥ is the vector of the residuals,

e the residual sum of squares under . is
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Z(1)*

0 = corq(x,y) = cos(Cx, Cy)

Z(1:x) =€(X)

Figure 3.3 High cosine between x and y but no correlation. Vectors x and y very close
to 1.

0 = peorq(x,y | z)
= corg(Mzx, My)

C(x:2)

Figure 3.4 Partial correlation 7y.. = 0. Note that if y is explained by x and z, then
the x’s regression coefficient is 0.

SSE(.#) = SSEg =y'(I-J)y =y'Cy =Y (i —9)* =SST. (3.24)

i=1

What happens here is that we “eliminate” the effect of the column vector
of ones, i.e., 1, from y, and, what is left is just the residual which in this case
is the centered y, i.e., ¥.

Consider now the model

’%37?/ = {Y7 Xﬂv 021} . (325)

Then
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e The vector § = OLSE(x/) is the vector of the fitted values:

!/

=P,y =x(x'x)"'x" -y =fx, wheref= X,—y . (3.26)
x'x
e The vector (I — Py)y is the vector of the residuals.
e The residual sum of squares under .#,, is
SSE(Ay) = y' (I - Py)y = [T - Px)y|*. (3.27)

A very natural measure for the “goodness” of this model would be

_IPyl? 3Py x(xx) Ty

R? = = = = cos?(x,y). 3.28
v E T Iy Yy oy (3:28)

Note that the goodness measure above can also be expressed as

H(I - Px)YHZ -1 SSE(*//{wy)

2 <2 _
Roy =1 =sin’boy) =1 = T = 1=

(3.29)

The quantity ng defined here is called the coefficient of determination
under .#,,. It is essential to notice that there is no vector 1 in the model .#,,,
and hence Riy does not necessarily equal to r2,, which is the coefficient of
determination in the model .#Z15 = {y, Bol + 1%, 0*1}.

If we now “eliminate the effect of 1 from y and x” (as the phraseology

goes), i.e., we center them, then we can consider the model

%xy-l = {5}) iﬁv #}7 (330)

where we have deliberately left the covariance matrix unnotated. Notice
that the model .#,.1 can be obtained by premultiplying the model .#,
by the centering matrix C. Now a natural measure for the goodness of the
model .#y,.1 would be

R IPxy|” _ ¥ %(&x'%)"'% -y

R PR 75 = cos?(%,¥). (3.31)

Obviously Riy_l = corg?(x,y) = r?cy, and hence we have shown that rgy can
be interpreted as a measure of goodness when y is regressed on x after the
effect of 1 has been eliminated from both x and y.

Above we have ended up to some well-known concepts in linear regression.
We have used only natural and intuitive ways for our considerations. Let us
next take another more formal look at the situation.

Consider the following four models:

Mo =1y, Bol + Bix, 021}, M1 = {Cy, p1Cx, 020}, (3.32a)
%c = {Ya ﬁOl + ﬁlCX7 021}7 '/%7' = {Y7 ﬁlcxv 0-2:[} . (332b)
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The model .#/5 is the full model and all other models are various versions of
it. Obviously .#12.1 corresponds to .#;,.1 which was considered above. In all
these versions we have done something related to the constant term: we have
centered something. The above models frequently appear in practice (and in
teaching regression in statistics courses).

Taking a look at the four models in (3.32), we immediately observe an
interesting feature which we may state as a proposition:

Proposition 3.2. Consider the models defined in (3.32), and let X = (1 : x)
have full column rank. Then (1 is the same in each model, i.e.,

Bi(M12) = Pr(M21) = Br( M) = Bi( M) . (3.33)

Moreover, the residuals under the models Mo, M12.1, and M, are identical.

Proof. The first two equalities in (3.33) are obvious. Model ., is a reparam-
eterization of .#15. This is seen from (1 : Cx) = (1 : x)A, where

A= (é 153) : (3.34)

It is easy to confirm that fo(.#.) = § and By (4.) = B1(M12). In view of
(3.18), we have

F1:Cx)=%(1:%x), Pa.cx)=Pa.x) (3.35)
and hence the residual vectors under .#Z,. and .#- are identical:
res(A,) =res(M12) =y — Hy = My . (3.36)
The residual vector under .#;5.; becomes

res(M12.1) = Cy — P, Cy
— [Jy + Cx(x'Cx) " 'x'Cy]

=y — (Bol + f1x)
[
=y-{:x) (m)
=y — XB = res(M2), (3.37)
where
Bo=y—zB and [ =x'Cy/x'Cx. (3.38)

We shall later give an alternative proof for (3.37) using a decomposition of
the orthogonal projector H; see (8.72) (p. 164). O
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The first equality in (3.33) is known as (a special case of) the Frisch—
Waugh-Lovell theorem, see Section 8.4 (p. 163).

We may end up to R? via different routes. One very natural approach
in which the vector 1 has an important role is to consider the simple basic
model where the only explanatory variable is a constant: .#y = {y, 13y, 0*I}.
Under ., we have OLSE(153,) = Jy = y1, while the residual vector is the
centered y, that is, Cy, and hence the residual sum of squares under .# is

n

SSEg =y’ (I-J)y =y'Cy = |Cy|? = t,, = Z(yz — ) =8ST. (3.39)
i=1

We may want to compare the full model .#12 = {y, 18y + x31, 0?1} and
the simple basic model .#; by means of the residual sum of squares: how
much benefit is gained in the residual sum of squares when using also the x-
variable as an explanatory variable. The residual sum of squares under .15
is

SSE =y'(I-H)y = ||(I - H)y]?

n

(i — 902 =>_[yi — (Bo + Bra)]”. (3.40)

1 i=1

-

7

The change in SSE when moving from .#; to 415 is
SSEq—SSE=y'(I-J)y—-y(I-H)y=y'(H-J)y=SSR, (3.41)

which is called “sum of squares due to regression”. In this situation the matrix
H — J is symmetric and idempotent, see Proposition 7.1 (p. 152) and (8.119)
(p. 171):

H—J =Pcx =Pz = Pyx)nea): - (3.42)

Hence
n

SSR = [[(H—J)y|* => (5 — 5:)* (3.43)
i=1
The value of SSR tells the reduction in SSE when using .#- instead .#,
but it is definitely more informative to study the relative reduction in SSE,
that is, we have reasons to calculate the ratio

SSE;—SSE  SST—SSE  SSR SSE

= =1 - — =
SSE SST SST SST

R?. (3.44)

One fundamental property of R? defined above is that it equals the square
of the correlation coefficient between the y and Hy. We return to this result
later on but we state it here since it nicely illustrates the important role of 1.
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Proposition 3.3. Consider the model .# = {y, X3, o*1}, where 1 € €(X)
and let R? be defined as in (3.44). Then

R = corq(y,Hy) = cos(Cy, CHy) . (3.45)
Proof. We'll return to the proof later on, see Proposition 8.6 (p. 172). O

Taking a look at the n x (k+ 1) model matrix X = (1 :x7 :...:Xy), the
first column 1 looks just as any other column but there is one big difference:
all other variables represented in the model matrix X have a nonzero sam-
ple variance. This is so because of course we can request that there are no
multiples of 1 among X1, ...,x;. Belsley (1991, p. 196) writes:

“Much confusion surrounding centering arises because of some commonly held mis-
conceptions about the ‘constant term’. This section [6.8] aims at several of these
issues with the goal of showing that, for most of the part, despite much practice
to the contrary, the constant is most reasonably viewed as just another element

in a regression analysis that plays no role different from any other ‘variate’”

The geometry behind decomposition SST = SSR + SSE is illustrated in
Figure 3.5.

%(X)L Cg(l)L

SST = SSR + SSE

e=(I-H)y/

Figure 3.5 Illustration of SST = SSR + SSE.
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3.3 Partial Correlation Geometrically

Here we very shortly consider sample partial correlations and remind the
readers that they are just ordinary correlations between specific residuals.
Consider two linear models:

My =1{x,(1:2)B, 0’1}, M,={y, (1:2)8,c°1}. (3.46)

The residuals in these models are
u=exz =res(x;Z) = (I-Pz)x, (3.47a)
v=eyz =res(y;Z) = (I-Pgz)y, (3.47b)

where Z = (1 : z). Premultiplying the models in (3.46) by the centering
matrix C we get the models which have the same residuals as in (3.47). To
simplify the notation, let us assume that vectors x, y, z are all centered and
denote the corresponding models as

%cx = {X7 Zﬁ7 #}7 %cy = {ya sz #} . (348)

Moreover, since we are now interested in the correlation between these two
residuals, we can assume that the vectors x, y, z in (3.48) are not only
centered but they also have unit length:

1 (x:y:2)=0, xX'x=yy=7zz=1. (3.49)
Now
/ !/ /

XYy ="7Tgy, XZ=T7Tg, YZ=Ty, (3.50a)
u=eyx,=rtes(x;z) = (I -P,)x=(1—-2zz")x =x — 1,2, (3.50b)
v=ey,=res(y;z) = (I1-P,)y=1-22 )y =y —ry.z, (3.50¢)

and
u'v=x'(I—2zz')y =ryy —ry.ry., (3.51a)
vu=x'T-zz)x=1-7r2, (3.51b)
vVv=y(I-zzd)y=1-r], (3.51c)

and so we obtain the well-known formula for the partial correlation coefficient:

[ay — Twelyz . (3.52)
(1 - r%z)(l - T;z)

Tyy.r = PCOrg(X,y | z) = \/

Obviously 7y.. is well-defined only if 2, # 1 and f rgz # 1. In matrix terms
we have
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(w:v)(u:v)=(x:y)(I-Py)(x:y)
=(x:y)(x:y)— (x:y)zz' (x:y)
=Ry —riorhy := Ripg, (3.53)

where

(3.54)

corg(x:y:z)=R = <R11 r12) .

riy 1
Hence the matrix of the partial correlations can be expressed as
peora[(x 1 y) | 2] = [diag(Ri1.2)] "/ * Ry o[diag(Rir2)] /2. (3.55)
In terms of the original variables, we have
Tay.» = cos[res(x; Z),res(y; Z)] = cos[(I—Py)x,(I—-Py)y], (3.56)
where Z = (1 : z). Denoting
U=(x:y:2) = (U :2) (3.57)
we get the matrix of the residual vectors
Eu,»=(I-Pa.,)Us = (exz:e€ys). (3.58)

Because, see (3.22) (p. 94), I = P(1.,) = C —Pc,, where C is the centering
matrix, we can write Ey,., = (C — Pg,)U;. Moreover, denoting

T11.2 = EIUl-zEUl'Z = U’l(C — PCz)Ul = UQCUl - U/1PCzU1 B (359)
the matrix of partial correlations can be expressed as
pCOI‘d(Ul | Z) = [diag(Tn.g)]’1/2T11.2[diag(TH.g)]’l/z. (360)

Notice, in view of the rules for inverting a partitioned matrix, see Section 13.1
(p- 294), that T1_11,2 is upper-left block of the inverse of

U/, CU; UQCZ) _ <T11 t12)

z/CU; 7z'Cz )  \t)y t.. (3.61)

T:U’CUz(

3.4 Exercises

3.1. Let U= (1:x:y) bea 100 x 3 matrix where x and y comprise the
observed values of variables 2 and y, and assume that s7 > 0 and s > 0.

(a) Suppose that the columns of U are orthogonal. Show that 74, = 0.
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(b) Confirm that if rank(U) = 2, then r?cy =1

3.2. Let x and y be n-dimensional variable vectors (comprising the observed
values of x an y). Show that

corqg(x,y) ifbd >0,

Cord(al +bX,C]. +dY) = {—Cord(x y) lf bd < 0

or in other notation,

Cord[(lix)(%),(lzy)(g)]:{ Tey ifbd >0,

—rgy if bd < 0.
3.3. Consider the 3 x 3 data matrix

Tz
U=13:x:y)=|1 =2 ¥
1 x3 y3

Confirm that the area of the triangle with vertices (x;,y;), i = 1,2, 3, is
1 det(U). Show that det(U) = 0 <= the three data points lie in the
same line, and hence, assuming that x and y have nonzero variances, we
have r2, =1 <= det(U) = 0.

3.4. Consider the variables 1 and zs and their sum y = x1 + x2. Let the
corresponding variable vectors be y, x1, and x5. Assume that x; and x5
are centered and of equal length so that x|x; = x,xs = d?. Show that

varg(y) = ﬁ2d2(1 +712), corf(azl,y) = %(1 +712) .

Moreover, let u = x; — Pyx1 and v = xo — Pny. Show that u = —v
and thereby ris., = corg(u,v) = —1.

3.5. Let the variable vectors x and y be centered and of equal length.

(a) What is cors(z — y,z +y)?
(b) Draw a figure from which you can conclude the result above.
(¢) What about if x'x = y'y + 0.0017

3.6. Consider the variable vectors x and y which are centered and of unit
length. Let u be the residual when y is explained by x and v be the
residual when x is explained by y. What is the corq(u, v)? Draw a figure
about the situation.

3.7. Consider the variable vectors x, y and z which are centered and of unit
length and whose correlation matrix is
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1 0 —1/V2
R = 0 1 1/V2
-1/V2 1/v2 1

Show that x —y +1/2z = 0.

3.8. Consider the 17-dimensional variable vectors x = (1,...,1,1,4)" and
y=(-1,...,—1,-1+40.001,4)". Find corq(x,y) and cos(x,y).

3.9. Suppose that U = (x : y : z) € R!0%3 ig a data matrix, where the
xr-values represent the results of throwing a dice and y-values are obser-
vations from the normal distribution N(0,1), and z = x + y. What is
your guess for the length of the variable vector z?7

3.10. Consider a 3 x 3 centering matrix

2/3 —-1/3 —1/3
C=|-1/3 2/3 —-1/3
-1/3 -1/3  2/3
Find the following;:

(a) a basis for €(C),

(b) orthonormal bases for ¢(C) and € (C)*,

(c) eigenvalues and orthonormal eigenvectors of C,
(d) C*, and C~ which has (i) rank 2, (ii) rank 3.

3.11. Suppose that the variable vectors x, y and z are centered and of unit
length. Show that corresponding to (3.8) (p. 93),

Ty =0 <= ¥y €C(Qux)r =€ (x:2) BC(2),

where Q, = I,, — P,. See also Exercise 8.7 (p. 185).



Chapter 4
Generalized Inverses in a Nutshell

Any philosophy that can be put in a nutshell
belongs there.

SYDNEY J. HARRIS

Let A be a given n X m matrix and y a given n x 1 vector. Consider the
linear equation
Ab=y. (4.1)

Our task is to find such a vector b € R™ that Ab =y is satisfied. It is well
known that (4.1) has

(a) no solution at all, or

(b) a unique solution, or

(¢) infinite number of solutions.
Moreover, it is easy to conclude the following:

e The equation Ab =y has a solution, i.e., it is consistent, if and only if y
belongs to €' (A).

If a solution exists, it is unique if and only if the columns of A are linearly
independent, i.e., A has full column rank. Then (A’A)~! exists and premul-
tiplying (4.1) by (A’A)~1A’ yields

by = (A'A) " 'A’y := Gyy. (4.2)
Tt is obvious that the unique solution to (4.1) can be expressed also as
by = (A'NA)'A'Ny := Gy, (4.3)

where N an arbitrary n x n matrix satisfying condition rank(A’'NA) = m.
Note that it is possible that G1y = Goy but Gy # Go. If A is a nonsingular
square matrix, then of course by = A~ ly.

We can now try to find such an m X n matrix G, which would behave
like A~! as much as possible; for example, we might wish that G has such a
property that if (4.1) is consistent, then Gy is one solution. Then G would
work like A~! while solving a linear equation; corresponding to A~ 'y we
have Gy as a solution to Ab =y.

S. Puntanen et al., Matrix Tricks for Linear Statistical Models: Our Personal Top Twenty, 105
DOI 10.1007/978-3-642-10473-2_5, © Springer-Verlag Berlin Heidelberg 2011
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We might emphasize (and repeat) that Ab =y does not necessarily have
a solution in which case G does not help in finding a nonexistent solution.

We can define the generalized inverse G,,x, of matrix A, ., in three
equivalent ways, see Rao & Mitra (1971b, pp. 20-21):

Theorem 4. The matriz Gy, xn s a generalized inverse of A, xm if any of
the following equivalent conditions holds:

(a) The vector Gy is a solution to Ab =y always when this equation is
consistent, i.e., always when'y € €(A).

(b) (bl) GA is idempotent and rank(GA) = rank(A), or equivalently
(b2) AG is idempotent and rank(AG) = rank(A).

(c) AGA =A. (mpl)
Proof. We first show that that (c¢) and (b2) are equivalent, i.e,
AGA = A < AG is idempotent and rank(AG) =rank(A). (4.4)

Assume first that AGA = A. Then of course AGAG = AG, so that AG is
idempotent. Because

rank(A) = rank(AGA) < rank(AG) < rank(A), (4.5)

we necessarily have rank(AG) = rank(A). To go the other way round, assume
that AG is idempotent and rank(AG) = rank(A). Then, in view of the rank
cancellation rule, Theorem 6 (p. 145), we can cancel the underlined terms
from the following equation:

AGAG = AG. (4.6)

Hence (c) implies (b2) and “(c) <= (b2)” is confirmed. The proof of
“(c) <= (bl)” is quite analogous.

To prove “(a) <= (c)”, let the vector Gy be a solution to (4.1) always
when (4.1) is consistent, i.e.,

AGy=y forally e ¥(A), (4.7)
ie.,

AGAu=Au forallueR™, (4.8)
which obviously is equivalent to (c). O

A generalized inverse is not necessarily unique—it always exists but it is
unique if and only if A1 exists. If A~! exists, then pre- and postmultiplying
(mpl) by A=! we get G = A~ L.

The set of all generalized inverses of A is denoted as {A™}:

(A"} ={G:AGA=A}. (4.9)
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Ben-Israel & Greville (2003) use the notation
A{l}={G:AGA=A}, (4.10)

and denote by A any member in A{1}. Matrix A™) is also called a {1}-
inverse or inner inverse.

We may emphasize the difference between the uniqueness of solution to
Ab =y and the uniqueness of A~:

e solution is unique <= A has full column rank,

e A~ isunique <= A is a nonsingular square matrix.

The existence of the generalized inverse can be easily proved using the full
rank decomposition of A; see Theorem 17 (p. 349):

A=UV. (FRD)
In (FRD) we have
U e R™", V e R™X", rank(U) _ rank(V) —r = rank(A) . (4.11)

Now
UV - v(V'V) H(Uu'u)Tiu - uv = UV, (4.12)
ie.
G:=V(VV)'(UU) U ec{A}. (4.13)
It is easy to confirm that G defined in (4.13) satisfies, in addition to

AGA=A, (mpl)
also the following three conditions:
(mp2) GAG =G, (mp3) (AG) =AG, (mp4) (GA) =GA. (4.14)

Matrix G satisfying all four (mpi) conditions is called the Moore—Penrose
inverse and it is denoted as AT. The matrix AT appears to be unique.
Eliakim Hastings Moore defined a unique inverse or “general reciprocal”
in his work which was published posthumously in 1935; the results were
announced in 1920 in an abstract. Moore’s! work appears to have been largely
unnoticed until a resurgence of interest in the early 1950s centered on the use
of generalized inverses in least-squares problems, which were not considered

! Here is a theorem from Moore (1935, p. 20):
gCpt U2 11,12 ).

21 12, ot 2 124,21 11 1,21 12 22
N2 e MMy 5 G220 — 5 - SIAP R = 0o
K, i
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by Moore. In 1955 Roger Penrose showed that Moore’s generalized inverse is
the unique matrix G that satisfies the four equations. For more about Moore,
see Ben-Israel (2002) and Ben-Israel & Greville (2003, Appendix A).

As a simple example, consider the 2 x 2 matrix A = (11) = 11’. Then
we immediately see that

AGA =11G11' =11 < 1'G1=1 (4.15a)
<~
a b
G = (c l—a—b— c> ,  where a, b, ¢ are free to vary. (4.15Db)

Moreover, the Moore-Penrose is AT = 1(11) = JA.

If G satisfies the condition (mpi), we denote G = A;, or G € {A; }, and
if it satisfies the conditions i and j, we denote G = A7 or G € {A;} and it
may be called an {ij}-inverse.

Let us prove the following:

G € {A];} = AG is unique, (4.16a)
G € {A},} = GA is unique. (4.16b)
Assume that G,F € {A7;}, and so
AGA =AFA=A, AG=G'A’, AF=FA" (4.16¢)
Hence

AG = (AFA)G = (AF)(AG)
=FA'G'A' =F(AGA) =F'A’ = AF (4.16d)

and so (4.16a) is proved. The proof of (4.16b) goes in the corresponding way.
If the columns of A are linearly independent, we immediately observe that

(A’/A)'A e {A}. (4.17)
Actually (A’A)~1A’ is the Moore-Penrose inverse of A:
At = (A’A)7TA’, when rank(A,x,,) =m. (4.18)

The matrix Ay := (A’A)"1A’ is the left inverse of A in the sense that it
satisfies the equation Ay A =1,,. If the rows of A are linearly independent,
then

At =A'(AA)Y when rank(A,x.,) =n. (4.19)

Then Ag := A’(AA’)~! is the right inverse of A. It is also easy to confirm
that

)

(A'A)TA’ = A/(AA)T = AT (4.20)
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In particular, if A is a nonzero column vector a, then

1
at = (a'a)"'a’ = —a’ (= row vector), ac€R", a#0. (4.21)
a'a

Correspondingly, if A is a row vector a’, then

1
(')t =a(a’a)™! = a8 (= column vector), a€R", a#0. (4.22)

What about the generalized inverse of the null matrix? It is obvious that
any conformable matrix is appropriate for 07, and almost equally obvious
that 0T = 0. Hence for a real number A\, AT = 1/\if A # 0 and AT = 0 if
A = 0. It is also obvious that for the diagonal matrix we have

di 0 ... 0\" /df o ... 0
0 do ... O 0 d; ... 0
. = . . I (4.23)
: : 0 : : oo
0 0 ... d, 0O 0 ... df

n

We observe that the rank of A~ is always greater than or equal to the
rank of A:
rank(A ™) > rank(A). (4.24)

This follows from the following;:

rank(A7) > rank(AA7T) > rank(AATA) = rank(A). (4.25)

4.1 Generalized Inverse & the Singular Value
Decomposition

We shall return to the connection between generalized inverse and singular
value decomposition in Chapter 19 (p. 391), but it is appropriate to have a
quick look at this useful relation right here.

Let A, «xm have a singular value decomposition

_ Al 0 /
acu(8 v, (420

where U, ., and V,,,x,, are orthogonal and A; = diag(d,...,d,), 0; being
the ith largest singular value of A and rank(A) = r. Then the following
statements hold:

—1
Ge{A} « G-V (Aﬁ ﬁ) U, (4.27)
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ATl 0

_ A+ _
G=A <:>GV<0 0

> U =V,A['U), (4.28)

where K, L, and N are arbitrary matrices (of conformable dimensions). Hence
by varying the elements of K, L and N we can generate all generalized
inverses of A.

The proof of (4.28) goes straightforwardly by checking all four Moore—
Penrose conditions. It is worth noting that (4.28) immediately implies a cou-
ple of very useful results. First,

C(AT) =€ (Vy) = F(A), (4.29)

and so the columns of V; form an orthonormal basis for € (A’); recall that
columns of U form an orthonormal basis for ¥ (A). Secondly, we get the
extremely useful expressions for orthogonal projectors P, and P4 ,:

AAT=U U, =P,, ATA=V,V,=P,,. (4.30)

To prove (4.27), assume first that G can be expressed as

v (AT Ky
GV(L N)U. (4.31)
Then
-1
A(;A:UAV’-V(Al K) U - UAV/
L N
(A1 0\ (AT K (A1 0\, (A1 O\,
—u (% o) (5 N) (5 o) v=u(h o) viea

(4.32)

Hence the part “<=7 of the proof of (4.27) is done. Assume then that there
exists a matrix G such that AGA = A i.e.,

UAV'.-G-UAV' =UAV'. (4.33)
Premultipying (4.33) by U’ and postmultiplying it by V yields

AV'GUA = A, (4.34)

Al 0 F11 F12 Al 0 . Al 0
(% o) (7 m) (9 0)= (%' o) 0

Fii Fpo
For Foo /-

i.e.,

where

V'GU := ( (4.36)
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Equation (4.35) implies that A;F11A1 = Ay, e, Fyy = A;l. Premultiply-

ing
AT' F
V'GU = (! 12) 4.37
(7w (437
by V and postmultiplying it by U’; leads to
A' F
G=V (! 12) U 4.38
<F21 Fao (4.38)

So: since the equation AGA = A implies that G has the representation
(4.38), the result (4.27) is proved.

The result (4.27) describes concretely the lack of uniqueness of the gen-
eralized inverse: the matrices K, L and N have nm — 72 elements and they
can be chosen arbitrarily. It is easy to believe, e.g., that we can choose these
elements in such a manner that A~ has a given rank k:

rank(A) < k = rank(A ™) < min(n,m). (4.39)

In addition to (4.27), we can give the following general representations of
a generalized inverse:

Proposition 4.1. Two alternative representations of a general solution to a
generalized inverse of A are

(a) G=A"+U-A"AUAA-,
(b)) G=A"+V({I,-AA)+ (I, —AA)W,
where A~ is a particular generalized inverse and U, V, W are free to vary. In

particular, choosing A~ = AT, the general representations can be expressed
as

(c) G= AT +U - PA/UP, ,
(d) G=AT+V(I, - Py) + (I, - Pa)W,
(e) G=AT+ VAL + (AW,
For the proof of Proposition 4.1, see Theorem 11 (p. 267), Rao & Mitra
(1971b, Th. 2.4.1), and Ben-Israel & Greville (2003, p. 52).

If A, x, is a symmetric nonnegative definite matrix and r = rank(A), then
its eigenvalue decomposition is the same as its singular value decomposition:

A 0\ (T}
A =TAT = (T, :T) < 01 0> (Té> =T,AT)
= Aitit] + -+ At (EVD)
where A = diag(\1,...,\), Ay =diag(Aq, ..., A\ ),and Ay > - >\, > 0=

Arg1 = -+ = A, are the ordered eigenvalues of A. The columns of T are the
corresponding orthonormal eigenvectors of A. Then
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AT 0\ (T _
At = TATT = (T, : To) ( (1) 0) (Té) = TA;'T,

= /\iltlt’l +o /\%trt’r. (4.40)

If A is symmetric but not nonnegative defi-
nite, then some eigenvalues \; are negative but
still (4.40) is the Moore—Penrose inverse of A.
However, the (EVD) is not anymore the sin-
gular value decomposition of A. What small
changes you have then to do in (EVD) to get
an SVD of A?

We complete this section with a matrix de-
composition of Hartwig & Spindelbock (1984),
heavily used in a series of papers by Os-
kar Maria Baksalary and Gotz Trenkler, see,
e.g., Baksalary, Styan & Trenkler (2009), and
Trenkler (2006).

Proposition 4.2. Let A € R"*"™ be of rank r.
Then there exists an orthogonal U € R"*"

Photograph 4.1 Go6tz Tren- such that
kler (Tampere, 2007).

A=U (AOK AOL> U, (4.41)
where A = diag(011,,,...,6:1,,) is the diagonal matriz of singular values of

A by >00>->0>0,r1+ro++r;=r,and Ke R"™", L € R (n=r)
satisfy
KK +LL' =1,. (4.42)

4.2 Generalized Inverse & Oblique Projector

We recall that the idempotent matrix P has the following property:
P2 =P — P is the oblique projector onto € (P) along A (P), (4.43)
where the direction space can be also written as
N (P)=F1-P). (4.44)

The matrix product AA~ is always (for any choice of A™) idempotent and
hence AA~ is the oblique projector onto ¥(AA~) along .4 (AA~). Since

C(AA™) C €(A) and rank(AA~) =rank(A), (4.45)
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we have
C(AAT) =% (A), (4.46)
and hence
A A" is the oblique projector onto ¢ (A) along A (AA™), (4.47)

where the direction space can be written as
N (AAT)=%(1, - AA7). (4.48)
Correspondingly,
A" A is the oblique projector onto (A~ A) along A4 (A”A). (4.49)
The space .4 (A~ A) can be expressed also as
N(ATA)=%FT,,— ATA). (4.50)

Because
N (A)C N (ATA)C V' (AATA) =V (A), (4.51)

the nullspace .4 (A) can be expressed as
N (Apxm) =€, —A™A). (4.52)
The symmetry of AAT and AT A implies the fundamental results
AAT =P,, ATA =P, . (4.53)
Note that we can express € (A)* in terms of A~:
CA)L =C0, — (A)"A| =%, — (A")A']. (4.54)

This comes from

C(A)E = (A). (4.55)

Using (4.52) and (4.55) we obtain the first equality in (4.54) at once. The
second one follows from the fact

{(A7)}={(A)"}. (4.56)

A gentle warning may take a place regarding (4.56): it is not fully correct
to write (A7) = (A’)~ because (4.56) means the equality between two sets.
However, we do have always

(AT) = (A)". (4.57)

We have denoted
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At = any matrix such that (A1) = 4 (A'). (4.58)
We have, for example, the following choices for A*:
I, —(A) A e{At}, I,—-(A)YA c{At}. (4.59)
Replacing (A’)~ with (A/)* in (4.58) and using
(AT =(AT), (AHTA' = AAT, (4.60)
we get
I, - AAT =1, - P, c {A'}. (4.61)

For the geometry of generalized inverses, the reader is referred e.g., to
Kruskal (1975), Rao & Yanai (1985a), and Rao (1985b).

4.3 Generalized Inverse & Solutions to a Linear
Equation

As stated earlier, if the equation Ab = y is consistent, then one solution is
A~ y. According to (0.11) (p. 5), the general solution by, say, to a consistent
Ab =y can be expressed as

by = {one solution to Ab = y}+ {the general solution to Ab = 0}, (4.62)

ie.,

b() = A‘y +t s (463)

where t is an arbitrary solution to At =0, i.e,,t € /(A)=F(I—- A" A).
Hence the general solution is expressible as

bp=Ay+(I-A Az, (4.64)

where A~ is a (fixed) generalized inverse of A and z is an arbitrary vector.
When we vary z, we obtain all solutions to Ab =y. On the other hand, the
following result holds; see Rao & Mitra (1971b, p. 27).

Proposition 4.3. The class of all solutions to a consistent equation Ab =y
is {Gy}, where G varies through all generalized inverses of A.

We will return to the properties of the solutions to linear equations later
on more thoroughly, see Theorem 11 (p. 267), but let us take a quick tour
right now here.

The solution ATy has one particularly interesting feature: it is the solution
which has minimal norm, i.e., it is the shortest solution. This is seen from
the following. Let b, be an arbitrary solution to Ab =y. Then
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[b.]* = [Aty + (I, — At A)z|
= |Aty[? + (L — ATA)z|? + 2(ATy) (L, — ATA)z
= |[ATY[? + |1 — AT A)z|?
> |ATy||?  forallz € R™, (4.65)

which follows from the orthogonality of the vectors
Aty :=A'uec €(A’) (for some u) (4.66)

and
(I, —ATA)z=(I,, —Pp)zc C(A)" =/ (A). (4.67)

If G is such a generalized inverse which gives the minimum norm solution
(using the standard Euclidean norm) to a consistent equation

Ab=y (4.68)

for any y [which makes (4.68) consistent], then G is a minimum norm g-
inverse of A, and is denoted as A, . Let us denote such a generalized inverse
as G. Then G € {A, } if and only if it satisfies the following inequality:

|Gyl < |Gy + (I, — GA)z|| forally € ¥(A), z € R™, (4.69)
ie.,
IGAt|| < ||GAt + (I, — GA)z|| forallt € R", z € R™, (4.70)
In light of Proposition 2.1 (p. 76), the statement (4.70) is equivalent to
(GA) = (GA)GA, (4.71)
which immediately implies the symmetry of GA:
(GA) =GA. (4.72)

On the other hand, postmultiplying (4.72) by the idempotent matrix GA
yields (4.71). Hence we have shown that G is a minimum norm g-inverse of
A if and only if

AGA=A and (GA)=GA, (4.73)

ie.,, G is a {14}-inverse of A.
If the norm is defined as ||x|% = x'Nx, where N is a nonnegative definite

(possibly singular) matrix, then our task is to find such a generalized inverse
G of A which satisfies

IGy|Nn = grll)in |[blln forally € €(A), (4.74a)
=y
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y'G'NGy = nin b'Nb forally € ¢(A). (4.74b)
=y

In this situation, the condition (4.71) comes

(GA)N = (GA)'NGA (4.75)
while (4.73) becomes
AGA=A and (GA)N=NGA, (4.76)
or, equivalently,
(GAYA’=A’ and (GA)N(I,, —GA)=0. (4.77)

Because € (I,, — A~A) = 4 (A) = €(A)*, we can rewrite (4.77) as

(GAYA’=A’ and (GA)YN(A)* =0, (4.78)
which shows that
(GA)/ € {PA/‘N(A/)L}. (479)
Moreover, in view of (2.123) (p. 88),
(GA) € {Par(nyara)- 1, (4.80)

where (N + A’A)~ is an arbitrary nonnegative definite generalized inverse
of N+ A’A.

We may denote a matrix G satisfying (4.76) as A;L(N). If N is positive def-
inite, then (4.79) shows that Q := (GA)’ = A’G’ is the orthogonal projector
onto ¢ (A’) with respect to the inner product matrix N~1:

A'G' =Ppn-1 = A/(ANT'TA)"AN!, (4.81)
which is invariant with respect to the choice of (AN"'A’)~. One expression
for G’ is

G = (AN'A))"AN, (4.82)

and so one choice for G = A;(N) is, choosing (AN"1A’)~ symmetric,

G=A, N =NTA(ANT'A')". (4.83)

If N is singular, then one choice for A;L(N) is

ALy = (N+AA) AANN +A'A)"A. (4.84)

This can be concluded from (4.80). Rao & Mitra (1971b, pp. 46-47) introduce
(4.84) by first showing that the minimum of b’"Nb under the condition Ab =
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y is obtained for b = b, if and only if there exists a vector A such that b, is

a solution to K b
N «\ _ (0
K 0)(%)-0) (55

Solving b, from (4.85) they arrive at (4.84).
Consider then the equation

Ab=y, (4.86)

which has no solution. Let G be such a matrix that Gy is a least squares
solution to (4.86) (for any y), i.e

|y — AGy|? <|ly — Ab||*> forallbeR™ y e R". (4.87)

Then G is a least squares g-inverse (it indeed appears to be a generalized
inverse), and it is denoted as A, . If the inner product matrix in R™ is 'V,
then we use notation AZ(V).

The minimization problem in (4.87) is now fully exploited in Propositions
2.6 (p. 81) and 2.7 (p. 87), because the matrix AG in (4.87) is nothing but
the orthogonal projector onto ¥’ (A) when the inner product matrix is V:

AG=Pa.v. (4.88)
Hence one choice for A;(V) is
Ay = (AVA)TA'V. (4.89)
It is easy to confirm that for a positive definite V we have

{{A) )t = {(A) vy} (4.90)

For example, consider the estimable parametric function k’@ under the
model {y, X3, V}. Then there exists a vector a € R™ such that

X'a=k. (4.91)

In order to find the BLUE for k'8, we have to find the minimum norm

solution (in a) for (4.91). The solution is a, := (X')  y,k := Gk, where

G = (X’);L(V) = (V+XX)"X[X(V+XX')"X]". (4.92)
Furthermore,
BLUE(K'8) = aly = KG'y = K[(X')7 )]’y
=K [X(V+XX')"X]"X(V+XX)7y. (4.93)
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4.4 A Simple Example

As a simple example, let us consider the linear equation
bo =b1 + 1, (4.94)

which in matrix form is
Ab=y, A=a'=(1,-1), b:(b1>, y=1. (4.95)

Let us denote the set of all solutions to (4.95) as

V:{beR2:(1,—1) (Z;>:1}:{beR2:b2:b1—l}. (4.96)

The only nonzero singular value of a’ is the square root of the eigenvalue of
a’a, i.e., sg,(a’) = v/2. Hence it is easy to conclude that the singular value

decomposition of A = a’ is

1/v2 _1/‘/5) . (4.97)

’r_ 1) — I 1.
a'=(1,-1)=UAV' =1 (\@,0)(1/\/§ V3
Now the general expression for all the generalized inverses of a’ is
ne 1/vV2\ [ 1/2 172\ [1\ [ 1/2 1/2
(@) V( a ><—1/2 12) o) = Li2) Foliye)r (499

where o can be any real number.
Choosing o = 3 in (4.96) yields the generalized inverse

@) =-0 = (}) (4.99)

and the corresponding solution is by = (%) -1 = (2). Putting o = 0 gives
the Moore—Penrose inverse

() = (_}g) —a(a’a)”!, (4.100)

which yields the solution by in the Figure 4.1: by = ATy.
The nullspace of A = a’ is

W(A)—{beR2;Ab—o}—{beR2;bz——bl}—%(_D. (4.101)

Hence the set of all solutions to Ab =y is
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V =by+ N (A), (4.102)

which is exactly the same conclusion as done above using the SVD.

ba

34 Ay

2 4

1+ bo
1 1 1 1 b1
-2 -1 1 2 3

b;
_1/

Figure 4.1 Set V is the set of all solutions to Ab = y. The vector b is the solution
with the shortest norm: by = A"'y.

4.5 Exercises

4.1. Find all generalized inverses of A = (}§). What is A*? What about
the reflexive generalized inverse of A7 Characterize the set of symmetric
nonnegative definite generalized inverses of A.

B C B!l o
An><m = (D E> s Gmxn = < 0 0> ;

where rank(B,.»,) = r = rank(A). Show that G € {A~}.

4.2. Denote

4.3. Show that (A’A)~ A’ is a {123}-inverse of A.

4.4. Prove: AGA = A & rank(G) =rank(A) = G € {A},},ie, Gisa
reflexive generalized inverse of A.

4.5. Confirm:

@ (%) € 1y A )

(b) det(P) #0,det(Q) #0 = Q APl € {(PAQ)~}, Q 'A+P~! =
(PAQ)™*.
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4.6. Prove Propositions 4.1 (p. 111), 4.2 (p. 112), and 4.3 (p. 114).

4.7. Let A be symmetric but not nonnegative definite so that some of its
eigenvalues are negative. Then (4.40) is the Moore-Penrose inverse of A.
However, the (EVD) is not anymore the singular value decomposition of
A. What changes you have then to do in (EVD) to get an SVD of A?

4.8. Prove:
X'VX(X'VX)+ = X'V(X'V)Jr = (X'VX)*(X’VX) = (VX)*VX.

4.9 (Multinomial distribution) Consider the vector p = (p1,...,pn)’, where
p; >0,i=1,...,n,and 1/ p = 1, and denote

¥ =D, —pp’, where D, = diag(p),

which is a double-centered matrix; ¥1,, = ¥'1,, = 0; see Exercises 0.8~
0.11 (pp. 48-49). Confirm the following:

(a) ¥ € NND,,. Hint: write A = (25’ 11)) and use, e.g., (14.8) (p. 306).

(b) rank(X) =n—1, A4 () =€ (1,)
(c) D' € {7}, and the general representation for X~ is

X =D +tl, +1,u, BT =XT+v1, +1,w,

where the vectors t, u, v and w are free to vary. Show also that X+ =
CX~C, where C is the centering matrix and ¥~ is an arbitrary
generalized inverse of X.

Puntanen, Styan & Subak-Sharpe (1998), Styan & Subak-Sharpe (1997),
Tanabe & Sagae (1992), Watson (1996b).

4.10. Prove that the following statements are equivalent:

(a) AY =0,

(b) €(Y) C N(A)=F(A)" =€(I-A"A),

(¢) Y=(I—-A"A)L for some L,

and correspondingly, show the equivalence of the following statements:
(d) XA =0,

)
(e) €(X') C N (A) =F(A)" =C[T—(A7)AT],
(f) X' =[I-(A7)A'K’ for some K/,

and hence the general solutions to AY = 0 and XA = 0 are, respectively,
Y=(I-A"AL=(A)'L, X=K(I-AA")=K(A'Y),

where L and K are free to vary.



Chapter 5

Rank of the Partitioned Matrix
and the Matrix Product

More than any other time in history, mankind faces a
crossroads. One path leads to despair and utter
hopelessness. The other, to total extinction. Let us pray
we have wisdom to choose correctly.

WoobDy ALLEN: My Speech to the Graduates

There are numerous situations in the world of linear models and multivariate
analysis when we need to find some appropriate expressions for the rank of
the matrix product AB, or of the partitioned matrix (A : B), for conformable
matrices A and B. Our favourite expressions are represented in the following
theorem.

Theorem 5 (Ranks of (A : B) and AB). The rank of the partitioned
matriz
(Anxa : anb) (51)

can be expressed, for any choice of generalized inverse A~ , as

rank(A : B) = rank[A : (I, — AA7)B]

= rank(A) + rank[(I, — AA7)B]

rank(A) + rank[(I, — AA1)B]
nk(

A) + rank[(I, — P, )B], (5.2)

while the rank of the matriz product A, «oBaxm 1S

rank(AB) = rank(A) — dim ¢ (A’) N €(B*)
=rank(A) — dim ¢ (A") N A4 (B’)
=rank(A) —dim ¢ (A" )N ¢ (1, — Pg). (5.3)

Proof. Consider the matrices A, x, and B, x; and let A~ € R**"™ be an
arbitrary (but fixed) generalized inverse of A. Denoting

L= (Ig A;bB) : (5.4)

we obtain

S. Puntanen et al., Matrix Tricks for Linear Statistical Models: Our Personal Top Twenty, 121
DOI 10.1007/978-3-642-10473-2_6, © Springer-Verlag Berlin Heidelberg 2011
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I, A B
(A:B)L:(A:B)(O 1, >
=(A:-AA"B+B)=]A: (I, - AA7)B]. (5.5)

The matrix L is nonsingular and hence (A : B) and (A : B)L have the same
ranks:

rank(A : B) = rank[(A : B)L] = rank[A : (I, — AA7)B]
= rank(A) + rank[(I,, — AA7)B]
—dim¢(A)NE[(I, — AAT)B]. (5.6)

We shall next show that the column spaces ¢’ (A) and ¢[(I, — AA™)B] are
disjoint, and thus (5.6) implies (5.2). If

ue¢A)n%[(1,— AAT)B], (5.7)
then u can be expressed as
u=Aa= (I, — AA")Bb for some a € R%, b € R’ (5.8)
Premultiplying (5.8) by AA™ yields

AATu=AA"Aa=u
=AA(I,-—AA7)Bb=0, (5.9)
and so indeed €' (A) and €[(I, — AA~)B] are disjoint.
Consider then the matrices A, x, and B,x,, (which guarantees that the

product AB is properly defined). To prove (5.3), we first write the obvious
equation

rank(B*t : A’) = rank(A) 4 rank(B*) — dim¢(A) N € (B*).  (5.10)

On the other hand, in view of (5.2), we have

rank(B* : A’) nk(B1) 4 rank[(I, — Pg1)A’]
k(BJ‘ + rank(PgA’)
(
nk(

) [

) (
ank(B1) + rank(B’A’)
) (

(Pg

k(B*) + rank(AB), (5.11)

where we have used the fact that rank
from

A’) = rank(B’A’); this becomes

rank(B’A’) > rank(PgA’) > rank(B'PgA’) = rank(B'A’); (5.12)

see also (5.38) (p. 127). Combining (5.10) and (5.11) yields (5.3). O
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Notice that (5.2) obviously implies that

rank <§"Xp> =rank(A’ : B') = rank(A) + rank[(I, — Pa/)B’]

mxp
A
= rank (B(Ip B PA’)> . (5.13)

Moreover, because

rank(A,, x4 : Byxp) = rank(A) + rank[(I,, — P, )B]
=rank(A) + rank(B) — dim¢(A)N¥E(B), (5.14)

the following statements concerning the disjointness of two column spaces are
equivalent:

%“(A)N%(B)={0}, (5.15a)
rank(B) = rank[(I, — P,)B], (5.15b)
¢B')=¢B'(I, —P,)l. (5.15¢)

For a collection of the disjointness conditions, see Theorem 16 (p. 343). For
the so-called matrix rank method introduced by Yongge Tian (dealing with
the elementary block matrix operations), see, e.g., Tian (2007, 2009a), Tian
& Takane (2008a,b, 2009b), and Tian & Wiens (2006).

References

(5.2): Marsaglia & Styan (1974a, Th. 4),

(5.3): Marsaglia & Styan (1974a, Cor. 6.2),
Rao (1973a, p. 28; First Edition 1965, p. 27),
Zyskind & Martin (1969, p. 1194),
Rao & Bhimasankaram (2000, Th. 3.5.11),
Rao & Rao (1998, p. 426).

5.1 Decomposition ¢ (X : V) = ¢(X : VX*)

When dealing with linear models we frequently need the column space de-
composition represented in the following proposition:

Proposition 5.1. Consider the linear model {y, X8, V} and denote M =
I, —H=1, —-Px. Then

FCX:V)=F(X: VM) =¢(X: VX)) =¢(X) 2 € (VM).  (5.16)
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Proof. The proof of (5.16) is very easy using Theorem 5; cf. Rao (1974,
Lemma 2.1). First, it is clear that

F(X: VM) C¢(X:V). (5.17)

The disjointness
€(X)NE (VM) = {0} (5.18)

can be proved by considering u € ¢(X) N € (VM), which implies
u=Xa=VMb forsomeaecR beR". (5.19)
Premultiplying (5.19) by M yields
Mu =MXa=0=MVMb. (5.20)
Obviously

MVMb =0 — b'MVMb =0
— VY2Mb =0 =— VMb (=u) =0, (5.21)

and hence the disjointness (5.18) is proved. In view of the disjointness and
(5.2) we have

rank(X : V) = rank(X) + rank(MV) = rank(X) + rank[(MV)’]
= rank(X) + rank(VM) = rank(X : VM). (5.22)

Now (5.17), (5.18), and (5.22) imply our claim (5.16). O

As a related task we may show that

vV X \% X
rank (X’ 0) = rank <X’) + rank <0>

= rank(X : V) + rank(X), (5.23)

@ (;{) ne (’g) _ {0}. (5.24)
Namely, according to (5.2) (p. 121),
rank G(f ’0(> — rank (’g) + rank <(1n+p ~P(x)) (;f ’(f))
zrank(X)+rank(<1:)/I I‘D (;f ’é))

= rank(X) + rank (‘;M)

and thereby
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= rank(X) + rank(X : VM) . (5.25)

Of course an alternative simple proof for (5.24) would be to choose u from
the intersection (5( )‘{,) N (5( )é) which implies that

_f(u;  (Va) (Xb n »
u:= (u2>—<X’a>_(0p) for some a € R", b € RP. (5.26)

Hence uy = 0, and now a’Va = a’Xb = 0 implies that u; = Va = 0,,.

5.2 Consistency Condition y € ¢(X : V)

We recall that the consistency condition (0.222) (p. 43) of the linear model
M ={y, XB, V} can be expressed as

YyEECX:V)=F(X:VM). (5.27)

The condition (5.27) can be obtained by considering the random variable

Qx. vy, where Qx.v) =1, -Pi.v)- (5.28)

Now
E(Qx.v)¥) = (I = Px.v))X =0, (5.29a)
cov(Qx.v)¥) = Qx:v) VQx.v) = 0, (5.20b)

and hence, cf. (1.38) (p. 63), (I, — P(X:V))y = 0 with probability 1, and so
(5.27) holds with probability 1.

It is noteworthy that if the model .#Z = {y, X3, V} is correct, i.e., it re-
ally holds (so to say), then necessarily (5.27) holds with probability 1. Hence
the phrase “assume that (5.27) holds with probability 1” is actually unnec-
essary if we assume that the model .# = {y, X3, V} is correct. However,
it is a common practice in the literature of linear models to use phrases like
“consider the model .# = {y, X3, V} and assume that it is consistent”. This
is best understood in such a manner that the observed (realized) value of the
random vector y satisfies (5.27). For a discussion concerning the consistency
concept, see, e.g., Puntanen & Styan (1990), Christensen (1990), Farebrother
(1990), Harville (1990b), and Baksalary, Rao & Markiewicz (1992).

As stated on p. 43 of the Introduction, the consistency condition means, for
example, that whenever we have some statements where the random vector y
is involved, these statements need to hold only for those values of y which
belong to € (X : V). Thus, two estimators Gy and Fy are equal if and only
if

Gy=Fy forally e ¥(X:V), (5.30a)
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that is,

G(Xa+ VMb) = F(Xa+ VMb) forallacR?, beR".  (5.30b)

5.3 Rank of a Partitioned Nonnegative Definite Matrix
Consider a nonnegative definite matrix A = L’L such that
L/ L/Ll L/ Lg A11 A12
A= Li:Lo)= (7} h = . 5.31
(L’) (L : L) (L’QL1 L’2L2> (A21 As (5:31)
Now, in light of (5.2), we can express the rank of A as follows:

rank(A) = rank(L1 Lo)
ank(Ly) 4+ rank[(I — Py, )Lo]
ank(L) Ly ) + rank[L) (I — Py, )Ly
k(AH) +rank(Ags — A AT A L)
nk(Aq;) + rank(Aagg.q) . (5.32)

The fact (5.32) is one useful property of the Schur complement: for a nonneg-
ative definite A, the rank is additive on the Schur complement; see (13.61)
(p- 299).

5.4 Equality of ¥(AF) and ¢ (AG)

Let us prove the following simple result:
¢(G) =%¢(F) = rank(AG) =rank(AF). (5.33)
The proof comes at once from

rank(AG) = rank(A) — dim ¢ (A’) N ¢ (G™H)
= rank(A) — dim%(A’) N € (F) = rank(AF). (5.34)

Actually, €(G) = €(F) implies that G = FK for some K and hence
¢ (AG) = ¢(AFK) C €(AF) which together with (5.34) means that

¢(G)=%¢F) = C(AG)=F(AF). (5.35)
In particular, because ¢ (LL’') = (L), we always have

¢(ALL') = €(AL). (5.36)
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The rank rule for the product yields immediately also the following result:

Proposition 5.2. The following statements are equivalent:
(a) €(Anxm) = SOﬂ(anp)-
(b) There exists F: A,y = B pFpxm, where €(B') N ¢ (FL) = {0}.

Moreover, if By,xp has full column rank, then (a) is equivalent to the follow-
mg:

(c) There exists F: Apxm = BruxpFpxm, where rank(F) = p.

Asregards part (c), notice that if B,, «,, has full column rank, then ¥ (B’) =
RP, and hence ¢ (B’) N ¢ (F1) = {0} if and only if € (F1) = {0}, i.e.,
¢ (F) = RP, which means that F,,, has full row rank; cf. Theorem 17
(p. 349) concerning the full rank decomposition.

Note that trivially

¢ (APg) = ¢ (AF), (5.37)

and

rank(AF) = rank(APp) = rank(PgA’)
=rank(F'A’) = rank(PpP,,) = rank(P 5, Pg). (5.38)

5.5 Rank of the Model Matrix

Let the n x p model matrix X be partitioned as
X=(1:x3:...:x5)=(1:Xp), (5.39)
and so p = k + 1. The sample covariance matrix of the z-variables is
cova(Xp) = 5 X(CXg = =15 Txx = Sxx s (5.40)
and the sample correlation matrix is
corg(Xo) = [diag(Tyx)] ™Y 2 Tax[diag(Tsx)] /2 = Ryx - (5.41)

While calculating the correlations, we assume that all x-variables have
nonzero variances, that is, the matrix diag(Txx) is positive definite, or in
other words:

x;¢€(), i=1,....k. (5.42)

Using Theorem 5, we can now prove the following result:
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Proposition 5.3. The rank of the model matriz X = (1 : Xg) can be ex-
pressed as

rank(X) = 1 + rank(Xy) — dim %' (1) N ¢ (Xo) (5.43a)
= rank(1 : CXy) = 1 + rank(CXj) (5.43b)
= 1+ rank(Txx) (5.43¢)
=1+ rank(Sxx) , (5.43d)
and thereby
rank(Sxx) = rank(X) — 1 = rank(CXy)
= rank(Xy) —dim € (1) N € (Xy) . (5.44)

If all z-variables have nonzero variances, i.e., the correlation matriz Ryx
is properly defined, then rank(Ryxx) = rank(Sxx). Moreover, the following
statements are equivalent:

(a) det(Sxx) # 0,
(b) rank(X) =k + 1,
(¢) rank(Xg) =k and 1 ¢ €(Xy).

Proof. Equation (5.43a) is obvious, and (5.43b) follows immediately from
(5.2). Clearly (5.43c) holds since

rank(CXy) = rank(X{C'CXp) = rank(X,CXp) = rank(Txx). (5.45)

Now (5.43) implies the equivalence between (a), (b), and (c) of at once, and
thereby our claims are proved. O

We may note that
where, see also (3.17a) (p. 94),

€

(1 —17Xg\ 1 —i1Xe) /1 —x I
v=(p 5= (6 ) =(o o) x=|:] 6

It is noteworthy that
rij =1 for some i # j = det(Rxx) =0 (but not vice versa). (5.48)

For example, if
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2 -1 -1 1 —-05 —05
Sex=[-1 2 —1], Rux=|-05 1 —05], (5.49)
-1 -1 2 —-05 =05 1
then
det(Rxx) = det(Sxx) =0, rank(Rxx) = rank(Sxx) = 2. (5.50)

The linear dependence of the columns of Ryx can be also concluded from
Ryx13=0. (5.51)

If Z = (z1 : z2 : z3) represents the data matrix based on centered and
standardized (length of each column is 1) values yielding (5.49), then Ryxx =
Z'Z. Now Z'Z13 = 0 implies that Z13 = 0, i.e., z3 = —z — 23.

We see that the covariance matrix Sxx is singular if and only if rank(X) <
k + 1, i.e., there exists a nonzero vector a € RF*1 such that

Xa=agl+a1x; +---+apxy =0. (5.52)

Suppose, for notational simplicity, that a; # 0. Then (5.52) implies that xj
can be expressed as

xp =bol +bix1 + -+ bp_1xp—1=(1:x1:...:x,-1)b:=X;b, (5.53)
for an appropriate b € R¥. Condition (5.53) means that x; € €(X;), i.e.,
Py xr =xp, where Xy = (1:%;:...:Xp_1). (5.54)
If we consider, as in Section 8.3 (p. 161), the model .#}, where
My, = {x1,, X17, 01}, (5.55)

then the residual sum of squares SSE(k), say, is zero if (5.54) holds. In par-
ticular, if x5 ¢ %(1) so that the variance of xy, is nonzero, then (5.54) means
that

Riq 1= 1, (5.56)

where R? | , | is the coefficient of determination when z, is explained by
all other z;’s (plus a constant).

For example, if X = (1 : x : z) where s2 > 0 and s2 > 0, then rank(X) = 2
if and only if 72, = 1; see Exercise 3.1 (p. 102).

As references to nonsingularity of covariance matrix, we may mention

Das Gupta (1971) and Trenkler (1995).
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5.6 The Rank of the Extended Model Matrix

Consider the model matrix which is partitioned row-wise as

X = <X(i>) , (5.57)

!
X(i)

where, for the notational convenience, x,, is the last row of X and X (i
comprises the rest of the rows of X. Let u denote the last column of I,,. Then

_ _ _ O(n—l)x(n—l) 0,1 _ I,_1 0,
I, -P,=1, ( o, 1 o, 0 , (5.58)
and
rank(X : u) = 1 4 rank(X) — dim €(X) N €' (u)
=1+ rank[(I, — Py)X]

=1+ rank(X(;)) . (5.59)
Moreover, we have
dim % (X) N ¢ (u) = rank(X) — rank(X(; ), (5.60)
and obviously
rank(X) = rank(X;)) <= xq) € €(X(;)), (5.61)

and so

X)) € CK(X/(Z)) <~ u ¢ %(X)
< Hu#u <= WHu#1 < h; #1

If we consider the extended model, see Section 8.12 (p. 180):
Mz =1y, Lry, 021} ={y, XB +1i4, U2I}a (5.63)

where

Z=(X:i;), 1i;=theithcolumnofl,, ~= (?) , (5.64)

then ¢ is estimable under .# if and only if i; ¢ € (X); see (8.35) (p. 160).

Thus we can summarize our findings as follows:
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mii >0 <= Mi; £0 <= i; ¢ €(X)
= x@u) € C(X(;)
<= rank(X(;)) = rank(X)
<= 0 is estimable under .# = {y, Z~, 0°1}. (5.65)

5.7 Matrix Volume and the Sample Generalized
Variance

Consider the centered data matrix U = (% : §) whose covariance matrix is
S. Then the determinant of S, i.e., the generalized variance of this data set,
is

s2

det(S) = sisz - siy = sisz (1 - s;;) = sisz(l - rfﬂy) ) (5.66)
z5y

and denoting T = U'U, we have

det(U'U) = det(T) = tyaty, (1 — 12

.'Ly) N

(5.67)

There is an interesting connection between det(S) and the area of the paral-
lelogram generated by the centered variable vectors X and ¥; see Figure 5.1.
The squared area of this parallelogram is called the squared volume of the

e=(I-Px)y y
a S .
y=Pxy X

Figure 5.1 A parallelogram defined by the centered variable vectors X and ¥.

matrix 6, and it is
(area)? := vol*(T) = [&][le]* (5.68)
where e = ¥ — Px¥y. Now we have
lef* = ¥ (I, — P2)y = ¥'[I, — X(X'%) "Xy

=ty — L =ty (1—12), (5.69)



132 5 Rank of the Partitioned Matrix and the Matrix Product
and hence

vol?(U) = tygtyy (1 —12,) = det(T) = det(U'U) = (n — 1)*det(S), (5.70)

and _
det(S) = vol?(U)/(n — 1)2. (5.71)
In the case of p variables, i.e., when U= (T :...:10p),
det(Spxp) = vol2(Upy,)/(n — 1)7, (5.72)

where the “volume” refers to the parallelepiped spanned by the columns of
U. Three-dimensional parallelepiped is a skewed rectangular box.
So: for a fixed data set, the generalized sample variance is proportional
to the square of the volume generated by the centered variable vectors 1y,
.., Up. For further reading regarding the concept of volume, see Anderson
(2003, Section 7.5) and Johnson & Wichern (2007, §3.4). Ben-Israel & Greville
(2003, p. 29) consider also the r-dimensional volume, vol,.(A), of a matrix
A € R"™™ where rank(A) = r. They define it as a square root of the sum
of the squared determinants of all  x r submatrices, which yields

vol(A) = sgi(A)---sg,.(A), (5.73)

where sg;(A) refers to the ith largest singular value of A. See also Ben-Israel
(1992) and Miao & Ben-Israel (1992).

5.8 Properties of X’'VX

Proposition 5.4. Let V be a symmetric nonnegative definite n X n matriz
and let X be an n x p matriz. Then the following statements are equivalent:

) rank(X'VX) = rank(X),

rank(X'V*X) = rank(X),
FX'VX) = 6(X)),

(d) ¢(X)ne(VH) = {0},

(e) €(X)NE(VX)*: = {0},

(f) €X)ne(VFX)* ={0}.

Moreover,

(a

(b)
(c)
)
)

rank(X'VX) = p <= rank(X) =p and €(X)NE (V) ={0}. (5.74)

Proof. We first note that in view of (5.3) and (1.14) (p. 60), we have
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rank(X'VX) = rank(X'V) = rank(X) — dim ¢(X) N ¢ (V)*,  (5.75a)
rank(X'VX) = rank(X'V") = rank(X) — dim ¢(X) N € (V)L (5.75b)

In light of (4.29) (p. 110), we have for any matrix A, €(AT) = ¢(A’), and
so € (V) =% (V™) and thereby (a) and (b) are equivalent. The other equiv-
alences follow at once from (5.75a) and (5.75b). A necessary and sufficient
condition for X’VX (and hence X’V*X) to be invertible follows at once
from (5.75a). O

5.9 Number of Unit Eigenvalues of P, P,

Let A € R™** B € R"*" and
A'A=1,, BB=1I,, (5.76)

which means that the columns of A and B form orthonormal bases for the
column spaces %' (A) and %(B), respectively, and P, = AA’ and Py =
BB'’. Our question is now: What is the number of unit eigenvalues (those
eigenvalues that equal to one), say u, of the product P, Pg? The product of
two orthogonal projectors is frequently met in statistics and hence it is useful
to know some of its properties.

First, because, see Proposition (13.2) (p. 299),

UV and VU have the same nonzero eigenvalues, (5.77)

the matrices PyPgz and P, PgP, have the same nonzero eigenvalues. The
symmetry and nonnegative definiteness of P, PP, guarantees that these
eigenvalues are all real and nonnegative. Moreover, because

IPgPAx| < ||Pax| < ||x|| for all x € R", (5.78)

all eigenvalues of P, Py are less than or equal to 1:

'"P,PgP
ch1(PAPgP,) = max ~—A-B-AX

<1. 5.79
x£0 x'x - ( )

Similarly, the matrices AA'BB’ = P,Pp and A’'BB’A have the same
nonzero eigenvalues. Hence our task is to find how many times, u, say, 1
is repeated as a root of the characteristic polynomial

det(A'BB'A — AL,). (5.80)

Now, according to (18.17) (p. 359), u is the dimension of the eigenspace of
A’BB’A with respect to A =1, i.e.,
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u=dim ./ (A'BB'A -1,). (5.81)
In view of A’'BB’A — 1, = A/(Pg — I,)A, we have

u=a—rank[A'(I, — Pg)A]
= a —rank[A'(I,, — Pg)]
) — dim%(A) N €(B)]

= a — [rank(A
=dim¥%(A)N%(B), (5.82)
that is,
#{ch(PyPg) = 1} = dim@(A) N €(B). (5.83)

Notice that the squared singular values of A’B are precisely the eigenvalues
of A’/BB’A and hence

sg?(A’B) = ch; (A’'BB’A) = ch; (P,Pg) = |[PAaPx]2, (5.84)

where ||-||2 refers to the matrix 2-norm (spectral norm) of the matrix argu-
ment. Using A’A =1,, B'B = I, and the maximal property of the largest
singular value, see Section 19.1 (p. 395), we can write

/ li
- (a/A'BB)? A @2
sg2(A'B) = —— ax (/A'B
g1 ( ) (1750 ;#0 oda-pB'B Hall I18l= 1( P)
( IA/Bﬁ)
= max
a0, 40 o’ A’Ac - B'B'BS
= max cos?(u, v)
ue?(A), ved(B)
= 082 Omin - (5.85)

The angle Opin, 0 < Opin < 7/2, yielding the maximal cosine is called the
minimal angle or the first principal angle between the subspaces € (A) and
% (B); see also (2.46) (p. 77). The other singular values of A’B are the cosines
of the other principal angles. We will return to these concepts in the context of
the canonical correlations. For references, see, e.g., Afriat (1957), Baksalary
& Trenkler (2009a), Ben-Israel & Greville (2003, p. 230), Galantai (2008),
Ipsen & Meyer (1995), Meyer (2000, §5.15), and Miao & Ben-Israel (1992,
1996).

5.10 Properties of X'VX — X'VZ(Z'VZ)~Z'VX

Let Z be a matrix with property

C(Z)=€¢(X)t =¢(M). (5.86)
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Denote
u=dim%(VH)NE(VM) = dim ¢ (VX) N ¢ (VX™*), (5.87)
and
Y112=X'VX - X'VZ(Z'VZ)"Z'VX =X/Z'VZ, (5.88)
where X11.0 = 3/Z'VZ refers to the Schur complement of Z’VZ in X:

= (X:Z)V(X:Z)= (X/VX X/VZ) .

Z’VX Z'VZ (5.89)

The following result appears to be useful.

Proposition 5.5. With the above notation, the dimension v = dim ¢ (VH)N
€ (VM) can be expressed in the following alternative forms:

(a) u=dim%(V/?X)NE(V/?Z),

(b) v =rank(V) —dim % (X)N& (V) —dim &G (Z)NE(V),
(¢) u=rank(X'Py,Z) = rank(HP, M),

(d) u=#{ch(Py125Pvi/2m) =1}

Moreover,

rank(Xq1.2) = rank(VX) — u
=rank(V) —rank(VZ) = dim¢(X) N € (V). (5.90)

Proof. The proof of (a) and (b) goes easily by noting that

rank[V(X : Z)] k(V)
k(VX) + rank(VZ) — dim ¢ (VX) N € (VZ)

rank(
rank(
rank(V1/2) = rank[V/2(X : Z)]
rank(
rank(

k(VY2X) + rank(VY2Z) — dim € (VY/2X) N ¢(V'/?Z)
k(VX) + rank(VZ) — dim € (VY/?X) N €(V/?Z).

(5.91)
To prove (c), we first note that
rank(HPy M) = rank(HPy,) — dim ¢(PH) N ¢ (H)
= rank(HV) — dim ¢ (P X) N €(X).. (5.92)
Next we prove the following:
FPyX)NE(X) =C(V)NE(X). (5.93)

It is clear that €' (Py,X)N%(X) C €(V)NE(X). Let then a € €(V)NE(X)
and so
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a=Va=Xg8 forsomea«, 3. (5.94)
Premultiplying (5.94) by Py, yields
Pya=PyVa=Va=a=PyXpec?¢PyX), (5.95)
and hence (5.93) indeed holds. Substituting (5.93) into (5.92) gives
rank(HPyM) = rank(HV) — dim ¢ (H) N €(V)

=rank(V) —dimé(M) N € (V) — dim € (X) N € (V)
_— (5.96)

The result (c) can also be proved by using (5.3) repeatedly; see Puntanen
(1987, Th. 3.4.1) and Drury, Liu, Lu, Puntanen et al. (2002, Lemma 2).
Part (d) comes from (5.83) at once.
Applying the rank additivity rule (5.32) (p. 126) on the partitioned ma-
trix 3 in (5.89), we observe that

rank(X) = rank(V) = rank(Z'VZ) + rank(X1;.2), (5.97)
and so

rank(Xq1.9) = rank(V) — rank(VZ)
= rank(V) — [rank(V) — dim € (X) N € (V)]
= dim ¢ (X) NE (V). (5.98)

It is easy to confirm that also rank(X;;.2) = rank(VX)—u and thereby (5.90)
is proved. a

The figure u appears to be the number of unit canonical correlations be-
tween random vectors Hy and My when cov(y) = V, or in short,

u = # of unit canonical corr’s between Hy and My . (5.99)
Namely, if
Hy\ (HVH HVM
cov <My) = <MVH MVM> , (5.100)

then, according Proposition 18.11 (p. 381) and (18.180) (p. 383), the nonzero
canonical correlations between Hy and My are the nonzero eigenvalues of
matrix

U := (HVH) " HVM(MVM) MVH, (5.101)

and the nonzero eigenvalues of U are the same as those of P12 Pvi/20-
It is noteworthy that the general expression for the covariance matrix of
the BLUE for X3 can be written as

cov[BLUE(XB)] = HVH — HVM(MVM) MVH, (5.102)
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and hence, in light of (5.98),

rank cov[BLUE(X )] = dim & (X) N €' (V). (5.103)
Moreover, because obviously %[COV(X,@M C €(X) and €[cov(XB)] € €(V)
(why does this hold?) we get €[cov(XB)] = €(X) N € (V). Recalling from
(0.232) (p. 45) that the BLUE’s residual

¢ =y—XB=VMy=VMMVM) My (5.104)
has the covariance matrix

cov(€) = VM(MVM) MV = VMV, (5.105)

an eager reader can prove the following proposition.

Proposition 5.6. Consider the model {y, X8, V} and let ¢ = y — X3 be
the BLUE’s residual. Then

Cleov(XB) =C(X)NE(V), and E[cov(e)] =€ (VM).  (5.106)
If X has full column rank, then
cov(B) = (X'X) ' [X'VX - X'VZ(Z'VZ)"Z'VX]|(X'X) ™!
= cov(B) — (X'X)'X'VZ(Z'VZ)"Z'VX(X'X)"". (5.107)

Hence

rank[cov(8)] = dim &€ (X)NE (V) <p, (5.108)
and thereby (when X has full column rank)

det[cov(B)] # 0 <= € (X) C €(V). (5.109)

5.11 Intersection % (A) N %(B)

The following result gives an explicit expression for the intersection & (A)
and ¢ (B) which can sometimes be very helpful. For a reference, see Rao &
Mitra (1971b, Complement 7, p. 118).

Proposition 5.7. Consider the matrices A, x, and B, x;, and denote Qg =
I, —Pg. Then

% (A)N € (B)

¢ [A(A'B)*]
¢[A(A'Qp)*t] = €[A(L. —Parq,)]
% (AL, — (A'QgA)"A'QpA)). (5.110)
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Proof. Denote

F=AA'B")" =A(A'Qp)". (5.111)
Then ¢'(F) C €(A). Moreover,
QpF = QpA(A'Qp)" = (AQB)'(A'Qp)" =0, (5.112)

ie., (I, — Pg)F = 0 and thereby PgF = F, and so ¢ (F) C ¥(B) and
¢F)CFA)NEB). (5.113)
Using the rank rule of the product, we get

rank(F) = rank[A(A'Qg)"] = rank(A) — dim € (A') N € (A'Qg)
=rank(A) — dim ¢ (A'Qg)
=rank(A) — rank(A'Qg)
=dim%(A)NE(B). (5.114)

Because 4(A'Qpg) = €(A'QgA), we have
“(A'Qp)* = €(A'QpA)- = ¢[L, — (A'QpA)”"A'QpA]  (5.115)
for any (A'QgA)~, and hence
¢(A)N¢(B) =% (All, — (A'QgA)"A'QgA]). (5.116)
O
It is obvious that
F(A)NE(B)" =¢[AA'B)"] =€ [A(I, —Pas)]. (5.117)
In particular, if X € R"*?P and V,,«,, is nonnegative definite, then

F(X)NE (V)" =7 [X(X'V)!] =7 [X(X'VX)']
=¢(X[I, - (X'VX) " X'VX]), (5.118)

and denoting M =1,, — Py,

C(X)PNE(V)t=4(X:V)*
=¢(M[L, — (MVM) MVM]). (5.119a)

Moreover, it is straightforward to confirm (please do so) that

(X : V)= ([I, - MVM(MVM)~|M) . (5.119b)
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5.12 Solution (in Y) to Y(A : B) = (0: B)
In this example we consider the equation
Y(A:B)=(0:B), ic, (g) Y = <]§,> . (5.120)

We know that there exists a solution Y for (5.120) if and only if

@ (]‘3),> cw (g) . (5.121)

The following result gives an equivalent (and very handy) characterization
for the consistency of (5.120); see also Theorem 16 (p. 343) and Kala (1981,
Lemma 2.2).

Proposition 5.8. Let A and B be given n x a and n x b matrices. Then the

equation
Y(A:B)=(0:B), (5.122)

<‘]°3*f) Y’ — (3,) , (5.123)

has a solution (for Y € R™*™) if and only if

i.e.,

¢(A)N%€(B)=1{0}. (5.124)
The solution is unique if and only if €(A : B) = R".

Proof. From (5.123) we conclude that (5.122) has a unique solution if
and only if the columns of (g:) e RE+)*1 are linearly independent,
ie, rank(A : B)' = rank(A : B) = n which is trivially equivalent to
%(A : B) = R".

Assume then that (5.122) has a solution Y. Then YA = 0 implies that

C(A) C N(Y), (5.125)
while YB = B implies that rank(B’Y’) = rank(B), and hence
rank(B) — dim ¢ (B) N €(Y')* = rank(B), (5.126)

ie.,

%(B)N ¥ (Y) = {0} (5.127)

Now (5.125) and (5.127) together imply the disjointness condition (5.124).
To go the other way, assume that the disjointness condition (5.124) holds.
Then, in light of (5.15) (p. 123),
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¢(B')=%B' (I, —P,), (5.128)

which implies the existence of a matrix F such that
B' =B/'(I, — P,)F". (5.129)

The choice Y = F(I,, — P,) clearly satisfies (5.122), and hence the proof is
completed. 0

We recall that the existence of a matrix G satisfying the fundamental
BLUE equation (0.202) (p. 41), i.e.,

G(X:VM) = (X:0), (5.130)

is now guaranteed by Proposition 5.8.

5.13 Some Properties of ¢ (X)3-1

Proposition 5.9. Consider the linear model {y, X3, V} and let € (X)3;_.
denote the set of vectors which are orthogonal to every vector in € (X) with
respect to the inner product matriz V1. Then the following sets are identical:

() €(X)y-r , (b) €(VX™), (c) A (X'VTH),
(d) CVIX)E () #(Pxyv-1), () G, —Pxy-1).
Denote
W =V +XUX', where €(W)=%(X:V). (5.131)
Then
CVXH) =¢(W X:1, - W W)+ (5.132)

where W~ is an arbitrary (but fixed) generalized inverse of W. The column
space € (VX™*) can be expressed also as

CVXH) = €[(W )X : I, — (W )W]". (5.133)
Moreover, let V be possibly singular and assume that € (X) C € (V). Then
CVXH) =4(V X:1, -V V) ce(V X)*t, (5.134)
where the inclusion becomes equality if and only if 'V is positive definite.

Proof. The parts (a)—(f) are merely simple repetitions from (2.73) in Propo-
sition 2.6 (p. 81). Notice that the idempotency of Px.-1 implies imme-
diately the equality of (e) and (f). Obviously (VM) C A (Px.y-1) and
rank(VM) = rank(M), while
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dim A (Px.yv-1) = n —rank(Px.yv-1) = n — rank(X) = rank(M), (5.135)

and thereby ¢ (VM) = A4 (Px.v-1).
Let us next prove (5.132), i.e.,

CVM)t = #/(MV)=F(W X I, - W W). (5.136)

Because ¢(X) C € (W), there exists a matrix A such that X = WA and
hence

WW X =WW WA =WA =X, (5.137)
and so
MVW X = M(V + XUX' )W~ X
=MWW X=MX=0. (5.138)
Similarly,
MV, - W W)=MW({, -W"W)=0, (5.139)

which together with (5.138) implies that
CW X:I,-W W) C A&/ (MV)=%¢(VM)= . (5.140)
The disjointness
C(W-X)NE[1, —W-W) ={0} (5.141)
is seen by taking
u=W Xa=(I,-W W)b forsomea,b, (5.142)
and premultiplying (5.142) by W. It remains to prove that
dim €(VM)* = rank(W~X) + rank(I,, - W~ W). (5.143)
Now dim € (VM)+ = n — rank(VM), and

rank(I, — W™W) = n — rank(W) = n — rank(X : V)
= n — [rank(X) 4 rank(VM)], (5.144a)
rank(W~X) = rank(X), (5.144b)

where the last equality comes from
rank(X) > rank(W™X) > rank( WW™X) = rank(X). (5.145)

Summing up (5.144) proves (5.132), the result due to Rao (1973b, p. 278).
Result (5.134) follows from (5.132).
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To prove the representation (5.133), we utilize Proposition 12.1 (p. 286),
which says, for example, that for W =V 4+ XUX’ the following holds:

C(X:V)=C(W) = ¢(X:V)=C(W). (5.146)
Using (5.146), we get immediately
C(VXH)T =4 [(W) X : I, — (W) W]. (5.147)
Noting that one choice for (W’)~ is (W™)’, we obtain (5.133). |
Notice that using ¢'(Xy_1) = ¢(VM), (2.74) and (2.75) (p. 82):
L, —Pxyv-1 = Pxifl;vfl =Pvmv-
=VMMVM) M = PiVI;V , (5.148)

ie.,
Pxv-1 =L, - Pymyv-1 =1, — Pyy - (5.149)

It is of interest to note that the “perp” symbol L falls down, so to say,
very “nicely” when V is positive definite:

C(VXH)t =4 (V1X), (5.150)

but when V is singular we have to use a much more complicated rule to fall
down the L symbol:

CVXHt=4¢(W X:I,-W W), (5.151)

where W is defined as in (5.131).
In passing we note that according to Proposition 5.6 (p. 137) the €(VX™)
is precisely the column space of the covariance matrix of the BLUE’s residual:

€ (VXL) = €[cov(8)] = €[cov(y — XB)]. (5.152)

The result (5.151) offers us one way to introduce one particular represen-
tation for the matrix G € {Pxjvm}, i-e.,

G(X: VM) =(X:0). (5.153)

Now (5.153) implies that (VM)'G’ = 0 so that

¢(G)CE(VM)t =¢[(W )X I, — (W )W'], (5.154a)
G = (W )XA' + [I, — (W )W'|B" forsome A, B,  (5.154b)
G=AX'W~ +B(I, —-WW) for some A, B. (5.154c¢)

Requesting GX = X yields



5.14 Exercises 143
AX'W X +B(I, - WW )X = AX'W X =X, (5.155)

because WW~X = X. From (5.155) we can solve A, one obvious solution
being A = X(X'W~X)~; see Proposition 12.1 (p. 286), and thus

G =X(X'W™X)"X'W~ € {Pxjvm}- (5.156)

5.14 Exercises

5.1. Show that for conformable matrices we have
A B
rank ((~ o) = rank(B) + rank(C) + rank[(I — Pg)A(I—Pc/)].

Marsaglia & Styan (1974a, Th. 19).

5.2. Show that the result of Proposition 5.6 (p. 137) can be written as
¢(GV)=¢(X)N?€(V), and F[(I,—G)V]=%(VM),
where Gy is the BLUE of X/3.

5.3. Denote, as in Section 5.6 (p. 130), X = (X,“)) ,H = Py, i, = last
(7)
column of I,,. Show that Hi, = i, if and only if X(4) is a nonzero vector
satisfying x(;) ¢ ‘K(X’(l)) See also Theorem 16 (p. 343).

5.4. Consider the linear model {y, X8, V}, where ¢ (X) C 4 (V), and X
has full column rank p. Confirm that

(a) X'V-X =X'V*X for any V™,
(b) rank(X'V~X) = p for any V~, and so X’V ~X is invertible for any
V-
5.5. Using rank(AB) = rank(A) —dim ¢’ (A’) "% (B~) prove the Sylvester’s
inequality:

rank(A,, xpBpxm) > rank(A) 4+ rank(B) — p,

and confirm that the equality holds if and only if 4(A) C (B).

5.6. Consider the linear model {y, X3, V} and denote W = V 4+ XUX’,
where €(W) = €(X : V), and let W~ be an arbitrary generalized
inverse of W. Confirm that then

¢(W X)a?(X)t =R", W X)"9?¢X)=R",
CIW) X2 ?(X)"T =R, FC[(W)X]*a7(X)=R"



144 5 Rank of the Partitioned Matrix and the Matrix Product
Mitra & Moore (1973, p. 140).
5.7 (Continued ...). Prove the following:
C(VM) = ¢ (W™ X))+ <= ¢(X:V)=R"

5.8. Let A € R"*% and B € R"** and denote Q, = 1,,—P,, Qg = I,,—Pg.
Show that

tk(PAPgQa) = 1k(PoPg) + tk(PA: Pg) — rk(A) — rk(B)
k(PoPg) + 1k(QoPg) — rk(B

(

(

)
tk(PgPy) +1k(QgPa) — 1k(A)
tk(PgP,Qp) .

Drury, Liu, Lu, Puntanen et al. (2002, p. 463).

X,
5.9. Let us denote, as in (5.57) (p. 130), X = (X,(l)> , i; = the last column
i

of I,,. Confirm the equivalence of the following statements; see also part
(f) of Exercise 8.17 (p. 188), and Theorem 16 (p. 343).

(a) % & €XL)s ()1 € BX), (0) X (X'K) xg) = 1
Px., 0n- / N\ —
@) B =P = (X0 )L ) x (X)) = 1

n—1



Chapter 6
Rank Cancellation Rule

There’s no sense in being precise
when you don’t even know what you’re talking about.

JOHN VON NEUMANN
If a € R and y € R have property ay # 0, then trivially
lay = may = la = ma, (6.1)

that is, we can cancel y from (6.1) (as well as a). For matrices, the corre-
sponding cancellation does not work. However, there is a very handy trick,
the rank cancellation rule, which allows cancellations for matrices in the style
of (6.1). It seems, according to our experience, that this simple rule has not
received so much appreciation in statistical literature as it earns.

Theorem 6 (Rank cancellation rule: RCR). For any conformable ma-
trices involved,

LAY = MAY and rank(AY) = rank(A) =— LA = MA, (6.2)
DAM = DAN and rank(DA) = rank(A) — AM = AN. (6.3)

Furthermore,
rank(AY) = rank(A) = rank(KAY) = rank(KA) for all K. (6.4)
Proof. In view of the rank rule (5.3) (p. 121) of the matrix product, we have
rank(AY) = rank(A) — dim ¢ (A") N A (Y'), (6.5)
and so, assuming that rank(AY) = rank(A),
C(AYNn A (Y')={0}. (6.6)
Assumption LAY = MAY can, of course, be rewritten as
Y'(A'M' - A'L))=0, (6.7)
which is equivalent to

S. Puntanen et al., Matrix Tricks for Linear Statistical Models: Our Personal Top Twenty, 145
DOI 10.1007/978-3-642-10473-2_7, © Springer-Verlag Berlin Heidelberg 2011
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C(A'M — A'L') © N (Y'). (6.8)

On the other hand, obviously ¥(A’M’ — A’'L’) C %(A’), which, together
with (6.8), implies that

C(A'M' — A'L') C C(A)) N AN (Y). (6.9)

Using (6.6), our claim (6.2) is proved. The proofs of the other parts of the
theorem go along the same lines. For a different proof of the RCR, using a
full rank decomposition, see Section 17.4 (p. 354). O

The rank cancellation rule was introduced by Marsaglia & Styan (1974a,
Th. 2). See also Rao & Bhimasankaram (2000, Th. 3.5.7).

6.1 Simple Properties of the Hat Matrix H

We consider two (well-known) results giving simple proofs based on the rank
cancellation rule. Consider the following:

X(X'X)"X'X=X, ie, HX=X, (6.10a)
X(X'X)~X' is invariant for any choice of (X'X)~. (6.10b)
Of course, it would be trivial to prove (6.10a), if we simply were to use

the fact that H is the orthogonal projector onto %’ (X). On the other hand,
it is illustrative to consider first the identity

X'X(X'X)"X'X = X'X. (6.11)

Because rank(X’X) = rank(X), we can, in light of (6.3), cancel the under-
lined terms, and hence (6.10a) follows. Similarly, consider the equation

X'X = X'X(X'X)"X'X = X'X(X'X)X'X = X'X, (6.12)

where (X'X)™ and (X'X)™ are two arbitrary generalized inverses. The un-
derlined matrices can now be cancelled and thus (6.10b) is proved.

Let V be a positive definite matrix. Then, corresponding to (6.10), we
have

X(X'VX)"X'VX =X, ie, PxvX=X, (6.13a)
X(X'VX)~X'V is invariant for any choice of (X'VX)~. (6.13b)
Because rank(X’VX) = rank(X) for a positive definite V, property (6.13a)

comes from

X'VX(X'VX) " X'VX = X'VX (6.14)
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by deleting the underlined terms.
Moreover, if V is nonnegative definite (possibly singular), then the RCR
gives

X'VX(X'VX)"X'V=X'V, (6.15a)
VX (X'VX)~X'V is invariant for any choice of (X'VX)~. (6.15Db)

Notice also that in view of rank(BB’) = rank(B), (6.4) implies that for
any (conformable) matrix Z the following holds:

rank(AA’ZBB’) = rank(AA'ZB) . (6.16)
Similarly,
rank(LB) > rank(LBB’) > rank(LBB'L’) = rank(LB) (6.17)
for any L, and hence

rank(AA'ZBB’) = rank(A’ZBB’)
=rank(A'ZB) = rank(AA'ZB) . (6.18)

In particular, for a nonnegative definite V = LL’ we have

rank(AA’VAA') = rank(A’VA) = rank(A’'LL'A)
=rank(L'A) = rank(LL’A) = rank(VA). (6.19)

6.2 Properties of X(X'V+X)~X'VTy

Consider the linear model {y, X3, 0>V}, and denote
G =X(X'VIX) X'V = XL, (6.20)

where (X’VTX)™ is an arbitrary (but fixed) generalized inverse of X’V*X,
and L = (X’V*TX)~X'V*. The estimator Gy may be called a weighted least
squares estimator (WLSE) of X/3.

Proposition 6.1. Let G be defined as in (6.20), i.e.,
G=X(XVX) X'V =XL. (6.21)

Then the following five statements are equivalent:
(a) rank(X'VX) = rank(X),

(b) €(X)nE (V) = {0},

(c) €(X)NE(VX)*+ = {0},
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(d) L=(X'VtX)" X'Vt € {X7},

(e) Gy = X(X'VTX)~X'V*Ty is unbiased for XJ.

Moreover, the following three statements are equivalent:

(f) €(X) cE(V),

(g) G =X(X'VTX)"X'VT satisfies the equation

G(X: VM) = (X:0), (6.22)

that is, Gy = BLUE(Xf),
(h) Gy = X(X'V*TX)~X'V Ty is unbiased for X3, i.e.,

GX =X, (6.23)

and
X'PyM=0. (6.24)

Proof. The equivalence of (a), (b) and (c) was demonstrated already in
Proposition 5.4 (p. 132).
Next we prove that “(a) <= (e)”. Statement (e) is equivalent to

X(X'VIX)"X'VHX = X, (e)
which trivially is equivalent to (d). Consider the identity
XV X(X'VIX)"X'VIX = X'V X. (6.25)

If (a) holds we can cancel the underlined terms and hence (a) implies (e). To
go the other way, (e) implies that

rank(X) > rank(X'V") > rank[X(X'VTX) X'V X] = rank(X), (6.26)

and hence rank(X) = rank(X'VT) = rank(X'V), i.e., (a) holds.
To prove “(g) (h)”, assume first that (g) holds and rewrite (6.22) as
X(X'VHX)"X'VFX = X, (6.27a)
X(X'VFX)"X'VFVM = 0. (6.27b)

Because (why?)
rank[X(X'VTX)"X'V*t] = rank(X'V™), (6.28)
we can cancel X(X'VTX)~ from (6.27b) and write (6.27b) equivalently as

X'VFVM = X'PyM =0, (6.29)
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and thus we have proved that (g) and (h) are equivalent.

It remains to show that that (f) and (h) are equivalent. If (f) holds, then
also (b) holds and thereby (6.27a) must hold. Furthermore, (f) clearly implies
(6.27b), thus confirming that (f) implies (h). We still have to prove that (h),
ie., (6.27a) & (6.29), implies (f). To see this, note first that (6.29) can be
equivalently expressed as

¢(PvX) CF(X). (6.30)
Condition (6.27a) means that
rank(X) = rank(X'V") = rank(X'V) = rank(X'Py/), (6.31)
which, together with (6.30), implies
¢ (PyX)=7%(X). (6.32)

Moreover, it is obvious that € (P, X) C % (V), which, together with (6.32)
yields (f). O

The linear model
M ={y, XB, c*V}, where ¥(X) C F(V), (6.33)

is often called a weakly singular linear model. In view of the invariance The-
orem 12 (p. 283) and the consistency condition y € €(V), it can be shown
that under a weakly singular linear model {y, X3, 02V}, the estimator

X(X'V™X)"X'V™y is invariant for all g-inverses involved. (6.34)

For comparison of the OLSE, BLUE, and WLSE, the reader is referred to
Baksalary & Kala (1983a), and Lowerre (1974).
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Chapter 7
Sum of Orthogonal Projectors

1 speak, by the way, not with any sense of futility, but
with a panicky conviction of the absolute meaninglessness
of existence which could easily be misinterpreted as
pessimism.

WoobDYy ALLEN: My Speech to the Graduates

In this chapter we give a well-known result regarding the sum of two orthog-
onal projectors. It is a short chapter, but nevertheless, we believe that it is
worthwhile to keep this result in the gallery of active tools when dealing with
matrices in statistics. This chapter is strongly related to the next chapter on
a decomposition of orthogonal projector, beginning on page 155.

Just as in Chapter 2, we first consider a simpler situation, i.e., the projec-
tors under the standard inner product, and only after that take a look at the
more general case in Proposition 7.2 (p. 151).

Theorem 7 (Sum of orthogonal projectors). Let P, and Pg be orthog-
onal projectors (with respect to the standard inner product) onto €(A) and
€ (B), respectively. Then

P, + Pg is an orthogonal projector < A’'B =0, (7.1)
in which case
P, +Pg =P ). (7.2)
Proof. The matrix

is an orthogonal projector if and only if it is idempotent and symmetric. Since
P, and Py are symmetric, P is trivially symmetric. Idempotency holds if

P?=P, + Py + P,Pg + PgP, =P, + Py =P, (7.4)

that is, P is idempotent (and thereby an orthogonal projector) if and only if
P,Pg =-PgP,. (7.5)

Postmultiplying (7.5) by Py yields PPy = —PgP, Py which shows that

P, Ppg is symmetric: (P,Pg)’ = P, Py, ie., PgP, = P,Pg. Hence we
must have

S. Puntanen et al., Matrix Tricks for Linear Statistical Models: Our Personal Top Twenty, 151
DOI 10.1007/978-3-642-10473-2_8, © Springer-Verlag Berlin Heidelberg 2011
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Pp,Pp = —P,Pg, (7.6)

which means that
PPy =0. (7.7)

Premultiplying (7.7) by A’ and postmultiplying by B yields A’B = 0, and
thus we have proved that (7.5) implies A’B = 0. The proof of the reverse
implication “A’'B =0 = (7.5)” is obvious.

To prove (7.2), we have to show that

€ (Pa +Pp)=%(A:B), (7.8)
which comes directly from

“(Py + Ppg) = % [(PA . Py) (;’f;)} —%(P, : Py) = €(A:B). (7.9)

Proposition 7.1 (Difference of orthogonal projectors). Let P, and Py
be orthogonal projectors (with respect to the standard inner product) onto
€ (A) and € (B), respectively. Then the following five statements are equiva-
lent:

(a) Py — Py is an orthogonal projector,
(b) PA\Pg =PgP, =Pg,

(c) €(B) C €(A),

(@) [Pox]| = [Pgx| for all x,

(e) PA - PB ZL 0.

If any of the above conditions hold, then

P, —Pg=Pu_p_ )a =Pyaawm)- - (7.10)

Proof. Tt is easy to confirm that (a), ..., (e) are equivalent, the proof is left
as an exercise. It remains to show that if any of them holds then

C(Py —Pg) =%[1—Pg)Py] = ¢ (A)NE(B). (7.11)

Because
P, — Py = (I- Py)Ps = Po(I- Py), (7.12)

we can conclude at once that the first equality in (7.11) holds. Moreover,
(7.12) implies that

€(Py —Pg) CE(A)NE(BL). (7.13)

In view of (c) and (5.3) (p. 121), we have
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dim % (A) N € (B*) = rank(A) — rank(A'B)
= rank(A) — rank(P, B)
= rank(A) — rank(B). (7.14)

In light of € (B) C €(A), we get

rank(P, — Pg) = rank[P, (I — Pg)]

= rank(A) dim @ (A) N %€ (B)
nk(A) — rank(B), (7.15)
and thus the second equality in (7.11) is proved. O

Let us next consider the following generalization of Theorem 7.

Proposition 7.2 (Sum of orthogonal projectors with respect to the
inner product matrix V). Let Pa.v and P,y be orthogonal projectors
with respect to the positive definite inner product matriz V. onto €(A) and
€ (B), respectively. Then

Pa.v + Pg.v is an orthogonal projector <= A'VB =0, (7.16)
in which case Pa;v + Pe.v = Pa.B)v-

Proof. Let us simplify the notation so that P, = Pa,v and Py = Pg.v.
Then, according to Proposition 2.6 (p. 81), P = P, + Pg is orthogonal
projector with respect to V if and only if

P?=P and VP=P'V. (7.17)

The only essential difference with the proof of Theorem 7 concerns now the
treatment of the idempotency condition of (7.17), which yields

P,Pg = —PyP,. (7.18)
Premultiplying (7.18) by V gives VP, Py = —VPgP,, ie.,
""VPg = —PgVP,, (7.19)

where we have used VP, = P,V and VP = P V. Pre- and postmulti-
plying (7.19) by P/, and Py, respectively, yields

“"VPg = -P,P5VP,Pp =P, Py VPLP,, (7.20)

where we have used (7.18). From (7.20) we see that P’y VPg is symmet-
ric. Hence, on account of (7.19), P/, VPz = —P’, VP which implies that
P, VP, =0, ie, A'VB =0. 0
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Chapter 8

A Decomposition of the Orthogonal
Projector

Many a young man starts in life with a natural gift for
exaggeration which, if nurtured in congenial and
sympathetic surroundings, or by the imitation of the best
models, might grow into something really great and
wonderful. But, as a rule, he comes to nothing. — He
either falls into careless habits of accuracy or takes to
frequenting the society of the aged and the well-informed.

OsCAR WILDE: The Decay of Lying

In this chapter we consider a decomposition of the orthogonal projector onto
the column space of the partitioned matrix (A : B) and demonstrate its
usefulness through several examples. The decomposition introduced is a con-
sequence of Theorem 7 (p. 151).

Theorem 8 (A decomposition of orthogonal projector). The orthogo-
nal projector (with respect to the standard inner product) onto

C(Anxa: Bnxp) (8.1)
can be decomposed as
Pa.B) =Py +Pa,_p B =Pa+Pya.Bnena:- (8.2)

Proof. We see at once that the sum P, +P(I_pA)B is an orthogonal projector
since A’'(I — P,)B = 0. It remains to show that

¢(A:B)=%[A: (1, —P,)B], (8.3)
which follows from the obvious column space inclusion
A : (I, —P,)B] C ¢(A:B), (8.4)

and the rank equality (5.2) (p. 121). We might recall that according to (5.5),

=[A: (I, — P,)B]. (8.5)

(A:B)L=(A:B) (Ia —A+B>

0 I,

The matrix L is nonsingular and hence (8.5) would immediately imply (8.3).
The second equality in (8.2) follows by applying (7.10) (p. 152) to the
difference P (a.B) — P, . It could also be proved by confirming that

Cl1-Py)B]=%(A:B)NF(A)*. (8.6)

S. Puntanen et al., Matrix Tricks for Linear Statistical Models: Our Personal Top Twenty, 155
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Notice that denoting Q, =1 — P, , we get immediately
I-Pa.B)=Qa —Pq,B=Qa(I-Pq,B). (8.7)

Proposition 8.1 (A decomposition of orthogonal projector with re-
spect to the inner product matrix V). Let V be a symmetric positive
definite matriz (of appropriate dimension). Then

Pa.Byv=Pav+Pap,yBVv- (8.8)

Proof. The proof is parallel to Theorem 8 by first noting that
A'V(I-Payv) =0, ie, PhyVA=VA. (8.9)
That (8.9) indeed holds, see Proposition 2.6 (p. 81). O

Let us denote Qa;v =1 —Pav =P, 1, Zc {A+} | where in view of
(2.75) (p. 82), or part (i) of Theorem 15 (p. 319),

Pav=AAVA) AV=1-V'Z(ZV'Z)Z =1- Py.yv-1. (8.10)

Then we can introduce the following explicit representation for P1_p, ,)B;v:

3

PiprvBv = QavB(B'QavVQa,vB) B'Qa vV
= QA;VB(B/VQA;VB)_B/QQ&;VV
=Pzv-B(B'VP3y .B) B'PzyV
=P, B[B'Z(ZV~'Z)"Z'B|"B'Z(ZV'Z2)"Z
=V~ 'ZB(B'ZB) B'Z, (8.11)

where Z = Z(Z'V~'Z)"Z'.
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8.1 Mahalanobis Distance & the Hat Matrix H

Let the n x p model matrix X be partitioned as

1)

1 x
1 2)

!/
(

X
X=(1:x13:...:%x,)=(1:Xp) = s p=k+1. (8.12)

!
1 X(n)
Here x(;) € RF represents the ith case or the ith observation in the obser-
vation space, and x; € R™ represents the ith variable in the variable space.

Let X € R* denote the mean vector of the z-variables and Syx the sample
covariance matrix:

% =1(xq)+x@) + X)) = LX)l = | (8.13a)

n—1

Sxx = ﬁXBCXO — iTxx = ﬁ Z(X(l) — )_() (X(z) — )_()/, (813b)
=1

where C =1I,, — P, is the centering matrix. Then the squared Mahalanobis
distance of the observation x(;) from the mean vector X is defined as

MHLN?(x(), X, Sxx) = (X(i) — X)'Ss (X(i) — X).. (8.14)

We will show that the ith element of the hat matrix H has the following
interesting connection to the Mahalanobis distance:

Proposition 8.2. The ith element of the hat matrix H can be expressed as

hii = £ + - MHLN?(x(;), X, Sxx) - (8.15)

1
Moreover,
MHLN?(x(;), X, Sxx) = (n — )hi;, where H=Pgx, . (8.16)
Proof. Using the decomposition (8.2), we can write

H=P;.x, =P, +Pcx,
=J + CX((X{CX,) X C
=J + CX T X[,C
=J+ L CX(SLiXC

=J+ L XoSiXy, (8.17)
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where )~(0 = CXj is the centered Xg:

(x(1y — %)

- (X(2) — %)

Xo=CXo= | 7, . (8.18)
(X(n) — %)’

Pre- and postmultiplying (8.17) by i, and i;, respectively, yields

hi; = % + ﬁ(X(Z) - )_()/S_l(X(i) — )_() . (819)

XX

In view of (8.17), we have XS 1X) = (n — 1)Pcx,, and hence the ith
squared Mahalanobis distance is (n — 1)h;;, where hy; is the ith diagonal
element of the orthogonal projector Pcox, = H; see also Section 20.5 (p. 420).

O

In (8.14) the covariance matrix Sxy is positive definite, but if Sxx is sin-
gular, then we can define the squared Mahalanobis distance as

MHLN2(X(i), )_(, SXX) = (X(z) - )_()/SIX(X(Z') - )_() 5 (820)

which is actually invariant for the choice of the S_,; see page 66.

XX

For the use of hat matrix in statistics, see, e.g., Morgenthaler & Clerc-
Bérod (1997), Chatterjee & Hadi (1986, 1988), and Hoaglin & Welsch (1978).

8.2 Subvector of ,3

Let us consider the partitioned linear model
y=X161+ X382+ ¢, (8.21)
or in other notation,
M2 = {y, XB, 0>V} = {y, X181 + X282, c°V}, (8.22)

where X7 is an n X p; matrix and Xy is an n X pa; p = p1 + p2. We also
denote
%1 = {y7 Xllgv U2V}7 %2 = {Y7 X2/B7 O'QV} . (823)

Models .#, and .#> can be called small models while .#5 is a full model.
When rank(X) = p, the ordinary least squares estimator of 8 under .#15 is

OLSE(8) = B(.trs) = B = (gl) — (X'X) Xy =Xty,  (324)

2
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where the notation B(///lg) emphasizes that the estimator is calculated under
the model .#15. We repeat again that if X has no full column rank, then B
simply denotes an arbitrary solution to the normal equation X'Xg8 = X'y
and may not be considered as a proper estimator. If X has no full column
rank, we still use the notation

OLSE(B) = B = (g;) = (X'X)"X'y. (8.25)

Varying (X’X)~ we can generate all expressions for 3. Note that OLSE(X8) =
Hy is unique (once y is given) and

OLSE(Xf) = Hy = X, 81 + X, , (8.26)

where X; Bl and Bz are not necessarily unique.

We may recall that if K is a p x ¢ matrix, then the OLSE of K’ is defined
as

OLSE(K'B) = K’ - OLSE(8) = K'J3.. (8.27)

We might use the notation OLSE(K’'SB) = @, but we prefer that one used
in (8.27).

When dealing with regression models, it is often very helpful to have the
explicit expression for

,@2 or Xg,@g or Kgﬁg7 where Ky € R77*P2, (8.28)

However, such expressions are not necessarily unique. According to Sec-
tion 12.2 (p. 284), and Proposition 16.1 (p. 345), X3, is invariant with
respect to the choice of 35 if and only if X535 is estimable. Moreover, K5
is unique if and only if K535 is estimable. It can be seen that

KQ,BQ is estimable < %(Ké) C %(XéMl) < dF: Ky = FM; X, s (829)

where
M, =1, -Px,, Px = X, (X1X,)"X] . (8.30)

Now
{K283 : K305 is estimable } = { FM; X335 : F € R¥*" }. (8.31)

Trivially M X535 is estimable and thereby M X5 Bg is unique for any choice
of BQ.

The estimability concept will be needed in the following proposition, where
we will give short & simple proofs for the expressions M;X, Bg, ng)’g and
B2; see also Proposition 16.1 (p. 345).
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Proposition 8.3. Consider the partitioned linear model .#12. Then M1 X5 B4
1s estimable and its OLSE is

M, X8 = My Xo(X,M Xo) " X,Myy = MyXofBo(#2).  (8.32)
Let X585 be estimable under the model #12, i.e.,
rank(M;Xs) = rank(Xz2), or equivalently € (X1) N € (Xz) = {0}. (8.33)
Then the OLSE of X585 is
X282 = Xo(X5M:Xo) " X4Myy = XofBo(2) . (8.34)
Moreover, if B2 is estimable under the model # 2, i.e.,
rank(M;X5) = rank(Xs) = pa, (8.35)

then
Ba = (XHM Xy) ' XMy = Ba( A1) - (8.36)

Proof. We may first note that, in view of (5.3) (p. 121),
rank(M;X5) = rank(Xs) — dim ¢ (Xz) N € (M{")
= rank(Xy) — dim @(Xs) N €(X1), (8.37)
and hence indeed
rank(M; X)) = rank(X,) <= % (X;)N % (X3) = {0}. (8.38)

Note also that the expression (8.34) is invariant with respect to the choice of
(X45M1X5) " ; see Theorem 12 (p. 283) and Proposition 16.1 (p. 345).

To introduce (8.32), (8.34) and (8.36), we first write, in light of the pro-
jector decomposition (8.2) (p. 155),

H == ].)()(1 :X2) - le + PM1X2 - le + PM1X2 5 (8.393)

Hy = X681 + X282 = Px,y + Py x, ¥ - (8.39D)
Premultiplying (8.39b) by M; gives

M, X282 = Py x, ¥ = MiXo(X5M; Xo) X5Myy . (8.40)

Now if rank(M;X5) = rank(Xs) holds, we can cancel, in view of the rank
cancellation rule (p. 145), the left-most M; and thus (8.34) follows. Similarly,
condition rank(M;X5) = py implies (8.36), and thus our claims are proved.

O

Note that if the condition rank(M;X5) = rank(Xs) holds, then Hy can
be expressed as
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Hy = X3 = X (X{M,X;)” X Moy + Xo(X5M; X5) XMy (8.41)
Next we show the following related result.
Proposition 8.4. If rank(M;Xs) = rank(Xy), then
X1 B1(M2) = Xy By (M) — Px1X2ﬂA2(///12) ) (8.42)

and if, in addition to rank(M;Xs) = rank(Xs), the matriz Xy has full col-
umn rank, then

Bi( ) = By (ty) — (X4X 1) X X Bo(M15) - (8.43)

The expressions (8.42) and (8.43) offer a possibility to check the effect
of additional columns of X (i.e., additional explanatory variables) on the
regression coefficients.

Proof (of Proposition 8.4). To prove (8.42), we rewrite (8.39b)
X1 B1(A3) + Ko Bo(Mh2) = Xy By (A1) + My Xo B (M), (8.44)
which can be rearranged as
X1B1(M2) = X1 B1 () — Py, XoBo(M12) (8.45)

and thus (8.42) is obtained. Clearly we get (8.43) if—in addition to disjoint-
ness condition (8.33)—the matrix X; has full column rank. Note that X,
does not necessarily need to have full column rank. O

Notice that one way express the decomposition (8.39b) is the following:
OLSE(Xf | #12) = OLSE(X,8; | A1) + OLSE(M ;X33 | #12). (8.46)
We may also note that the covariance matrix of B> under {y, X8, 0?2V} is
cov(By | M12) = o (XHM1 Xp) ' XEM VM, X (X5M Xo) !, (8.47)
and hence

v=I = COV(BQ | M12) = *(X5M X)) ™!
> 02(X5Xs) "t = cov(By | ). (8.48)

8.3 A Single Regression Coefficient

The formula for a single regression coefficient is now easily available. Let X
be partitioned as
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X=(1:x1:...:Xp-1:%xk) = (X1 1 Xp), (8.49)
where
Xk ¢ %(Xl) s (850)
which is a necessary and sufficient condition for the estimability of Sj. Then
A x,. My
= —— 8.51
B x, Mix;, ( )
If V=1, we have
A o? o2
var = = , 8.52
) = e~ T Pl (552

and so we may expect problems in estimation if the column x, is “almost” in
the column space of X;. If we consider such a model .#), where x;, is explained
by all other x variables (plus a constant), that is, the model matrix is X,

My, = {x, X17, o1}, (8.53)
then the residual sum of squares and the total sum of squares are
SSE(k) = xﬁCMlxk s SST(k) = X;CCXk = tkk y (854)

and so (assuming that g > 0)

SSR (k)
a SST(k))
= SST(k)(1 — R?) =tj(1 — R2), (8.55)

SSE(k) = SST(k) — SSR(k) = SST(k) (1

where Ri = Rﬁ.l... x_1 is the coefficient of determination when x}, is explained
by all other x;’s. Hence the variance of Bk can be expressed as

11, VIR,
Var(ﬁk)_l—R% o~ o= = o’ (8.56)

where
1

VIF, = ——
1— R}

(8.57)
refers to the so-called variance inflation factor. As Belsley (1991, p. 29) states,
much interesting work on collinearity diagnostics has been done with VIF-
like measures, although the concept masquerades under various names; see,
e.g., Stewart (1987).



8.4 The Reduced Model & the Frisch—-Waugh—Lovell Theorem 163

8.4 The Reduced Model & the Frisch—Waugh—Lovell
Theorem

Let us consider the full rank partitioned linear model
y =X181+ X282 t¢€, (8.58)
or in other notation, .2 = {y, X8, 0°I}. Now we know that
B (h2) = (XHM X)) "1 X5 My . (8.59)
Premultiplying (8.58) by the orthogonal projector M; yields the model
M21 = {Myy, M1Xs8, 02M1}- (8.60)

Taking a look at the models, we can immediately make an important conclu-
sion: the OLS estimators of B> under the models .#15 and .#15.1 coincide:

Bo( M) = Bo( o) = (XEM X)) 1 XMy . (8.61)

The equality (8.61) is just the result that Davidson & MacKinnon (1993, 2004,
§1.4, §2.4) call the Frisch—Waugh—Lovell theorem . .. since those papers seem
to have introduced, and then reintroduced, it to econometricians”; see Frisch
& Waugh (1933), Lovell (1963, 2008), and Baltagi (2000) and (2008, §7.3).
Geometric illustration is in Figure 8.6 (p. 184). For the generalization of the
Frisch-Waugh-Lovell theorem, see Section 15.4 (p. 328).

Representation (8.61) is valid if (and only if)

rank(Mng) = P2, (862)

which is the estimability condition for 85 under .#1> and also under .#1s.1.
However, in both models the parametric function M;X53- is always es-
timable and . R

M1X2,32((%12) = M1X262(%12.1) . (863)

Notice that according to (8.46), we have the decomposition
OLSE(Xp | #12) = OLSE(X18; | A1) + OLSE(M ;X2 | A#12). (8.64)
This can now be expressed also as
OLSE(Xp | #12) = OLSE(X181 | #1)+OLSE(M X2 | A12.1). (8.65)

We call #12.1 a reduced model; Grofl & Puntanen (2000a) call it a correctly
reduced model. In the reduced model,

e the response variable
M,y = res(y; X1) (8.66)
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is the residual when y is explained by the variables represented by X;,

e the explanatory variables
M1X2 = I‘GS(XQ; Xl) (867)
are the residuals of the variables represented by X, “after elimination of
X17

The covariance matrix in model {M;y, M;X282, 02M; } is singular and
hence there is a good reason to worry whether the OLSE(M;X82) equals
BLUE(M;X553) under that model. The answer is positive because clearly
the column space inclusion

%(Ml . M1X2) C CK(M1X2) (868)

holds; (8.68) corresponds to condition (vi) in Theorem 10.1 (p. 218).
When X, = xy,, the reduced model is

Mraa = {M1y, MixgB, 0°M;1}, (8.69)

and the coefficient of determination in this reduced model is the squared
correlation between M7y and M;xy, which is precisely the squared partial
correlation between y and xj, after elimination of all other x-variables:

R?(Mh2.1) = corg?(Myy, Mixy)
= PCOTdQ(Y; xi | Xq) = T;k-lz..k—l' (8.70)
The plots of residuals My and M;xy, are called added variable plots; see,
e.g., Weisberg (2005, p. 49).

Assuming that 1 € ¥(X;), the columns M;y and M;x;, are centered and
R?(M12.1) can be expressed as

(y'Mixy)?
y'Muy - x; Mix;

_ y'Mixx; My :y'PMlxky
y'Myy - x;. Mix; y' My

R2(.//12.1) = COI‘dQ(Mly, Mlxk) =

(8.71)

It is also interesting to observe that the OLSE’s residual under the reduced
model .#15.1 equals the OLSE’s residual under the full model .45, in short,

res(My2.1) =res(A12), ie., res(Myy;M;Xs) =res(y;X). (8.72)

This was already stated in Proposition 3.2 (p. 98) when the model matrix was
simply (1 : x). In the general case, the residual vector under .#12.1 becomes,
in view of (8.39a),
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I‘eS(./ﬂlg.l) = Mly — PM1X2M1y

=y - (Px,y+Py,x,Y)
=y — Px, x,)¥ = My =res(#12) . (8.73)

Notice that obviously

PM1X2M1y - PM1X2y' (8.74)

Trivially (8.72) implies that the residual sum of squares are identical under
%1241 and %122
SSE(A12.1) = SSE(A15) . (8.75)

The total sum of squares under .#5.1 is
SST(%lg.l) = ylMly = SSE(%l) s (876)
and

SSR(A12.1) = SST(M12.1) — SSE(M12.1)
= SSE(%/l) - SSE(.//Q) = y/PMlxzy. (8.77)
In the reduced model, the regression sum of squares SSR(.#12.1) is therefore

the difference between SSE’s of the full model .#75 and the small model ..
Thus we obtain, corresponding to (8.71),

SSR(#12.1)  ¥Y'Pamyx,¥

R*(M9.1) = =
( 12 1) SST(%121) y'Mly
"M,v — v/ M "M
YW oYY, Y2 (8.78)
y' My y' My

and thereby 1 — R?( M 12.1) = ;’,/MLE’; Because 1 — R?(.#12) = 3;,//%[3, we also

have
M ™
1= R (tyn) = L2 Y 1 R — R2(Moa)]. (8.79)

y'Cy y'Myy
If Xy = xy, then

1— 72 =2 8.80
Tyk~1...k71 y/Mly ) ( )

and

1- RQ('//ZU) =[1- R2(///1)](1 - T;kl.“kfl)
=(1 *7'51)(1 *7'524)‘”(1 *TZk.l...k—l)- (8.81)
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8.5 The Subvectors Bo and Bx

Let us consider the partitioned linear model
y =160+ XoBx + €, (8.82)
or in other notation,
My ={y, XB, 0>V} = {y, 150 + XoBx, 0°V}, (8.83)
where X is an n x k£ matrix:
X=(1:x13:...:x5)=(1:Xp); p=k+1=rank(X). (8.84)

Using Proposition 8.3 (p. 159) we get at once

Bx = (X{CXo) ' X{Cy = Tttty = SraSxy s (8.85)
where
X{CXy X|Cy Tyx t
T:X:y’CX:y:(O 0 )z(xx xy), 8.86
( 0 ) ( 0 ) y/CXO y/Cy t;(y tyy ( )
and the sample covariance and correlation matrices of variables x1, xo, ...,
Tk, Y are
S S R r
_ 1 _ XX XY _ XX XYy
S_n—lT_<S;y Si>’ R—(r;{y 1> (887)

To solve for the intercept Bo, we first write the equality
Hy = 153 + XoBx = P1y + Pcx,y = Jy + CXofx . (8.88)
ie., IBO =Jy— JXoﬁx, from which it immediately follows that
Bo=0—%Bx=7— (BB + -+ Zbr). (8.89)

If the columns of the matrix (Xg : y) are centered and of equal length,
then it is easy to confirm that

Bo=0,  Bx=Rgiry =a. (8.90)

The vector & comprises the so-called standardized regression coefficients.
Note also that if V =1 (and rank(X) = p), then

cov(By) = 02(X,CXo) ™ = 02T} (8.91)

In particular, if .#12 = {y, 180 + x81, 021}, then M; =1 —J = C, and
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x'Cy N o?

x'Cx

Bo=y—ih, pi=(xCx)"XCy= (8.92)

Consider the model {y, (1 : x; : x2)3, ¢I}. Then the correlation between
B and P is —r1s, the negative of the correlation between x; and zo:

cor(,@l,/gg) = —corg(x1,X2) = —T12. (8.93)

This comes from the following;:

A

1
cov(,é(g)) = cov (gl> =% (X[{CXg) ! = 0T = o? <t11 t12)
2

t12 too

— 702 t22 —l12 — CQI‘(B B ) — _t12 = —7r (8 94)
tiitog — 3, \ 12 t11 b t11 - to2 e

It is also very useful to observe that y and Bx are uncorrelated under
{y, (1:X()B, 0?I}. This is seen from

cov(Bx, §) = cov(TL1X] 0Cy, 11'y) = T X(C - 0’I-11=0. (8.95)

Consider the full rank model .# = {y, X3, 0?1} and suppose that our
interest is to predict a new future value of random variable y, when the
z-variables have values (1,z7,...,z}) = ( ! ) = xy4. We assume that y,

X

follows the same model as the components of y in .Z:
Yi = X;#,B +ex=Po+X.Bx +e., var(e.) =o> (8.96)

In addition we assume that cov(y,y.) = 0. A good linear predictor (actually
the best, BLUP, see Section 10.9, page 245) for y. on the basis of y is naturally

i =%y B = Bo + Bix.
=~ AR + B = j+ Bi(x. —%). (8.97)
Then ¢, is obviously an unbiased predictor for y, in the sense that
E(§« — y«) =0, where J, — y. = e, = prediction error. (8.98)
The variance of ¢, is
var(gs.) = var(x%éﬁ) = 0x, (X'X) " 'xy, (8.99)
which, using cov(Byx,7) = 0, can be expressed as

var(g,) = var [ + Bl(x. — X)]
= var(y) + var [B;(X* -]
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o? [}l + (x4 — i)/T;i(x* — )_c)]
oL+ —(x* —X)'Sir (%2 — X)]
= o2[L ¢ L MHLN?(x., X, Sxx)] - (8.100)

n

In view of the assumption cov(y,y.) = 0, which implies that y, and g. are
uncorrelated, the variance of the prediction error becomes

var(e,) = var(y. — 9x) = var(y.) + var(g,)
0?1+ x, (X' X) " xy] . (8.101)

When k =1 we get

(2, — 7)°

1 (z.—2)2
— 52 2
35, }, var(e.) = o |1+ - + . (8.102)

1
N
var(g.) = o {n + 53,

The formulas for var(f,) and var(e,), replacing o with 62, give basis for
the confidence interval for E(y.) and the prediction interval for y.; see, e.g.,
Seber & Lee (2003, Ch. 5).

8.6 The Decomposition SST = SSR + SSE

Let us consider the models

%12 = {yv 150 + XO/Bxa 021}7 and '%0 = {yv 1507 021} . (8103)

The residual sum of squares under .14 is

n

SSE = y'(1 - H)y = (T~ H)y[* = 3" (i — 5:)* (8.104)

i=1

Under the simple basic model .#;, we have OLSE(15,) = Jy = y1, and the
residual vector is the centered y, Cy, and hence the residual sum of squares
under . is

n

SSEg =y (I-J)y =y'Cy = |Cy|* = t,, = Z(yl —4)? =SST, (8.105)

i=1
which is called the total sum of squares.

The change in SSE when moving from .# to .45 is

SSEy — SSE = SST — SSE
=y (I-J)y—-y(I-H)y
=y (H-J)y =SSR, (8.106)
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Figure 8.2 Fitting the linear model into the scatterplot of Figure 8.1. (a) Residuals
from the model .7y = {y, 180, ¢*1}, (b) residuals from .#12 = {y, 160 + x1, o°I}.

which is the “sum of squares due to regression”; see also (3.41) (p. 99). The
relative reduction in SSE when using .#/> instead of . is

,_SSE,~SSE _SST-SSE _SSR _  SSE (8.107)

i SSE,  SST SST SST’

which is the coefficient of determination, i.e., the multiple correlation coeffi-
cient squared.
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Notice that when X = (1 : Xj), we have, corresponding to (3.42) (p. 99),
H= P(l:XU) =J+Pcx, =T+ PXO =J+ P‘K(X)ﬂ‘ﬁ(l)ia (8108)

and hence
H-J=Pcx, = PXO =Pyx)nea)r - (8.109)

As an orthogonal projector, H — J is idempotent (and symmetric) and so

n

SSR =y (H-J)y = [(H-J)y|* =D (% —5)* (8.110)

i=1

In the above definition of the R? it was essential to have the column 1 in
the model matrix X. Let us us now relax from this assumption for a while
and “redefine” the above sums of squares as

SST = Z (I —J)yl?, (8.111a)
SSR = Z I(H - J)y]?, (8.111b)
SSE = (i — #:)* = ||(T - H)y]*. (8.111c)

i=1
Note that the only “new” thing concerns SSR. Of course we trivially have
I-Jy=H-J)y+(I-H)y, (8.112)
and equally trivially we always have
YI=J)y=y'H-J)y+y(I-Hy. (8.113)
However, the equation
1= D)y l* = | = Dy|* + (X - H)y| (8.114)
holds if and only if (H —J)y and (I — H)y are orthogonal, i.e.,
yH-J)I-Hy=y(JH-J)y=0. (8.115)

Now (8.115) holds (for all y) if and only if J = JH, and thereby J = JH =
HJ. Proposition 7.1 (p. 152) immediately gives the following Proposition:
Proposition 8.5. Consider the model .# = {y, X8, 0*1}. Then the decom-
position SST = SSR + SSE, i.e.,

1T = D)y * = | - )y|* + (T - H)y| (8.116)
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holds for all'y if and only if 1 € €(X).

Note that for SST = SSR + SSE to hold, it is not necessary that the vec-
tor 1 is explicitly a column of X; it is enough if 1 € € (X). The decomposition
is also valid in particular if y is centered or y € €(X).

When 1 ¢ 4(X), it makes no sense to use R? as a statistic to describe

how well OLS fits the data. When 1 ¢ €(X), R? as defined as 1 —SSE / SST,
can be even negative! In the no-intercept model, it is natural (see, e.g., Searle
1982, p. 379) to consider the decomposition

yy=yHy+y (I-H)y, SST.=SSR.+SSE. (8.117)

Then the coefficient of determination can be defined as

»2_ SSR. _ y'Hy 1 SSE
*OSST.  yly y'y

= cos?(y, Hy) . (8.118)

See also (3.29) (p. 97).

8.7 Representations of R?

The coefficient of determination has various equivalent representations, like
for example:

Y@ -J)y-y'(I-H)y

R? = 8.119
y'(I-J)y (8.119)
yH-J)y
=== 8.119b
y(I-Jy ( )
Y'Pyx)ne@)ry
= 8.119¢
y'(I-Py)y ( )
y'Pex,y
- 8.119d
y'Cy ( )
'CXy (X, CX,)"1X,C
_ Y'CXo( (;/C;) oCy (8.119¢)
t!, Tty s, Szlsy
_xy txx Yy _ Txy S:;x v _ r;yR;irxy (8.119f)
vy Y
= Ty & = 11y + - Ty (8.119g)

where & is the vector of standardized regression coeflicients. Above we have
used the notation coming from the partitioned matrix of the corrected sums
of squares and cross products of x’s and y:
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y'CX, y'Cy ty  tuy

t11 tiz ...tk tiy

= S (8.120)
te1 tre ... Trk tky
S P

The presentations in (8.119) can be easily proved using properties of or-
thogonal projectors. The true inverses can be replaced with generalized in-
verses whenever needed. For example, in view of

H-= P(l:Xg) =J+Pcx,, (8.121)
we get
I-H=C - CX,(X,CXy) 'X{,C, (8.122)
and hence
SSE = y'(I - H)y =ty — th, Tittxy - (8.123)

Here SSE is the Schur complement of Ty in T:
1
SSE = tyy.x = i T/Txx, (8.124)

where the notation t¥¥ refers to the last diagonal element of the matrix T,
Moreover, it is easy to confirm the following:

1

where %Y is the last diagonal element of the correlation matrix R~'. We may
note that, corresponding to (8.125), the ith diagonal element of Ry} can be
expressed as

. 1
r*t = = VIF;, (8.126)
1- Rzz-l...ifl,iJrl,...k
while 1
R?-l...i717i+1,.‘.k =1- ﬁ (8-127)

For the use of R™! in statistics, see, e.g., Raveh (1985).

8.8 R as a Maximal Correlation

One fundamental (and well-known) property of R defined above is that it
equals the correlation coefficient between the y and Hy:
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Proposition 8.6. Consider the model .# = {y, X3, 0’1}, where 1 € € (X)
and let R? be defined as in (8.107). Then

R = corq(y,Hy) = cos[(I-J)y, (I - J)Hy| = cos(Cy,CHy). (8.128)
Proof. The crucial property needed in (8.128) is the following:
J=HJ=JH. (8.129)
To confirm the important equality (8.129), we note that in view of
Hl=1 < 1€%(X), (8.130)

we indeed have
HJ=H11'l =111 =7

from which (8.129) follows.
To prove (8.128), note first that in view of (8.129), (I - J)H = H — J.
Hence our claim is

, (8.131)

a

R = corq(y,Hy) = cos|Cy, (H—-J)y| := , 8.132

which indeed is true because
a=y'(I-J)Hy =y (H-J)y =SSR, (8.133a)
b=y (I-J)y =SST, (8.133b)
c=yH(I-J)Hy =SSR . (8.133c)
O

We may recall that if the vector y is projected onto the line € (1), we get
the mean vector
Jy=9y1. (8.134)

But now, in view of (8.129), also
Jy=JHy)=Jy. (8.135)

As a result we obtain a right-angled triangle whose corners are at the tops of
the vectors y, Hy (= §), and Jy. Note that an identical triangle is formed by
the tops of the vectors Cy, CHy, and 0; cf. Figure 8.4 (p. 183). The length
(squared) of the hypotenuse of this triangle is SST, while the other sides have
(squared) lengths SSE and SSR, and hence

SST = SSR + SSE, (8.136a)
ly — Jy|? = |Iy — Hy|* + |ly — Hy|*. (8.136b)

It is also worth emphasizing that R? has the following property:
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Proposition 8.7. With the above notation,

R? = max corg?(y, Xob) = cos?(Cy, CXgb,), (8.137)

where
b, = (X,CXo) ' X Cy = Tiltyy = Seisey = Bx - (8.138)

Proof. The proof is essentially available in Remark 2.2 (p. 79), in (2.2) (p. 79),
and in (9.19) (p. 193). Despite of that, let’s have a quick look at the problem
in hand.

For a simplicity, let us assume that the model matrix X has full column
rank; if this is not the case then all inverses appearing in this context should
be replaced by generalized inverses. Note also that in (8.137) we can replace
b. with ab,, for any nonzero scalar a.

It is obvious, see Proposition 2.3 (p. 77), that the cosine between a given
vector Cy and a vector CXgb (with varying b) is maximal when CXgb is
the orthogonal projection of Cy onto CXj, i.e.,

CXob, =Pcx,Cy = CXTyitxy - (8.139)
Hence we have

max cos*(Cy, CXob) = cos®(Cy,Pcx,Cy)

_ y'CPcx,Cy _ SSR
N y'Cy ~ SST

(8.140)

O

An alternative way to prove that R? has the maximal property (8.137), is
to consider

'CXgb)? (5, b)?
CordQ(anOb) = (y / 0I ) = y/
y'Cy -b'X,CXob  t,,-b'Tyb
t, Tty b’ Tuxb  ti, Tixtxy,  SSR
Tty bTxb  t,  SST’

(8.141)

where the inequality is based on the Cauchy—Schwarz inequality; see also
Section 20.2 (p. 417).

Proposition 8.7 means that if we want to find such a linear combination
of variables x1, ..., x; (whose observed values are in matrix Xg) which has
maximal correlation with the variable y (values in vector y), then that linear
combination is . . .

XoBx = bix1 4+ - + Brpxi (8142)

where By = Sz} Sxy- Note also, see Remark 2.2 (p. 79), that if our task would
be to find a vector ¢, so that
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min varq(y — Xoc) = min —15||Cy — CXqc||* = varq(y — Xoc.), (8.143)
then the solution would again be Bx:
min varg(y — Xoc) = varg(y — Xo,éx) , (8.144)

and

varg(y — XoBx) = — SSE = S — Sty St Sxy

n—1 Xy
sl Solsy
= 31— ) _ 21— R2). (8.145)
Yy

8.9 Testing a Linear Hypothesis

In this section we simply present—without detailed explanation—some im-
portant formulas related to hypothesis testing using orthogonal projectors.
We consider the full rank model .#15 = {y, X181 + X282, 0%I}. The results
below follow from the distributional properties mentioned on page 18.

First we note that in view of the decomposition (8.2) (p. 155), we have

H - Px, =Py x, = Pexonemn,) = MiXo(XoM Xo) " X5M,, (8.146)
where X; € R"*Pi ¢ = 1,2. Then the following decompositions hold:

SSE =y (I - H)y = y'My
= y/(I - le - PMIXQ)Y

=y My —y'Py,x,V, (8.147a)
SSEy = SSE(under the hypothesis 82 = 0)
=y'(I-Px,)y =yMy, (8.147b)

SSEpy — SSE = ASSE
= change in SSE due to the hypothesis
=y'(Px — Px,)y = yIPMlxzy
=y M; X(X,M; X,) ' X,Myy

= ByX,M; X3,
= B/2T224132
= B}lcov(B2)] ! Bao?, (8.147¢)

where
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Tao1 = X4M; Xy = X5(I — Py, )X
= the inverse of the lower-right py x ps block of (X'X)~!
= the Schur complement of X]X; in X'X. (8.147d)

If the hypothesis B2 = 0 is true and y ~ N,, (X3, ¢%I), then

F— (SSEH—SSE>/p2 - ASSE/pQ
- SSE/(n-p)  SSE/(n-p)

_ B4yTa91Ba/pa _ Bhleov(B2)] ' Bao?/ps

52 62
= B[cov(B2)] " B2/p2 ~ Flp2.n —p) (8.148a)

where F(-,-) refers to the F-distribution and cov(B2) to the estimated co-
variance matrix:

cov(Bs) = 67155, . (8.148b)
As a consequence, we can define the confidence ellipsoid for 85 as follows:
(B2 — B2) Ta2.1(B2 — B2)/po
52

(Ba — B2) [cov(B2)] " (B2 — B2)/D2 < Fapynp (8.149b)

< Fopynp (8.149a)

where Fy.p, n—p is the (upper) significance point corresponding to the o sig-
nificance level.

If the hypothesis By = 0 is true, where 8 = (52 ) and y ~ N,,(X8,0°I),
then SSEx = SST and

o (SSEq—SSE)/E __ SSR/K
 SSE/(n—k—1) SSE/(n—k—1)
_ R2/k ~F(hn—k—1). (8.150)

- R/ k1)
Let us then have quick look at a more general hypothesis of the type
H:K'B=0, (8.151)

where K € RP*? has full column rank and K’S is estimable, i.e., K = X’A
for some matrix A. Denote

SSEy = SSE(under the hypothesis K’'8 = 0)
~ min |ly - XA = ly - XA, |, (8.152)

and let L be a matrix with the property € (L) = 4 (K') = €(K)*. Let
further X, be a matrix satisfying
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€ (X,)={XB:Be?¢(L)=A4(K)}=7%¢(XL), (8.153)
ie.,
¢ (X.) is the subspace of € (X) where the hypothesis holds. (8.154)
Now we obviously have

min [ly — XA/ = min |y - XLB|* = lly - Pxryl*, (8.155)

so that X,é,,. = Py, y and in particular if L and X have full column ranks,
B, = LILX'XL)"'L'X'y. (8.156)

Suppose that X has full column rank and denote N = X(X'X)'K. Then
% (X.) can be written as

C(X,)={z:2€%(X) and N'z=0} =%(X)NE(N)*. (8.157)
In view of (7.1) (p. 152), we have

Px =Pn +Pyx)nem: =Pn +Px,, (8.158a)
Px. =Px —Px

=H - X(X'X)'KKX'X)'K'K'X'X)"'X',  (8.158b)

B, =B — (X'X)'K[K'(X'X)'K|'K'S, (8.158¢)

SSEn =y'(I - Px )y = SSE+A'K[K'(X'X)'K|'K'B.  (8.158d)

The estimator Br is the restricted OLSE of .

Under the model {y, X3, 0>V}, where V is positive definite and y ~
N, (XB,02V), the F-statistic for testing the hypothesis H: K’ = d appears
to be

Q(V)/q _ [SSEu(V) —SSE(V)]/q

F(V)= P SSE(V)/(n— 1) ~F(g,n—r,8), (8.159)

where K'B is estimable, tk(K,x,) = ¢, 62 = SSE(V)/(n — ), r = rk(X),
and

SSE(V) = min|ly = XB[-2 = (v - XB)V ' (y—-XB), (8.160a)
SSE (V) = min |y — XB|%-1 s (8.160b)
Q(V) = SSEy (V) — SSE(V) = ASSE(V)

=y'@, -Px, v1)y—y @, —Pxv)y
=y (Px;v-1 —Px_v-1)y. (8.160c)
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8.10 A Property of the Partial Correlation

Consider the last two regressors under the full rank model {y, X8, o*I}:
X=1:x1:...:Xp1:Xp) = (X1 :xp-1 1 %p) = (X3 : X)) (8.161)
Then

-1
/ !
A 2 it 1 o (%, 1 Mix,_4 xp_lMlxp
COV(,BQ) =0 (X2M1X2) =0 p, ,
xlexp_l xlexp

:c-( X, Mix, ,X;’—lMlxp), (8.162)
—XpM1Xp71 Xp_lMlxp,l

where ¢ is a positive constant. Now the partial correlation between x,_;
and x, when variables in X; are held constant, is defined as the correlation
between the residuals

€p_1.1 = (I — le)xp—l = Mlxp_l , (8163&)
€p.1 = (I — le)Xp = M1Xp . (8163b)

Because these residuals are centered, their correlation is

x _Mix
corg(ep_1.1,€p.1) = p1 1P . (8.164)
\/x;FlMlxp,l \/x;,Mlxp
Hence we immediately conclude the following result:
Proposition 8.8. With the above notation,
cor(By_1, Bp) = —peora(xp_1,%p | X1) = —Tp_1.p1..p2- (8.165)
Because the confidence ellipsoid for 85 can be defined by
N , N
_ T _
(B2 — B2) 22;(132 B2)/p2 < Py (5.166a)
(B2 — B2)'[c0v(B2)] " (B2 — B2)/p2 < Faspan—p (8.166b)
we can conclude that the orientation of the confidence ellipse for
Ba = (ﬂ,%l) (8.167)
P

is determined by (the negative of) the partial correlation between x,_; and
Xp-
Regarding the result (8.165), we may refer to Belsley (1991, p. 33) who
writes “This result, so well known in back-parlor gossip, seems strangely
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absent from statistics texts, so perhaps a formal demonstration is in order.”
The result (8.165) appears e.g. in Rao (1973a, p. 270) (with a missing minus
sign), and in Kanto & Puntanen (1983, 1985).

8.11 Another Property of the Partial Correlation

There is one interesting (curious) feature of the partial correlation coefficient
that may deserve attention; see Kanto & Puntanen (1983, 1985). To simplify
notation, let the model matrix be partitioned as

X=(x1:x2:1:x3:...:%x) = (%1 : X2 : X3), (8.168)
and denote R
. (2
B=1|p5]=XX)""Xy. (8.169)
Bs

Proposition 8.9. Consider two vectors of specific residuals:

€1.23 = (I — P(x2:X3))X1 = M23X1 5 (8170&)
€2.13 = (I — P(x1 :X3))X2 = M13X2 5 (817012))

i.e., €1.03 is the residual when x1 is explained by all other x-variables. Then
the following result holds:

corg(er.o3,€2.13) = — peorg(x1, Xz | X3) = —rio3. k- (8.171)
Proof. To prove (8.171), we first note that

/!
X1M23M13X2

. (8.172)
VX Masxi /x5 Misxs

COl"d(el-zg, 82413) =

On the other hand,
Br = (x| Masx;) x| Mgy, Bo = (xhMizxs) 'x)Myzy,  (8.173)
and, therefore, straightforward calculation shows that

cor(Fr, o) = x1 MasMi3x)
b - .
\/XllM23X1 \/X/2M13X2

Now, combining (8.172), (8.174) and (8.165) yields our claim (8.171). O

(8.174)
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8.12 Deleting an Observation: cov(y) = oI

Let us consider three linear models:

M ={y, XB, ¢’1,}, (8.175a)
-///(i) = {y(i), X(i),@, 0217171}7 (8.175b)
My = {Y7 Z, UzIn} = {y’ XB + uj, 0_2:[”}. (8175C)

By .#(;) we mean such a version of .#, where the ith case is deleted; thus
¥(i) has n —1 elements and X(;y has n — 1 rows. For notational simplicity we
delete the last observation. Model .Z 7 is an extended version of . :

Z—(X:u), u=(0,...,0,1Y, 7—<§>. (8.176)
We will use the following notation:

B = B(.#) = OLSE(B) under .# (8.177a)
Bz = B(#z) = OLSE(B) under .4 , (8.177D)
6 = 0(#z) = OLSE(8) under ./ , (8.177¢)
By = B(M;y) = OLSE(B) under ;. (8.177d)

Assume that Z has full column rank, which implies that
¢ (X)N%(u) ={0}, (8.178)

which means, see Section 5.6 (p. 130), that 0 is estimable under the model
M z. Thereby m;; > 0 and, in view of (8.36) (p. 160),

Bz =[X'(I-ud)X] ' X'(I-uu)y, (8.179a)
uMy &

(S5
I

= 8.179b

uMu my; ( )
where &; refers to the ith element of the residual vector &€ = My. Furthermore,
from (8.179a) we see immediately that

Bz = (X X)Xy =B - (8.180)

This result is actually a consequence of the Frisch—-Waugh-Lovell theorem:
model .#z corresponds to the full model .#12, model .#;, to the reduced
model .#15.1 obtained by premultiplying .#z by I—uu’, and .# is the “small”
model .

Now we can write
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Bz

P,y =74 = (X :u) < 5 > =XBi) +ud. (8.181)

On the other hand,

Pyy = Hy + Py, y
= X3 4+ Mu(u'Mu) 'u'My

= XA +Mu—" =X + Mué. (8.182)
Equations (8.181) and (8.182) imply that
X3 — XB(Z») =ud — Mud = Huf, (8.183a)
X(B8 - B)) = Hud, (8.183b)
(8- B(i))/X/X(B - B(i)) = hi;i6%. (8.183c¢)

Premultiplying (8.183b) by (X'X)7!X’ yields (cf. Belsley, Kuh & Welsch
1980, p. 13)

Ei

DFBETA; = 8 — B = (X'X)"'X'ud = (X'X)"'X'u (8.184)

Mg

Of course, we could have arrived at (8.184) directly by simply applying for-
mula (8.43):

Bi( M) = By () — (X)X 1) X X Bo (M) - (8.185)

Note also that from (8.183c) we can obtain a representation for the Cook’s
distance (Cook, 1977):

(8- B(i))/X,X(B - B(i)) _ R 62

COOK? =
! PG> pG2
hi & 1 hy t2
- S D T (8.186)
Mmi; Mi;0= P My P
where
Lix = = YL the internally Studentized residual. (8.187)
O/ M

Notice that we use the term “Cook’s distance” from COOK;—not from

COOK;; this seems to be a common practice even though there is a slight

inconsistency with the terminology related to the Mahalanobis distance.
Furthermore, because
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Py =uu + Py yuix = (8, ?) + <P(’)‘,<i> g) , (8.188)
we observe that the SSE under the extended model .#Z; becomes
SSEz = y'(In = Pg)y = y(;) Tn-1 — Px, )y = SSE(;) , (8.189)
which further can be written as
SSEz =y'(In = P2)y = y'(In = H = Py, )y = ¥ (M = Py, )y . (8.190)

Hence the “usual” unbiased estimator of o2 under .# is

1 1
~2 - ,
Notice that (8.189) could have been obtained directly from (8.75) (p. 165),
which says that the SSEs under the full model and the reduced model are
equal. Now it is easy to conclude that the usual F-test statistic for testing
the hypothesis § = 0 under the model .#; becomes

2 SSE(under hypothesis) — SSEz _ V' Pyay
! n7;71 SSEz niéily’(M - Py
€2 €2

- (8.192)

1 ~2 ’
n_p_1 SSE(Z) M4 a(i)mii

which is the ezternally Studentized residual (squared).
We note, see (13.18) (p. 293), that applying the determinantal properties
of the Schur complement to matrix

X'X X'u
Z'7 = (u,X | ) (8.193)

we get

1Z'Z| = |X'X|- 1 —u'X(X'X)" ' X"u| = [X'X]|- (1 — hy) (8.194a)
=1 XX - X'uu'X| = \X’(i)X(i)| , (8.194b)
and hence ,
|Z'Z\ - |X(i)X(i)‘
XX T XX
For the consequences of deleting several observations, see Exercise 8.17

(p. 188). Some further generalizations for the considerations of this section
appear in Section 15.8 (p. 337).

my; =1 —hi; =

(8.195)
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8.13 Geometrical Illustrations

This section comprises figures that illustrate the geometrical meanings of
various concepts presented in this chapter. For geometric considerations in
regression, see also Bring (1996), Bryant (1984), and Margolis (1979). For
the history of the use of geometry in the linear model, see Herr (1980).

e=(I-Hy=y-y

e=(I-H)y/

Figure 8.4 Illustration of SST = SSR + SSE.
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Figure 8.5 Large R? but 71, and 72, very small.

€ (x1)*

/ M,y b=PwMm,x,y = PMmx, M1y = M, x5,

Figure 8.6 Illustration of the reduced model.

8.14 Exercises

8.1. Show that g and 372} are independent when y ~ N, (u, 0%1,,).
Hint: Write up § and s in matrix forms and use the results of (e) on
page 18. See also Anderson (2003, p. 77), and Zehna (1991).

8.2. Consider the models .#, = {y.,XBq,0%1} and 4, = {y,, X8y, 0?1},
where X = (1, : x1 : X2 : X3), rank(X) = 4, and y, = y, — Xz, where
z =(0,0,2,3).
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(a) Express Bb as a function of ,@a.
(b) Compare the residuals under .#, and ..
(e) (X'X)"1X'1,, =?

8.3. Let y ~ N,,(X8,0%1), where X = (1: Xg), 8= (5°), and rank(X) =
k 4 1. Prove the following:

(@) ¥'y/o? ~x*(n, B'X'XB/0?),

(b) ¥(X=J)y/o* ~x*(n—1,X'CXB/o?) = x*(n— 1, By TxxPx/0?),
(c) y/(H—J)y/o? =SSR [o® ~ x*(k, B TxxBx/0?),

(d) yI-H)y/o? =SSE Jo? ~ x*(n —k —1).

(e) SSR and SSE are independent.

8.4. Prove: (X/QM1X2)71 >L (XéXg)il.

8.5. Consider the matrices A € R™*%, B € R"*? and T € R™** and
assume that ¢ (T) C € (A). Moreover, let U be any matrix satisfying
% (U) =F(A)NE(B) and denote Qr =1I,, — Pr. Prove that
¢(QrU) = ¢ (QrA)NE(QrB).
Markiewicz & Puntanen (2009, Lemma 5).

8.6. Consider the model {y, X3, oI}, where 1, € ¥(X) and denote the
OLS residual as € = My. Prove the following:

(a) corq(y,&) = (+)(1 — R?)Y/2 > 0, i.e., y and & cannot be negatively

correlated,
(b) corq(y,€) =0, i.e., the fitted values and residuals are uncorrelated,
(c) corq(x;,&) =0, i.e., each z; is uncorrelated with the residual,
(d) &1, =y'M1, =0,ie, > &=0= é: & is centered,
(e) &'y =0,8&'x;, =0,
(f) S’/ln = y,H]-n = yllna i-e~7 % ?:1 gz = g7
(g) cov(y, Hy) = 0?H = cov(Hy), cov(y, My) = 02M = cov(My); here

y is a random vector.

8.7. Consider the model {y, X3, oI}, where X has full column rank and
X=1Q:x1:...:Xg: Xg1: ... :X) = (1: X1 : Xg) = (X : Xy),

and B = ( A’l, ,3'2)’ . Show that the following statements are equivalent:

(a) B2 =0,

(b) X;Myy =0,

(C) y € %(M1X2)J‘ = <g()()l H %(Xl) = %(Xl : XQ)J_ H %(Xl),
(d) pCOI‘d(Xg,y | XOl) =0or y € %(Xl)
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See also Exercise 3.11 (p. 104).
8.8. Prove, using the notation of Section 8.3 (p. 161):

32 YMy thk . SSE(y; X
ﬁk_rykukl X' M;x/ =Tyk12. k—1" : (y;X1) -
k k

8.9. Consider the linear model .# = {y, X3, oI}, where X = (1:x),x =
i,. Prove that the t-statistic for testing the hypothesis 51 = 0 is

where (,,) is the mean of yi,...,y,—1 and s(,) their standard deviation.

Confirm that this test statistic is the externally Studentized residual; cf.
(8.192) (p. 182).

8.10. Let H = Py where 1 € ¥ (X). Prove that % < hy < %, where ¢ = the
number of those rows of X which are identical with XEz‘) (¢ > 1). Show
also that for each each off-diagonal element h?, < 1

f— 4 M
8.11. Consider the ANOVA model represented in (1.17a) (p. 61), when we
have g groups (or treatments) and n; observations in the ith group:

Y1 1n1 0 0 M1
y2 0 171,2 0 H2
My = = ) . +e=XB+e¢.
Yg 0 0 1,, g
Confirm
J., O 0 C,, 0 0
0 J,, 0 0 C,, 0
H-— ., M=I-H=| . ,
0 0 Jng 0 0 Cng
gl 1n1 Cnlyl (yl - g)l
?32 1n2 Cn2y2 (gQ - g)lng
Hy = : , My= . s (H_Jn)y: . s
gglng CngYQ (gg - g)lng

g
SST =y'C,y = ZZ(%], — )%, SSE=yMy =SS, +---+8S8S,,

i=1 j=1
g

SSR=y'(H-J,)y=> ni(yi —§)*:=SSB, SST =SSR+SSE .

i=1
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Observe that under the hypothesis H: iy = --- = p, we have SSEy =
SST and hence SSEy —SSE = SSB, and, under normality, the F-test
statistics for testing H is

_yH-J,)y SSB/(g—1)

F = = ~Fg—1,n—g).
yMy  SSE/(n—g) 09

In this context, a common practice is to use notation
SSR = SSB = SSpetween s SSE = SSwithin -

For the multivariate versions of the above sum of squares, see page 233.

8.12 (Continued ...). Show that in the case of two groups the F-statistics
for the hypothesis iy = po can be written as

P (1 — 42)* _ m =) +na(@ —9)°
SSy + 5SS, < 1 1 ) SS1 4SS,
—_ + —_ e —
n—2 ni  No n—2

_77,177/2.(7_7). SS1 4SS, 71_ 7_7)
T, Y1 — Y2 Th_9 (Y1 — 92

Ry
:(SySlEiyiﬁsz(Ln—2):t2(n—2), ny+mns=n.

n—2 nine

Notice the connection between the above F and the Hotelling’s T? in
(10.115) (p. 234). See also Exercise 0.25 (p. 53).

8.13. Notice that in Figure 8.1 (p. 169) we generate observations from a
two-dimensional distribution N»(0, X); 0, = 0, = 1, 0,, = 0.7. Hence
also the explanatory variable x is a random variable which is not the
traditional situation when generating observations from a linear model:
there the values of z are assumed to be fixed and only y is a ran-
dom vector. Confirm that in the random-case (under multinormality)
the hypothesis p,, = 0 can be tested in the “usual” way by calculating

2

T . .
F = —=2%——. Moreover, convince yourself that in nonrandom case
(1-rz,)/(n=2) ’ ’

i.e., in a standard linear model, there is no parameter corresponding to
0zy and thereby 7., is a summary statistics of the regression but not an

estimate of the nonexisting “population correlation coefficient”.
Weisberg (2005, pp. 80-82).

8.14. Show that in (8.159) (p. 177)
Q(V) = (K'8-d)[K'X'V'X)"'K] '(K'8 - d)
= (K'B —d)'[cov(K'B)] "1 (K'B — d)o?,
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and the restricted BLUE for 8 (supposing X has full column rank) is

B,=p—- XV IX) KK XV IX)'KYK'3-d).

9 — o

7 o
6_
5_
4_
3 - o
2_
1 o

T T T X
1 2 3

Figure 8.7 (Exercise 8.15) Three treatments, 1, 2 and 3; seven observations.

8.15. Consider the scatter plot of Figure 8.7, where we have seven data points

and we have three treatments whose effect on y we wish to study using
one-way ANOVA. Show that the F-statistic for testing the hypothesis
H: py = po = ps has value F' = 12 with g — 1 = 2 and n — g = 4 degrees
of freedom, and

SST = SSgetween + SSwithin: 42 =236+6.

8.16 (Continued ...). Suppose that the scatter plot of Figure 8.7 represents

a two-dimensional discrete uniform distribution of random variables x
and y. Let E(y | ) denote a random variable whose values are conditional
means E(y | « = 1), E(y | « = 2), E(y | = 3) with probabilities
P(z = 1), P(z = 2), P(x = 3), respectively. Define the random variable
var(y | ) in the corresponding way and show that

var(y) = var[E(y | )] + E[var(y | z)] . (8.196)

Casella (2008, p. 9) calls (8.196) as “a most important equality” in his
book on Statistical Design. Confirm the connection between (8.196) and

the ANOVA decomposition SST = SSB + SSE.

8.17 (Deleting the last ¢ observations). Consider the models

M = {y, XB, o*T} and its extended version .#y = {y, Z~, 0*1},
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where

Z=(X:U), X,up= (§E;;) , X € RO—0)xp, X (o) € RO,

Uq(f) 7(§>, BER, CRY, H(E; Egj)

I, ,—Hin —Hip
M = q .
< —Hy I, —Hy

Let .43 denote the version of model .# where the last ¢ observations

have been deleted. Confirm the following statements:

(a) rank(Mas) = ¢—dim € (U)NE(X) = g—rank(X(z))+dim ‘K(X’(l))ﬂ
%(X’(Q)).

(b) Moy is positive definite <= €'(X[,)) C ¢(X{;)) <= rank(X(y)) =
rank(X) <= ch;(U'HU) = ch;(Hy) <1 <= F(X)N%(U) =
{0} < § is estimable under .#; = {y, Z~v, o*1}.

(c) If X(q) has full column rank, then

6 = (UMU) " 'U'My = M3}, = M3,!Ma1y1 +ys,

where & is the lower part of &€ = My, and y» is the lower part of y.
(d) SSEz = y'(I-Pz)y = SSEg = SSE —y'Pymuy = SSE —&,M,,' é5 =
SSE —8"M4.8, where SSE = y'My and

SSEz = SSE[y) = ¥} (I.—q — Px,,,)y1 is the SSE under .y, .

() B~ B = (X'X) ™' X'UMy, UMy = (X'X) ' X{, My, &

= (X’X)"1X'U$, where B[Q] is the OLSE of 8 under .#[3).

Px,, 0
(1) €(X[,)) N (X)) = {0} « H = ( 5 b
Theorem 16 (p. 343).
(g) The F-test statistics for testing H: d = 0 under .#z can be written

) ; see also

as
2 y'Pymuy/q . yMU(U'MU)~'U'My/q
2y (M~ Pamu)y/(n—p —q) SSEjg /(n—p—q)

_ €My, €2/q
SSEg) /(n —p —q)

= the multiple case analogue of externally Studentized residual.

~ F(g,n—p—q,6'M2é/5°)

8.18. Consider the variables z1,x5 and y whose observed data matrix is
(x1:%x2:y) = (Xp:y) and the sample covariance matrix is



190 8 A Decomposition of the Orthogonal Projector

2
2 1 SIJ, Sxy 2 Lo
= = / ) = .
(a) S=s"|r =g o2 (byS=s"|r 1 r
r Yy 2 or 1

Find b, € R? so that miny, varg(y — Xob) = varg(y — Xob,). Confirm
that b, maximizes corq(y, Xob).

S -3
— 3

8.19 (Properties of intersection ¥(A) N %' (B)). Let L be a matrix which
spans the intersection of €(A) and ¢(B), i.e.,, €(L) = €(A) N ¥ (B)
Prove:

(a) C(A) =¢[L: (I-Py)A] =% (A)NE(B)BE[(I-Pr)A]

(b) Py, =P +Pa-p )a =P +Pyaynew),

(c) PAPB =Py +Puap aPa pr, B

(d) (I- )PA = PA(I -P ) Py P = P%(A)m%(L)L,

(e) Z[(I—Py)A] =%[I1-Py)Py] =% (A)NE(L)",

(f) rank(A) = dim € (A) N €(B) + dim € (A) N € (L)*.

8.20 (Commuting projectors). Denote € (L) = ¢ (A)N%(B). Prove that the
following statements are equivalent; see Baksalary (1987):

b) P Py = P‘K(A)m‘ﬁ(B) =Py,

(c) Pa.B) =Py + Pg — P, Pp,

) €(A:B)NE(B)t =¢(A)N%E(B)*,

) )=F(A)NE(B)BE(A)NE(B)*,

(f) rank(A) = dim€¢(A) N €(B) + dim € (A) N € (B)*,
) (A'B) =dim € (A) N € (B),

) P )B = Pg —P,Pg,

i) €(PyB)=%(A)N%¢(B),

i) €(P,B) C ¢(B),

) Pa_p )aPa-p B =0.

8.21. Suppose that P, Pz = PgP,. Show that then
%(Py : Pp) = C(PoPp) B¢ (PAQp) BE(PpQa),

where Qy =1 —-P, and Qg =1 - Pg.
Grofl & Trenkler (1998), Kala (2009).



Chapter 9
Minimizing cov(y — Fx)

I don’t play accurately—anyone can play accurately—>but
I play with a wonderful expression.

OsCAR WILDE: The Importance of Being Earnest

In this chapter we consider the problem of finding the minimum—in the
Lowner sense—for the covariance matrix of y — Fx where y and x are given
random vectors and the matrix F is free to vary. This is a fundamental task
in linear models and multivariate analysis and the solution, utilized in several
places in this book, is very much worth remembering.

Theorem 9 (Minimizing cov(y—Fx)). Let x andy be p- and q-dimensional
random vectors, respectively, and let z = (;) be a partitioned random vector
with covariance matric

_ X\ [ Bxx Bxy)
cov(z) = cov <y> = <2yx Eyy) =3. (9.1)

Then
cov(y — Fx) > cov(y — ByxXx) for all F € RT*P, (9.2)

and the minimal covariance matriz is
CoV(Y — Byx By X) = Byy — By D Dxy = Dyyx = 2/ Dxx (9.3)
the Schur complement of 3xx in 3.

Proof. The proof is very simple with the help of the Block Diagonalization
Theorem 13 (p. 291). Let us denote

u; I 0 X X
v (u2> z (nyzxx Iq) <Y> (y - nyzxxx) ( )

Then

cov(n) = BEB' = (ng Syy - zfxzf zxy> ’ 95)

indicating that u; and uy are uncorrelated:

cov(ug, ug) = cov(x,y — Byx3x) =0. (9.6)

S. Puntanen et al., Matrix Tricks for Linear Statistical Models: Our Personal Top Twenty, 191
DOI 10.1007/978-3-642-10473-2_10, © Springer-Verlag Berlin Heidelberg 2011
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We can obviously write

covly — Fx) = covl(y — EyaSinx) + (SyxEny — F)x]
= cov(vy + va). (9.7

In light of (9.6), the random vectors v; and vo are uncorrelated and hence
(9.7) can be written as

cov(y — Fx) = cov(y — Byx I X) + cov[(Tyx X — F)x]
> cov(y — Byx T X) . (9.8)

Thus our claim is proved. a

We can approach the above task also through projections. To do this, let
us express the covariance matrix of (;) as

x)  [(Zxx Zxy) (A’A A'B
o (3)= (5= 2) - (3a ) 99)
where A € R¥*P, B € R**? (for some u). Then

cov(y — Fx) = B'B + FA’AF — B'AF' — FA'B
= (B—AF)'(B— AF/). (9.10)

In view of Proposition 2.5 (p. 81), we have
(B—AF')(B—- AF') > B'(I, — P,)B, (9.11)
where the equality is attained if and only if
AF =P,B = ASL %, (9.12)
in which case F’ can be expressed as F, = (A’A)TA'B = X}, 3,. Hence
cov(y — Fx) > cov(y — F.x) = cov(y — Zyx 1, %), (9.13)

where 37, can be replaced with any 3, .
In view of Proposition 1.4 (p. 64), we can “extend” Theorem 9 as follows.

Corollary 9.1. The following statements are equivalent:
(a) cov(y — Fx) > cov(y — Ax) for all F € R7*P.

(b) cov(x,y — Ax) =0.

(¢) The matriz A is a solution to A¥xx = Zyx.

(d) The matriz A is of the form

A=3,3 +L{I, - Su35 (9.14)

XX) Y
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where L € RY*P is free to vary.
() A(x — px) = Byx D (X — px) with probability 1.
In particular, if the random vector z is partitioned so that
cov(z) = cov (X) = (Efx 0’?’) =3, (9.15)
Yy Oxy Ty
then

2

min var(y — f'x) = var(y — o5, X X) = 0 — 05, X Oxy

O'; E;XUXZI
=0, (1 — yT) =o.(1-0),) =0, (9.16)
y

where the minimum is obtained when f is
f. =3 0oxy. (9.17)

On the other hand, in view the Cauchy—Schwarz inequality, we have (assum-
ing o7 > 0):

/ 2 / — ’
2 / (O'ny) ny Z:xxa-xy f z:xxf
f =
cor (yv X) 0.12/ . flzxxf — 0.5 . f/zxxf
o . Y . o
_ TxySxx9xy 9 9 ,
ST o2 G (y,£.x). (9.18)

Thus we have (again) confirmed that the tasks of solving f from

mfin var(y — f'x) and max cor?(y, f'x) , (9.19)

yield essentially the same solutions f, = X, oy,. The corresponding prop-
erties concerning the sample variance and sample correlation are considered,
e.g., in Section 2.2 (p. 79); see also Remark 2.2 (p. 79). The maximal corre-
lation Q;x is the squared population multiple correlation coefficient.

Of course, if 05 = 0, the multiple correlation coefficient g,.x is not well-
defined. However, in light of (1.35) (p. 63), o7 = 0 implies that oy, = 0
and so O‘;x = 0. Occasionally it might be worthwhile to make the following
convention:

oyx=1 if o, =0. (9.20)

Suppose that (;) ~ Nptq(p, %), and denote v =y — Zyx 3 x and so
V=V+ BB X = (Y — ByxDy X) + Vyx B X (9.21)

Now cov(v,x) = 0 implies, under multinormality, that v and x are (statisti-
cally) independent, and thereby the conditional distribution of y given that
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x is held fixed at a selected value x = x is normal with

E(y |x=x) =E(V) + ZyxZ X = py + ByxZ (X — px),  (9.22a)
cov(y | x =x) = cov(v) = Byy — By 3 Sy = Byy i (9.22b)

see, e.g., Marsaglia (1964) and Muirhead (1982, p. 12).

9.1 Best Linear Predictor

Let f(x) be a scalar-valued function of the random vector x. The mean
squared error of f(x) with respect to y, y being a random variable or a fixed
constant, is

MSE[f(x):y] = Ely - f(x)]* (0.23)

Correspondingly, if y is a vector (random or fixed) and f(x) is a vector-valued
random vector (function of random vector x), the mean squared error matrix
of f(x) with respect to y is

MSEM[f(x);y] = Ely - f(x)]ly — f(x)]". (9.24)

Let the random vector z (with p + 1 elements) be partitioned so that

- (’y‘) , E@) =p= (’;:) . cov(z) =3 = (f:: 7 ’%y) . (9.25)

We might be interested in predicting the random variable y on the basis of
some function of the random vector x; denote this function as f(x). Then we
can call f(x) a predictor of y on the basis of x. Naturally there are advantages
to choose such a predictor f(x) which minimizes the mean squared error
MSE[f(x);y] = E[y — f(x)]?. Such a predictor is called the best predictor and
we may denote it as BP(y; x). Then the BP(y;x) has the property

Ifrg)lE[y — f(x)]* = Ely - BP(y;x)]*. (9.26)

It can be shown that
& the conditional expectation E(y | x) is the best predictor of y,

i.e.,

E(y | x) = BP(y;x). (9.27)

Here we have to consider E(y | x) as a random variable, not a real number.
The conditional expectation E(y | x = x) is a function of x, and we may
denote it as E(y | x = x) := m(x). Then replacing x with x, m(x) becomes
a random variable m(x), which is denoted as E(y | x). The proof of the
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important result (9.27) is left as an exercise; see, e.g., Christensen (2002,
p.- 132), Rao (1973a, p. 264), and Searle, Casella & McCulloch (1992, §7.2).
Consider next the linear (inhomogeneous) predictors:

{LP(y:ix)} ={f(x): f(x) =a'x+b,acR", beR}. (9.28)
Then the best linear predictor (BLP) of y on the basis of x is defined as
BLP(y; x) = a/,x + by, (9.29)
if it minimizes the mean squared error:

min MSE(a’x + by y) = min Ely — (a’x + b)]?
a, a,
=E[y— (alx + b))% (9.30)
It is easy to see that
Ely — (a’x +b)* = E[ly —a'x — (hy —a'px) + (pty — @' pix — b))?
= var(y — a'x) + (1, — a'pxc — b)?
= “variance” + “bias®”. (9.31)

2

The second term above, i.e., the “bias“”, becomes zero when b is chosen as

b =py —a'px. (9.32)
According to (9.16) (p. 193), the first term in (9.31), i.e., var(y —a’x), attains
its minimum if a is
a, = S 0%y (9.33)
and hence the formula for BLP(y; x) is
BLP(y7 X) = (My - o-;(yz;xiu'x) + U;(yz;xx
= My + a;cyE;x(x - “X) ) (934)

see Anderson (2003, p. 37), and Christensen (2002, Th. 6.3.2). In particular,
if the conditional expectation E(y | x) is of the form

B(y | x) = a+ B, (9.35)
then necessarily BLP(y;x) = E(y | x) and
a=py,—Bpx, and B=3_0x,. (9.36)
Corresponding to (0.168) (p. 36), we can state the following:

& whenever possible, the BLP “goes through” the conditional
means. (9.37)
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The prediction error is
eyx =Y — BLP(y;X) = y — py — 05, B (X — ) (9.38)
while the variance of the prediction error e,.x becomes
var(ey.x) = 05 — 0, B Oxy

Oy Diex O x
= 05 (1 - yTJ> = 05(1 — QZ,X) , (9.39)
y

where ,.x is the population multiple correlation coefficient:
0yx = cor’[y, BLP(y; x)] = cor®(y, o, Sy x) . (9.40)

Notice again that if 05 = 0, then var(ey.x) = 0 but the multiple correlation
coefficient g,.x is not well-defined.
Consider a more general case when

X J12% Yx zJxy)
z = , = , M= . 9.41
<Y> g <uy> <ny Syy (341
Then the linear predictor Gx + g is the best linear predictor, BLP, for y on
the basis of x, if the Lowner ordering

MSEM(Gx + g;y) <L MSEM(Fx + f;y) (9.42)
holds for every linear predictor Fx + f of y; above

MSEM(Gx + g;y) = Ely — (Gx + g)|ly — (Gx +g)/
= mean squared error matrix. (9.43)

In view of

Ely — (Ax +b)][y — (Ax+b)/’
= cov(y — Ax) + (y — Apx — b)(1y — Apx —b)', (9.44)
it is easy to confirm that Theorem 9 (p. 191) gives
BLP(y;x) = py — Zyx B pix + Byx B X
iy + S S (x — ). (9.45)
The difference y — BLP(y; x) is the prediction error:

eyx =y —BLP(y;X) =y — fy — Byx Do (X — px) . (9.46)
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The random vector BLP(y;x) is also called the regression of y on x and
ey.x the vector of residuals of y from its regression on x; worth repeating:

BLP(y;x) = the regression of y on x, (9.47a)

ey.x = residuals of y from its regression on x. (9.47b)

The matrix cov(ey.x) = Xyy.x is the matrix of partial covariances of y (elim-
inating, so to say, the effect of x). The ij-element of the matrix of partial
correlations of y (eliminating x) is

Oij-x
jix — ——————— — COT(€y..x,Ey.- 9.48
Qz] x \/m ( Yi'Xs “Yj X) ) ( )
where
Cyi-x = Yi — My, — a;yiz;x(x - ll’x) ) Oxy;, = COV(Xv yl) . (949)

As mentioned in (9.21)-(9.22) (p. 193), one fundamental fact in multivari-
ate analysis is that under multinormality, i.e., if z ~ Np (1, %), where z is
partitioned as in (9.41), the conditional distribution of y given that x is held
fixed at a selected value x = x is normal with the mean

By [ x = %) = pty + ByxZi (x — ) , (9.50)
and the covariance matrix (partial covariances)
cov(y |[x=%) = Byy — ZxZi8y = Syyx - (9.51)

Above (and what follows) we assume, for simplicity, that ¥ is positive defi-
nite. Elements of 3.« are, under multinormality, conditional variances and
covariances, and the partial correlations are conditional correlations. In par-
ticular,

E(y [ x = %) = piy + 0%, Tig (X — ) (9.52a)
and
V&I‘(y | X = K) = U§~12...p = U;-x = Gy U 2:xxo'xy
Oy D Oy
= o (1 - T) =o0o(1—0,)- (9.52b)

y
When n = 2, and cor(z,y) = 0y, we have

g a.
By | o =) =y + —5 (& = a) = iy + 0y (@ = 1)
xT

x

T 14 Oy
= (My_izyﬂw) +

var(y | ¢ = 2) = 0%, = 02(1 - 2,

z, (9.53a)

Ozy
o2 L
<ol =var(y). (9.53b)
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As was done earlier, we can consider the conditional expectation E(y | x)
as a random vector by replacing x by x. Then, under multinormality,

E(y [ x) = py + nyE;i(x — px) = BLP(y;x). (9.54)

In view of (9.27) (p. 194), py + ZyxEr (x — px) is (under multinormality)
not only the best linear predictor but also the best predictor of y.

It is worth emphasizing that if z is not multinormally distributed, then
the matrix of the partial covariances Xyy.« is not necessarily the covariance
matrix of the conditional distribution, and correspondingly, the partial cor-
relations are not necessarily conditional correlations.

We collect some properties of BLP in the following proposition.

Proposition 9.1. Let Gx + g be the best linear predictor for'y (on the basis
ofx), denoted by BLP(y;x), let ey.x be the corresponding residual (prediction
error). Then

(a) BLP(y;x) = py + By D (x — pix),

(b) E[BLP(y;x)] = py,

(c) Cyx =Y — BLP(y;x) =y — [Ny + nyE;x(x — px)],
(d) cov(ey.x) =Byy — Byx X Xy = MSEM[BLP(y; x);y],
(e) cov(ey.x,x) =0.

The random vector BLP (y;X) = py — Xyx 2 (X — ptx) is sometimes called
the linear expectation and denoted also as E(y; x). In general,

e BLP(y;x) is neither the conditional expectation of y given x

e nor an estimate of the conditional expectation.

9.2 What Is Regression?

In (9.47) (p. 197) we defined what we mean
by regression in the context of random vari-
ables: the regression of y on x is the BLP(y; z),
the best linear predictor of y on the basis
of x, which is not necessarily the same as
the conditional mean E(y | z). For exam-
ple Anderson (2003, p. 39), states that even
when we have no multinormality—in which
case BLP(y;z) = E(y | )—we can define re-
gression by BLP(y; x).

Flury (1997, p. 90) calls the conditional mean E(y | x = z) or its random
version E(y | ) the regression of y on 2. Notice that this definition does not
require that E(y | z) is a linear function of z. Flury continues:

Photograph 9.1 Bernard
Flury (Auckland, 1995).
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# “The student who has taken a regression course before may be somewhat sur-
prised by this definition, because regression analysis is often viewed as a collection
of techniques for fitting equations to observed data. Yet this definition expresses
perfectly the central goal of regression analysis, namely, to estimate the (condi-
tional) mean of a variable, knowing the values of one or several other variables.”

Cook & Weisberg (1999, p. 37) state that

& “Regression is the study of how the conditional distribution of y | = changes

with the value of z.”

The first sentence in Weisberg (2005) is:

# “Regression analysis answers questions about the dependence of a response
variable on one or more predictors, including prediction of future values of a
response, discovering which predictors are important, and estimating the impact
of changing a predictor or a treatment on the value of the response.”

The Preface of Ryan (2009) begins:

& “Contrary to the opinions that some people have expressed in the literature,
regression analysis is a continuously evolving field. It is not already ‘fully devel-

oped’”

Photograph 9.2 R. Dennis
Cook (Tampere, 1990).

Forzani (2008).

Graphics is of course an extremely impor-
tant tool in regression-related matters, and ev-
ery regression user should take a look at the
classic scatter plots of Anscombe (1973); see
Figure 9.1 (p. 200). [Cf. also papers by Chat-
terjee & Firat (2007) and Haslett & Govin-
daraju (2009).]

In the Preface of his book on Regression
Graphics, Cook (1998) writes: “The original
motivation came from wondering how far com-
puter craphics could be pushed in a regres-
sion analysis. In the extreme, is it possi-
ble to conduct a regression analysis by using
just graphics?” For related references to this
rapidly developing new area (including con-
cepts like “sufficient dimension reduction”), we
may mention Li (1991), Cook (1998, 2007),
Cook, Li & Chiaramonte (2007), and Cook &

The term regression itself has an exceptionally interesting history: see the
excellent chapter entitled Regression towards Mean in Stigler (1999), where
(on p. 177) he says that the story of Francis Galton’s (1822-1911) discovery
of regression is “an exciting one, involving science, experiment, mathematics,
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Figure 9.1 The four data sets of Anscombe (1973). Each pair yields identical numerical
regression output. Lesson: plot, plot, plot!

1. gee also

simulation, and one of the great thought experiments of all time”
Stigler (1986, Ch. 8).

Galton investigated the relationships between the heights of fathers and
heights of sons. He found that tall fathers tend to have tall sons in general
but he also found that very tall fathers tend to have sons who are in average
shorter (in terms of standard deviations) than their fathers. This can be
concluded well from a bivariate normal distribution:

Bylo=a) -y, op 955

oy Og

Putting o, = o, we have

E<y | T =a)— Hy = Q:vy(a - um) : (956)

In this father-son-height case 0 < g, < 1 and hence the son whose father has
x = a is expected to be closer to the average (of the sons) than his father is to
the average of the fathers. Figures 9.2a and 9.2b, illustrating this situation,

L While telling about the regression fallacy, Stigler (1999, p. 169) refers to Harold
Hotelling’s (1934) criticism on some particular misunderstanding: “To ‘prove’ such a
mathematical result by a costly and prolonged numerical study of many kinds of business
profit and expense ratios is analogous to proving the multiplication table by arranging
elephants in rows and columns, and then doing the same for numerous other kinds of
animals. The performance, though perhaps entertaining, and having certain pedagogical
value, is not important contribution to either zooélogy or to mathematics.”
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are based on classical data of Pearson & Lee (1903) and Galton (1886). See
also a related papers by Wachsmuth, Wilkinson & Dallal (2003), and Smith
(1997).

200 — oo
) £ 3 -
190 - LI : :
Fak 2+ NESPS
N ? 1 . °c0Q °
180 — o° o ] . s
g &P, 8 g /v o O °
n 00, &gb 5 0 — ° O o -
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° &8
160 — %d? ) ;g" % ; : o ; ? S O
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Figure 9.2 (a) Data of Pearson & Lee (1903): heights of fathers and sons, in centime-
ters; n = 1078. (b) Data of Galton (1886): height of “midparent” vs. height of adult
child, n = 928. Measurements are centered and scaled so that variances are 1. The size

of a circle is proportional to the number of observations in the corresponding cell of
Galton’s cross-tabulation. The conditional means are marked with filled circles.

9.3 Throwing Two Dice

Let us consider an extremely simple but illustrative example, see Flury (1997,
Example 2.2.3). Let us roll (independently) two dice and denote the numbers
obtained as random variables x; and x5 and let y denote their sum:

Y=o+ 2. (9.57)

Let us consider the joint distribution of x; and y—see the Figure 9.3. Now
we can trivially conclude that

Ely|zi=2y)=35+z,, z,=1,...,6, (9.58a)
var(y | #1 = z,) = var(zs) = 03 . (9.58D)

On the other hand

E(z;) = u; = 3.5, var(z;) =o0? =0>=35/12, i=1,2, (9.59a)
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T T T X4
123 456

Figure 9.3 Throwing two dice. The random variable y is a sum of two dice, ;1 and
z2. The picture shows the joint distribution of z; and y. The thick line’s equation is
y = 3.5 + 1, which is the BLP of y on the basis of 1 when considering z1 and y
as random variables. The same line forms also the conditional expectation of y given
that 1 has a selected value 1 = z;. The contour drawn is for the bivariate normal
distribution Na(u, X), where g and X are calculated from the joint distribution of z1
and y. The big dot in the figure is the point p + at1, where t; is the first eigenvector of
3 and a is an appropriate scalar.

E(y) =p, =7, var(y) =0, =0’ +0° =207, (9.59b)
cov(x1,y) = cov(z1,z1 + 29) = var(z;) = o2, (9.59¢)
2 2

1
cor?(z1,y) = [var(xq)] _ var(ry) o 1 (9.50d)

var(y) - var(z1)  var(y) 202 2’

E @1) = <3%5) =pu, cov @1) =02 G ;) =3, (9.59)

Hence we get

x1 =35+21, (9.60)

cov(zy, cov(xy,
BLP (y; 1) = (uy—m (&1 y>> (&1,)

var(x1) var(xy)

and so in this situation, even though the joint distribution is far away from
the normal distribution, we have the equality E(y | x1) = BLP(y;x1) .

Figure 9.3 illustrates the situation. The thin lines are the principal axis of
the contour ellipse for the bivariate normal distribution No (g, ). They have
the same directions as the eigenvectors of X.
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It is easy to conclude that if y = 1 + --- + x,, where z;’s refer to p
independent dice then

E(y|z1)=35(pp—1)+2z1, var(y|z)=0c%*(p—1), (9.61a)
9 var(z1) o2 1

— -2 _ - 61b

cor (‘rlvy) Var(y) pO_Q p (9 6 )

9.4 Predictive Approach to Principal Component
Analysis

Next we consider somewhat different prediction problem: we are interested
in predicting the d-dimensional random vector z on the basis of some linear
combinations of z, that is, we want to find

BLP(z; A’z) = best linear predictor of z on the basis of A'z,  (9.62)

where A’ € R¥¥4 is a given matrix. This task makes particular sense if we
are able to find only few linear combinations of z, which give a “reasonable”
prediction for z; this means that the number of the columns of A, k, would
be much smaller than d, the dimension of z. The efficiency of prediction
may be measured by the covariance matrix of the prediction error which we
wish to be “small” in some appropriate sense. This technique can be seen
as a predictive approach to the principal components; see, e.g., Rao (1973a,
pp. 592-593), Rao (1964, §7) Christensen (2001, §3.2.1), and Jolliffe (2002,

Ch. 2).
A’z A'’SA A'S
COV(z)(ZA E)' (9.63)

Let us denote
Then the following result is easy to establish.

Proposition 9.2. Consider the random vector z with E(z) = p,, cov(z) =
3, and let the random vector BLP(z; A’z) denote the BLP of z based on A'z.
Then
BLP(z; A'z) = p, + cov(z, A'z)[cov(A'z)] " [A'z — E(A'z)]
=, + ZAA'SA)"A(z — py)
= Mz + z:1/2P21/2A(2+)1/2(Z — Hz)
= Mz + (PA;E)/(Z - lj'z) 3 (964)

where (Pa.x)" = ZA(A'EA)”A = P/, .5, and the covariance matriz of the
prediction error e,.ar, =z — BLP(z; A'z) is
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cov[z — BLP(z; A'z)] = ¥ — SA'(A'SA)"A'S
=3Iy — Paxs) = V2 (I; — Psi24)EY2 (9.65)

How to choose the matrix A € R¥** ? Proposing this question means
that we have some relevant criterion in mind for constructing A, and as said
earlier, a natural measure of the goodness of the prediction is the “size” of
the covariance matrix of the prediction error e,.ao/, = z — BLP(z; A’z). For
simplicity we assume in what follows that cov(z) = X is positive definite.

Let us first consider the situation when A has only one column, A = a.
Then the covariance matrix of the prediction error is

cov[z — BLP(z;a'z)] = £ — Za(a’Sa) 'a'S := %, ., (9.66)

How should the vector a be chosen so that it would give the minimum, in
some sense, for the (9.66)7
Minimizing the trace of 3,.,/,, we have to maximize

'S2%a
tr[Ta(a’La) la'y] = 222 9.67
+{Za(a/Sa) a'z] = L2 (0.67)
In view of Proposition 18.9 (p. 377),
a'¥%a ot
= by (2287) = ¢y () = Ay, (9.68)

max
a#0 a’'Xa

and the maximum is attained when a is chosen as ti, the eigenvector of ¥
corresponding to the largest eigenvalue A;.

An alternative criterion to construct a is to minimize the Frobenius (Eu-
clidean) norm of X,.,/,. This can be done using the Eckart—Young theorem,
i.e., Proposition 19.5 (p. 401). For this purpose, let ¥ have the eigenvalue
decomposition

3 =TAT = Mtit) + -+ Aatat) . (9.69)

Then

rk%i)n:knz - B|% = rk{%i)n:k tr(Z—B)(Z-B) = A7 +--+ A3, (9.70)

and the minimum is attained when B is chosen as
B, = T(k)A(k)T/(k) = Altlt/l + -+ )\ktkt% . (971)

For k = 1 we have B, = \t1t] and |2 — B.||% = tr(£?) — A\}. On the other
hand, we obviously have

in||X — Sa(a’>a) 'a’S||r > min || - B|>%. 72
gn;rolll a(a’¥a) a IIF,rkr(rllgl)n:lll 52 (9.72)
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Putting a = t;, we get

)\1131 . )\113/1

Sa(a'Sa) 'a's = X
1

= A\itit] . (9.73)

Hence we can conclude that the following criteria yield the same results:

min tr[X — Ya(a’Sa) 'a'y], m;gHE —Xa(a'Sa) la'S|p. (9.74)

a#0

The analogy appearing in (9.74) can be extended to a matrix A comprising
k orthonormal columns. Minimizing the trace of 3,.a/,, we have to maximize

tr(ZV2Pg1/2 4 2V2) = tr(Pgi/2a 2) = tr]A/S2A(A'SA) Y. (9.75)

In view of Proposition 19.1 (p. 397),

max tr(L’EL) = max tr(PLY) =\ +--- + Mg, (9.76)
L'L=1, L'L=T,
and thereby
tr(Psi/2a2) < Ap 4+ A, for all A € R, (9.77)

Choosing A = Ty, we get

tI‘(PEuQT(k)E) = tr[T'(k)E2T(k)(T'(k)ET(k))_l]
=+ 4+ A, (9.78)

and hence the maximum of (9.75) is attained when A is chosen as T). The
corresponding result is obtained also when minimizing the Frobenius matrix
norm [|X — LA(A’SA)'A'S||r. For related considerations regarding the
sample statistics, see Section 19.4 (p. 402).

Proposition 9.3. Let A be a d x k matriz of orthonormal columns, and
consider the best linear predictor of z on the basis of A'z. Then, the Euclidean
norm of the covariance matriz of the prediction error (residual)

[ - ZAA'SA)IA'S||p = |ZV23(1; — Psiea) 225, (9.79)

is a minimum when A is chosen as Ty = (t1 : ... : tg), where t; are
the k first orthonormal eigenvectors of 3. Moreover, minimizing the trace of
the covariance matrix of the prediction error, i.e., mazimizing tr(Psi/222)
yields the same result.

Consider a particular situation when x and y are p- and ¢-dimensional
random vectors, and our task is to predict z = (3 ) on the basis of x. Denote
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() ©-()- (-0 o

and
cov = = | Byx Zxx Zxy | - (9.81)
Z YA by
Yyx Yyx Dyy

Now we can prove the following.

X

Proposition 9.4 (Cook’s trick). The best linear predictor of z = (3 ) on
the basis of x is

BLP(z;x) = <uy N nyz";x(x_ Nx)) = <BLP’(‘y; X)> . (9.82)

Proof. We can write

BLP(z;A'z) = u, + TA(A’SA)"A'(z — py)
ll'x z:xx — IJx + z:xxz:_ (X - /J/x))
= + Exx X — x) = )ix
(Hy) (ny> ( ) (Ny + By By (x — px)
x
= _ . 9.83
(ll’y + Zyxzxx(x - /J'x)) ( )
Above we have used X3, (X — p4x) = X — tx, which follows from
X — px € €(Xxx) with probability 1; (9.84)
see (1.40), page 63. O

We may end this section by an interesting citation from Christensen (2001,
p. 123):

“...principal component analysis in its modern form was originated by Hotelling
(1933). It is curious that, although Hotelling was originally interested in a pre-
diction problem (actually a factor analysis problem), he transformed his problem
into one of finding vectors a1, ...,a, of fixed length such that ajy has maximum
variance subject to the condition that cov(a;y,a;y) =0,j=1,...,i— 1. This is
the form in which principal component analysis is traditionally presented.”

Interesting comments on the use/over-use of the principal component anal-
ysis are given by Speed (2008a).
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9.5 A Property of the Prediction Errors

Let z be a d-dimensional random vector with cov(z) = X and denote z(;) =
(#1,...,2;) . Consider the following residuals (prediction errors)

€1.0 = 21, €2.1 = 29 — BLP(ZQ, Zl) ; €3.12 — 23 — B]-_:].:)(Zg7 21,22) 5 (985)

so that
€il..i—1 = 2 — BLP(Z“ Z(i—l)) y 1= 2, [N ,d . (986)

Let e be a d-dimensional random vector of these residuals:
e=(€1.0,21,.--,€d41..d-1) = (e1,€2,...,eq)". (9.87)

The vector e can be written as

1 0 0 0 21
for 10 .00 2

e=|fa f2 1 ... 0|z | —pg, (9.88)
far fa2 faz ... 1 “d

for the relevant F. In view of part (e) of Proposition 9.1 (p. 198), the
residual e; is uncorrelated with every element of z(;_;). Because each e;,
i =1,...,4— 1, is a function of z;_;), the residual e; is uncorrelated with
each e;, i =1,...,7— 1. Thereby we can conclude that cov(e) = D is a diag-
onal matrix, where the diagonal elements are the variances of the prediction
erTors:

D = diag(07,0%.1,- -+ 03.1...4-1) (9.89)
with
051 =03 — 01y/07 = 03(1 = 015) (9.90a)
0—2'2~x“,1) = 01'2 - [COV(X(i—l)axi)]/[cov(x(i—l))]7 COV(X(i—l)vxi)
=07 (1= 0l ) (9.90b)

Here 0;.x,_,, refers to the population multiple correlation coeflicient.
Because F is a lower triangular matrix with 1’s in the diagonal, and
cov(e) = D = FXF’, we have

det(D) = det(FEF') = det(X) = 0302, - 021 4.1; (9.91)

see also (13.45) (p. 298). Trivially ¥ is positive definite if and only if all
diagonal elements of D are nonzero (necessarily then positive). Note that
D = FXF’ implies that
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¥ =F 'DY/?DV2(F)"! .= LL/, (9.92)
where L = F~'D'/2 is a lower triangular matrix. As noted by Das Gupta
(1997), this gives a statistical proof of the triangular factorization of a non-
negative definite matrix; see also Rao (1973a, p. 589). It is straightforward
to confirm that all diagonal elements of L are nonnegative, and that if 3 is
positive definite, then they are positive. If 3 is singular and thereby at least
one diagonal element of D is zero, then the corresponding diagonal element
of L is also zero as well as all elements of the corresponding column. The
decomposition (9.92) is also known as the Cholesky decomposition.
We can do the above considerations also in the variable space using orthog-

onal projectors. To have a quick look at this approach, consider a centered
n X d data matrix X = (X1 : ... : Xg) and the following residuals

ero=%X1, e€..i1= 0 —Px.. .z )%, (9.93)
and let E be an n x d matrix whose columns are these residuals:
E=(ejp:€21:...:€q1..d-1)- (9.94)
Then E’'E appears to be a diagonal matrix where the ith diagonal element is
e;; = SSE(X;; X1,...,%-1) - (9.95)
If the columns of X have unit length, then
det(E'E) = det(R) = (1 = ri5)(1 = R3.15) - (1 = Riqa.a-1) (9.96)

where R is the correlation matrix of from the data matrix (x; : ... : x4), and
R? refers to the coefficient of determination.
9.6 Prediction in the Autocorrelation Structure

Consider, as on page 250, the p-dimensional random vector y, which has the
expectation E(y) = 0 and the covariance matrix:

1 0 o> ... gp’;
. e 1 o oo s
5 = 0?{ g1} = 52 : = <U,11; 0112> :
gp;l gp;z Q”.’S e 1
(9.97)

where 0? < 1, and
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—-1 p-2 2 —1
012 = (Qp 7Qp yeeey O 79)/ GRP . (998)

We observe that o1 can be obtained by multiplying the last column of 31,

by o:
o012 = XU, (9.99)

where u is the last column of I,,_;. Therefore
Slon =27 0Zu=opu=(0,...,0,0) :=b, e RF L (9.100)

Denoting y;—1) = (y1,...,¥i—1)’ for i = 2,...,p, we observe that the best
linear predictor of y, on the basis of y,_1) is

BLP(yp;¥(p-1)) = bly = 0yp-1, (9.101)

while the corresponding residual (prediction error) is

Cypyip1y = Yp — OYp—1 - (9.102)
For each y;, i = 2,...,p, we can now consider the corresponding BLPs and
residuals:

BLP(yi;y(i-1)) = 0¥i-1, Cyiyi1y = Yi — OYi—1 = €. (9.103)
Putting e; = 1, we can conclude, just as on page 207, that the elements of
vector e = (eq,...,ep,)" are uncorrelated and their covariance matrix is

1 o’
2 2
cov(e) =0 =0°D. 9.104
©=(p q_ ) (9.104)

Noting that

Y1 10 0...0 0O
Y2 — 0Y1 -0 1 0 ... 0 0 O
e=| ¥—oy2 [ = : © Y i ly=Ly, (9.105)
: 0 0 0 -0 1 0
Yp — OYp—1 0 0 O 0 —o 1

we can observe that cov(e) = cov(Ly) = ¢?LXL/, and hence
LEL =D, (9.106)
i.e., the matrix L diagonalizes X. Because det(L) = 1, we have
det(X) = det(D) = (1 — ¢*)P 1, (9.107)

while the inverse of X appears to be
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S =L'D L= K'K
1— o2
1 —o O 0 0 0
) —0 1+0% —p 0 0 0
-1 : : ; (9.108)
0 0 0 —0 14+0* —0
0 0 0 0 —o 1
where
1—020 0...0 00
—o 1 0...0 00
K= : s N I (9.109)
0 0 0...-0 1 0
0 0 0...0 —p1

9.7 Minimizing cov(Hy — FMy)

Consider the linear model {y, X3, V}. Then Gy is unbiased for X3 when-
ever G satisfies the equation GX = X. Let U denote the set of all matrices L
such that

U={L:Ly=LUE(XB)}={L:LX =X}. (9.110)

In view of Theorem 11 (p. 267), the set U can be expressed in the following
(equivalent) ways:

U ={L:L=H+F,(I-H)}, Up={L:L=T+F,I-H)}, (9.111)

Uy ={L:L=H+F M}, Up={L:L=I+F,M}, (9.112)

where F; and F5 are free to vary. In other words, all unbiased linear estima-
tors of X3 can be generated through

Hy + F; My (9.113)

by varying F;. The joint covariance matrix of Hy and My is

Hy\ (HVH HVM)\
Ccov (My) = (MVH MVM> = EHM (9114)

If we now apply the minimization result of Theorem 9 (p. 191) we obtain

covHy — HVM(MVM) My] <| cov(Hy — FMy) forall F. (9.115)
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This means that the minimal covariance matrix is the Schur complement
Yum/MVM =HVH - HVM(MVM) MVH, (9.116)

and that
Hy - HVM(MVM) My = BLUE(XJ). (9.117)

In the same way it is possible to show that when minimizing
cov(y — FoMy) (9.118)
with respect to Fy, we end up to the representation
y— VM(MVM) My = BLUE(Xj). (9.119)

Here we have
vV VM
cov (1\Zy> = (MV MVM) = T (9.120)

So the BLUE’s covariance matrix can be interpreted as a Schur complement:

cov[BLUE(XB)] = £am/MVM = X1y /MVM. (9.121)

9.8 Exercises

y
64 o o o o o
54 o o o o
44 o o o
34 o o
2-4 o
1_

Figure 9.4 (See Exercise 9.1.) A two-dimensional discrete distribution, each of the 15
pairs appearing with the same probability.

9.1. Consider the Figure 9.4. Find the best predictor for y on the basis of x.
What is cor(x,y)? (Do your calculations without pen and paper.)
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9.2. Prove that E(y | x) is the best predictor for y on the basis of x, i.e.,
E(y | x) = BP(y; x).

Christensen (2002, p. 132), Rao (1973a, p. 264),

Searle, Casella & McCulloch (1992, §7.2).

9.3. Confirm that E[y — (a’x + b)]? = var(y — a’x) + (u, — a’px — b)?.

9.4. Let () be a random vector such that E(y | # = z) = a + 8z. Show (in
details) that then 8 = 0., /02, and o = p, — B+ pi,.. See also (9.35) and
(9.36) (p. 195).

9.5. Prove Proposition 9.2 (p. 203).

9.6. Confirm that (9.96) (p. 208) holds:
det(E'E) = det(R) = (1 —7{,)(1 — R315) - (1 — Ri19 4 1)-

9.7. Mustonen (1997) proposed the following statistics as a measure for total
variability in multivariate normal distribution:

d
_ 2
Mvar(X) = max E 0312..i—1 >
i=1

where the maximum is sought over all permutations of variables z1, ..., z4.

(a) Find Mvar(X) when d = 2.
(b) Confirm that Mvar(X) = tr(D) = tr(FXF’), where the lower diago-
nal matrix F is given as in (9.88) (p. 207).

(¢) Show that det(D) = det(FXF’) = det(X) for every ordering of the
elements y, but Mvar(X) = tr(D) can be dependent on the ordering
of the elements of y.

9.8. Let z be a partitioned random vector with positive definite covariance

matrix
X Yex Zxy
cov(z) = cov = =3,
(=) (y) <2yx EW>

where x has p elements and y has ¢ elements. We can now consider the
vector space R = {u : u = a’z for some a € RPT?}, where the inner
product and norm are defined as

(u,v) = cov(u,v), |lul|* = var(u).
Hence when u = a’z and v = bz, we have (u,v) = a’Sb, ||u|? = a’Za.
Orthogonality of the random variables v and v in ‘R means that v and v

are uncorrelated. Let £ be a subspace of R defined as

L={v:v=Db'xforsomebeR'} CR.
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Confirm that the orthocomplement of L is
Lr={teR:t=d(y — ZyxTrx) for some d € R?}.

Note that
a'y = a'nyE;ix +a'(y - nyE;;x) )
and hence a’ nyE;,lx can be considered as an orthogonal projection of

a’y onto the subspace L. For the connection between geometry, statistics,
and probability, see, e.g., Bryant (1984) and Margolis (1979).

9.9. Denote

Confirm:

(a) bg€(A)andb#0 — 07, >0, ol <1, o¥W=1/02_.
(b) be€(A)andb#0 = 02, =0, o2,=1,

() b=0 = 0,,=0, o =(0), )" =0"=0.

The above results follow from Proposition 13.1 (p. 294). For related con-
siderations, see also Rao (1981).

9.10. The model for factor analysis is x = pu+Af+e, where x is an observable
random vector of p components; E(x) = p and cov(x) = 3. Vector f
is an m-dimensional random vector, m < p, whose elements are called
(common) factors. The elements of € are called specific or unique factors.
The matrix A, x,, is the unknown matrix of factor loadings. Moreover,

E(e) =0, cov(e) =¥ = diag(y7,...,17),
0, cov(f)=®=1,, cov(f,e)=0.
The fundamental equation for factor analysis is cov(x) = cov(Af) +

cov(e), i.e., ¥ = AA’ 4+ ¥. Show that

cov Gf) = (E IA> and cov(f —Lx) > cov(f —A’S7'x) forall L.
The matrix L, = A’2~! can be represented as

L.=A'S"'= (AT A +1,) AT

and the individual factor scores can be obtained by L (x—pu). (In practice

all quantities are replaced by their estimates.)
Anderson (2003, §14.7), Neudecker & Satorra (2003).
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Philatelic Item 9.1 Johann Carl Friedrich Gauss (1777-1855) was a German math-
ematician and scientist who contributed significantly to many fields, including num-
ber theory, statistics, analysis, differential geometry, geodesy, geophysics, electrostatics,
astronomy and optics. For the Gauss—Markov theorem, see page 41 and Theorem 10
(p. 216). The stamp (left panel) was issued by Germany (Deutsche Bundespost) in 1955
(Scott 725) and the stamp (right panel) was issued by Nicaragua in 1994 (Scott 1985i).



Chapter 10
BLUE

To make a name for learning
when other roads are barred,
take something very easy
and make it very hard.

PieT HEIN

In this chapter we focus on the BLUE-related matters, so to say. The most
important thing is the fundamental BLUE equation (10.4) (p. 216).

Over the years, one of our favorite research topics in linear models has been
the equality between OLSE and BLUE of XA. In Proposition 10.1 (p. 218) we
collect together some necessary and sufficient conditions for their equality. We
find this collection very useful and we believe it includes several interesting
linear algebraic problems.

While preparing this book, for a long time the title of this chapter was
“OLSE vs. BLUE”, but the simpler version “BLUE” describes better the
matrix tricks under consideration. In the sections of this chapter we consider,
for example, the best unbiased linear predictors, BLUPs, and mixed models.
The equality of the BLUEs under two different linear models is treated in
Section 11.1 (p. 269). A short summary of the best linear unbiased estimation
appears in Puntanen & Styan (2011).

As noted by Puntanen & Styan (1989, p. 154), the first condition for the
equality between OLSE and BLUE of X3 was obtained by Anderson (1948,
p. 92):

“Let X and V have full rank. If the p columns of the n x p matrix X are linear
combinations of p of the eigenvectors of V, then OLSE is BLUE.”

Anderson’s result was published in Skandinavisk Aktuarietidskrift, and as
Anderson says in his interview in Statistical Science (DeGroot, 1986, p. 102):
“As a result it did not get a great deal of attention ... So from time to time
people discover that paper.”

There are numerous authors who have contributed in this area (for the
history of OLSE vs. BLUE, see Puntanen & Styan 1989), but obviously the
major breakthroughs were made by Rao (1967) and Zyskind (1967). For
some further references from those years we may mention Kruskal (1968),
Rao (1968), Mitra & Rao (1969), Watson (1967), Zyskind (1969, 1975), and
Zyskind & Martin (1969). For the reviews of the OLSE vs. BLUE -related
problems, see Puntanen & Styan (1989) [including comments by Kempthorne

S. Puntanen et al., Matrix Tricks for Linear Statistical Models: Our Personal Top Twenty, 215
DOI 10.1007/978-3-642-10473-2_11, © Springer-Verlag Berlin Heidelberg 2011
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(1989) (see also Kempthorne 1976) and Searle (1989)], and Baksalary, Pun-
tanen & Styan (1990a).

We represent here (again) the “fundamental BLUE equation” which guar-
antees that a particular linear estimator Gy is the BLUE of X3 under
{y, X, 0*V}. These conditions—as well as the conditions for the equal-
ity between OLSE and BLUE—appear to be amazingly useful in various
occasions; see e.g. Werner (1997). Notice that in these considerations o2 has
no role and hence we may put o2 = 1.

R.RAO

HYDERRBAD, INDIR
U, UH

Photograph 10.1 Hans Joachim Werner (right, Hyderabad, 2000).

Consider the eigenvalue decomposition of the covariance matrix V:
V = TAT/, (10.1)
where A is an n x n diagonal matrix of the n eigenvalues \; of V:
M>XA> >N >0=N\y1 ==X, v=rank(V). (10.2)

The matrix T is an n X n matrix comprising the corresponding orthonormal
eigenvectors ti, ta, ..., t,. We also let A1} > Aoy > -+ > Ay > 0 denote
the t distinct eigenvalues of V with multiplicities m1, ma, ..., my, and let
Ty, Tay, ..., Ty be matrices consisting of (the sets of) corresponding
orthonormal eigenvectors so that

T:(T{l} :T{g} :~-~:T{t})7 T;Ti:Imz, 7;:1.,2,....,15, (103&)
V = )‘{I}T{I}Tf{l} + /\{Q}T{Q}TGLQ} + -+ A{t}T{t}T{{t} , (10.3b)
mi+mo+---+mp=n. (10.3¢)

Theorem 10 (Fundamental BLUE equation). Consider the general lin-
ear model .# = {y, XB, V}. Then the estimator Gy is the BLUE for X3 if
and only if G satisfies the equation

G(X:VXH) =(X:0). (10.4)



10 BLUE 217

The corresponding condition for Ay to be the BLUE of an estimable para-
metric function K'B is

AX:VXhH =(K':0). (10.5)

Proof. It is obvious that in condition VX' = 0 we can have any X*. With
the choice of M =1 — H as X+ our claim becomes

(a) Gy = BLUE(X8) <= (b) G(X:VM) = (X:0). (10.6)

Notice that in view of Proposition 5.8 (p. 139), equation (b) indeed has a
solution for G and that the solution is unique if and only if €(X : VM) = R™.
Trivially if G; and G are two solutions to (b), then

G1(X: VM) = Gy(X : VM). (10.7)

Assume first that (b) holds for G, and let F be an arbitrary matrix
(of conformable dimension, of course) satisfying the unbiasedness condition
FX = X. Then

(F-G)X=0, ie, €F —G)ceEM), (10.8)

which implies that F/ — G’ = ML for some matrix L. The assumption
GVM = 0 means that GV(F' — G’) = GVML = 0, and thereby

cov|Gy, (F — G)y] = GV(F — G) = 0. (10.9)

Now the uncorrelatedness between Gy and (F — G)y means that we can
write

cov(Fy) = cov[(F — G)y + Gy]
= cov[(F — G)y] + cov(Gy) > cov(Gy), (10.10)

and so indeed (b) implies (a).
To go the other way round, we have to show that if GX = X and

GVG' <  FVF' forall F: FX =X, (10.11)

then
GVM =0. (10.12)

The key in the proof is now choosing F in (10.11) so that it forces our claim
to hold. Let us choose F so that it satisfies both FX = X and FVM = 0.
(Convince yourself that such a choice is always possible!) Then

(G-F)X=0, ic, ¢G —F)cEM), (10.13)

which implies that G’ — F/ = MK for some matrix K and so
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FV(G'-F)=0, ie, cov[Fy,(G-—F)y]=0. (10.14)
Therefore,
cov(Gy) = cov[(G — F)y + Fy] = cov[(G — F)y] + cov(Fy),  (10.15)
and so
cov(Gy) > cov(Fy). (10.16)

However, our assumption (10.11) implies that we must have the equality in
(10.16) which holds if and only if

cov[(G — F)y] = (G - F)V(G —F) =0, (10.17)

ie., (G—F)V =0, and so
GV =FV. (10.18)

Postmultiplying (10.18) by M yields GVM = FVM = 0. This proves our
claim (10.12).

If we replace the unbiasedness condition GX = X with AX = K’ and
then proceed just as in the above proof we obtain (10.5). O

The proof above follows Grofl (2004). There is rich literature in this area;
for recent proofs, see, for example, Puntanen, Styan & Werner (2000b), Bak-
salary (2004), and Baksalary & Trenkler (2009b).

Proposition 10.1 (OLSE vs. BLUE). Consider the general linear model
M ={y, XB, V}. Then OLSE(XB) = BLUE(Xf) if and only if any of the
Jollowing equivalent conditions holds. (Note: V is replaceable with V' and
H and M can be interchanged.)

(i) HV = VH,
(il) HV = HVH,
(iii) HVM = 0,

(iv) X'VZ =0, where ¢(Z) = € (M),

(v) €(VX) C ¢(X),

(vi) €(VX) =¢(X)ne(V),

(vii) HVH <V, i.e., V— HVH is nonnegative definite,
(viii) HVH <, V, i.e.,

rank(V — HVH) = rank(V) — rank(HVH) ,

e., HVH and V are rank-subtractive, or in other words, HVH is
below 'V with respect to the minus ordering,

(ix) €(X) has a basis consisting of r eigenvectors of V, where r = rank(X),
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(x) rank(T7,X) + - - + rank (T, X) = rank(X), where Ty;y is a matriz
consisting of the orthogonal ergenvectors corresponding to the ith largest
eigenvalue Ai;y of Vi A1y > Mgy > - > Agyy,

(Xi) T{{Z}HT{z} = (T{{Z}HT{l})Q fOT’ all i = 1, 2, ce ,t,

(xii) T’{i}HT{j} =0 foralli,j=1,2,...,t,i# 7,

(xiii) the squared nonzero canonical correlations between 'y and Hy are the
nonzero eigenvalues of V-HVH for all V™, i.e.,
cc? (y,Hy) = nzch(V"HVH) for all V",

(xiv) V can be expressed as V.= HAH + MBM, where A and B are sym-
metric nonnegative definite, i.e.,

VEVl:{VZLOIV:HAH+MBM,AZLO,BZLO},

(xv) V can be expressed as V = XCX' + ZDZ', where C and D are sym-
metric nonnegative definite, i.e.,

VeV,={V>0:V=XCX +ZDZ,C>.0,D> 0},

(xvi) 'V can be expressed as V = ol + XKX' + ZLZ', where a € R, and K
and L are symmetric, such that V is nonnegative definite, i.e.,

VeVs={V>0:V=al+XKX'+ZLZ K=K , L=L"}.

Proof. We see first that Hy is the BLUE for X8 if and only if H satisfies
the equation
H(X: VM) =(X:0), (10.19)
which holds if and only if HVM = 0; this is condition (iii).
We next go through the proofs of some of the claims of Proposition 10.1.
The reader is encouraged to complete the set of the proofs.

The equivalence between (i)—(iv) is easy to establish. Part (v) is equivalent
to ¢(VH) C ¢(H), i.e.,

VH = HL for some L. (10.20)

Premultiplying (10.20) by H yields HVH = HL = VH, and hence VH is
symmetric, i.e., (i) holds. It is obvious that (i) implies (iv).

Let us then consider the proof for “(iii) = (ix)”; see Zyskind (1967,

Th. 1). Let the columns of X, and Z form orthonormal bases of ¢ (X) and
€ (X)*, respectively, so that A, x, = (X, : Z) is orthogonal. Then

HVM =0 < X.VZ =0, (10.21)

and so HVM = 0 implies that
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X/ X'VX 0
! * . * *
A'VA = <Z,> V(X,:Z) = ( 0 Z,VZ> . (10.22)

Let R, € R"™*" and R, € R(*=")*("=") he orthogonal matrices such that
R, X, VX,R,=D,, R.,ZVZR,=D,, (10.23)

where D, and D, are diagonal matrices; the columns of R, and R, comprise
the orthonormal eigenvectors of X, VX, and Z'VZ, respectively. Then the
matrix

S—(X.:7) (P(”)f 12) — (X.R, : ZR.) € R"*" (10.24)

is an orthogonal matrix which diagonalizes V:

R, O X! R, O D, O
svs= (% 0) (%) vec o2 (% ©)= (% &), oz

This implies that the columns of S—and thereby the columns of X, R, —are
orthonormal eigenvectors of V. Because R, is orthogonal, we obviously have
% (X R;) = €(X) and so we have proved the implication “(iv) = (ix)”.

Let us then prove that “(ix) == (i)”. Let T,y denote the matrix whose
columns are those orthonormal eigenvectors of V which have the property
% (T(y) = €(X), and let V have the following eigenvalue decomposition
(with the obvious notation):

A, 0 T},
V = (T : T(_n) ( (<)> A(r)) <T,(<>)> : (10.26)

Now we have H = T(T)T’(T)7 and hence
BV =T T,)V =TT (Te) : Tn)AT
A 0 T/
(T, :0) ( (") > ()
" 0 Acn) \Tin
=T Aw T, = (HV), (10.27)

and hence “(ix) = (i)” is confirmed.
Consider then the claim (vii): HVH < V. Assuming that Hy is the
BLUE for X3, we necessarily have

HVH = cov(Hy) <[ cov(y) =V, (10.28)

because y is an unbiased estimator for X3. On the other hand, assume that
(vii) holds, so that V.— HVH > 0. This implies that
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0 HVM

M MVH MVM) 210. (10.29)

U— <H> (V—HVH)(H: M) — <
The nonnegative definiteness of U implies, see (1.33) (p. 63), that ¥(HVM) C
% (0) and thereby HVM = 0. Thus we have proved that (vii) implies (iii).

It is worth noting that the last conditions from (xiv) onwards are based
on a slightly different approach than the previous ones: in the last conditions
we characterize the set of nonnegative definite solutions V to the equation
HVM = 0. It is easily seen that if the covariance matrix V belongs to any
of the classes V;, then indeed HVM = 0, guaranteeing that Hy is the BLUE
for XB. What remains to prove is that HVM = 0 implies that V can be
expressed as a member of V.

Let us first show that that HVM = 0 implies (xiv). To do this we note that
V can be written as V = LL’ for some L, and in view of R" = ¢(H)®%' (M),
we can express L as L = HU; + MU, for some U; and U,. Hence

V = HU; U,H + MU, U,M + HU; U,M + MU, U H. (10.30)

Premultiplying (10.30) by H and postmultiplying by M yields, in view of
HVM =0,
HVM = HU,;U,M =0, (10.31)

and hence
V = HU,;U H + MU,U,M := HAH + MBM, (10.32)

where A and B are nonnegative definite. This confirms that (iii) implies (xiv).
We can conclude that HVM = 0 implies (xv) by rewriting (10.32) as

V = XXTAXTYX' + ZZ"B(Z1)'Z := XCX' + ZDZ/, (10.33)

where C and D are nonnegative definite.

Let us next confirm that HVM = 0 implies that V can be represented as
a member of V3. So we assume that V= HAH + MBM for some A and B.
Noting that trivially 0 = o(I — H — M) for any « € R, we can write

V =HAH + MBM + «(I, —H—-M)
=al+H(A —al)H+M(B — oI)M, (10.34)

from which we can conclude that V € V3.

We leave the rest of the proofs to be done by the reader.

For the proofs of (viii) and (xiii), see Baksalary & Puntanen (1990a), and
for the proof of (x), see T.W. Anderson (1971, Th. 10.2.2) and (1972, Th. 2)
Baksalary & Kala (1977, p. 309), and Styan (1973b, Th. 2).

For coordinate-free and geometric considerations, see Kruskal (1968), Dry-
gas (1970), Eaton (1970, 1978, 1983), Gnot, Klonecki & Zmyslony (1980),
Zmyslony (1980), and Phillips (1990, 1992). O



222 10 BLUE

Next we prove the following result.

Proposition 10.2. Under the linear model {y, X3, V} the following state-
ments are equivalent:

(a) OLSE(Xp) = BLUE(XS),

(b) OLSE(K’B) = BLUE(K’'B) for every estimable parametric function
K'B.

Proof. 1f (b) holds then obviously (a) holds because XS is estimable. Consider
now an estimable parametric function K’B. Then necessarily K’ = LX for
some matrix L, and so K'3 = LX3 and

OLSE(K’'B) = OLSE(LX3) = LHy = L - OLSE(XS).. (10.35)

Now (a) means that
H(X : VM) = (X : 0). (10.36)

Premultiplying (10.36) by L yields
LH(X : VM) = (LX : 0), (10.37)

which implies that LHy = BLUE(LXp), i.e., OLSE(K’B) = BLUE(K'S3)
for every estimable K'(. O

Notice that if X has full column rank, then every parametric function K’3
is estimable and

OLSE(B) = BLUE(8) <= OLSE(XS3) = BLUE(XS). (10.38)

Tt is also useful to observe that premultiplying G(X : VM) = (X : 0) by a
given matrix L yields

LG(X: VM) = (LX:0). (10.39)
This means that LGy is the BLUE for LX3, or in other words
BLUE(LXg3) = L -BLUE(Xpg). (10.40)

The structure of V for which the OLSE of K’ equals the BLUE of K’'3 is
considered by Rao & Mitra (1971b, p. 159), Grof}, Trenkler & Werner (2001,
p. 123), and Isotalo & Puntanen (2009).

10.1 BLUE & Pandora’s Box when X =1,

Consider the linear model .#Z = {y, 15, V}, where 1 € R™. Let g’y be a
candidate for the BLUE(). The estimator g’y is unbiased for j if
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E(g'y)=g'13=03 forall 8 eR, ie, gl=1. (10.41)
Therefore, for finding the BLUE(f), we have to

minimize var(g'y) = g'Vg under the constraint g'1 = 1, (10.42)

that is, we have to find such a solution g, to the linear equation g'l = 1
which has the minimum norm ||g|| = v/g'Vg. One way to do this is to use
the minimum-norm-g-inverse, see (4.93) (p. 117). The other way to proceed is
to consider g, as a solution to (10.42), i.e., g, is a solution to the fundamental
BLUE equation

g1:vVit)=g'1:VC)=(1:0), ie, <CIY> g= (?) (10.43)

where C = I — P, is the centering matrix; it is one choice for 1+. Now
CVg=0 < Vge¥(1l) < Vg=~1 forsomeye€R. (10.44)

Therefore we can conclude that g is a solution to (10.43) if and only if there
exists a scalar v such that g is a solution to

G] é) @) - @ (10.45)

The equation (10.45) is often called the Pandora’s Box for the linear model;
see, e.g., Rao (1971c).
In a general situation we observe that

G(X: VM) = (X:0) < (“Q’) G = (;2) (10.46)

In view of
MVG' =0 < % (VG') Cc ¢(X) < VG’ = XL for some L, (10.47)

we can formulate the following proposition:

Proposition 10.3 (Pandora’s Box). Consider the general linear model
M = {y, XB, V}. Then the estimator Gy is the BLUE for X8 if and only
if there exists a matriz L € RP*™ so that G is a solution to

(x 0)(5)- () (059

For further properties of the Pandora’s Box, see Exercise 10.18 (p. 264).
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10.2 OLSE vs BLUE when X =1,

Consider again the simple linear model .# = {y, 13, V}, where 1 € R", and
V is positive definite. Then we have

OLSE(B) == (1"1)""1y =73, var(f) = %1’V1, (10.49a)
BLUE(B) == 1'V'1)""1'V7ly, var() = (1'V'1)~1  (10.49b)

Because the “B” in BLUE means “best” in the sense of minimum variance,
we must have

e 1
av-t)~t< ﬁl’Vl. (10.50)
We can rewrite (10.50) as
(11?2 <1'vt1-1'vi, (10.51)

which is a special case of the Cauchy—Schwarz inequality. The equality in
(10.51) holds if and only if the vectors V/21 and V~1/21 are linearly depen-
dent, i.e., there exists a scalar A € R such that

V121 = av1/21, (10.52)

which means that
V1=)\1, (10.53)

and hence 1 is an eigenvector of V. In other words, the arithmetic mean is
the BLUE whenever the covariance matrix V has all of its row totals equal;
cf. also Blom (1976) and Zyskind (1969, p. 1361). Condition (10.53) is just
a version of Anderson’s original condition in 1948 for the equality of OLSE
and BLUE.

Notice in passing that if V satisfies (10.53) and all its elements are nonneg-
ative, then V /X is a doubly stochastic matriz; both the row sums and column
sums are all ones. If also the both diagonal sums equal to one, then V can be
called a superstochastic matrix, see Gustafson & Styan (2009). For example,
the matrix A /34, where A is the magic square of Exercise 0.28 (p. 53) is a
superstochastic matrix.

We may further point out that condition (10.53) is equivalent, for example,
to each of the following conditions:

JV=VJ, JVI=VJ, CV=VC, (10.54)

where J =P, = %11', C =1-1J is the centering matrix, and the covariance
matrix V can be singular.
Let us consider a simple example when the model is {y, 13, V} where
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1 00 Y1
V=020 and y=|y2]. (10.55)
00 3 Ys

Then 3 = (1’1)"'1'y = § and

_nt $U2 + 3y 6y1 + 3y2 + 23

f=@1'vint1'vly T = n ., (10.56)
6
and

1 6 2 22
var(f) = 551'V1l=g =2 =7, (10.57a)

N 6 18

_ In7—19\—1 - =
var(f) = (1'V~11) =33 (10.57b)

Photograph 10.2 Roman Zmy$lony Photograph 10.3 Karl Gustafson
(Smolenice Castle, Slovakia, 2009). (Auckland, 2005).

10.3 OLSE vs BLUE under the Intraclass Correlation
Structure

Consider the linear model .# = {y, X3, o*I}:

y =XB +¢e, where cov(y) = cov(e) = o°I. (10.58)
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If we center the model .#, that is, if we premultiply (10.58) by the centering
matrix C, then we obtain the model

M. = {Cy, CXB, c*C}. (10.59)

Here the covariance matrix is ¢2C, which is singular, and we may wonder
what happens to the BLUE. But now the condition (v) of Proposition 10.1
(p. 218), i.e., ¥(VX) C ¥(X) is satisfied since

%(C-CX) C €(CX). (10.60)

Hence OLSE(Xf) equals BLUE(X) under /..
Consider now V which has the intraclass correlation structure (of which
the centering matrix C is an example), that is, V is of the type

1 0o ... o
, o1l ... o
V=(0-9I,+ol,1,=|. . . |, (10.61)
[ 1
where
- <o<1. (10.62)

n—17
Condition (10.62) guarantees the nonnegative definiteness of V because the
eigenvalues of the intraclass correlation matrix are

ch;(V)=1+4+(n—-1)o, chao(V)=---=ch,(V)=1-yp; (10.63)
see Proposition 18.2 (p. 366). In this situation
HV = (1 — o)H + oH11/, (10.64)
and thereby HV = VH if and only if
H11' =11H, ie, HIJ=JH, ie, PxP, =P, Px. (10.65)

We can now use the Exercise 8.20 (p. 190) to study the commutativity (10.65),
or we can use Proposition 10.1 (p. 218) by replacing V with H and H with
J. Using the latter approach, we can conclude that (10.65) holds if and only
if 1 is an eigenvector of H, i.e.,

H1 = Al. (10.66)

Because H is an orthogonal projector, its eigenvalues are 0 and 1, with mul-
tiplicities n — rank(X) and rank(X), respectively. Hence (10.66) holds if and
only of

1€%4(X) or 1€%(X)*. (10.67)
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It is noteworthy that in Proposition 10.1 (p. 218), when characterizing
the set of appropriate covariance matrices V that would yield the equality
between OLSE(X3) and BLUE(Xf), we keep the model matrix X fixed.
There is, however, another approach, originating from McElroy (1967):

Problem: Given a matrix U of rank(U) = u < n — 1, characterize the set W of all
nonnegative definite matrices V such that for every X satisfying

%(U) c ¢(X), (10.68)

the equality OLSE(X8) = BLUE(XJ) holds uniformly with respect toy € (X :
V).

McElroy considered the particular case
when U = 1,,, and showed that V. € W if
and only if

V =adl, + 01,1/, (10.69)

for such scalars a, b that V is nonnegative
definite; in other words, V is a completely
symmetric covariance matrix and thereby V
has the intraclass correlation structure. A gen-
eral condition was obtained by Zyskind (1969,
Th. 1) and Balestra (1970, Th. 1). For a thor-
ough discussion of this approach, see Bak-
salary & van Eijnsbergen (1988), who formu-
lated the result as follows:

Photograph 10.4 Thomas

Mathew (Hyderabad, 2007). Proposition 10.4. Under {y, X8, 0®V}, let
U be given. Then for every X satisfying

¢(U) C ¥(X) the equality OLSE(XB) = BLUE(XS) holds for all y €

% (X : V) if and only if any of the following equivalent conditions holds:

_ tr[V(I - Py)]

-~ n—rk(U)

(b) 'V can be expressed as V = ol + UAU’, where « € R, and A is sym-
metric, such that 'V is nonnegative definite, i.e.,

(a) V(I-Pu) (I-Pu),

VeW:{VZLO:V:aI—FUAU',A:A’}.

Mathew (1983) considered the above problem in the context of two lin-
ear models {y, X3, Vi} and {y, XA, Vo}. For interesting econometric-
orienteered discussion on McElroy’s result, see Larocca (2005) and Luskin
(2008).
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10.4 General Expressions for the BLUE

Using Theorem 11 (p. 267), we can get the following representations for the
BLUE of X8.

Proposition 10.5. The general solution for G satisfying
GX:VM)=(X:0) (10.70)

can be expressed, for example, in the following ways:

(a) G =(X:0)(X: VM) +F[I, — (X: VM)(X: VM) |,

(b)) G =X(X'WX)"X'W~ +Fy(I, - WW),

(¢c) Gg=1,— VM(MVM) M + F3[]I, - MVM(MVM) M,

(d) Gy =H-HVMMVM) M + F4[I, —-MVM(MVM)~ M,

where v, Fo, F3 and F4 are arbitrary matrices, W =V + XUX' and U is
any arbitrary matriz such that €(W) = € (X : V).

Proof. Above, each first term is a particular solution to (10.70) and the second
term is the general solution to the corresponding homogeneous equation

G(X:VM)=(0:0). (10.71)
According to (11.5) (p. 267), the general solution to the consistent equation
YB=Cis
Y =CB~ +Z(I-BB"). (10.72)
The representation (a) follows at once from (10.72).
The matrix Go = X(X’'W~X)~X'W satisfies (10.70); see, e.g., (5.156)
(p. 143), Proposition 12.1 (p. 286) and (12.34) (p. 288). It is easy to confirm

that the first terms of Gg and Gy satisfy (10.70).
Because ¢ (W) = € (X : VM), (10.71) is equivalent to

GW =0, (10.73)
for which the general solution is, cf. (11.10) (p. 268),
G =F(W) =F(I, - WW7), where F is free to vary, (10.74)
or, equivalently,
G =FT, where 4/ (T)=%(W) and F is free to vary. (10.75)
In view of (5.119) (p. 138),

¢(X: V)t =%¢(M[, - (MVM) MVM]), (10.76a)
¢(X:V)=4(I,—MVMMVM) M), (10.76b)
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and hence we can choose T in (10.75) as

T=[I,-MVMMVM) M. (10.77)

O

For the relations between the representations of the BLUEs, see, e.g., Al-
bert (1973), Baksalary & Kala (1978b), Pukelsheim (1977), Rao (1978), Rao
& Mitra (1971a), and Watson (1972).

10.5 Multivariate Linear Model

Instead of one response variable y, consider d response variables y1,...,yq4.
Let the n observed values of these d variables, i.e., n observations from d-
dimensional variable, be in the data matrix

/
Y
Y=(y1:y2:...:y4) = € R4, (10.78)
/
Y(n)
Denote
/!
*w
X=(x1:X2:...:%p) =] 1 | eR"™P, (10.79a)
!/
X(n)
B=(B1:...:B4) € RP*4 (10.79b)
Assume now that
yj:XIBj—I—Ej, jzl,...,d, (1080&)
cov(y;) = cov(e;) = O’?In, E(g) =0, j=1,...,d, (10.80b)
(yi:.o:y0)=X(B1:...:Ba)+(e1:...:€q), (10.80¢)
Y=XB+€, YeR™, XecR"™, 6 BeRP* (10.80d)
The columns of Y, i.e., y1,...,¥q, are n-dimensional random vectors such

that
v ~ (XBi, O’?In), cov(yj, yu) =ojuln, jk=1,...,d. (10.81)
Transposing Y = XB + € we have

(Y(l) R Y(n)) = B/(X(l) R X(n)) + (6(1) H E(n)) s (1082)
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where the (transposed) rows of Y, i.e., Y(1)s--+»¥(n), are independent d-
dimensional random vectors such that y ;) has expectation B'x(;) and covari-
ance matrix X; in a short notation

v ~ Bxa), B),  cov(ya),yg) =0, i#j. (10.83)
Notice that in this setup

& rows (observations) are independent but columns (vari-
ables) may correlate. (10.84)

We can denote this model shortly as a triplet

o ={Y, XB, X}. (10.85)
Denoting
Y1 X ... 0 ,31
vo=veeY)= |t | Byo=[: o ]| | = @eX)vee®),
Yd 0o ... X ,Bd
(10.86)
we get
O’%In O’lgln e UldIn
cov(y«) = [ : L | =¥®L,=V,. (10.87)
oL, ogl, ... agIn

The multivariate model can be rewritten as a univariate model
B = {vec(Y), (I @ X)vec(B), L@ 1,} := {y«, XuBs, Vi};  (10.88)

see, e.g., Searle (1978), Seber (1984, §8.1), and Christensen (2001, pp. 3-5).
By the analogy of the univariate model, we can estimate XB by minimizing

Iy« = XuBall? = llyr = XBall* + -+ + lya — XBall?
=tr(Y — XB) (Y — XB) = |Y — XB||%. (10.89)

The resulting XB is the OLS estimator of XB which is XB = HY, so that
the ith column of B is 8; = (X’X)~X'y;. Obviously we have

H ... 0
Px, =Prex=IL,oH=| 1 . ' [. (10.90)
0O ... H
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We may recall from Proposition 2.5 (p. 81) that for any Y € R"*4 X € R"*P,
and B € RP*? we have the Lowner partial ordering

(Y — XB) (Y — XB) > (Y — HY) (Y — HY) = YMY, (10.91)

where the equality holds if and only if XB := XB = PxY = HY. The

matrix
(Y — XB) (Y — XB) = YYMY = E,, (10.92)

is often called a residual matrix.

Because V., is not necessarily a multiple of the identity matrix it is not
fully trivial that the OLSE of X, 8. would give the BLUE under the model
B = {y«, XiBx«, V.}. However, the equality

OLSE(X.3.) = BLUE(X.,) (10.93)
follows from the commutativity (please confirm!)
V.Px, =Px. V.. (10.94)

An alternative way to confirm (10.93) is to show, see Christensen (2001, p. 5),
that
ClERL) LX) =¢XX)Cc¢(1;2X). (10.95)

We have observed that in multivariate model defined as above, the OLSE
(being actually the BLUE) for XB can be calculated simply as the OLSE
from each individual model. Hence in that sense nothing is gained by this
setup—for example the correlations between the y;-variables have no effect
on the estimates.

Under multinormality (and X having full column rank) the maximum
likelihood estimates are

MLE(B) =B, MLE(Z) = lE,. (10.96)
Under normality the random matrix E..s = YMY follows the Wishart dis-
tribution, E s ~ Wisharty(n—r, 3), where r = rank(X); see p. 26. We might
be interested in testing a linear hypothesis H: K'B = D, where K € RP*4
rank(K) = ¢, and D € R?*? are given matrices such that K'B is estimable,
ie, €(K) C %(X’). Then it can be shown, cf. (8.158) (p. 177), that the

minimum Ep, say, of
(Y — XB) (Y — XB) subject to K'B=D (10.97)
occurs (in the Lowner sense) when XB equals

XBy = XB - X(X'X) " K[K'(X'X)" K] {(K'B - D), (10.98)
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and so we may denote
Ey — E.. = (K'B-D)[K'(X'X) K| }(K'B - D). (10.99)

As mentioned in Section 8.9 (p. 175), the standard test statistics for univariate
models is proportional to the ratio

SSEx — SSE
SSE ’

where SSE = y'(I,, —H)y, SSEy = miny ||y — X3||? and H is the hypothesis
under consideration. As pointed out by Christensen (2001, p. 10), correspond-
ing to (10.100), it is natural to base the hypothesis testing in multivariate
model on some appropriate function of the matrix

(10.100)

(EH - :Iill"es):|371 (10101)

res ?

or on some closely related matrix. For further references, see, e.g., Christensen
(2001, §1.2.1), Muirhead (1982, Ch. 10), and Seber (1984, §8.6).

As a simple example we may consider two independent samples Y} =
(Y1) i -1 Y(ny)) and Y5 = (y(21) ¢ - .- : ¥(2n,)) from d-dimensional normal
distribution so that each y(1;) ~ Na(p1,3) and y(2; ~ Na(pe,X). This
situation can be written in the form of a multivariate linear model as

Yy I £(a)
, ,, e/ .
v (3) = [ = e | (10.102)
Y> Y21y Mo €(21)
/ :
y/(2n2) 2 622712)
that is,
/
Y = (16“ 12 ) (Zé) +E=XB+E. (10.103)
Now
_(Jn, O . _(Cy,, O
H_(O Jm)’ M—In—H_( ; C) (10.104)
Jn, Y Y111y, Y121y, oot 1als ) <1n 5”1)
HY = . =12 v ! 7 = o, (10.105
<Jn2Y2> (yzlln2 2Y22ln, tlt Yoaln, 1,55 ( )
and

<!
B = (?) , B =Y (I,-H)Y =Y/C,, Y, +Y,C,,Y,, (10.106)
2
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where C,,, and C,,, are centering matrices. We could be interested in testing
the hypothesis H: p1 = po, ie., (1,—1)B = p} — ph = 0/,. Notice that in
Exercise 8.11 (p. 186) we considered the corresponding test for univariate
situation. Because

min (Y — XB)'(Y — XB) subject to 1 = po (10.107)

occurs (in the Lowner sense) when XB equals J,, Y, where

3,Y=1,5 — an ) , (10.108)
na

we have (check the details)

Ey —Ee=Y'(L, ~J,)Y - Y1, -HY
= Y (H - Jn>Y = [(H - Jn)Y]/(H - Jn)Y
=m (1 —¥)F1—¥) +n2(y2—¥)F2—¥)

= V1 —¥2)(¥1 — ¥2). 10.109
n1+n2(Y1 Y2)(Y1 Y2) ( )

An alternative simple way to introduce (10.109) is to use (10.99) (p. 232). If
we have g groups, we apparently have

EH - Eres - Y/(In - Jn)Y - Y/(In — H)Y
=Y'H-71,)Y
=G -G -5+ +nyF, - F)F, —F) . (10.110)

Following the notation at the end of Exercise 8.11 (p. 186), we can denote
EH - Ere:: - Y/(H J an Yi Yi }_’)/ = EBetween ) (10111)

Eres = Y'(I, -H)Y = Zchin = Ewithin - (10.112)
i=1

The test statistics for the hypothesis g1 = po can be be based, e.g., on
the

ning  _ — \/— — _
e [(Br — Bre) Bl = ey [ 12 (51— 92) (91— 92) B
= a(y1 - ¥2)'SL' (571 — ¥2) (10.113)

where Sy = mEres and a = W Hence one appropriate test
statistics appears to be a function of the squared Mahalanobis distance

MHLN?(§1,¥2,S%) = (71 — 72)'S,' (71 — ¥2); (10.114)
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see also (18.120) (p. 374). The statistics

nin2
ny + no

(y1 - ¥2)'S5' (31 — ¥2) = T° (10.115)

is the famous Hotelling’s T2, see page 26, and Exercise 0.25 (p. 53). For
further details regarding the two-sample multivariate linear model, see, e.g.,
Seber (1984, §8.6.4) and Christensen (2001, §1.4). For the univariate version
of (10.115) see Exercise 8.12 (p. 187).

A more general multivariate linear model where cov(y.) = £ ® V, with
3 and V possibly singular, is considered by Sengupta & Jammalamadaka
(2003, Ch. 10).

10.6 Random Sample without Replacement

Let y1, ..., yn be a simple random sample from the digits {1,2,..., N}, where
n < N, (a) with replacement, (b) without a replacement. Express the obser-
vations as a linear model

yi=p+e, i=1,...,n. (10.116)

Find the covariance matrix of y. What is, of course, the true value of u?
Find OLSE(x) and BLUE(u). Prove that they are equal. What happens if
the population is {ai,as,...,an}?

The answers to the above questions follow from the fact that the random
vector y has an intraclass correlation structure, and thereby OLSE equals
BLUE. For a reference, see Zyskind (1969, p. 1361). See also Exercise 0.24

(p- 53),

10.7 Efficiency of the OLSE

Consider a simple linear model .# = {y, x3, 0>V}, where V is positive
definite, and, of course, x # 0. Then

B = (x'x) "Xy, var(ﬁA) = (x'x)*x'Vx, (10.117a)
f=V1x)"x'Vly, var(f) = (x'V71x)71, (10.117Db)

and var(j) < var(B)7 ie.,
(xX'V71x)7! < (x'x)72x'Vx  for all x € R". (10.118)

Then we know that
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B=p < Vx=Ax for somex € R" A €R, (10.119)

which means that x is an eigenvector of V. In this situation B is “as good as
it can get”, and

var(B) = var(f) = (x' V%) = (x'x) 2x'Vx. (10.120)
Notice in passing that
cov(B,f) = (x'x)'x- V-V Ix(x'Vx) 7! = var(f), (10.121)

and hence

and thereby

~ A ~ A

var(( — ) = var(B) + var(8) — 2 cov(B, 5)
= var(f3) + var(B) — 2var(3) = var(f) — var(8).  (10.123)

It is natural to ask how “bad” the OLSE could be with respect to the
BLUE. One obvious measure for this is the ratio of the variances:

B e var(3) B (x'V~ix)~1 B (x'x)?
¢ = eff(#) = Var(ﬁA) o (x'x)"1x'Vx(x'x)~! T x'Vx-x'V-Ix (10.124)
Clearly we have
0<eff(f) <1, (10.125)

where the upper bound is obtained if and only if OLSE equals BLUE. The
lower bound of ¢ is obtained from the Kantorovich inequality; see Section 20.3
(p. 418) and, e.g., Watson, Alpargu & Styan (1997), Alpargu, Drury & Styan
(1997), Alpargu & Styan (2000):

N - (x'x)?

TN A T X Vx X Voix eff(5) = ¢, (10.126)

where Ay > Ao > -+ > )\, > 0 are the eigenvalues of V. The lower bound is
obtained when x is proportional either to t; +t,, or to t; — t,,; in short, x is
proportional to



236 10 BLUE

1
0
Xpad = t1 £t, = T(iy £i,) =T | : |, (10.127)
0
+1
where i; is the jth column of I, and T = (t; : t2 : ... : t,,) is the matrix with

t; being the orthonormal eigenvectors of V corresponding to the eigenvalues
A1, A2,y Ap.
If we consider a weakly singular linear model, i.e.,

M ={y,xB,V}, wherex € € (V), (10.128)

then, see, e.g., Proposition 6.1 (p. 147),

B=Vrx)"X'VTy, var(f) = (x'Vtx)~!, (10.129)
and o
N R C.5.) MY (10.130)

(A +X)2 ~ X'Vx-x'Vtx
where rank(V) = v; see also Chu, Isotalo, Puntanen & Styan (2004). The
lower bound is obtained when x is proportional to

Xpad = t1 £ t, . (10.131)

There is one interesting interpretation of the efficiency that deserves special
attention. Letting V'/2 denote the symmetric positive definite square root of
'V, we observe that ¢ is a specific squared cosine:

- (X/X)Q - (X/V71/2 V. V71/2X)2
¢= x'Vx-x'V-lx  x/V-1/2V2V-1/2x . x'V-1/2V~-1/2x
(z'Vz)? 2 2
i vl (Vz,2) := cos” a, (10.132)
where

z=V 12, x=V2z, (10.133)

It is clear that the upper bound for ¢ is 1, and it is obtained when the angle
a between the vectors Vz and z is minimized (zero); this happens exactly
when z is an eigenvector of V| that is,

Vz =Xz, ie., Vx=Xx forsome\ecR. (10.134)

On the other hand, we may look for a vector z such that ¢ = cos?(Vz,z) is
minimized, i.e., the angle o between the vectors Vz and z is maximized. Since
an eigenvector of V solves the maximization of ¢, a vector z solving the min-
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imization of ¢ may be called an antieigenvector and the corresponding min-
imum an antieigenvalue (squared). Therefore, the first (smallest) antieigen-
value of V is

2/ Vv
= Ir;igcosz(VZ,Z) _ WM Vs (10.135)

B >\1+>\n B <)\1+)\n)/27

the ratio of the geometric and arithmetic means of A\; and \,,. The corre-
sponding first antieigenvectors are

Zy = Vﬁl/szad = TAil/zT/ . T(il + in)
1

1 1 1
=T(—=i1 £ in> = —t; £ —t,, 10.136
(m VA VAL VA (10-136)
which can be scaled to have unit lengths and so
VA VA
7 = t ! (10.137)

+ t, .
N VN vy v

The first (smallest) antieigenvalue of V is also called the cosine of the ma-
trix 'V, cos(V).
The second antieigenvalue of V is defined as

5= min cos*(Vz,z) = 2y A2An-1 = A2An 1 ,  (10.138)
z#0, z'z,; =0 Ao+ Ap—1 (/\2 + )\nfl)/2

and the corresponding antieigenvectors are

(10.139)

1 1 1 1
zo =T ir & i1 | = ty £ b1
2 < V )\2 ’ \/ )\n—l 1) \ )\2 : \/ )\n—l '

The concept of antieigenvalue was introduced by Gustafson (1972). For
recent papers in the antieigenvalues, see, e.g., Gustafson (1994, 1999, 2000,
2002, 2005, 2006, 2007, 2011), Gustafson & Rao (1997), Khattree (2001, 2002,
2003), Rao (2007), and Seddighin (2009).

The Kantorovich inequality yields also matrix versions. Such a possibility
becomes natural when we note that if we assume that x'x = 1, then (10.126)
(p- 235) becomes

mlex < (¥V7x)T<x'Vx, (10.140a)
1 n
QutAa)?

(X’V_lx)_1 <x'Vx < e

(x'V7ix)L. (10.140Db)

Marshall & Olkin (1990) gave a matrix version of (10.140b) as
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i A+ A,)?
UvVlu)l < UvVU < A1+ An)”
( )= =L 0N,

(u'v-tu) (10.141)
where U'U = I,,; see also Magness & McGuire (1962). If we substitute U =
X(X'X)~/2 in (10.141), where X € R™*P has full column rank, then (10.141)
becomes

(X'X)"V2X'VX(X'X) "2 < W(X’X)l/Q(X’V_lx)_l(X’X)1/27
or equivalently oL
(X'X)IX'VX(X'X)"! < W (X'v1Ix)~H (10.143a)
cov(B) < cov(B) <L W cov(B). (10.143b)

Further generalizations of the matrix inequalities of the type (10.141) ap-
pear in Baksalary & Puntanen (1991), Liu (2000a,b), Liu & Neudecker (1995,
1997), Pecari¢, Puntanen & Styan (1996), and Drury, Liu, Lu, Puntanen et al.
(2002).

One frequently used measure for the efficiency of the OLSE(B) in the
general situation is the “Watson efficiency” (Watson 1951, §3.3, Watson 1955,
p- 330) which is defined as the ratio of the determinants of the corresponding
covariance matrices:

b= eff(B) = lcov(B)] _ X'VoIX|
cov(B)|  I(X'X) X VX(XX)
B |X/X‘2
= XVX[ [ XVIX] (10.144)
Clearly we have again .
0<eff(B) <1, (10.145)

and the upper bound is obtained if and only if OLSE equals BLUE.
We recall that Bloomfield & Watson (1975) and Knott (1975) proved the
following inequality which we shortly call the BWK inequality:

AN, Aoy 1 ApAn_pi1 ) )

' =TiTs 10.146
Dt 22 ot re )2 Op+dnppr)? 17270 ( )

¢ =

D

ie.,

)\ +)\n 'Hrl) i

i=1
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where \; = ch;(V), and 7; = ith antieigenvalue of V. Assuming that p < n/2,
the minimum of ¢ is attained when the model matrix X is chosen as

Xbad = (tl + tn : tg + tn,1 et tp + tn,pjpl) = ’I‘L7 (10148)
where, when p = 3,
1 0 O
0 1 0
0 0 1
L= (11 + in : i2 + in—l : i3 + in_g) == (10149)
0 0 =1
0 +1 0
+1 0 0
With this choice (and for p = 3) we get
X'X =213, (10.150a)
A+ Ay 0 0
X'VX =L'AL = 0 A2+ A1 0 , (10.150Db)
0 0 A3+ A2
xt+x 0 0
X'VIX=L'A"'L = 0 5t+x= 0
0 0 %3 >\n172
)\1 An
’\l—t\" A (,)\ !
= 0 e 0 (10.150¢)
s+ A
0 0 §3An722

If p > n/2, then only the first m := n — p columns of Xy,,q can be con-

structed as above while the rest of the columns can be chosen from the set
of “unused” eigenvectors t,,11,...,tn—m.

The inequality (10.146) was originally conjectured in 1955 by James
Durbin (see Watson 1955, p. 331), but first established (for p > 1) only
twenty years later by Bloomfield & Watson (1975) and Knott (1975). For
further proofs (and related considerations), see Khatri & Rao (1981, 1982).

It is obvious that the Watson efficiency ¢ remains invariant if X is replaced
with XA, where A is an arbitrary p X p nonsingular matrix. Hence ¢ is a
function of the column space % (X). We can choose, e.g., an orthonormal
basis for ¢'(X) and then the BWK inequality becomes
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. 1 () AN An—it1
min = H —
X'X=I, |X/VX| . |X/V71X| =1 (/\1 + )\nfi+1)2
(10.151)
Another measure of efficiency of OLS, introduced by Bloomfield & Watson
(1975), is based on the Euclidean size of the commutator HV — VH:

min ¢ =

¢ =3|HV - VH|% =  tr(HV — VH)(HV — VH)’'
= |[HVM|% = tr(HVMYV) = tr(HV?) — tr(HV)?, (10.152)

Clearly 112 = 0 whenever OLSE equals BLUE. We will call 15 the
“Bloomfield-Watson efficiency”. We immediately observe that in order to
use (10.152), we do not need to impose rank assumptions on X and V.

Assuming that V is positive definite, Bloomfield & Watson (1975) proved
that the commutator criterion satisfies the inequality

P
i=1

and that the equality is attained in the same situation as the minimum of ¢.
Tt is easy to see that (10.153) holds also for a singular V; replace V with a
positive definite matrix V 4 @I, and the result follows.

Rao (1985a), studied the trace of the difference between the covariance
matrices of the OLSE and BLUE of X3:

n = trfcov(XB) — cov(XB)] = tr[HVH — X(X'V'X)"'X'].  (10.154)

Just as ¢ and v, also 7 is a function of the column space € (X), and hence
we can choose an orthonormal basis for ¢ (X), in which case 1 becomes

n=tr[X'VX — (X'VIX)71]. (10.155)

Rao (1985a) showed that

<3 (V- Varm) (10.156)

Styan (1983) considered (10.154) when p = 1 and obtained a version of
(10.156). If we consider the general representations (10.154) of XA and X,
then we get

cov(XB) — cov(XB) = HVM(MVM) MVH, (10.157)

whose trace’s upper bound was considered by Liski, Puntanen & Wang
(1992).
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The efficiency problem raises a great amount of interesting matrix prob-
lems and has received a lot of attention in statistical literature; see
Drury, Liu, Lu, Puntanen et al. (2002), and
Chu, Isotalo, Puntanen & Styan (2007), and
the references therein. For further measures
and applications of the relative efficiency of
the OLSE, see, for example, Baltagi (1989),
Liu (2000a,b), Liu & King (2002), Kréamer
(1980a), Luati & Proietti (2010), Wang &
Shao (1992), and Yang & Wang (2009). For the
efficiency when V has autocorrelation struc-
ture, see Chipman (1979), Kramer (1980a,
1982, 1984, 1986), and Krimer & Donninger
(1987). For the equality of OLSE and BLUE
under specific model matrices, see Baksalary
(1988) and Herzberg & Aleong (1985).
Photograph 10.5 Geoffrey S. For the efficiency of the subvector ,(;2, see
Watson (Montréal, 1995). Section 15.5 (p. 331). Efficiency of the OLSE

was also in a central role in the Ph.D. theses
of Chu (2004) and Isotalo (2007).

10.8 Efficiency and Canonical Correlations

In this section we consider an interesting relation between the Watson effi-
ciency and specific canonical correlations.
When X has full column rank, then, in view of (5.107) (p. 137), the general
expression for the covariance matrix of the BLUE of 8 can be written as
cov(B) = (X'X)HX'VX - X'VZ(Z'VZ)"Z' VX](X'X) ™

= cov(B) — (X'X)"'X'VZ(Z'VZ)" ZVX(X'X)"?

= cov(B) — (X'X)"'X'VM(MVM) MVX(X'X)™!

.= cov(B) — D, (10.158)

where Z is a matrix with the property € (Z) = ¢ (M), i.e., Z € {X*}, and

cov(f) = (X'X) ' X'VX(X'X) ™! = XTV(XTY, (10.159a)
cov(B) — cov(B) = (X'X)IX'VZ(Z'VZ)"Z'VX(X'X)~L.  (10.159b)

It is interesting to note that in (10.158) the covariance matrix V need not be
positive definite. If V is positive definite, then, of course,

cov(B) = (X'VIX)"! = cov(B) — D, (10.160)
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while under the weakly singular linear model, i.e., when € (X) C € (V),
cov(B) = (X'V*X)™! = cov(f) - D. (10.161)

A

Now we can express the Watson efficiency ¢ = eff(3) as

_eov(B)| | [X'VX -~ X'VZ(Z'VZ)~Z'VX]| - |X'X|?
eov(B)] (X'VX] - [XX] 2
_|X'VX - X'VZ(Z'VZ)~Z'VX|
IX'VX|
=, - (X'VX)"'X'VZ(Z'VZ)"Z'VX|. (10.162)

For (10.162) to be properly defined, we clearly must have
IX'VX]| #0, ie, rank(X'VX)=rp, (10.163)
that is, see Proposition 6.1 (p. 147),
rank(X'V) = rank(X) — dim¢(X) N € (V)* =p, (10.164)

which shows that for the Watson efficiency to be properly defined it is nec-
essary that
€(X)NE(V)*: ={0}. (10.165)

Moreover, because (see Proposition 5.6, page 137)

rank[cov(f)] = dim % (X) N € (V) < rank(X), (10.166)

we observe that |cov(B)| = 0, i.e., the Watson efficiency becomes 0 if the
model is not a weakly singular linear model—even though X has full column
rank. Hence, in order to have a properly defined nonzero Watson efficiency,
we have to assume that

¢(X) C €(V), (10.167)

which trivially holds if V is positive definite.
Let us next consider the canonical correlatipns between the random vectors
X'y and Z'y, and similarly between 8 and 8. Then we have

X/y o X'VX X'VZ o KK K1 -
cov (Z/y) B (Z/VX Z’VZ) = (L’K LIL) =3, (10.168)

where we have denoted
K=VY2X, L=VY2Z, (10.169)

Notice that with this notation we have
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X'VZ(Z'VZ)"Z'VX = K'P K, (10.170a)
cov(B) = (X'X)'K'K(X'X)"!, (10.170b)
cov(B) = (X'X)HK/(I, — Pp)K](X'X)" L. (10.170c)

Under a weakly singular linear model we have 8 = (X'V+X)~'X’V+y and
hence
cov(B,B) = (X'X)"'X - V- VIX(X'VTX)~!
= (X'X)'X" Py X(X'VTX)~!
= (X'VTX)™! = cov(f), (10.171)

and so, just as in (10.122) (p. 235), we have

cor (B) = (2B o)
- ((X’X)levx(x’x)l (X'V+X)~!

= (XVAX)] (X,V+X)1) =T. (10.172)

Let and k1 > kg > -+ > Kkp > 0and 6; > 0 > --- > 6, > 0 denote
the (ordered) canonical correlations between X'y and Z'y, and B and B,
respectively, i.e.,

ki =ce;( X'y, Z'y), 0; =cci(B,B), i=1,...,p. (10.173)

We assume that p < n/2 in which case the number of the canonical correla-
tions, i.e., the number of pairs of canonical variables based on X'y and Z’y,

is p.
In view of Proposition 18.11 (p. 381), the number of the nonzero x?’s is

m = rank(X'VZ) = rank(K'L) = rank(22), (10.174)
and they can be expressed as the nonzero eigenvalues as follows:

{k1,... Ko} =t (Xy, Zy)
— nzch[(X'VX) " 'X'VZ(Z'VZ) Z'VX]
= nzch(PgPy) . (10.175)

[Notice that cc? (u,v) is a short notation for the set of the squared nonzero
canonical correlations between the random vectors u and v.] Similarly, there
are

p = rank(T'q3) (10.176)

nonzero 02’s, and they can be expressed as the (necessarily nonzero) eigen-
values of the matrix
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N; := [cov(B)] ! cov(B)
= (X'X)(K'K) " (X'X) - (X'X)T'K/(I, - PL)K(X'X)™!
= (X'X)(K'K)"'K'(I, - P )K(X'X)™
= (X'X)[I, - (K'K)'K'P K|(X'X)!, (10.177)
which are the same as those of the matrix
Ny :=1I, - (K'K)'K'P K. (10.178)

Hence the p (all nonzero) 67’s are

{61,....00} = (B, B)
= ch[I, - (X'VX)"'X'VZ(Z'VZ)"Z'VX].  (10.179)
Thus, in light of (10.175) and (10.179), we can conclude the following inter-
esting connection:
0; =1—r, 1, i=1,...,p, (10.180a)
(B, B)=1—c2(X'y,Zy), i=1,...,p, (10.180b)

Notice also that the #2’s are the roots of the equation
lcov(B) — 6% cov(B)| = 0. (10.181)

Now under a weakly singular model and X having full column rank, the
Watson efficiency can be written as

. |X/X|2
ﬂ. = =

ef(8) = ¢ = VX XVX]

X'VX — X'VZ(Z'VZ)~Z'VX]
B IX'VX]

= |1 — (X'VX)"'X'VZ(Z'VZ)"Z'VX]
p

= H92 [[a-x. (10.182)
i=1

The efficiency formula (10.182) in terms of x;’s and 6;’s was first introduced
(V being positive definite) by Bartmann & Bloomfield (1981).

n (10.182) there are no worries about the zero 6;’s nor unit (1’s) x;’s once
we are dealing with a weakly singular model. As a matter of fact, the number
of unit canonical correlations between X'y and Z'y, say u, is the number of
unit eigenvalues of the product PPy, which in view of (5.83) (p. 134) and
Proposition 5.5 (p. 135), can be expressed as
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u=#{ch(PgPr) =1} =dim % (K) N % (L)
= dim € (VY2X) N €(VY?Z) = rank(X'Py,Z) . (10.183)

Trivially u = 0 if €(X) C € (V).

It is noteworthy that for the nonzero 2

7’s we have

{k1,... K65} =t (X'y, Z'y) = nzch(PkPy)
= nZCh(Pvl/2xpvl/2z) = nZCh(Pvl/szvl/zM) s (10184)

and hence
{k1,... Ko} =} (X'y, Z'y) = cc? (Hy, My). (10.185)
Similarly one can show (left to the reader) that
{0%,...,02} = cc*(B, B) = cc*(XB,XB). (10.186)
On account of (10.184), the Watson efficiency can be written also as
¢ = I, — Pyi2xPviseg| = I, — PyvieuPyviem] - (10.187)

In this section we have considered the weakly singular model which is
required so that the Watson efficiency would be properly defined. However,
even if the Watson efficiency collapses, so to say, it might still make sense
to utilize the canonical correlations 6; or equivalently x; while characterizing
the relative goodness of OLS. Some considerations are done in Section 18.10
(p. 382).

10.9 Best Linear Unbiased Predictor

Consider the general linear model
y=XB+e, ie, 4 =1{y, X8, 0c°V}. (10.188)

Let y¢ denote an m x 1 unobservable random vector containing new obser-
vations. The new observations are assumed to follow the linear model

yi=XiB+ey, (10.189)

where X is a known m x p model matrix associated with new observations,
B is the same vector of unknown parameters as in (10.188), and e¢ is an
m X 1 random error vector associated with new observations. It is essential
to understand the difference between the random vectors y and yy: y is
observable but y is not; ys is a future value of a random vector rising from
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the model (10.189). Our object is to predict the random vector y; on the
basis of y.
The expectations are

0)- (55 (%)
E = = , 10.190
(.Vf> (Xfﬂ x;)? ( )
and the joint covariance matrix of y and y; is
YY_ 2(V=Vy Vi)
cov (yf) =0 ( Vo, V22) =03 (10.191)

We can denote shortly

R (A NEAI S N

Notice that we naturally could have denoted the upper-left-block of X as
V11 but we have deliberately left the subscripts out so that the reader could
more easily see that . is simply the standard linear model {y, X8, 02V}
extended with a new future vector of observations y .

A linear predictor Ay is said to be unbiased for y; if

E(Ay) =E(yy) = Xy8 forall B e R”, (10.193)
i.e., the expected prediction error is 0:
E(y; —Ay)=0. (10.194)

We may then say that the random vector y¢ is unbiasedly predictable. It is
easy to confirm that (10.193) is equivalent to AX = Xy ie., X} = X'A,
which means that yy is unbiasedly predictable if and only if

¢(X}) c€(X'), ie, XjB is estimable. (10.195)

Now an unbiased linear predictor Ay is the best linear unbiased predictor,
BLUP, a term introduced by Goldberger (1962), if the Lowner ordering

cov(Ay —yyr) <L cov(By —yy) (10.196)

holds for all B such that By is an unbiased linear predictor for y.

Notice that if the parameter vector 8 were known, then E(y) = X8 := puy
and E(ys) = X8 := py, and thus in view of (9.45) (p. 196), the BLP of y
on the basis of y would be

BLP(ys;y) =y, = Va1V puy + Vo1 V'y
=py; T+ Va V' (y — py)
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The following proposition characterizes the BLUP; see, e.g., Christensen
(2002, p. 283) and Isotalo & Puntanen (2006a, p. 1015).

Proposition 10.6 (Fundamental BLUP equation). Consider the linear
model My, where X¢B is a given estimable parametric function. Then the
linear estimator Ay is the best linear unbiased predictor (BLUP) for y; if
and only if A satisfies the equation

AX:VXH) = (X;: Vg XH). (10.198)

Proof. The proof is parallel to that of Theorem 10 (p. 216)—but in spite of
that, we’ll go through it.

Let A be any matrix satisfying A(X : VM) = (Xy : V33M), where
M =1-H, and let By be any other linear unbiased predictor for yy, i.e.,
BX = X/. Hence (B — A)X =0 and so B’ — A’ = ML, for some matrix L.
Moreover, the assumption AVM = V51 M implies that

cov[Ay —ys, (B~ A)y] = AV(B - A)' = Vy (B -~ A)
=(AV -Vy)B-A)
=(AV-Vy)ML =0, (10.199)

and hence we have the Lowner ordering

cov(By —yy) = cov[(By — Ay) + (Ay — yy)]
= cov(By — Ay) + cov(Ay — yy)
> cov(Ay —yy). (10.200)

Conversely, let Ay be the BLUP for y ;. Then the inequality (10.200) must
also hold when B satisfies the equation B(X : VM) = (X : V31 M). Because
Ay is an unbiased predictor, we have A’ — B’ = MK, for some matrix K,
and just as in (10.199),

covBy —ys, (A - B)y] = (BV — V3 ) MK = 0. (10.201)
Hence we have the Lowner ordering

cov(Ay —yy) = cov[(Ay — By) + (By — y/)]
= cov(Ay — By) + cov(By — yy)
> cov(By —yy). (10.202)

Because Ay is the BLUP for y; we must have

cov(By —yy) = cov(Ay —yy) (10.203)



248 10 BLUE
which holds if and only if
cov(Ay —By) = (A -B)V(A -B) =0, (10.204)

that is, if and only if (A —B)V = 0. Hence AVM = BVM = V3 M, which
concludes the proof. a

It is easy to conclude that the BLUP can be characterized via Pandora’s
Box technique as follows.

Proposition 10.7 (Pandora’s Box and the BLUP). Consider the linear
model My, where X;B is a given estimable parametric function. Then the
linear estimator Ay is the BLUP fory if and only if there exists a matriz L
such that A satisfies the equation

()\(f/ )()() (JI&J/> _ (‘)’(1}2) , (10.205)

According to Theorem 11 (p. 267), the general solution to (10.198) (whose
consistency confirmation is left as an exercise) can be written, for example,

as
Ao = (X;: VorM)(X : VM)* + F(I, — Pixovan) » (10.206)

where the matrix F is free to vary. Even though the multiplier A may not
be unique, the observed value Ay of the BLUP is unique with probability 1.
We can get, for example, the following matrices A; such that A;y equals the
BLUP(yy):
A1 = XfB + V21W_(In — XB) y (102073)
Ay, =X;B+VyV (I, —XB), (10.207b)
A;=X;B+Vy M(MVM) M, (10.207¢)
Ay =X;(X'X)"X' + [Vo; = Xp(X'X)"X'VIM(MVM) M, (10.207d)

where W =V + XUX/, with U satisfying (W) = ¢ (X : V), and
B=(XW X)"XW". (10.208)

Proofs of (10.207) are left to the reader.
In view of (10.207), the BLUP(y) can be written as
BLUP(ys) = X8 + VoW~ (y — X)
=XB+Vy W&
=X;B+VaV e
= X8+ VaM(MVM) My
= BLUE(X;8) 4+ Vo, My
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= X8+ (Va1 = X;XTV)My
= OLSE(X;B) + (V21 — X;XTV)My, (10.209)

where & =y — X8 is the vector of the BLUE’s residual:

X =y — VM(MVM) My =y — VMy, (10.210a)
€=VMy=WMy, M=MMVM) M. (10.210b)

It may be worth emphasizing that if A and B are arbitrary matrices satisfying

G;) (X VM) = <§; VQ(I)M> , (10.211)

then (10.209) means, e.g., that
Ay =By +Vy My forally e (X :V)=%¢(X:VM). (10.212)

Consider next an arbitrary representation Gy for the BLUE of X/, so
that G satisfies G(X : VM) = (X : 0). Then Gy is also the BLUP for y if
G satisfies G(X : VM) = (X : Vo1 M). Hence we can conclude that

BLUP(ys) = BLUE(X/8) <= Vo M =0
— €¢(Vi2) C €(X). (10.213)
The above problem was considered by Elian (2000), and Puntanen, Styan
& Werner (2000a). For related considerations, see also Baksalary & Kala
(1981b, Th. 1), Watson (1972, §3)], and Liu (2009).

The following proposition characterizes the equality of BLUP(yy) and
OLSE(X¢8), the proof is left as an exercise (see the above references).

Proposition 10.8. Consider the linear model .#y. Then the following state-
ments are equivalent:

(a) BLUP(y;) = OLSE(X;8) = X8 for a fized X; = LX,

(b) €[Vi2 — V(X')"X)] C ¢(X),

(¢c) €(Vi2 — VHL') C ¥(X).

Moreover, the following statements are equivalent:

(d) BLUP(y;) = OLSE(X;8) = X8 for all X; of the form X; = LX,
(e) €(VX) C ¥(X) and €(V12) C ¥(X),

(f) OLSE(Xp) = BLUE(Xf) and BLUP(y;) = BLUE(X /).
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10.10 Examples on the BLUPs

In Section 9.6 (p. 208) we considered the best linear prediction, BLP, in the
autoregressive case, where the covariance matrix is of the type

1 0 0® ... Q”l
1 e 0"
2202{Q|i7]’|}:a2 . 9 Q.
Q-n Qn.—l Qn.—2 L 1
=02 Y Viz) _eov (Y , (10.214)
Vig 1 Yn+1

where |g| < 1, and the cross-covariance matrix (vector)
vig = o%(o", 0" Y, ..., 0% 0) €R". (10.215)
Putting, for simplicity, E(y) = 0, we obtained, cf. page 209,
BLP(yn41;Y) = 0Un - (10.216)

Next we consider the BLUP for the new single observation y; = ¥,41 when
(yny 1 ) follows the linear model where the covariance matrix is as in (10.214).
As noted on page 209, the column vi5 can be obtained by multiplying the

last column of V by p:
vis = 0Vi,, (10.217)

where 1i,, is the last column of I,,. Therefore
Vivy = oV~ Vi, = oi,, (10.218)
and the BLUP for the new single observation y; = yn41 is
BLUP(yn11) = X,B + v,V e =x.B + 0il,e =x.B + 0é,, (10.219)

where x/ is the row vector comprising the x;-values of the new observation,
and € is the vector of the BLUE’s residual. Notice how “simple” it is to make
predictions in this situation.

Consider then the situation where the covariance matrix of (?;yf) has an
intraclass correlation structure:

Y= (1 - Q)Iner + Q1n+m1:7,+m

_ (1 - Q)In + Q]-n]-{n Q]-n]-{,n
lelln (1 - Q)Im + Q]-m]-/m

V Vo
- 7 10.220
<V21 V22> ( )
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and 1, € ¢(X), 1, € €(Xys). Then €(V12) C ¢(X) and so in view of
(10.213) (p. 249), we have

BLUP(y;) = BLUE(X ). (10.221)

Because BLUE(X 8) = OLSE(X ) under the intraclass correlation struc-
ture when 1 € ¥ (X), we have

BLUP(y;) = OLSE(X;8) = X;(X'X) X'y = X;Xy. (10.222)

TIsotalo & Puntanen (2006a, §4) considered the linear prediction under the
following time series model:

v =Bt +e, (10.223)

where ¢ denotes the discrete time variable, § is an unknown parameter, and wu;
is the standardized random walk process, cf. Davidson & MacKinnon (2004,
p. 606), with a form

e =ci1+u;, =0, E( u ) =0, cov< u ) =T, (10.224)
Un+1 Un+1

where u = (ug, usg,...,uy,)". Then

gj=ur+us+-Fu;, j=1,2,....n+1, (10.225)
and the random vector (En€+1 ) = (1,...,En,En+1) can be written as
<E)K(“>, (10.226)
En+1 Un+1
where
100 0
110 0 L o
=111 0| .= n (n+1)x(n+1)
K : o <1;L 1 ) eR . (10.227)
111...1
Let us assume that y, is observable at times of t = 1,2, ..., n. Moreover, we
are interested in predicting the outcome ¥,,+1 = yy at time of t = n+1 based
on observable random variables y1,ys, ..., y,. Now we can write this model

— y x[3 V vy
My = {(yn+1> ) (g;f5> ) (v’12 UQQ)} , (10.228)

where (yl7yn+1) = (yl7y2a s 7ynayn+1>7 (X/,If) = (1727' S, n,n+ 1)7 and
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V = cov(y) = cov(e) = cov(Lu) = LL/
11 1 ... 1 1
1 2 2 ... 2 2
1 2 3 ... 3 3
= ... . | (10.229a)
i 2 3 n; 1 n; 1
12 3 ... n=-1 n
and
Viz2 = (17273%"7”717”),7 V22 :’ﬂ+1 (10229b)

According to Proposition 10.6 (p. 247), g’y
is the BLUP for y,,41 under (10.228) if and
only if g satisfies the equation

g/(x: Vxt) = (n+1:vyxt). (10.230)
We see immediately that choosing g = "T“ i, ,

where i, is the last column of I,, gives the
BLUP for y,41:

n+1
BLUP(yp+1) = " Yn - (10.231)

Using Proposition 10.13 (p. 259) Isotalo &
. Puntanen (2006a, §3) showed that y,, is actu-
Jarkko Isotalo ally a linear prediction sufficient statistic for

yn+1~
We may use the above considerations to
show that A~! = B, where

Photograph 10.6 Jarkko Iso-
talo, ice hockey defenceman,
Tappara (Tampere, 1994).

1 1 1 ... 1 1 2 -1 0 ... 0 0

1 2 2 ... 2 2 -1 2 -1... 0 O

1 2 3 ... 3 3 0O-1 2 ... 0 O

A= . . : : , B= oo S

1 2 3 ... n-1n-1 o 0 O0... 2 -1

1 2 3 ... n=-1 n o 0 O0... -1 1
(10.232)

In addition, we show that det(A) = det(B) = 1.
According to (10.226) (p. 251), we have € = Lu, where

100...0
110...0
L=|111 0| emrmxn, (10.233)

111...1
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and A = LI’ = cov(e). The determinant is det(L) = 1 and so L is nonsin-

gular and also det(A) = 1. Now ¢; —¢;_1 = u; for j =2,...,n, &1 = uq, and
SO
1 0 0 ... 0 0
-1 1 0 0 0
0-11... 00 .
u=| . . .. . . |Je=L"¢, (10.234)
0 00.. 10
0 0 0. -1 1

because € = Lu. Hence

2 -1 0 ... 0 O
-1 2 -1 ... 0 O
0o -1 2 ... 0 O
AT - @) =@yL = | L T [ (0s)
0 0 0. 2-1
0o 0 0. -1 1

which is B as claimed, and det(B) = 1/ det(A) = 1.
For the relation (10.232), see also Watson (1996a) and Zhang (2009, Ex-
ercise 2.20).

10.11 Mixed Linear Models

A mixed linear model can be presented as
y=XB+Zv+e, (10.236)

where X € R"P and Z € R"*? are known matrices, 8 € R? is a vector of
unknown fixed effects, v is an unobservable vector (g elements) of random
effects with

E(v) =04, cov(y)=Dgxq, cov(v,€)=0gxp, (10.237)
and E(e) = 0, cov(e) = R, x. We may denote this setup briefly as
Myix =y, XB + Zv, D, R}. (10.238)

Writing
E=Zv+e, cov()=ZDZ +R:=X, (10.239)

we can re-express (10.236) as

y=XB+¢&, E() =0, cov(é) =cov(y) =X, (10.240)
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i.e., as regards the estimation of the fixed effects under the mixed model, we
can consider the following “standard fixed” model

Clearly for the BLUE(X3) we have the following characterization:

Proposition 10.9. Consider the mized model Mix = {y, XB+Z~, D, R}.
Then the linear estimator By is the BLUE for X3 if and only if

B(X: XY =(X:0), (10.242)
where X = ZDZ' + R.

Assuming that the covariance matrix ¥ = ZDZ’ + R is positive definite
and X has full column rank, we of course have

BLUE(B | #mix) = B = (X'ZT1X)1X'S 1y, (10.243)

How to find the BLUP of 4?7 One approach is to express the mixed model
as two equations:

y=XB+Zv+e, (10.244a)
N=0-B+e;, (10.244b)
where cov(ey) = cov(y) = D and cov(vy,e) = cov(ey,e) = 0. Since
cov(y,vy) = ZD, we have
v\ (ZDZ +R ZD\ (X ZD
cov (’Y) < DZ/ p)=\pz D) (10.245)

Hence, corresponding to (10.192) (p. 246), the mixed model can be expressed
as a version of the model with “new observations”; the new observations being
now in ~y:

Mmixed = {(1) ) ()5) B, (ZD[Z)/ZT R Z];) ) } : (10.246)

Now Proposition 10.6 (p. 247) gives the following:

Proposition 10.10. Consider the mized linear model Mynix = {y, X8 +
Z~, D, R}. Then the linear estimator Ay is the BLUP for ~ if and only if

A(X:ZX1)=(0:DZ'Xh), (10.247)

where X = ZDZ' + R.. In terms of Pandora’s Box, Ay = BLUP(v) if and
only if there exists a matriz L such that A satisfies the equation
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Y X\ (A ZD
(2 %) (%)= (). 02t
In view of (10.209) (p. 249), the BLUP(«) can be written as
BLUP(y) =4 = DZ'W~(y — X)
=DZ'W e=DZ'¥"¢
= DZ'M(MXM) My = DZ'My, (10.249)
where € is the vector of the BLUE’s residual and
W =X+ XUX'=ZDZ + R+ XUX', ¢(W)=%¢(X:X%), (10.250)

and the matrix M is defined as M = M(MXM)~ M.

As Henderson & Searle (1981a) point out, a difficulty with (10.243) is, in
many applications, that the n x n matrix 3 = ZDZ’ + R is often large and
nondiagonal, so that inverting it is quite impractical. An alternative set of
equations for solving B and 7 is, as suggested by Henderson (1950, 1963),

X'R'X  X'R'Z 8 X'R-ly
(z'R—lx Z'R—1Z+D—1) (’y) - <Z'R—1y> : (10.251)
If B and 7 are solutions to (10.251), then X3 appears to be a BLUE of
X3 and 4 is a BLUP of ~; see, e.g., Henderson, Kempthorne, Searle & von
Krosigk (1959), Christensen (2002, p. 285), Searle (1997, p. 302), Searle,
Casella & McCulloch (1992, §7.6), and Robinson (1991, p. 15). The equa-

tion (10.251) is called Henderson’s mized model equation. The proof is based
on the equality

(ZDZ' +R) ' =R'-R'Z(ZR'Z+D H'ZR!,  (10.252)

which comes from the Duncan inversion formula (13.71) (p. 301).
Henderson (1950, 1963) minimized the following quadratic form with re-
spect to B and v (keeping « as a non-random vector):

= (4SBT (B Y (roXEm)

where R and D are assumed to be positive definite. Denoting

@) % e (D) e ()

yields the following:

FB.7) = (y —Xom) VI yy — Xomr). (10.255)
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The normal equation resulting from minimizing f(8,4) is now precisely
(10.251) and the minimizing values of 8 and « are (when X has full col-
umn rank)

(XLVIIX) I XV yy = (g) : (10.256)
Notice that ~ _
X, 7 = (Xﬁ; Z") . (10.257)

We will return to Henderson’s approach in Section 11.3 (p. 272).

For further references to mixed models, see,
e.g., Christensen (2002, §12.3), Demidenko
(2004), Harville (1990a), Hayes & Haslett
(1999), Jiang (1997, 2007), McCulloch, Searle
& Neuhaus (2008), Searle (1994, 1996, 1997),
Rao (1987), Robinson (1991), and Haslett &
Puntanen (2010b,d). For a discussion whether
the effects should be considered fixed or ran-
dom, see Gelman (2005, §6). For a proposal
“To a non-Bayesian, all things are BLUPs”,
see Speed (1991, p. 44).

We complete this section with a result due
to Isotalo, Méls & Puntanen (2006). They con-
sidered

Photograph 10.7 Stephen J. _
Haslett (Auckland, 2005). o ={y, X1f1 + Xaf2, R},

% ={y, X1p1 + Xa72, D, R}, (10.258)

where &7 is a partitioned fixed model and % is a mixed model:
d:y=Xi1p1+XoB2te, ZB:y=Xi01+Xov2+e, (10.259)

where

E(v2) =0, cov(y2) =D, cov(yz,e)=0, (10.260)
and E(e) = 0, cov(e) = R, and cov(y | &) = X2DX) + R := X. The proof
of the following result is left as an exercise.

Proposition 10.11. Consider the models </ and # defined above. Then ev-
ery representation of the BLUE for MyX, 81 under the model <7 is also the
BLUE for MyX, 381 under the model % if and only if

€(XX{) C €(Xy: RXY). (10.261)
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10.12 Linear Sufficiency

The concept of linear sufficiency was intro-
duced by Barnard (1963), Baksalary & Kala
(1981a), and Drygas (1983)—who was the first
to use the term linear sufficiency—while in-
vestigating those linear statistics Fy, which
are “sufficient” for estimation of X3 in the
model .Z. Formally, a linear statistic Fy is
defined to be linearly sufficient for X8 under
the model .# = {y, X8, 0>V} if there exists
a matrix A such that AFy is the BLUE of
X 3. Baksalary & Kala (1981a, p. 913) illus-
trate the situation in the following “concrete”
way (in our notation):

If the vector y subject to the model {y, X3, I}

Photograph 10.8 Radostaw were transformedjnto the w = X'y, then the

Kala (Poznan, 2003). BLUE of X3, X3 = X(X'X) X'y, would be

obtainable as a linear function of w, namely

as X(X'X)”w. If, however, the same transformation were adopted under the

model {y, X3, V} (V positive define but different from I,) then the BLUE of
X, having now the form

XB=XX'V'X) X'V 'y,

would no longer be obtainable as a linear function of w = X'y unless (VX)) C
¢ (X). This exception might in fact be expected as the inclusion is a necessary
and sufficient condition for the OLSE and BLUE to be identical.

Baksalary & Kala (1981a, p. 913) and Drygas (1983) showed that a linear
statistic Fy is linearly sufficient for X8 under the model .# if and only if the
column space inclusion € (X) C €(WF’) holds; here W = V4+XLL'X’ with
L being an arbitrary matrix such that € (W) = (X : V). The hard-working
reader may prove the following proposition.

Proposition 10.12. Let W = V+XLL'X’ be an arbitrary matriz satisfying
C(W) = €(X : V). Then Fy is linearly sufficient for XB under # =
{y, XB, 02V} if and only if any of the following equivalent statements holds:
(a) €(X) C €(WF'),
(b) /(F)NE(X:V)CF(VXH),
(c) rank(X : VF') = rank(WF’),
(d) €(X'F') =€ (X) and € (FX) N € (FVX') = {0},

)

(e) the best linear predictor of y based on Fy, BLP(y; Fy), is almost surely
equal to a linear function of Fy which does not depend on 3.
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Moreover, let Fy be linearly sufficient for X8 under # = {y, X8, 0?>V}.
Then each BLUE of X8 under the transformed model {Fy, FX3, c?FVF'}
is the BLUE of X8 under the original model 4 and vice versa.

In addition to linear sufficiency, Drygas (1983) also considered related
concepts of linear minimal sufficiency and linear completeness. A linearly
sufficient statistic Fy is called linearly minimal sufficient for X8 under the
model .Z, if for any other linearly sufficient statistic Sy, there exists a ma-
trix A such that Fy = ASy almost surely. Drygas (1983) showed that Fy is
linearly minimal sufficient for X3 if and only if the equality

%¢(X) = ¢(WF') (10.262)

holds. Moreover, Drygas (1983) called Fy linearly complete if for every linear
transformation of it, LFy, such that E(LFy) = 0, it follows that LFy = 0
almost surely. According to Drygas (1983), Fy is linearly complete if and
only if

¢(FV) C €(FX). (10.263)

It was then shown by Drygas (1983) that Fy is linearly minimal sufficient for
XA if and only if it is simultaneously linearly sufficient and linearly complete
for X 8. For related references, see Miiller (1987), Miiller, Rao & Sinha (1984),
Liu (2002), and Sengupta & Jammalamadaka (2003, Ch. 11).

Baksalary & Kala (1986) extended the notions of linear sufficiency and
linear minimal sufficiency to concern estimation of the given estimable para-
metric function K’B. They proved that Fy is linearly sufficient for K’3 under
the model .# if and only if

N (FX:FVX+) c /(K :0), (10.264)
which can be shown to be equivalent to

CX(X'W-X) K] C4(WF). (10.265)
Moreover, Fy is linearly minimal sufficient for K’A3 if and only if

N (FX :FVXH) = 4/ (K :0). (10.266)

Isotalo & Puntanen (2006a) considered the model

R y X3 2 V Vi
A = {(Yf> ’ (Xfﬂ) ’ <V21 V22>} ) (10.267)

where y is the new future vector of observations, and investigated those lin-
ear statistics Fy, which preserve enough information for obtaining the BLUP
of ys as a linear function of them. They call such statistics linearly prediction
sufficient for y¢. More formally, under the model .#, a linear statistic Ty is
called linearly prediction sufficient for y, if there exists a matrix A such that
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AFy is the BLUP for y;. Moreover, Ty is called linearly minimal prediction
sufficient for y¢ if for any other linearly prediction sufficient Ay, there exists
a matrix A such that Ty = ASy almost surely. Isotalo & Puntanen (2006a)
proved the following.

Proposition 10.13. Under model .#5, a linear statistic Fy is linearly pre-
diction sufficient for yy if and only if

N (FX :FVX1) C A (X;: Vg XH). (10.268)

Moreover, Fy is linearly minimal prediction sufficient if and only if the equal-
ity holds in (10.268).

Various properties of linear sufficiency, particularly in a partitioned linear
model, were considered by Tian & Puntanen (2009). They also introduced
the concept of OLSE-sufficiency: Fy is linearly OLSE-sufficient for K’'g if
there exist a matrix A such that OLSE(K'B) = AFy.

10.13 Admissibility

Consider the linear model .# = {y, X8, 0>V} and let K’ be an estimable
parametric function, K € R?*9. Denote the set of all linear (homogeneous)
estimators of K'B as LE,(y) = { Fy : F € R?*" }. The mean squared error
matrix of Fy with respect to K’B is defined as

MSEM(Fy:; K'B) = E(Fy — K'8)(Fy - K'8)’
=E[F(y - XB)(y — XB)'F'] + (FX - K')B[(FX - K') 8]
= cov(Fy) + (FX — K')B[(FX — K') 8], (10.269)

and the quadratic risk of Fy under . is
risk(Fy; K'B) = tr[MSEM(Fy; K')]

— 0> u(FVF') 1 || (FX - K')|?
= tr[cov(Fy)] + ||bias||*. (10.270)

A linear estimator Ay is said to be admissible for K'# among LE,(y) under
A if there does not exist Fy € LE,(y) such that the inequality

risk(Fy; K'B) < risk(Ay; K'B3) (10.271)

holds for every (B,02) € RP x (0,00) and is strict for at least one point
(B,0?). The set of admissible estimators of K’ is denoted as AD(K'S).

A general characterization of the class AD(K'B) for an estimable vector
K’ and for nonsingular V is given in Rao (1976, Th. 6.6) and it was extended
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to a general Gauss—Markov model by Baksalary & Markiewicz (1988, p. 351).
The result is presented in the following lemma.

Proposition 10.14. Consider the model # = {y, X8, 0>V} and let K'B
be an estimable parametric function, i.e., K' = LX for some L € RFX",
Then Fy is admissible for K'B if and only if the following three conditions
hold:

€(VF') Cc €(X), (10.272a)
FVL —FVF >, 0, (10.272b)
Z|(F - L)X] = ¢[(F — L)S], (10.272¢)

where S is a matriz satisfying € (S) = € (X)NE (V).

——

It is obvious that under a weakly singular
linear model, i.e., when ¢ (X) C 4(V), the
condition (10.272c) is trivially satisfied and
hence the first two conditions guarantee that
Fy is admissible for K'B. For further refer-
ences on the linear admissibility, see, for ex-
ample, Baksalary & Markiewicz (1989, 1990),
Baksalary, Markiewicz & Rao (1995), Mathew,
Rao & Sinha (1984), and Drygas & Zmys$lony
(1988).

We may complete this section by men-
tioning the paper by Markiewicz & Punta-
nen (2009), where the admissibility and linear
sufficiency are studied in a partitioned linear
model.

Photograph 10.9 Augustyn
Markiewicz (Tomar, 2006).

10.14 Exercises

10.1. Complete the proof of Proposition 10.1 (p. 218).
10.2. Solve the problems presented in Section 10.6 (p. 234).
10.3. Confirm that (10.152) (p. 240) holds:

¢ = 3|HV-VH|% = [HVM||} = tr(HVMYV) = tr(HV?) — tr(HV)>.

10.4 (Continued ...). Let the columns of X, and Z comprise the orthonor-
mal bases for ¢(X) and € (X)=, respectively. Show that

Y = [ X,VZ|3 = tr(X,V2X,) — tr(XLVX,)2.
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10.5. Consider the models .#Z = {y, X8, V} and # = {y, X3, V}, where
X = XA and A is nonsingular. Show that

cov[BLUE(XB | .#)] = cov[BLUE(XS | .£)].

10.6. Consider the linear model {y, X3, V}, where V is positive definite
and the columns of X; form a basis for @ (X). Show that then
cov[BLUE(XB)] = X(X'V!IX)" X' = X;,(X; VX)X,
=HHV 'H) H=HV 'H)".

10.7. Show that under a weakly singular model, i.e., € (X) C € (V), we have
cov[BLUE(XB)] = X(X'V~ X)X’ = X,(X, V" X;) X
=HMHV H) H=HV H)T,

where the generalized inverses can be any generalized inverses; in the last
representation, however, we must have the Moore-Penrose inverse.

10.8. Consider models .2 = {y, X8, V} and .#Z* = {V~1/2y, V-1/2X 3.1}
where V € PD,,. Show that V~1/2y is linearly sufficient for X8 under
A and thereby the BLUE for X3 under .Z* equals the BLUE under
A . See also Exercise 0.16 (p. 50).

10.9. Consider the models .# = {y, X8, V} and .#yw = {y, XB, W},
where W =V + XLL/X’, and (W) = ¢ (X : V). Show the following:

(a) cov(XB | #w)=HWH,
(b) cov(XB | My) = X(X'W-X)"X' = (HW-H)™,
(¢) cov(XB | M) — cov(XB | M) = cov(XB | M) — cov(XB | M),
(d) { BLUE(XB | #w)} = { BLUE(XB | .Z) }.
Liski, Puntanen & Wang (1992, p. 126).

10.10. Let B be an n x n matrix and let A be an n x p matrix of rank a.
Show that then, for any n x a matrix A, such that €(A.) = ¢ (A) and
A’ A, =1,, the equality

A.(ALBA.)" A, = Py(PyBP,)"P, — (P\BP,)"
is always true, whereas the equality
A (A'BA)TAL = A(A'BA)TA’

holds if and only if ¥(A’AA’'BA) = ¥(A’BA).
Baksalary, Puntanen & Styan (1990b, Cor. 2).

10.11. In an example of autocorrelation in a coin-tossing problem, Jensen &
McDonald (1976) consider the following situation:
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y1 = 1, if coin results head in the first toss, 0 otherwise,
y2 = number of heads observed in the next 2 tosses,
y3 = number of heads observed in the next 3 tosses,

yn = number of heads observed in the last n tosses.

Total number of tosses is therefore n(n + 1)/2, all tosses being indepen-
dent. Let m denote the probability that the toss of a coin results in a
head. Denoting y = (y1,...,¥yn)’, we can write a linear model

y=7x+e, cov(y)=0o?V.

Construct x, V, express o2 as a function of 7, and find OLSE(r) = #,
and BLUE(rr) = #, and show that (&) _, 8 when n — co. Moreover,

var(7)
confirm that when y;’s are defined so that

y; = number of heads observed in the first i tosses,

so that the total number of tosses is n, then the resulting V is of the form
A in (10.232) (p. 252). Amaze yourself that in both situations (regarding
the definition of y;) we get

_ total number of heads
m =

total number of tosses

10.12 (Continued ...). Show that the correlation matrix R, say, associated

with A, is
1 1
133/t
19 \ﬁ
R — 2 'n 7
L2001

and det(R) = det(A; /2 AA; %) = JA = 1 where A; = diag(A).

10.13. Consider matrices

ap a1 aip ... aq 1 0 0. 0 0
-1 1 0. 0 0
ap a2 a2 ... Q3 0 -1 1 0 0
A=|a a2 a3z ... as ., F= A " . ,
0o 0 0... 10
ar Gz ag ... Gn 0 0 0 ... -1 1
where a; are real numbers, i = 1,...,n. Show that FAF' = D, where

D = diag(ai, a2 — ai,a3 — as, ..., a, — an—1). Hence obviously
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det(A) = ai(azs —ay)(as —az) -+ (an — an-1),

and A is positive definite if and only if 0 < a1 < as < -+ < a,,. Confirm
that the inverse of A is

A"l =FD'F
a1 + a2 —a2 0 0 ... 0 0
—Q a2 + a3 —Q3 0 - 0 0
0 —Q3 a3z +oaq4 —agq ... 0 0
0 0 0 0 Qp—1 — Qp —Qn
0 0 0 0 —Qnp Qn
where o; = ai72i717 i=1,...,n; a9 =0.

Chu, Puntanen & Styan (2011),
Neudecker, Trenkler & Liu (2009), Moyé (2006, Appendix B).

10.14. Prove Proposition 10.11 (p. 256).

10.15. Consider the model {y, X3, V}. Show that the condition XX'V =

VXX’ is sufficient for OLSE(X3) = BLUE(X/) but not necessary.
Trenkler & Trenkler (2008), Puntanen (2010b).

10.16 (Canner’s data). Consider the model {y, X3, V}, where X = (% _&)1 ),

and
100 1 0 o 1 00 1 co o
V=10 ¢ 0 o1 o 0 c 0]=1]co ¢ co
001 o o1 001 o co 1

(a) Prove that V> 0 <= c#0and —1/2 < p < 1.

(b) Choose ¢ and p so that 0 < ¢ < p < 1. Show that By and B, are
identical so that the OLSE- and BLUE-lines are parallel.

(c) Is it possible that all data points are below or above the BLUE-line
g = 5() + ﬁ1$7 (YGS')

(d) Draw the OLSE- and BLUE-lines when ¢ = 0.8, ¢ = 0.6 and y =
(4,8,19)".

Canner (1969), Chu, Isotalo, Puntanen & Styan (2007, p. 3348).
10.17. Prove (10.95) (p. 231):
ClERL) LX) =¢EeX)c¢l;®X).

Hint: Show that (X ®I,,)(I, ® X) = (I ® X)(2¥ ®I,) or confirm that
% (AU @ BV) C ¥(A @ B) for conformable matrices involved. See also
Exercise 0.23 (p. 52).
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10.18 (Pandora’s Box). Consider the model {y, X3, 02V} and denote

(VX (C G\ (V X\ _ .
F_(x' 0)’ and C_<03 04)_(X’ o) €}

Confirm the following:

(a) € ()‘(/) ne (’g) _ {0}, (b) rk (}‘(f ’é) — 1k(V : X) 4 1k(X),

X3 = XCyy,

cov(XpB) = XC, X/,

e=y-Xp=VCy,

the BLUE of an estimable function k’8 is k'8 = k’Cly = k'Csy,
var(k’f) = 02k’'C,k,

5% = y’Cyy/f is an unbiased estimator of o2; f = rk(V : X) —
rk(X) = rk(VM).

Rao (1971c, 1972), Rao (1973a, pp. 298-300), Hall & Meyer (1975),
Mitra (1982, 1989), Pringle & Rayner (1970, 1971), Rao & Yanai (1985b).

)
)
)
)
)
)
(vi) VC;1V and XC4X’ are invariant for any choice of Cy and Cy,
)
)
)
)
)
)

10.19. Consider the linear model &7 which is partitioned row-wise so that

a=txevi={(3).(%). (0 )}

where X, € R"*P 'V, € NND,,,, i = 1,2, and ny; + n2 = n. The above
partition leads to two submodels &% = {y;, X;8, V;},i = 1,2, and spe-
cial choices of X; and V; correspond to some well-known statistical esti-
mators. Confirm the following statements:

(a) Under the choice Vi =1,,, Vo = 0 and X5 = R, the BLUE of 8 is
the restricted OLSE

B = B1 — (X X1) 'R/R(X)Xy) 'R (RBy — 1),

where 8, = (X;X,) ' X}y, with X; of full column rank, R of full
row rank and the restriction being R3 =r.

(b) If Vi = 1,, and X3 = R, then the BLUE of 8 is the ordinary
Theil-Goldberger mixed estimator



10.14 Exercises 265
Bm = (X)X, +R'V;IR) Xy, + RV lys),

where X has full column rank and Vs is positive definite.

Theil & Goldberger (1961), Theil (1968), Diderrich (1985).

10.20 (Continued ...). Show that under the model &/ the following state-
ments are equivalent:

(a) OLSE(X3) = BLUE(Xp),
(b) (1) %(lel) C %(Xl), %(VQXQ) C %(Xg), and
(if) LX] VX, = LX; VX, for some X; and X5, and L is any
matrix satisfying ¢ (L) = €(X}) N € (X}).
GroB, Puntanen & Trenkler (1996).
10.21. Consider the model {y, X3, V}.

(a) Given X € R"*? and V € NND,,, what is the set A of matrices
A € RF*" gatisfying A - OLSE(XB) = A - BLUE(XS)?
(b) Given X € R™? and A € R¥*" what is the set V of nonnegative
definite matrices V satisfying A - OLSE(X3) = A - BLUE(Xj)?
(c) Given X € R™*?, A € R¥*" and V € NND,,, what is the set ) of
vectors y satisfying A - OLSE(X3) = A - BLUE(X})?
Kramer (1980b), Baksalary (1984), Jaeger & Kramer (1998),
GroB & Trenkler (1997), GroB8, Trenkler & Werner (2001).

10.22. Consider the model .#Z = {y, X3, V} and let K'B be an estimable
parametric function with K having full column rank. Show that then the
following statements are equivalent:

(a) Fy is unbiased for K’B and Fy is linearly sufficient for K’f3,
(b) Fy is the BLUE for K'8.

Baksalary & Kala (1986, p. 334).
10.23. Consider the model &/ = {y, X3, V}, where

y1 X1 Vi1 Vi n; X
= , X= , V= , X; € RM*P,
Y (YQ) (X2> <V21 V22)

Suppose that X; has full column rank and Gy is the BLUE for 8 under
the submodel ﬂl = {Y1, Xl, Vll}a i.e., G(Xl : VllMl) = (Xl : 0)

1
M; —-G'X, X,
(a) Show that ( 0 I, ) € {(X2) }

(b) Show that y» is superfluous with respect to estimating 8 in the model
o, ie., Gy; = (G :0)y = Fy is linearly sufficient for 8, if and only
if

GV11M1 =0 and GV12 = GVllG/XIQ,
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which reduces to XoGVy; = V9, G’XY, and in particular, if V is
positive definite, to Xo = V21V1_11X1.

Baksalary & Kala (1986, p. 337), Gourieroux & Monfort (1980, p. 1093).

10.24. Let X; 8 be estimable under {y, X;81+X382, V} and denote M, =
My (MyW 1 Ms) ™ Ma, where W1 =V + X X/ . Show that Ty is linearly
minimal sufficient for X;3; if and only if any of the following statements
holds:

(a) A (TX;: TXy: TVX+) = A4(X;:0:0),

(b) €(W1MyX,) = € (W, T'),

(¢) A (T)NE (W) = A (X M) NG (W),

(d) Ty isllinearly sufficient for X737 and there exists L such that Ty =
LX My almost surely.

Confirm that X’lng is linearly minimal sufficient for X;3;.
Isotalo & Puntanen (2006b, Th. 2).

10.25. Prove that equation (10.198) (p. 247),
AX:VXH) = (X;: Vg X1,
where ¢ (X)) C ¢ (X’), has a solution to A.

10.26. Consider the models .#; = {y, X3, V;},i = 1,2, and let W; be
defined so that W; = V,; 4+ XU, U;X’, where € (W;) = €(X : V;),i =
1,2. Suppose that W7 has the eigenvalue decomposition W, = ZAZ/',
where the columns of Z € R™*"1 are orthonormal eigenvectors of Wy
with respect to nonzero eigenvalues Ay > --- > Ay, > 0 of Wi, A =
diag(\1, ..., A\, ), and w; = rank(W;). Denote Q = A~1/2Z/ € R¥1*™,
Premultiplying the model .#5 by Q gives .5 = {Qy,QX3,QV.Q'}.
Show that OLSE(XS | #5) = BLUE(XS | ./5) if and only if

X'W{VyPw,M = 0.
Suppose that Qy is linearly sufficient for X8 under .#5. Show that then

the above condition becomes X'W{V,M = 0.
Hauke, Markiewicz & Puntanen (2011).



Chapter 11
General Solution to AYB = C

It seemed the world was divided into good people and bad
people. The good ones slept their nights better, while the
bad ones seemed to enjoy the wakening hours much more.

Woobpy ALLEN: The Condemned

In almost every chapter of this book we meet linear equations whose explicit
solutions we wish to write up. This is what generalized inverses make nicely
possible. In this chapter we represent the basic result which shows how to
express the general solution for Y satisfying the equation AYB = C.

Theorem 11 (General solution to AYB = C). A necessary and sufficient
condition for the equation
AYB=C (11.1)

to have a solution (for Y) is that, for some A~ € {A~}, B~ € {B™},
AATCB " B=C, (11.2)
in which case the general solution is
Y=ACB +Z-A"AZBB™, (11.3)

where Z is an arbitrary matriz, and A~ and B~ are fized (but arbitrary)
generalized inverses. In particular, if €(C) C €(A), the general solution to
AY =C s

Y=AC+(I-AAZ. (11.4)

Similarly, if €(C") C €(B’), the general solution to YB = C is
Y = CB~ + Z(I- BB"). (11.5)

Proof. If there exists Y such that (11.1) is satisfied, then pre- and postmul-
tiplying (11.1) by AA~ and B~ B, respectively, yields

AA-AYBB B =AA CB B, (11.6)

ie.,
AYB=C=AACB B. (11.7)
S. Puntanen et al., Matrix Tricks for Linear Statistical Models: Our Personal Top Twenty, 267

DOI 10.1007/978-3-642-10473-2_12, © Springer-Verlag Berlin Heidelberg 2011



268 11 General Solution to AYB = C

Hence the consistency of (11.1) implies (11.2). On the other hand, if (11.2)
holds, then trivially A~CB~ is one solution to (11.1) and hence (11.1) is
consistent.
It remains to show that (11.3) is the general solution to (11.1). First,
denote
Yo=A"CB +Z-A"AZBB™. (11.8)

Pre- and postmultiplying Y, by A and B, respectively, we see at once that
Y is one solution to (11.1). On the other hand, let Y. be an arbitrary
solution to (11.1). Then Y, can be written in the form (11.3) by a suitable
choice of Z; for example, Z =Y, is such a choice:

Y.=A"CB +Y,.-A"AY.BB™. (11.9)

Thus we we have shown that (11.3) provides the general solution.
For the above proof, see Rao & Mitra (1971b, p. 24), and Ben-Israel &
Greville (2003, p. 52). O

Notice that according to Exercise 4.10 (p. 120) the general solutions to
homogeneous equations AY = 0 and XA = 0 are, respectively,

Y=(I-AAL=(A)"'L, (11.10a)
X=K(I-AA")=K(A'Y, (11.10b)

where L and K are free to vary, i.e.,
Y =RL, X=KS, where ¥(R)=A4(A), #/(S)=%(A), (11.11)

and so €(S") = € (A)+ = A (A).
It is left as an exercise to confirm that

vec(AYB) = (B’ ® A) vec(Y), (11.12)
and hence the equation AYB = C can be rewritten in the usual linear
equation form as

(B’ @ A) vec(Y) = vec(C), (11.13)

where ® refers to the Kronecker product and vec to the vec-operation.
Notice also that the class of all solutions to a consistent equation AY =
C is {A~C}, where A~ varies through all generalized inverses of A; cf.
Proposition 4.3 (p. 114).
Let us take a quick look at the general expression for Y’ where Y satisfies
AY = C. Because the general solution to a consistent equation AY = C is
Y=AC+ (I-A"A)Z, where Z is free to vary, we have trivially

Y =C(A")+Z'(I-A"A). (11.14)



11.1 Equality of the BLUEs of X3 under Two Models 269

Choosing A~ as [(A’)7] (please confirm that this is possible) shows that one
general expression for Y’ is

Y' =C/(A)” +T[I-A'(A)7], (11.15)

where T is free to vary. Of course, (11.15) could be obtained directly by
applying (11.5) into the equation Y'A’ = C’. In particular, for a symmetric
A,

A=A = Y' =C'A"+T(I-AA"), where T is free to vary. (11.16)

One further comment is worth making (repeating, actually): the general
solution Y to the consistent equation YB = C can of course be expressed
as

Y = a particular solution to YB = C
+ the general solution to YB =0. (11.17)

11.1 Equality of the BLUEs of X3 under Two Models

Consider now two linear models
‘%1 = {y7 Xﬂ7 V1}7 %2 = {y7 XIB7 V2}7 (1118)

which differ only in their covariance matrices. Then Gy is the BLUE for X3
under . if and only if G satisfies the equation

G(X:ViM)=(X:0). (11.19)
Similarly, Gy is the BLUE for X3 under .#5 whenever
G(X: VM) =(X:0). (11.20)

The set of matrices G satisfying G(X : V;M) = (X : 0) may be denoted as
{Px|v,m}. Now according to Mitra & Moore (1973, p. 139), the comparison
of the BLUESs for X3 under the models .#7 and .#5 can be divided into three
questions:

(a) Problem [MM-1]: When is a specific linear representation of the BLUE
of X3 under .#; also a BLUE under .57

(b) Problem [MM-2]: When does X3 have a common BLUE under .#; and
M7

(¢) Problem [MM-3]: When is the BLUE of X3 under .#; irrespective of the
linear representation used in its expression, also a BLUE under .57
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We may cite Mitra & Moore (1973):

“When V7 is singular, it is conceivable that the BLUE of an estimable linear func-
tional p’B may have distinct linear representations which are equal with proba-
bility 1 under .#1, but need not be so under .#>. This shows, in such cases, it is
important to recognize the existence of three separate problems as stated above.

. When rank(V1X*) = n — rank(X), the BLUE of p’8 has a unique linear
presentation. Here, naturally, the three problems merge into one.”

The estimator Gy is the BLUE for X8 under the both models if and only
if
GX:VIM:V;M)=(X:0:0). (11.21)

In view of Proposition 5.8 (p. 139), the above equation has a solution for G
if and only if
€(ViM: VoM)N % (X) ={0}. (11.22)

Equivalent conditions are given in Exercise 11.3 (p. 280).
Let us denote the set of all representations of BLUE for X8 under .Z; as

{BLUE(X8 | .#;)} ={Gy: G(X: V,M) = (X:0)}
={Gy:Ge{Pxv,m}}- (11.23)

In light of Proposition 10.5 (p. 228), the general solution to (11.19) can be
written as

Gy = X(X'W{X)"X'W{ +F(I, - Px:v,m) (11.24)
where F is free to vary and
W; =V; +XUX', ¢(W;)=%¢(X:Vy). (11.25)
If Goy continues to be BLUE under .#5, then G must satisfy also (11.20):
Go(X:VaM)=(X:0). (11.26)
We may shorten the notation as
Pyw+ = X(X'W{X)"X'W{, (11.27)
and then the X-part of (11.26) becomes
PX;WjX +F(I, - Px.v,m)X =X, (11.28)

which is trivially true because PX;Wj € {Pxjv,m}. The VoM-part of
(11.26) is
Px.wi VoM +F(I, — Pix:v,m)) VaM = 0. (11.29)

Because (11.29) must hold for every choice of F, we necessarily must have
(I, = Pxov,m)) VoM = 0, ie., €(VoM) C (X : ViM); in other words,
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V2M - XN1 + VlMNQ ; for some Nl, NQ . (1130)

Substituting (11.30) into (11.29) yields
Py w+ (XN; + ViMNy) = 0. (11.31)

Now
Pxwi XNy = XNy, Py w+ViMN; =0, (11.32)

and thereby XIN; = 0. Substituting this into (11.30) yields
%(VaM) C €(ViM). (11.33)

To go the other way, assume that VoM = V;MN; for some Ny. Then
postmultiplying

G(X:ViM)=(X:0) (11.34)
by (IOP 132) yields

G(X: VM) =(X:0). (11.35)
Hence we have proved the part “(a) <= (c)” of the following proposition.

We may note that the equivalence of (a) and (c) follows also at once from
the result of Exercise 2.6 (p. 89), due to Kala (1981, Lemma 2.5):

Proposition 11.1. Consider the linear models 4 = {y, X8, Vi} and
Moy =y, XB, Va}, and let the notation

{BLUE(XB | .#,)} C {BLUE(XS | .#4>) } (11.37)

mean that every representation of the BLUE for X8 under .41 remains the
BLUE for X8 under 5. Then the following statements are equivalent:

(a) {BLUE(XB |.#1)} C {BLUE(XB | .45) },

(b) {BLUE(K'B | #1)} C {BLUE(K'B) | #>) } for every estimable K'f3,
(c) €(VoX4) Cc €(ViX1),

(d) Vo=V, + XN X'+ VIMN;MVy, for some N and Na,

(e) Vo =XN;3X'+ VIMNMVy, for some N3 and Ny.

For the proof of the above Proposition and related discussion, see, e.g.,
Baksalary & Mathew (1986, Th. 3), Mitra & Moore (1973, Th. 4.1-4.2), and
Rao (1968, Lemma 5), Rao (1971c, Th. 5.2, Th. 5.5), Rao (1973b, p. 289), and
Tian (2009b). The optimality of the BLUEs in a linear model with incorrect

design matrix is considered in Mathew & Bhimasankaram (1983c).
Notice that obviously the following statements are equivalent:
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{BLUE(XB | #,)} = {BLUE(XB | .4,) }, (11.38a)
E(VoX+H) =€(ViXh). (11.38b)

For the situation of positive definite V; and Vg, see Exercise 2.3 (p. 88).
For the equality of the BLUEs of the subvector X;/3; under two linear
models, see Section 15.6 (p. 333).

11.2 Model .#; vs Model %y

One may wonder what happens if we replace in (11.38) the model .#; with the
model .#; = {y, X8, 0?1} and .#> with the model .#y = {y, X3, 0?V},
where X has full column rank. Then we can ask the following question:

When does every BLUE of 8 under .#; continue to be the
BLUE of 8 also under .#y and vice versa? (11.39)

The answer follows from the equivalence of the following two statements:

{BLUE(XB | #;)} = {BLUE(XB | .4) }, (11.40a)
¢ (VM) = €(M). (11.40b)

However, the condition € (VM) = € (M) is not exactly the same as the
classic condition for OLSE(B) to be equal to the BLUE of B which is
¢ (VM) C €(M).

Markiewicz, Puntanen & Styan (2010) discuss the above problem conclud-
ing that the classic condition ¢ (VM) C € (M) is the answer to the following
question: What is a necessary and sufficient condition that OLSE(S), i.e.,
(X'X)~ X'y, is the BLUE for 8 under the model .y = {y, X3, 0?V}?

Moreover, the “somewhat unexpected” condition €(M) C € (VM) is the
answer to the following question: What is a necessary and sufficient condition
that every BLUE for 8 under .#y = {y, X8, 0>V} is also the BLUE for 8
under .#; = {y, X8, o*1}?

The latter question is rather unusual, and it is the former one that most
statisticians have in mind when they ask for the conditions for the equality
[; = B to hold.

11.3 Stochastic Restrictions and the BLUPs

In Section 10.11 (p. 253) we considered a mixed linear model

% = [y, XB+Zv,D, R}, (11.41)
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where y = X8 + Zv + €, X € R"*P, Z € R"X4,
E(v) =0, cov(y)=D, cov(vy,e)=0, (11.42)

and E(e) =0, cov(e) = R, cov(y) = ZDZ' + R := X.

On page 255 we mentioned that Henderson (1950, 1963) obtained the
BLUE for g and BLUP for 4 by minimizing the following quadratic form
with respect to 8 and « (keeping « as a non-random vector):

FBy) = (v — Xom) V (ys — Xomr), (11.43)

X Zq) v*_(f; ]g), ﬂ_<5). (11.44)

The purpose of this section is to give a
generalized form for Henderson’s result, with-
out any rank assumptions, along the lines of
Haslett & Puntanen (2010b). Our considera-
tions are based on the use of stochastic re-
strictions; see, e.g., Rao, Toutenburg, Shalabh
& Heumann (2008, §5.10). Using different ap-
proach, the results of Henderson have been
generalized, for example, by Harville (1976,
1979).

We recall that Ay is the BLUP for v under
the mixed model . if and only if

A(X:EM)=(0:DZ'M),  (11.45)

Photograph 11.1 David A. and Gy is the BLUE for X8 under .Z if and
Harville (Fort Lauderdale, only if

1998).
G(X:XM)=(X:0), (11.46)

where M =1— H.
Let us consider the fized effects partitioned model

F:y=XB+2Zy+e, cov(y)=cov(e) =R, (11.47)

where both 8 and « are fixed (but of course unknown) coefficients, and
supplement % with the stochastic restrictions

Yo=7+e€o, cov(eo)=D. (11.48)

This supplement can be expressed as the partitioned model:
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y* = {Y*> X*Tf, V*}

QI EDEE) o

Here .%, is just an ordinary partitioned model with fixed effects. It is a par-
titioned linear model # = {y, X8 + Z~, R}, supplemented with stochastic
restrictions on .

Above we have

y X Z
.= , Xu= = (X1 : Xy2) . 11.50
() D
Notice that €' (X.1) N € (X.2) = {0}, which means that
X8 = (’;ﬂ> and X.yy = (ZV’V) (11.51)

are estimable under .%,, and in particular, « itself is estimable under .7,. We
need later the matrix X;- for which one choice is (please confirm)

Xt = ( L, )M, (11.52)

and so we have

. (R 0\/[(L, _( RM
V.X; (0 o)l )M=(_pzn)- (11.53)

We can now prove the following result.

Proposition 11.2. With the above notation, the following statements are
equivalent:

(a) The estimator By, is the BLUE for X.m under the augmented model

F, i,
Bi1 Bio B Bi2
B x — * = +
Y <B21 1322> Y <le> Y <322> Yo
— BLUE(X,7 | Z.), (11.54)

where B12 =7 - BHZ and B22 = Iq — B21Z.

(b) The predictor Bory is the BLUP for ~ and (B11 — ZBa21)y is the BLUE
of XB under the mixed model Z; in other words,

KB (%’) = (Bllng?B?l) y = (BBLgUEéﬁﬁ gv , (11.55)

where K = (I{;’ _qu ), or equivalently
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B (3) - (B - (PIUERAL IR ) 15

Proof. The estimator By, is the BLUE for X, 7 under the model .%, if and
only if B satisfies the equation

B(X,: V.X}) = (X.:0), (11.57)
ie.,
By B\ (X Z RM \ (X Z 0 (11.58)
By; By ) \0 I, -DZ'M 0 I, 0/ ‘

From (11.58) we see immediately that
Bi,=Z-BnZ, By=1,—-ByZ, (11.59)

which yields an important conclusion: once the blocks B1; and Boy are given,
the other two blocks of B become fixed as in (11.59). In view of (11.59),
(11.58) can be equivalently expressed as

By, Z-BuZ\ (X RM (X 0 (11.60)
By, I, —BuZ 0 -DZM) \0 0/ '

Moreover, premultiplying (11.60) by the nonsingular matrix K = (Ig _qu),

yields

Bi, —ZBy; —(B1 —ZB21)Z X RM _(Xx0 (11.61)
By I, -BxZ 0 -DZM) \0 0)’ )

which can be equivalently written as

B —ZBy . (X 0
( By, ) (X:XM) = (O DZ’M) . (11.62)

Now, in light of (11.45) and (11.46) (p. 273), equation (11.62) is a necessary
and sufficient condition for

(Br g 2By (OEXELE).
O

The following proposition shows that actually all representations of the
BLUESs and BLUPs in the mixed model can be generated through the matrix
B; see Haslett & Puntanen (2010b).
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Proposition 11.3. Assume that B = (g; g;i) satisfies the equation
B(X, : V.X}) = (X,:0). (11.64)

Then all representations of the BLUEs for X8 and the BLUPs for ~ in the
mized model £ can be generated through

(B”]; ZBQI) y (11.65)
21

by varying B11 and Ba;.

Proof. Proposition 11.2 tells that for the given B, the upper part of

(B“]; ZB?I) y (11.66)
21

is one representation for BLUE(XA | .¢) and the lower part is one repre-
sentation for BLUP(v | .£). Our claim is that if Ay is an arbitrary given
representation for BLUP(v | .¢) and Gy is an arbitrary given representation
for BLUE(X3 | .%), then there exists By; satisfying (11.64) such that the
matrix G can be represented in the form

G =B - ZA. (11.67)

According to Theorem 11 (p. 267), the general representations for G, A, and
B, are the following:

G=(X:0)(X:E=M)" +Li(I, - Px.x)), (11.68a)
A=(0:DZM)(X:3ZM)" +Ly(I, - Px.5)), (11.68b)
By = (X: ZDZ'M)(X : SM)" + L3(L, - Px . 5)) , (11.68c)

where Ly, Ls, and L3 are free to vary. In our particular situation, L; and Ly
are given. Choosing Lg = L; + ZLs yields immediately (11.67) and thus the
proof is completed. O

11.4 Two Mixed Models

Consider two mixed models
Zi={y,XB+Zv,D;R;}, i=12, (11.69)

and their augmented versions
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y*i — {y*, X*Tl', V*z}

R EDEE D) e o

Then, every representation of the BLUE for X,m under .%,; remains the
BLUE for X, under .%,s if and only if the following implication holds:

B(X,: VX)) =(X,:0) = B(X,: VX)) =(X.:0). (11.71)
We may denote this relation shortly
{BLUE(X.7 | #,1)} C {BLUE(X,7 | Z.2) }. (11.72)

In view of Proposition 11.2 (p. 274), (11.71) is equivalent to

Bi1 — ZBy ) (X 0
(BB oman (5000 o
=
B11 —ZBy . (X 0
( By, ) (X :3:M) = (O DQZ/M> . (11.73b)

On account of Proposition 11.3 (p. 276), the above implication is equivalent
to that both

{BLUE(XB | %)} C {BLUE(XS | %)} (11.74a)

and
{BLUP(y | %)} C {BLUP(y | %)} (11.74b)

hold. On the other hand, according to Proposition 11.1 (p. 271), every repre-
sentation of the BLUE for X, 7 under .%,; remains the BLUE for X, 7 under
F 4o if and only if

C (VX)) C €(V.aXy), (11.75)
ie.,
RoM R.M
o(Ba) e (R 176

We can collect our observations in the following proposition; see Haslett
& Puntanen (2010b).

Proposition 11.4. Using the notation introduced above, the following state-
ments are equivalent:

(a) { BLUE(X,7 | #.1) } C { BLUE(X.7 | #.2) },

(b) {BLUE(XS | £1)} € {BLUE(XS | %)} and {BLUP(y | )} C
{BLUP(v | 22) },



278 11 General Solution to AYB = C
oM 1M
(©) € (DgZ’M) ce <D12’M>’

RQM RlM
(d) « (DQZ’M) ce (Dlz/M>'

Haslett & Puntanen (2010d) studied also the equality of the BLUPs for ~
under two different mixed models—omitting the equality between the BLUESs
for X 3. So the question is: when does every representation of the BLUP for
~ under the mixed model .2} continue to be the BLUP of 4 under the other
mixed model %, i.e.,

{BLUP(v | .4)} C {BLUP(y | %) }. (11.77)

Rong & Liu (2010) considered the consequences of misspecification of the co-
variance matrix in a mixed model using different approach. We may mention
that Mols (2004, Th. 5.3) gave a sufficient condition for (11.77), assuming R;
and D; to be positive definite.

Below is the result of Haslett & Puntanen (2010d).

Proposition 11.5. Using the notation introduced above, the following state-
ments are equivalent:

(a) {BLUP(y [ £1)} C { BLUP(y | %)},
M X M
(b) & (D2Z’M) ce <0 D1Z’M)’
RQM X RlM
D,Z'M 0 D,ZM)’
MM (MM
D,Z'M D,Z'M )’

MR M) c MR, M)

4

SN

C

X

()
(d)
()

X

D,Z'M ¢ D,Z’M

11.5 Two Models with New Unobserved Future
Observations

Here we take a look at the two linear models (with new unobserved future
observations) .y and .4 ;, where X3 is a given estimable parametric func-

tion:
_ y X Vii Vis
s = {(w)’ (Xf> A (V21 V22>}’ (11.78a)
= y X X11 212
4= {(Yf>’ (Xf> A (V21 sz)}' (11.78b)
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Thus the models may have different model matrices and covariance matrices.

One may now ask for a condition that every representation of the BLUP
for y; under the model .Z} is also a BLUP for y; under the model ..
The answer is given in the following proposition; see Haslett & Puntanen
(2010d,c).

Proposition 11.6. Consider the models Ay and 4 ; (with new unobserved
future observations), where € (X)) C €(X') and €(X}) C €(X'). Then
every representation of the BLUP foryy under the model 4y is also a BLUP
for y¢ under the model A ; if and only if

X VvV, M X VM
¢ v ving) CE ( H ) : 11.79
(Xf V21M> X; VoM (11.79)
Proof. For the proof it is convenient to observe that (11.79) holds if and only
if
yllM X VllM
c(EM)cr(X ),
and
X X V11M
() o (X Yoy, 10

Let us first assume that every representation of the BLUP of y; under .#;
continues to be BLUP under 410. Let Gg be a general solution to

ie.,
Go=X;(X'W X)"X'W~ + VMMV ;M) M
+F(1, - P(X:V11M)) , (11.82)

where F is free to vary and W (and the related U) are any matrices such
that
W=V, + XUX', ¢(W)=%¢(X:V). (11.83)

Then Gy has to satisfy also the other fundamental BLUP equation:
Go(X: VM) =(X;:V, M), (11.84)
where M = I,, — Px. The X-part of the condition (11.84) is
X, (X'W™X)"X'W~X
+ VoMMV M) MX

+F(I, - Px.v,,m)X
~X,. (11.85)
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Because (11.85) must hold for all matrices F, we necessarily have
FI,-Px.v,,M)X=0 foralF, (11.86)
which further implies that € (X) C €(X : V11 M), and hence
X =XK; +V;1MK, for some K; and K. (11.87)

The rest of the proof is left as an exercise; see Haslett & Puntanen (2010c).
O

Of course, if the models .#f and .# ; we have the same model matrix part

(;’ff ), then every representation of the BLUP for y; under the model .#; is
also a BLUP for y; under the model .#; if and only if

VvV, M X VM
(L) cu (X Y 1

Notice that (11.88) implies Proposition 11.5 (p. 278).

11.6 Exercises

11.1. Prove that AYB = C can be rewritten as (B’ ® A) vec(Y) = vec(C).

See also Exercise 0.23 (p. 52).
Abadir & Magnus (2005, p. 282), Harville (1997, p. 341).

11.2. Introduce the general solution to AYB = C using Exercise 11.1 and
the fact that the general solution to a consistent equation Uz = t is
zo = Ut + (I - U U)w, where w is free to vary.

Rao & Mitra (1971b, pp. 24-25).

11.3. Consider linear models .#; = {y, X3, V1} and .#> = {y, X3, Va}.
Prove the equivalence of the following statements:

(a) G(X:ViM: VM) = (X:0:0) has a solution for G,
(b) (V1M : VM) N7 (X) = {0},

MV, MV, M
() & <MV2> e <MV2M) :
11.4. Show that €(X.1) N€(X.2) = {0} in (11.50) (p. 274).

1
I, X Z
11.5. Prove that (—Z’) M e {(O Iq> }

11.6. Confirm the equivalence between (b)—(e) in Proposition 11.4 (p. 277).

Mitra & Moore (1973, Th. 3.2).
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11.7. Complete the proof of Proposition 11.6 (p. 279).

11.8. Let X be an n X p matrix satisfying 1,, € ¢(X) and suppose that
Z € R™"*4 is partitioned as Z = (Z; : Zs), Z; € R"*% §=1,2. Let each
row of Z; have one element 1 and all others 0 thus implying Z,1,, = 1,,.
Moreover, let C = I, — 14,1}, /q1 denote the g1 X g1 centering matrix,

and denote
(I, O _(C O
Dl - < 0 G’> ) D2 - <0 G> )

where G is an arbitrary nonnegative definite g2 X g2 matrix. Consider
now two mixed models:

glz{Y7 X/8+Z77 D17R}7 32:{% X/B+Z'77 D27 R}7

where the only difference appears in D; and Ds. Confirm that in this
situation D1Z'M = DyZ'M and so the condition of Proposition 11.4
(p. 277) is satisfied, and thus the BLUEs and BLUPs are the same under
Diﬂl and (,%2.

Mols (2004, p. 55).

11.9. Consider the models .#; = {y, X8, V1} and .#> = {y, XS, Va},
where rank(X) = r. Denote Pyxws = X(X'W{X)~"X'W{, where
W; = V; + XUU'X/, and ¥(W;) = ¢(X : Vi) and so Pxwiy is
the BLUE for X8 under .#;. Show that Px;wjy is the BLUE for X3

also under .#5 if and only if any of the following equivalent conditions
holds:

(a) X'WTV,M =0,

(b) €(VaWTX) C €(X),

(0) €(VaM) C ¥ (X'WT) = G(WX)L = %(G); G € {(WiX)'},
(d) € (W7 X) is spanned by a set of 7 proper eigenvectors of Vy with
respect to Wy,

(e) €(X) is spanned by a set of r eigenvectors of VoW,

() Px.wi V2 is symmetric,

(g) V2 €{V3€NND, : Vo = XN; X'+ GN,G’ for some N; and Ns}.

Hint: Notice that according to Exercise 5.6 (p. 143),
F(G) ¢ (X)=R", FG)raEX) =R,

where G € {(W]X)*} and hence every V, € NND,, can be written as
V, = FF’ for some A; and A, such that F = XA; + GA,, and so

Vi = XA A, X + GAALG + XA ALG + GALA, X,

For positive definite V; and Vs, see Exercise 2.3 (p. 88).
Mitra & Moore (1973, Th. 2.2), Rao & Mitra (1971b, p. 157).
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Philatelic Item 11.1 John von Neumann (1903-1957) was a Hungarian-American
mathematician who made major contributions to a vast range of fields, including set
theory, functional analysis, quantum mechanics, ergodic theory, continuous geometry,
economics and game theory, computer science, numerical analysis, hydrodynamics (of ex-
plosions), and statistics. For the von Neumann trace inequality see Exercise 19.5 (p. 410.
The stamps were issued by Hungary, in 2003 (left panel, Scott 3824) and in 1992 (right
panel, Scott 3354).

P AL A AN E AR NN N

Philatelic Item 11.2 Jules Henri Poincaré (1854-1912) was one of France’s greatest
mathematicians and theoretical physicists and in 1886 he was appointed to the Chair
of Mathematical Physics and Probability at the Sorbonne. For the Poincaré separation
theorem for eigenvalues, see Proposition 19.2 (p. 398). The stamp on the left was issued
by France in 1952 (Scott B270) and the stamp on the right, which was issued by Portugal
in 2000 (Scott 2345b), also depicts (in the centre) Kurt Gédel (1906-1978) and (on the
right) Andrei Nikolaevich Kolmogorov (1903-1987).



Chapter 12

Invariance with Respect to the Choice
of Generalized Inverse

Apart from scoring two goals, Finland did nothing
spectacular.

TiMES OF INDIA: Comment after Finland had beaten
India in football 2—0 in Madras, 25 January 1993.

Because we are heavily using generalized inverses, it is very important to
know something about the invariance of the matrix expressions with respect
to the choice of generalized inverses appearing in the expression. Our main
attention in this chapter is focused on the matrix product AB~C, but one
can make corresponding questions concerning, for example, the invariance
of the column space €(AB~C), the rank of AB~C, and the eigenvalues of
ABC.

Theorem 12 (Invariance wrt the choice of generalized inverse). Let
A #£0, and C #£ 0. Then the following two statements are equivalent:
(a) AB™C is invariant with respect to the choice of B~
(b) €(C) C €¢(B) and €(A') C €(B’).
In particular, the product BB~ C is invariant with respect to the choice of
B~ if and only if €(C) C €(B); in other words,

BB C=C forallB™ < %(C)C %(B). (12.1)

Proof. Suppose that (b) holds. Then there exist matrices U and Z such that
C = BU, A’ = B'Z and hence

AB C=7BB BU=Z7ZBU, (12.2)

which does not depend on the choice of B~. As pointed out by Bapat (2000,
p. 35), the matrices U and Z are not unique, but if U; and Z; are some other
choices, then AB~C = Z'BU = Z/BUj,. To prove that (a) implies (b), we
first write, in view of Proposition 4.1 (p. 111), the general representation of
B~ (= G) as follows:

G=B"+V(I-Pp)+(I-Pp)W, (12.3)

where V and W are arbitrary matrices. This means that varying V.and W
in (12.3) we can generate all generalized inverses of B, or, in other words,

S. Puntanen et al., Matrix Tricks for Linear Statistical Models: Our Personal Top Twenty, 283
DOI 10.1007/978-3-642-10473-2_13, © Springer-Verlag Berlin Heidelberg 2011
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(B }={G:G=B"+V(I-Pg)+(I-Pp/)W for some V, W}. (12.4)

Premultiplying (12.3) by A and postmultiplying (12.3) by C, yields
AGC =AB"C+AV(I-P3)C+ A(I- P/ )WC. (12.5)

The invariance assumption means that the equality AGC = ABTC must
always hold, that is,

AVI-PE)C+A(I-Pp )WC=0 forall V, W. (12.6)
Choosing W = B’, we obtain
AV(I-Pg)C=0 foral V. (12.7)
We may now recall the following result:
Let y # 0 be a given vector. Then yQx =0 for all Q = x =0. (12.8)
By the assumption, at least one row of A, say a’, has property a’ # 0'. Using

this row as y’, and using V as Q, then, according to (12.8), every column of
(I-Pg)C equals 0, i.e.,

(I-Pg)C=0, (12.9)
which means that € (C) C € (B). The necessity of € (A’) C €(B’) can be
shown in the same way. O

The above proof follows that of Rao & Mitra (1971b, Lemma 2.2.4, and the
Complement 14, p. 43), and Rao, Mitra & Bhimasankaram (1972, Lemma 1).

12.1 Invariance of X(X'X)~X’

To take an extremely simple example of the use of Theorem 12, we may
consider the matrix
H=X(X'X)"X". (12.10)

We surely have met H already repeatedly, but there is no harm to notice
that condition €(X') C € (X'X) = ¥ (X’) guarantees the uniqueness of H.
12.2 Estimability and Invariance

A parametric function K’ is said to be estimable if it has a linear unbiased
estimator, i.e., there exists a matrix A such that
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E(Ay) = AXB=K’'B forall B €R?; (12.11)

and hence
K'B is estimable «—= JA: K=X'A’ <— ¢ (K)Cc¥(X'). (12.12)

The OLSE for K’ it is defined as K’B where 3 is an arbitrary solution
to the normal equation
X'XB =X'y. (12.13)

The general solution to the normal equation (which is always consistent) is
B=XX)"X'y+[I, - (X'X)"X'X]z, (12.14)

where z € RP is free to vary and (X'X)~ is an arbitrary (but fixed) general-
ized inverse of X'X. We can express (12.14) also as

B=XX)X'y+(I,-Px)z, (12.15)

or
B =Xy + (I, — Px/)zs, (12.16)

where z; and zy are free to vary. On the other hand, all solutions to the
normal equation can be generated via

B=(X'X)"Xy, (12.17)

by letting (X'X)~ vary through all generalized inverses.
Hence the expression for OLSE of K’'S is

OLSE(K'B) =K'(X'X) X'y + K'(I, — Px/)z;
=K'X'y +K'(I, - Px/)z2, (12.18)

where z; and zy are free to vary. An alternative way to express the set of
OLSEs for K’'B is of course simply

OLSE(K'8) = K'(X'X) X'y, (12.19)

where (X'X)™ varies through all generalized inverses of X’'X. Therefore, it
is easy to confirm the following result:

K’ is estimable (12.20a)
g

K'B = K'(X'X)~ X'y is invariant for all (X'X)~ (12.20b)
<~

¢(K) C ¢(X'). (12.20¢c)
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12.3 Properties of X’W~X

Proposition 12.1. Let V be an nxn symmetric nonnegative definite matriz,
let X be an n x p matriz, and define W as

W =V + XUX/, (12.21)

where U is a p X p matriz. Then the following statements are equivalent:

(a) €(X )C ¢ (W),

(b) €(X: V) =%E(W),

(c) rank(X V) = rank(W),

(d) X'W~X s invariant for any choice of W,

(e) €(X'W~X) is invariant for any choice of W,

(f) (X’'W~X) =%(X’) for any choice of W~

(g) rank(X’'W~X) = rank(X) irrespective of the choice of W,

(h) rank(X'W~X) is invariant with respect to the choice of W™,
)

(i) X(X'W~X)"X'W~X = X for any choices of the generalized inverses
involved.

Moreover, each of these statements is equivalent to
(@) ¢(X) C ¢ (W),

and hence to the statements (b’)—(1") obtained from (b)-(i), by setting W' in
place of W.

Proof. We will prove only some of the implications between the above state-
ments. Further references: Baksalary & Puntanen (1989); Baksalary, Punta-
nen & Styan (1990b, Th. 2); Baksalary & Mathew (1990, Th. 2), Harville
(1997, p. 468).

We begin by noting that the inclusion

I,

(W) =%(V+XUX') =% [(V X) (UX,

)} CEX:V) (12.22)

trivially holds, and similarly we have
C(W)=¢(V4+XUX')C¥X:V). (12.23)
Moreover, we recall the decomposition
CX:V)=F¢X: VM) =¢(X)®d€(VM), (12.24)

and the obvious inclusions
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F(VM) = €[(V + XUX)M] = ¢(WM) C (W), (12.25a)
F(VM) = €[(V + XU'X')M] = €(W'M) C ¢(W'). (12.25b)

(a) <= (b): Inclusion (12.22) means that (b) is equivalent to
C(X:V)=%(X: VM) C¢(W). (12.26)

In view of (12.25a), (12.26) holds if and only if ¥ (X) C ¥ (W), and hence it
seen that (a) < (b).

(b) <= (c): This follows immediately from ¢ (W) C € (X : V).

(¢) <= (¢’): In view of (12.23), we see that (¢’), which is

rank(X : V) = rank(W') (12.27)

is clearly equivalent to rank(X : V) = rank(W), which is (c).

(a) < (a’). Since (a) <= (c’), i.e, rank(X : V) = rank(W’), the
inclusions (12.23) and (12.25b) mean that (c¢’) holds if and only if ¥(X) C
& (W'). This shows that (a) < (a’).

(a) <= (d): The product X’W~X is invariant for any choice of W~ if
and only if both (a) and (a’) hold. But because (a) <= (a’), we have indeed
(a) <= (d).

(f) < (g) <= (i): This is easy to confirm. Notice that applying the
rank cancellation rule and (g) into the equation

X'WX(X'W™X)"X'W X = XWX, (12.28)
yields immediately the claim (i):
X(X'W™X)"X'W™X = X. (12.29)
(a’) = (g): Since VM = WM, we have
X'W VM =XW WM =XM=0, (12.30)
where we have used (a), i.e., €(X) C €(W'). Moreover,

rank(X'W~X) = rank[X’W~ (X : VM)]
= rank(X'W~ W) = rank(X) . (12.31)

The second equality in (12.31) follows from (b) because
¢ (X : VM) =% (W) = rank[A(X : VM)] = rank(AW) (12.32)

for any matrix A, and the third equality in (12.31) comes from (a’).

Notice that (g) implies trivially (e) as well as (h).

We do not show that (f) implies (a) nor that (h) implies (a). For these
proofs, see Baksalary & Puntanen (1989); Baksalary, Puntanen & Styan
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(1990b, Th. 2); Baksalary & Mathew (1990, Th. 2). For related considera-
tions, see also Baksalary & Puntanen (1989, §3), and Harville (1997, pp. 468—
479). 0

We can now also easily check that the matrix
G=X(XW X)) X'W~ (12.33)

satisfies the BLUE equations. First, part (i) of Proposition 12.1 guarantees
that GX = X. Furthermore, because VM = WM, we have, in view of
X'W~W = X’ and (12.30),

X(X'W™X)"X'W VM = X(X'W X)) X'W-WM
=X(X'WX)"X'M=0. (12.34)
Therefore, one representation for the BLUE of X/ is
BLUE(XA) = X[X'(V + XUX')"X]" X(V + XUX') "y, (12.35)

where U is defined so that it satisfies any of the equivalent conditions (a)—(i)
of the above Proposition 12.1.

12.4 Exercises

12.1. Show that the generalized normal equation X’W~Xg8 = X'W™y is
consistent, i.e., it has a solution for 8 when W is defined as

W=V +XUX, ¢(W)=%(X:V),
andy € €(X: V).

12.2. Prove the following: Let y # 0 be a given vector. Then y’'Qx = 0 for
allQ = x=0.

12.3. Complete the proof of Proposition 12.1 (p. 286).

12.4. Consider the linear model .#Z = {y, X3, V}. Show that the following
statements are equivalent:

(a) M(MVM) M € {V~} for any choice of ((MVM)",
(b) €(X)Ne(V)={0},
(¢) cov(XB) =0.

Furthermore, confirm the following statements:

(d) M(MVM) M € {(MVM)~} for any choice of ( MVM)~,
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() M(MVM) M = (MVM)* for any choice of (MVM)~ if and only

if (X : V) =R".
Puntanen & Scott (1996, Th. 2.2).

12.5. Consider again the linear model .# = {y, X3, V}, and let F be a
given n X n matrix. Show that the equation

X'FXB = X'Fy

has a solution for 8 for all y € (X : V) if and only if €(X'FV) C
€ (X'FX).

12.6 (Continued ...). Denote Py = X(X'FX)"X'F, with F satisfying
¢ (X'FV) C €(X'FX) # {0}. Show the equivalence of the following
statements:

) Px py is invariant for any choice of (X'FX)~ for ally € ¢(X : V),

(a
(b) Px.py is unbiased for X,
(¢) rank(X'FX) = rank(X).

P
P

Baksalary & Puntanen (1989, Lemma 1).

12.7. The nonnull n X m matrices A and B are said to be parallel summable
if the matrix A(A + B)~ B is invariant with respect to the choice of
(A +B)~. Show that the rank of A(A + B)™ B is invariant with respect

to the choice of (A + B)~ if and only if A and B are parallel summable.
Rao & Mitra (1971b, pp. 188-189), Puntanen, Semrl & Styan (1996).
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AUGUSTIN.
CA

1882 - 1954

TADEUSZ BANACHIEWICZ

Philatelic Item 12.1 Tadeusz Banachiewicz (1882-1954) was a Polish astronomer,
mathematician and geodesist. For the Banachiewicz inversion formula for partitioned
matrices, see Section 13.1 (p. 294). The stamp (left panel) was issued by Poland in
1983 (Scott 2565). For more about Banachiewicz and his inversion formula see Grala,
Markiewicz & Styan (2000). The French mathematician Baron Augustin-Louis Cauchy
(1789-1857) started the project of formulating and proving the theorems of infinitesi-
mal calculus in a rigorous manner. For the Cauchy—Schwarz inequality see Chapter 20
(p. 415). The stamp (right panel) was issued by France in 1989 (Scott 2176).



Chapter 13

Block-Diagonalization
and the Schur Complement

It’s a great place for trees.

Alongside the trees you will find other trees,

which blend into a forest running for a thousand miles.
If you’ve never seen a forest running,

then Finland is the place for you.

MONTY PYTHON’S SPAMALOT

In this chapter we present a block-diagonalization result for a symmetric non-
negative definite matrix. We may emphasize that the block-diagonalization
result, sometimes called the Aitken block-diagonalization formula, due to
Aitken (1939, Ch. 3, §29), is mathematically indeed quite simple just as it is.
However, it is exceptionally handy and powerful tool for various situations
arising in linear models and multivariate analysis, see, e.g., the derivation of
the conditional multinormal distribution in Anderson (2003, §2.5); cf. also
(9.21)-(9.22) (p. 193). We also consider the Schur complements whose use-
fulness in linear models and related areas can hardly be overestimated.

Theorem 13 (Block-diagonalization of an nnd matrix). Let A be a
symmetric nonnegative definite matriz partitioned as

All A-12
A= : 13.1
(A21 Azz) (13.1)

where A11 is a square matriz. Then the following decomposition holds:
A — I 0 A11 0 I A;1A12
AxAT 1 0 Agxp—AyAj A 0 I
:=BCD, (13.2)

where AT, A7y, and AT, are arbitrary generalized inverses of A1, and

Aogs = A/All = Az — AyAT Ay

= the Schur complement of Ay in A. (13.3)
Moreover,
I 0\ , (T —A7AL) _ (A 0
7A21A1_1 I 0 I 0 A22 — A21AI1A12
=B 'AD . (13.4)
S. Puntanen et al., Matrix Tricks for Linear Statistical Models: Our Personal Top Twenty, 291
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Proof. Straightforward calculation proves the result. In the proof we use the
column space inclusion, see Section 1.3 (p. 62):

%(Am) C (K(An) s (135)

and Theorem 12 (p. 283); notice that also €' (As;) C € (Asgs) holds. First,

BC_( I 0><A11 0)_( A 0)
- \Ay A7 I 0 Axpi) \AxAT A Ajy

A 0
_ , 13.6
<A21 A22.1> (13.6)

where we have utilized the fact
A21A1:1A11 = A21 5 (137)

which follows from € (Al,) = €(A12) C €(A11) = €(A};). Moreover, on
account of A11 AT A2 = Ao, we have

A 0 I A11A12
BCD =
<A21 A22-1> <

_ <A11 A AT A )

Ay A ATIA 1+ Agag

_ A Ais
A A ATiA 12+ Aggy

(13.8)
Finally

A ATIA L + Agog = At AT1Ar + Aoy — Ag1 A A = Ay, (13.9)
because

A21A;1A12 = A21A1_1A12 for all A;lv Al_l S {Al_l} . (1310)

The property (13.4) follows from

(IIJ ‘D_l _ (_IU (1)> (13.11)

and thus the proof is completed. a

It is obvious that we can also write

s (1 ApAR) (Al —ApAjAy 0 I o
0 I 0 Ag ) \AHAs 1

= EFG, (13.12)
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where A3, Aj,, and AJ, are arbitrary generalized inverses of Ass.
Moreover, consider A which is partitioned as (13.1) but we only know that

“(A) C (A1) and F(AL) C F(AL,), (13.13)

so that A is not necessarily symmetric nor nonnegative definite and A1 need
not be a square matrix. Even then, proceeding as in the proof of Theorem 13,
we see that the decomposition

A= ( I 0) <A11 0 > <I AflAlg)
A21A1=1 I 0 A22—A21A;1A12 0 I

. I 0 A11 0 I AI1A12

is valid. Similarly, if
¢ (A1) CE(As) and €(Al,) C F(AL,), (13.15)

then we have

A — I A12A2:2 A11—A12A52A21 0 I 0
0 I 0 As ) \AZ, Ay T

o I A12A2=2 A11.2 I 0
_(0 : 0% an) (s, 1) (13.16)

The matrix Ags.q is the Schur complement of Ay1 in A, denoted also as
A22.1 = A/A11 . (1317)

For a comprehensive review in the literature, see, e.g., Ouellette (1981), and
Styan (1985). Other surveys of the Schur complement and its applications
include Carlson (1986), Cottle (1974), Henderson & Searle (1981a), and the
monograph edited by Zhang (2005b) including chapters by Puntanen & Styan
(2005a,b). The term “Schur complement” was introduced by Haynsworth
(1968a,b) following work by Schur! (1917), who showed that (for A;; being

a nonsingular square matrix)

|A| = |A11||[A/A] = |An|[Ase]| = |Ar1]||Ase — Ayt AT Ads|,  (13.18)

b TIssai Schur (1875-1941) published under “I. Schur” and under “J. Schur”. He was
a superb lecturer and his lectures were meticulously prepared and were exceedingly
popular. Walter Ledermann (1983) remembers attending Schur’s algebra course which
was held in a lecture theatre filled with about 400 students: “Sometimes, when I had to
be content with a seat at the back of the lecture theatre, I used a pair of opera glasses
to get a glimpse of the speaker.”
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and so the determinant is multiplicative on the Schur complement. In view of
(13.18), Haynsworth (1968a,b) introduced notation (13.17). Because for the
block-diagonal matrix we have

Fixp 0 F 0)/(I; 0 F ol
< 0 Gng> (0 Ig> (0 c) = lo g =IFIGI  (13.19)

we see from (13.14) (p. 293) that

|A| = [A11][A2 — Ao1 AT Ayl (13.20)

holds when €' (A12) C (A1) and €(AL;) C € (Al;); these column space
inclusions trivially hold, for example, if A is nonnegative definite or if Ay is
invertible.

13.1 “Inverting” a Partitioned nnd Matrix—Schur
Complement

An immediate consequence of Theorem 13 is the standard formula for the
inverse of a positive definite matrix. Since it is of the same form as the cor-
responding Moore—Penrose inverse, we state here the following result whose
proof is left to the reader as an exercise; see Marsaglia & Styan (1974b).

Proposition 13.1. Let A be a symmetric nonnegative definite matriz. Then
there exists a matriz L such that A = L'L, where L = (Lj : L) and hence

L'L; L|L Ay A
—T/T — 141 12\ 11 12
A=LL= (L,2L1 L,2L2> = (A21 A22> . (13.21)

If any of the following three statements hold, then all three hold:
(a) rank(A) = rank(Aq1) + rank(Aags), i.e., €(L1) N € (Ly) = {0},

(b) A+:< +AIL1-2 N N _éﬂzAliA;Q +>
—ARANAT . A+ ALANAT LALAS)

(C) A+ — (Ai‘rl +AT1$12A;2.1J§21A-1’—1 _Aii_l‘AJ:QA;_Z-l)
—Ay AnAg Ads
where
A =An — AyAj A = Ly(I- Py, )Ly, (13.22a)
Atin= A — ApAjyAs =L (I-Pr,)Ly. (13.22b)

We may draw the reader’s attention to the fact that the condition € (Ly)N
% (La) = {0} must necessarily hold if we want to find the Moore-Penrose
inverse of a partitioned nonnegative definite matrix using the formulas (b)
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and (c). However, the following matrix A# is always (why?) a generalized
inverse of A:

AT —AT 5 A12AT
A — ez N 112 13 22 ~> 13.23
<_A22A21A11-2 A%+ ABANAT ,AAY ) ( )

where Aj1.0 = LjQsL;, with B™ denoting a generalized inverse of B and
Q: = I- Py, = I Ly(L4Ly) LS. In particular, the matrix A% is a
symmetric reflexive generalized inverse of A for any choices of symmetric
reflexive generalized inverses (L5L2)~ and (L} QaL;)™. We say that A%, de-
fined in (13.23), is in Banachiewicz—Schur form. For further references on
the Banachiewicz—Schur form, see, e.g., Banachiewicz (1937a,b), Baksalary,
Puntanen & Yanai (1992), Baksalary & Styan (2002), Grala, Markiewicz &
Styan (2000), and Tian & Takane (2009a).

13.2 Inverting X’'X

As an example, let us consider a linear model {y, X3, 0?1}, where the n x
(k 4+ 1) model matrix X, having full column rank, is partitioned as

X=(1:x1:...:%x)=(1:Xp), X =(X;:Xy). (13.24)

Here X is an n X k matrix, X7 isn xp; and Xy isnXxXpo; p1+p2s =p=k+1.
Now we have

XiX; X)X : :
N 1431 1422 ’ 1
X'X = <X,2X2 X,2X2> , (XIX)Tl = ( (X’QM1X2)—1> ., (13.25)

where M; =1, — Px . If

(13.26)

XX — <1’1 1’X0>

X)1 X)X,

then, with C denoting the centering matrix,

(X'X)"! = <: (chko)‘1> = (: Ti,})' (13.27)

Denoting Tl = {t"}, we obtain the last diagonal element of Ty}, i.e., the
last diagonal element of (X'X)~!:

1 1

the = (x, M%) 7! = = ,
g x), (I, — le)xk [(Tn — le)kaz

(13.28)
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where Py is the orthogonal projector onto €'(1:xy : ... x,1) = €(Xy).
Therefore,

t** is huge <= x;, belongs almost to %'(X;). (13.29)

Under the model {y, X8, 021}, the variance of f, is var(8x) = o2t**, and

hence it is not good news for the estimation of § if the last column of X is

almost a linear combination of the other columns; cf. (8.52) (p. 162),
Denoting

X/ CX, X/C T t
_ ) . _ 0 0 oYY\ xx Uxy
T (X0 v/ O ) = (Yom! von) = (6 ). (330

y'Cy xy tyy
we get
lez(' ):< - _>, 13.31
A : (tyy _t;(yTx;txy) ! ( )
where . 1 1
1Y — — = . 13.32
tyyx  tyy — tl, Txxtxy  SSE (1332
If R is a sample correlation matrix of variables x1, ..., xk, v,
R = (R,xx rxy) : (13.33)
Iy, 1

then the last diagonal element of R~ is

1 1 1
= (13.34)

Y — — = ’
— 2 2
1-— r;cnyxrxy 1-R 1-— Ry,x

where R? is the multiple correlation squared when % is explained by the

variables x1, ...,z (and constant). Moreover, we of course have
9 1
R2=1-—. (13.35)
rvy

As stated on page 172, the ith diagonal element of Ryl can be expressed as

y 1
rt = 5 = VIF; = ith variance inflation factor, (13.36)
1- Ri~1...i—1,z’+1,...k

while i
1-—. (13.37)

2 _
Rz‘-1...i71,i+1,,.,k = i
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13.3 Determinants, Ranks and Schur Complements

Let A be a symmetric nonnegative definite matrix partitioned as in (13.1).
Then from

Ao ( 1 0> (A11 0 ) (I A1‘1A12>
Ay AL T 0 Ayp—AyAjAp)\0 1

(I AAj) (A - ApAnAs O I 0
_<0 1 0 As) laga, 1) (1339

we observe immediately the formulas for the determinant:

|A| = |A11]|A2 — A AT Ay (13.39a)
— |An|[A1 — ApAp Al (13.39b)

Furthermore, from (13.39) we get the inequality
|A| < [Aqr] - [Ags]. (13.40)

In particular, if the random vector z = (?j), where x is a p-dimensional
random vector, has the covariance matrix

cov(z) = cov (Z) = (Ei"‘ "’;’J) =3, (13.41)

UXy Oy

then we get immediately the formulas for the determinant:

] = B (0] — 05y Bk Txy)
= ‘Exxwi-x
ol 2.0
o 2 xy “xx™ Xy
(1 T
= [Baxlop(1 = 00 5), (13.42)
where we assume that o7 > 0. If 02 = 0, then of course o'y, = 0 and |3| = 0.
Similarly, denoting var(z,) = 012}, and X(p_1) = (z1,...,2,-1)", we get
[Box| = |cov(xp—1))| [0 = [cov(x(p—1), 2p)] [cov(X(p-1)] ™ cov(X(p_1), 2p)]

= |cov(x(p_1))|ag.x(pil)

= leov(x(p-1))op(1 = Opx,, 1)) - (13.43)

Hence we can conclude that the following holds; see also page 208:

13| = [eov(x(p-1))|op05 (1 = e,y )1 = ) (13.44)
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and

1% = U%US T 0205(1 - 93-1)(1 - Q§~12) (1= Q§-12...p71)(1 - Qz-x)

_ 2 2 2 2
=01021"""0p1..p-10y1..p> (13.45)

where we can define o7, , ; =1if o7 = 0; see (9.20) (p. 193). It is obvious
that

12| < olos--- aﬁoi , (13.46)

where the equality holds if and only if 3 is a diagonal matrix or contains a
zero column (row). The result (13.46) is often called the Hadamard’s deter-
minantal inequality; it can be written also as

[A? < (aja1)*(azaz)? - (a,a,)*, (13.47)

where A = (a3 :az :...:a,) € RP*P,
If p is the correlation matrix based on the covariance matrix 3, then
1P| = |5|/|diag(E)], and so
pl=(1-03,)(1—055) - (1— 012;.12...[)—1)(1 - Qix) <1, (13.48)

Moreover, if X = (1 : Xg) € R®*(*+1) and

X/,CX, X;C T t
— . / . _ 0 0 oY) XX XYy
T=(X,:y)CXo:y) = (y,CXO y'cy> - (t;y tyy), (13.49)

X'X X'y
_ . / . _
A= (X y/(X:y)= (y,x y,y) | (13.50)
then
|T‘ = |TXX|(tyy - t;(yT;xtxy) = |Txx| -SSE, (13.51&)
|A| = [X'X|(y'y - y'Hy) = [X'X| - SSE . (13.51b)

Let us then consider the eigenvalues of the matrix products UV and VU
(for conformable U and V). This can be done conveniently using the Schur
complement. First, it is easy to confirm that

det( - U) —|L|-|I, - VU| = L|- L, - UV|,  (13.52)
V’UXU IU

and hence
I, — vVU| = |1, — UV]|. (13.53)

Suppose that A # 0. Then

M, — VU| = [\I, — VUX )| = \Y|T, - VU
= \Y|L, - UVA = AN (AL, — UV)|
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= A\UTY[AL, — UV, (13.54)

which implies the following very important result:

Proposition 13.2. The matrices UV and VU have the same set of nonzero
etgenvalues, including multiplicities, i.e.,

nzch(UV) = nzch(VU). (13.55)

An alternative proof for Proposition 13.2 can be obtained by noting first

that )
I, U\ (UV 0\ /1, U\ (0 O
B OED-Ca) e

Thus the matrices

UV 0 0 0
A—<V 0>7 and B = (V VU) (13.57)

are similar and hence they have the same eigenvalues; see (18.22) (p. 360).
Because A and B are block-triangular matrices, their eigenvalues are the
eigenvalues of the diagonal blocks UV, 0,x4, and VU, 0., respectively.
From this (13.55) follows.

In this context we may briefly consider the concept of the inertia, denoted
as In(A). The inertia of a symmetric n x n matrix A is defined as the ordered
triple

In(A) ={iy(A), i-(A), io(A)}, (13.58)

where iy (A), i—(A), and ig(A) are the number of positive, negative, and
zero eigenvalues of A, respectively, all counting multiplicities. Then

rank(A) =i (A)+i_(A), n=is(A)+i_(A)+ig(A). (13.59)

From the block-diagonalization theorem we then conclude that the inertia of
a (symmetric) partitioned nonnegative definite A has the property

IH(A) = In(An) + IH(AQQ - A21A1_1A12) (1360&)
= IH(AQQ) + In(A11 - A12A2_2A21) . (1360b)

Consequently, we can conclude that
rank(A) = rank(A;;) + rank(Aago.1), (13.61)

as shown by Guttman (1946), and so the rank is additive on the Schur com-
plement. Actually, see (13.14) (p. 293), (13.61) holds if

€ (A1) CE(A11) and F(AL) CE(AY), (13.62)
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which conditions of course are satisfied e.g. if A is (symmetric) nonnegative
definite or if AJ}" exists. Similarly € (Ag1) C €(Ag) and € (Al,) C € (Ah,)

imply
rank(A) = rank(Ags) + rank(Ajq.2) . (13.63)

For further details on the rank additivity on the Schur complement, see
Marsaglia & Styan (1974a, Th. 19, Cor. 19.1).

For interesting remarks on the determinants, and in particular, their his-
torical development, see Tee (2003).

13.4 Inverting a Sum of Matrices

Consider now a nonsingular (not necessarily positive definite) matrix A, x,

partitioned as
A- (ii i;z) , (13.64)

where Ay is a square matrix. Then, according to (a) and (b) of Section 13.1
(p. 294), we can express the inverse A~! in the following two ways:

Al Al —AipAnAy,
—AL AnAL, AL + AL ANATLARAS

_ <A111 + AﬁlA12A2721.1A21A1711 _A111A12A221.1>

_1'X2_21-1*'3l21A1_11 A2_21~1
s (ﬁi ﬁlﬁ) , (13.65)
where
Agp1 = Aoy — Agi AT A1, = A/Ay, (13.66a)
Ao =A1 —ApRAL Ay = A/Ay. (13.66b)

From (13.65), we immediately observe the following matrix equality:
Af11~2 = Af11 + A1711A12A2721.1A21A1711 , (13.67)
that is,

(A — A12A2721A21)71
= A FAA (A — Ay AT A L) AL AL (13.68)

If A is symmetric and denoted as
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A= (E, g) , (13.69)

then (13.68) becomes
(E-FG'F)'=E'+E'F(G-FE'F)'FFE . (13.70)
Denoting B = —G ™!, we can express (13.70) as

(E+FBF) ' =E'-E'F(B™' +FE'F) 'FE"
e E_lFB(B + BF/E_lFB)_lBFIE_l. (1371)

As illustrated by Henderson & Searle (1981a), and Ouellette (1981), for-
mula (13.71) has many applications in statistics. Formula (13.71) is consid-
ered to be due to Duncan (1944) and Woodbury (1950), and is often referred
to as Duncan formula, or Woodbury formula. The case

oE-1fE!

Eiaff) g1 & HE
(E+ off’) 1+ ofB1f°

where a € R, (13.72)

is often attributed to Sherman & Morrison (1949, 1950). For a survey on up-
dating the inverse of a matrix, see Hager (1989). The motivation for diagonal

increments to ease matrix inversion in least squares problems is discussed in
Piegorsch & Casella (1989).
Partitioning the model matrix row-wise as

X = (X,“)> , (13.73)

X(n)
we get one application of (13.72):
(X X)) ™h = (XX =X X()) 7' = (X Ty = 1) X] 7

= (XX)+

(X'X) ™' x(yx(,y (X' X) 7, (13.74)

1- nn

where hy,, is the last diagonal element of the hat matrix H = Py.

13.5 Generating Observations with a Given Covariance
Matrix

Let w = (ﬁ; ) be a two-dimensional random vector with covariance matrix

_ wy) _ (1 o 2
cov(w) = cov (wg) = (Q 1) , o0 <1. (13.75)
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Then the block-diagonalization theorem gives us decompositions

(1@ (1)> (2) f) ((1) 1Q> - <(1) 1 OQ2>, (13.76a)
@ (1)> ((1) 1 —092) <(1) f) - (2 5) (13.76b)

(2 \/10—792) (é \/1Q_7g2> =AM = (; f) (13.77)

This implies that if
U 10
cov(t) = cov (U) = (O 1) ) (13.78)

cov(At) = cov (; \/10792> (Z‘) = (2 i’) . (13.79)

x

Choosing B = (%” on ), we get a random vector z = (y) = BAt whose

covariance matrix is

Lo 0 (][ 02 e
cov(z) = cov[(gay \/ﬁ%) (v)] = (Q%Uy 2 )= 3. (13.80)

Transforming z = BAt, that is,

ie.,

then

T=0y-U, (13.81a)
y=oylo-u++1—0%-v], (13.81b)

is a very handy way to generate 2-dimensional observations having a given
covariance matrix 3. We can first generate n observations from the random
vector t whose covariance matrix is I, put these n observations as the rows
of the matrix T € R™*2, and then postmultiply T by the matrix L/, where

o 0
L=BA= ¢ . 13.82
(%Q va1—92> ( )

An alternative way to do this would, of course, be to postmultiply T by 3'/2.

If we generate observations of z from N2(0,X) according to (13.81), then
we can see a couple of interesting things at once. First, let’s keep z fixed at
level x, in which case u is fixed as u, = x./0,, and hence the conditional
variance of y is

var(y | @ = x,) = var(oyy/1 — 0% - v) = J;(l —0%). (13.83)
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Similarly we get

T
E(y|x:$*)=E(y|u:;)
T x Oy
=0y9~a+ay 1—-0% E(v) = T%yx (13.84)

It is noteworthy that (13.83) and (13.84) are, of course, precisely the con-
ditional expectation and variance of y under multinormality No(0,X). The
point here is that (13.81) offers an interesting way to introduce these repre-
sentations.

13.6 Exercises

13.1. Prove Proposition 13.1 (p. 294).

13.2. Suppose that A = (B §), where B,C,D,F € R"™*" and B and D
commute: BD = DB. Confirm that for invertible B the formula (13.18)
(p. 293) implies that det(A) = det(BF — DC). Actually this holds for
even if B is not invertible; the proof can be done using a continuity

argument.
Abadir & Magnus (2005, p. 116),
Puntanen & Styan (2005a, p. 4), Schur (1917, pp. 215-216).

13.3. Prove that for B € R**? and D € R*d;

B C
o o= BID|

D
Hint: For invertible B, use (13.18) (p. 293). If rank(B) < b, then confirm
B C
that ’O D =0=B]|.

13.4. Let P € R™*" orthogonal projector (symmetric idempotent) which is
partitioned as
P11 P
P= ,
<P21 Pao

where Pi; is a square matrix. Show that then the Schur complement

P31 =Py — P3P Py is also an orthogonal projector.
Baksalary, Baksalary & Szulc (2004).

13.5 (Wedderburn-Guttman theorem). Consider A € R"*P x € R", y €
RP and assume that « := x’Ay # 0, and denote

_(A Ay
B = (X,A X,Ay>. (13.85)

Using the rank-additivity on the Schur complement, see (13.61) (p. 299),
prove the Wedderburn—Guttman theorem:
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rank(A — o 'Ayx’A) = rank(A) — 1. (13.86)

Citing Chu, Funderlic & Golub (1995, p. 512): “This Weddenburn rank-
one reduction formula is easy to prove, yet the idea is so powerful that

perhaps all matrix factorizations can be derived from it.”
Wedderburn (1934), Guttman (1944, 1946, 1952, 1957),
Hubert, Meulman & Heiser (2000), Takane & Yanai (2005, 2007).

13.6. Let the covariance matrix of the random vector y = (Z;) be I,. Find
such random variables z; = ay; + bys and zo = cy; + dy- that

cov (2) — cov(z) = cov(Ay) = (; ;) >

Confirm that (13.81) (p. 302) gives a solution A; = (, \%), and that

further solutions are obtained by choosing Ay = TAY2 and A =
TAY2T' = ¥Y/2 where ¥ = TAT is the eigenvalue decomposition
of X.

13.7. Let A € NND,, and 0 # « € R. Show that

(L, +aA) P =AT(ad, + AT) 1+ 1, - P,



Chapter 14

Nonnegative Definiteness
of a Partitioned Matrix

... And don’t believe anyone who says

you can’t get tomatoes here. Of course
you can. And bags to put them in.

It all adds up to a must-see experience.

MONTY PYTHON’S SPAMALOT

The nonnegative definiteness of a symmetric partitioned matrix can be char-
acterized in an interesting way in terms of submatrices. Our experience is
that this characterization is a very handy tool in various problems related to
the Lowner partial ordering.

Theorem 14 (Nonnegative definiteness of a partitioned matrix). Let
A be a symmetric matriz partitioned as

A A
A= 14.1
<A21 A22) ’ (14.1)

where Aq1 is a square matriz. Then the following three statements are equiv-
alent:

(a) A>_0,
(b1) A11 >0, (b2) €(A12) CE(A11), (b3) Ags — Az AT;A12 >0,
(c1) Aga >1 0, (c2) €(A21) CE(Ag2), (c3) A1 —A12A5LA > 0.

Proof. Let A € RP*P Ay € RP1*P1 and Aoy € RP2XP2 and assume first that
(a) holds. Then there exists a matrix Ly, (for some ¢) such that A = L'L,
where L = (L; : Ly), L; € R?*Pi and hence

L/L L/L A A
/ 141 142 11 12
A - L L = (L,2L1 L,2L2> = ( A 0 A 22) . (142)

From (14.2) we observe immediately that (by) and (bz) hold. Writing
A22‘1 = A.22 — A21A1_1A12 = L/2L2 — LéLl(L£L1)7L3L2 (143)

we get
Aoy = L’Q(Iq —Pr,)Ly >0, (14.4)

and hence (a) implies (b). Similarly we can prove that (a) implies (c). To
go the other direction, note first that the column space inclusion (by) means

S. Puntanen et al., Matrix Tricks for Linear Statistical Models: Our Personal Top Twenty, 305
DOI 10.1007/978-3-642-10473-2_15, © Springer-Verlag Berlin Heidelberg 2011
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that the Schur complement Ass.q1 is invariant for any choice of a generalized
inverse Aj;. Moreover, (by) implies that the following decomposition holds:

A ( I, 0 ) . <A11 0 ) . (I,,l AlﬁAu)
Ay Al T, 0 Ay —AyAj A 0 I,
= F'GF. (14.5)

The verification of (14.5) is straightforward in the spirit of the block-diago-
nalization Theorem 13 (p. 291). The matrix F in (14.5) is invertible and thus
A is nonnegative definite if and only if G is nonnegative definite, and so

A11 0

A > 0and Ay > 0 =
11 2L 22.1 2L ( 0 Ampy

)zLO . A>0. (146)

In the same way we can prove that (c¢) implies (a). O

Dey, Hande & Tiku (1994) give a statistical proof for Theorem 14. While
we believe that Albert (1969) and (1972, Th. 9.1.6) was the first to establish
these nonnegative definiteness conditions we are well aware of Stigler’s Law
of Eponymy, Stigler (1999, Ch. 14, p. 277), which “in its simplest form” states
that “no scientific discovery is named after its original discoverer”.

Consider a special case when we have the symmetric matrix

A= <‘t])3’ 2) ,  where a > 0. (14.7)

Then, on account of Theorem 14, the following statements are equivalent:

A> 0, (14.8a)
bb’

B-2 >0, (14.8b)
a

B> 0, be?®B), a-bBb>0. (14.8¢)

For related considerations, see also Farebrother (1976), Baksalary & Kala
(1983b), Bekker & Neudecker (1989), and Baksalary, Schipp & Trenkler
(1992, Th. 1).
When Ay, and Ay, are positive definite, it follows at once that €' (A12) C

% (A11) and €(A21) C F(Ag). Hence the following three statements are
equivalent:

(a) A > 0,
(b1) A1 >L0, (b3) Agy — Agj AT A > 0,

(c1) Aga >L 0, (c3) Ay —ApAL Ag > 0.

In particular, putting A2 = I, and denoting A;; = U, A2_21 =V, we get

U> V<« V!I>U"' and U> V <= V!> U (149
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14.1 When Is a “Correlation Matrix” a Correlation
Matrix?

Consider a symmetric matrix

I 12 13
R=|[721 1 73|, whereall r?j <1. (14.10)
r31 T3z 1

When is this matrix R a proper correlation matrix, that is, such a correlation
matrix which could be obtained from some real data? It is very crucial to
realize that this is not the case for arbitrary chosen “correlations” r;;. The
key point here is that R must be nonnegative definite.

We define a correlation matriz R be a square p X p symmetric nonnega-
tive definite matrix with all diagonal elements equal to 1. This definition is
natural in the sense that given such a matrix R, we can always construct an
n x p data matrix whose correlation matrix is R. Consider p variables uy, ...,
u, whose observed centered values are the columns of U = (u; : ... : up),
and assume that each variable has a nonzero variance, i.e., u; # 0 for each
1. Let each column of U have unit length. Now since the correlation coeffi-
cient r;; is the cosine between the centered vectors u; and ujy, the correlation
matrix R is simply U'U, and thereby nonnegative definite. Note that U'U
is not necessarily a correlation matrix of the u;-variables if U is not centered
(even though the columns of U have unit length). It is also clear that or-
thogonality and uncorrelatedness are equivalent concepts when dealing with
centered data.

o Interpreted as cosines, the off-diagonal el-
ements 7;; of such a correlation matrix then
satisfy the inequality r?j < 1 for all i # j;
i,7 = 1,2,...,p. To go the other way, sup-
pose that the square p x p symmetric matrix R
has all its diagonal elements equal to 1 and
all its off-diagonal elements rfj < 1,4 #j
(i,j =1,2,...,p). Then when is R a correla-
tion matrix? That is, when is it nonnegative
definite?

The special case when p = 3 is of particu-
lar interest, see, e.g., Hauke & Pomianowska
(1987), Baksalary (1990), Yanai (2003), Yanai
& Takane (2007), Arav, Hall & Li (2008),
and in particular, Puntanen & Styan (2005b,

Photograph 14.1 Haruo
Vanai (%\Ievf]) Delhi 199;; §6.2.1), which we closely follow in this section.

Olkin (1981) considers the above results (i)-
(vii) in the case where three sets of variables are available.
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Let us consider the 3 x 3 symmetric matrix (14.10). Using Theorem 14 it
is now easy to prove the following result.

Proposition 14.1. The following statements concerning (14.10) are equiva-
lent:

(i) R is a correlation matriz,
(11) det(R) =1- T%Q - T’%3 - T%g + 27’127’137‘23 > 0,

(iii) (112 — r13m23)? < (1 —r23)(1 — 733), or equivalently,

713723 — \/(1 — i) (1 —733) < 712 < rigras + \/(1 —ris)(1 —133),

(iv) (ros —r127m31)? < (1 —=175)(1 —731),
(v) (ris —riars2)® < (1 —175)(1 — 73y),

(vi) (a) rxy € €(Rxx) and (b) ryyx = 1 — 1y, R ryy > 0, where, for
convenience,

1 T2 Tiy

R={ry 1 7= (fr{,xx r;@/) _ <f:,xx fj‘y>, (14.11)
r r 1 XY XY yy

yl Ty2

(vii)) Ryxy = Rxx — rxyr;y > 0, where

1-— 7“2 T12 — T1yT2
Rxx - I'xyr;cy = v 1 él/ v : (1412)
T2 — TiyT2y - T2y

Proof. The proof relies on the fact that (i) is equivalent to the nonnega-
tive definiteness of R. Using Albert’s result, and since ry, = 1 is certainly
nonnegative and clearly €'(ry,) C R, (i) holds if and only if

Ryx.y = Rxx — rxyr;y >0, (14.13)
and thus (vii) is proved. Similarly, R > 0 if and only if
iy € €(Rax), Tyyx =1 TRy >0, Ryx > 0. (14.14)

In (14.14) the last condition is always true since 72, < 1, and hence (vi) is
obtained. Conditions (ii)—(v) follow from (vii) at once. O

Notice that one way to consider the nonnegative definiteness of R in
(14.10), would, of course, be to calculate all principal minors of R, i.e., the
determinants of all submatrices of R that have been obtained by deleting the
same rows and columns from R. Then R is nonnegative definite if and only
if all principal minors are nonnegative. Similarly, R is positive definite if and
only if all leading principal minors are positive. The seven principal minors
of R are



14.1 When Is a “Correlation Matrix” a Correlation Matrix? 309

det(R), det Loz , det Loms , det 1 ras , 1,1, 1.
12 1 T13 1 T23 1
(14 15)

Trivially the last six principal minors are nonnegative (assuming all r2 <1)
and hence R is nonnegative definite if and only if det(R) > 0.
The quantity
2 (ra—myryy)?
PV (L -g) (-3,

is well defined only when both rl # 1 and 7°2y # 1 and then (when R
is a correlation matrix) it is the formula for the squared partial correlation
coefficient between variables (say) x; and xo when y is held constant.

When R is a correlation matrix, the quadratic form rl yRaxIxy repre-
sents the squared multiple correlation coefficient when y is regressed on the
variables 1 and xs:

(14.16)

R} 15 =i R Txy . (14.17)

Y

The matrix Ryx is singular if and only if 72, = 1. If r1o = 1, then (a) of
(vi) forces 11y = roy and SO Iyxy = T141s. Choosing Ry, = R+ = 1(% %)

we get i, R Ty = rly Similarly, if r12 = —1 then (a) of (Vl) implies that
Ty = —7“2,,7 and again 1}, Ry ry, = r1,. If 1], 75 1, then we have

2
Ty + 7’2y 27“127“1y7"2y

R, = (14.18)

1—r12

Of course, if 712 = 0 then R§.12 = T%y + rgy, but it is interesting to observe
that both
RY 5 <71, 473, (14.19)

and
R; 1y > 11, +73, (14.20)

can occur. As Shieh (2001) points out, “...the inequality [(14.20)] may seem
surprising and counterintuitive at first ... but it occurs more often than one
may think.” A geometric illustration of (14.20) is in Figure 8.5 (p. 184). For
related literature, the reader is referred, e.g., to Hamilton (1987), Bertrand
& Holder (1988), Cuadras (1993, 1995), Freund (1988), and Mitra (1988).

Let us now take two simple examples. First, consider the intraclass corre-
lation structure:

A= = (1—r)Is+rlsl}. (14.21)

= 3 =
S =3
— 3

The determinant det(A) = (1 —7)%(1+2r), and hence A in (14.21) is indeed
a correlation matrix if and only if
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1

—§§7’Sl- (14.22)

If » = —0.5, then the corresponding centered variable vectors x;, xs and y

lie in the same plane so that the angle of each pair is 120°. In general, the
p X p intraclass correlation matrix

1 r ... r
r 1 ... r R r R rl
_ . XX p] . XX p—1
el Y o B G o B
ror 1
must satisfy
1
——<r<l1, (14.24)
p—1

which follows from the fact, see Proposition 18.2 (p. 366), that the eigenvalues
of R are

1 -1 ith Itiplicity 1
ch(R) = § 1+ (= r with multiplicity 1, (14.25)
1—r with multiplicity p — 1.
Notice that Rxx1,-1 = [1 + (p — 2)r]1,_1 and thereby, if r # —p—iw
1,1 =[1+(p—2)7] "Raxlp1. (14.26)

Now for a nonnegative definite R, (14.22) guarantees that r # —Zﬁ and,
see (18.73) (p. 367),

7"2

r;(yR;xrxy = [1 + (p _ 2)74}2 1;—1RXXR;XRXX1P—1
r? (p—1)r’
- " ¢ R 1, == 14.27
T+ oo w Bl = gy (1420

If R is a correlation matrix, then Rf},x = 15, R Txy, with Rf},x referring to
the squared multiple correlation when y is explained by the z;-variables (plus
the constant). It is left as an exercise to confirm that (14.24) is equivalent to

—1)r?
' RL x:(pi<1. 14.28
I'xy xxTxy 1+(p72)7, — ( )
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142 A <, B < %(A) C 4(B) and ch;(AB*) <1

The result mentioned in the header above does not fit 100 per cent in this
section—we are not using Albert’s result—but in any event, it gives a handy
characterization for the Lowner ordering A < B.

We begin with the following result.

Proposition 14.2. Let A, x,, and B, «, be nonnegative definite symmetric
matrices. Then
A< B = %(A)C%B). (14.29)

Proof. One way to prove (14.29) is to write A = UU’, B = VV’/, and
B — A = NI/, and then use the fact that B = UU’ + NN’, which implies

¢B)=F(U:N)=%¢(U)+%¢(N)=%(A)+F(N). (14.30)
An alternative way is to note that
B> A> 0 < x'Bx>x'Ax>0 forall x€R". (14.31)

Choose now x € 4 (B) = ¢(B)* and note that in view of (14.31), we must
have
0>x'Ax>0, (14.32)

and hence x € A4 (A) = €(A)*, ie., 4 (B) C A (A). Obviously, cf. part (c)
of Theorem 1 (p. 57),

N (B)C N (A) & [N (A C[H/B)FreFA) cEB). (14.33)
]

Proposition 14.3. Let A, «, and B, «, be nonnegative definite symmetric
matrices. Then the following two statements are equivalent:

(a) A SL B,
(b) €(A) C ¢(B) and chy (AB*) < 1.

Proof. Let B have an eigenvalue decomposition B = T; AT}, where the
columns of T; € R"*? are the orthonormal eigenvectors corresponding to
nonzero eigenvalues of B, and A; is the diagonal matrix of these eigenvalues
and rank(B) = b. Denoting L = T1A}/2 and K = T1A51/2, we have

LL'=B, KK'=B", LK =T,T,=Pg. (14.34)
Assume first that A < B, i.e.,
TiAT, —A > 0. (14.35)

Pre- and postmultiplying (14.35) by K’ and K, respectively, yields
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I, -K'AK >0, (14.36)

which holds if and only if
1> chi(K'AK) = ch;(KK'A) = ch;(BTA), (14.37)

and thus we have confirmed that (a) implies (b).

Suppose then that (b) holds. Then ch; (BT A) < 1 means that necessarily
(14.36) holds. Pre- and postmultiplying (14.36) by L and L’, respectively,
gives

LL' - LK'AKL' = B — P, AP >, 0. (14.38)
Assumption ¢ (A) C ¢ (B) implies that PgAPgz = A, and hence (14.38)
means that (a) holds. Thus the proof is completed.

Note that the nonzero eigenvalues of AB™ are invariant with respect to
the choice of B™. Namely, writing A = FF’, we have

nzch(AB™) = nzch(FF'B™) = nzch(F'B™F), (14.39)
where the matrix F'B™F is invariant for any choice of B~ because ¢(F) C
€ (B). |

The proof above follows that of Liski &
Puntanen (1989); see also Stepniak (1985) and
Baksalary, Liski & Trenkler (1989). Note that
the equivalence of (a) and (b) gives immedi-
ately the result (14.9) (p. 306), i.e.,

A< B < Bl< AL (14.40)

where A and B are positive definite. For a
Photograph ~ 14.2 Friedrich quick proof of (14.40), see also Andrews &

Pukelshei Smolenice Castl 1s .
Sll(l)leiiae,H;)Oé).mo eree Lastie, - Phillips (1986), and Pukelsheim (1993, p. 13).

14.3 BLUE’s Covariance Matrix as a Shorted Matrix

Following Isotalo, Puntanen & Styan (2008a, §4), let us consider a simple
linear model {y, 13, V}, where V is positive definite. Let our task be to find
a nonnegative definite matrix S which belongs to the set

U={U:0<, U< V, €(U)c€1)}, (14.41)

and which is maximal in the Lowner sense; that is, a nonnegative definite
matrix which is “as close to V as possible” in the Léwner partial ordering,
but whose column space is in that of 1. This matrix S is called the shorted
matriz of V with respect to 1, and denoted as Sh(V | 1).



14.3 BLUE’s Covariance Matrix as a Shorted Matrix 313

Because S is nonnegative definite, we must have S = LL’ for some L of
full column rank. Further, the condition €(S) C (1) implies that L = a1
for some nonzero scalar a and hence S = a?11’. Our objective is to find a
scalar o so that @11’ is maximal in the Léwner sense, which means that o?
must be maximal. The choice of a? must be made under the condition

a®11' < V. (14.42)
We show that the maximal value for a2 is
o =1'v1iyTh (14.43)

To confirm that (14.43) gives the maximal o2, consider the matrix

A= G’ a12> . (14.44)

Then, according to (14.7) and (14.8) (p. 306), the equivalent condition sets
(b) and (c) can in this situation be written as

(b1) V>L0, (be) 1€ (V), (b3) a?=1V'1>0, (14.45a)
(c1) a”2>0, (c2) a#0, (c3) V—a?11' > 0.  (14.45b)

Clearly the first two conditions vanish when V is positive definite and hence
we have
a?-1V11>0 < V-ad?11' > 0. (14.46)

Therefore the maximal choice is as in (14.43) and the shorted matrix S is
Sh(V |1) = (1'V'1)~'11/, (14.47)

which is precisely the covariance matrix of BLUE(15) under {y, 13, V}.
This result can be also generalized as shown below.
Consider now a general case of U:

U={U:0<, U< V, ¢U)CcEX)}. (14.48)

The maximal element U in U is the shorted matrix of V with respect to
X, and denoted as Sh(V | X). The concept of shorted matrix (or operator)
was first introduced by Krein (1947), and later rediscovered by W.N. An-
derson (1971), who introduced the term “shorted operator”. Mitra & Puri
(1979, 1982) were apparently the first to consider statistical applications of
the shorted matrix and the shorted operator.

As shown by W.N. Anderson (1971), and by W.N. Anderson and Trapp
(1975), the set U in (14.48) indeed has a maximal element and it, the shorted
matrix, is unique.
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Consider now the general linear model .Z = {y, X8, V}. Then, as Mitra
& Puntanen (1991) proved,

cov[BLUE(X)] = Sh(V | X) . (14.49)

Let us go through the proof which is rather easy, while the result (14.49)
itself is somewhat unexpected. To prove (14.49), let Gy = BLUE(X/) and
S0

cov(Gy) = GVG' < 'V = cov(y), (14.50)

because y is an unbiased estimator of X3. Let U be an arbitrary member of
U, which implies that U = HAA’H for some matrix A and

U=HAA'H< V, where H=Py. (14.51)
Premultiplying (14.51) by G and postmultiplying it by G’ yields
GUG’' = GHAA'HG' =HAA'H=U < GVG/, (14.52)

where we have used the fact that GH = H. Now (14.52) confirms that GVG’
is the maximal element in the class U, i.e., (14.49) holds.

For a review of shorted matrices and their applications in statistics, see
Mitra, Puntanen & Styan (1995) and Mitra, Bhimasankaram & Malik (2010).

14.4 Exercises

1 ar
14.1. Consider B = |(a 1 r |, where a is a given real number, a® < 1.
ror 1

What are the possible values for r such that B is a correlation matrix?
Answer: 12 < HT‘Z

14.2. Consider

1 0 r r
0O 1 r —r
R = r r 1 0
r —r 0 1

What are the possible values for r such that R is a correlation matrix?

Find the squared multiple correlation coefficients R7.153, R3.104, - - -
Yanai & Takane (2007, p. 352).

14.3. Consider (p + ¢)-dimensional random vectors (;) and (3), where x
and u are p-dimensional. Let

cov [X) = (B Bo)Zm cov (U) = (o Buv
)T Bk B T ) T B =)
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Prove: rank(X) = rank(Zxx) <= 0y,x = 1,7 =1,...,¢, where Qirx =

Oy 2xxOxy: | O'Zi = squared population multiple correlation coefficient.

If o,, = 0, then p,,.x may be put 1; see (9.20) (p. 193).
Mitra (1973a).

14.4 (Continued ...). Suppose that cov((?), (3)) = 0, and denote (vzv) =
(¥)+ (¥). Prove: g,z =1 = oy,x=1land gyu=1,i=1,...,q.
Mitra (1973a).

14.5. Let 0 < A <_ B and and let A~ and B~ be symmetric reflexive
generalized inverses of A and B, respectively. Show that then

A" > B <= Y(A7)=%(B").
Liski & Puntanen (1989).

14.6. Let 0 < A < B. Using the Exercise 14.5 prove the result due to
Milliken & Akdeniz (1977):

AT > BT < rank(A) = rank(B).

14.7. Show that the following five statements are equivalent when consider-
ing the linear model {y, X3, V} with G a generalized inverse of X.

a) XGVG'X' <V,

)
(¢) XGy is the BLUE for X3,

d) XGVG'X' <,y V, ie, tk(V-XGVG'X') = 1k(V)—1k(XGVG'X),
(e) XGVG'X' = Sh(V | X).

(b) G’ is a minimum-V-seminorm generalized inverse of X',

In (d) the symbol <,s denotes the rank-subtractivity partial ordering or

the minus ordering introduced by Hartwig (1980).
Mitra, Puntanen & Styan (1995),
Chipman (1968, Lemma 1.2; 1976, Lemma 1.2).

14.8. Show that the shorted matrix S = Sh(V | X) has the following prop-

erties:
(a) €(S) =€ (X)NE(V),
(b) €(V)=%(S)®%(V—-19S),

)
(¢) rank(V) = rank(S) 4+ rank(V — S),
(@) SVH(V - 8) =0,

)

(s1.

14.9. The minus (or rank-subtractivity) partial ordering for the two n x m
matrices A and B is defined as

A < B <= rank(B — A) = rank(B) — rank(A).
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Confirm that A <,s B holds if and only if any of the following conditions
holds:

(a) AAA=A"Band AA- =BA~ forsome A~ € {A},

(b) ATA=A"B and AA~ =BA"™ for some A=, A~ € {A™},

() (B} {A Y,

(d) ¥(A)NE(B - A)={0} and ¥(A')NE (B — A’') = {0},

(e) ¥(A) C¥(B), ¥(A") c ¥(B’) & AB~A = A for some (and hence
for all) B~.

Hartwig (1980), Hartwig & Styan (1986),
Baksalary, Pukelsheim & Styan (1989), Mitra (1972, 1986).

14.10. Let A < B, where A >| 0 and B > 0. Prove that then det(A) =
det(B) = A = B. What about if we if we only assume that B > 07

14.11. Let V € NND,, and G € {V~}. Find necessary and sufficient condi-

tions for
(a) G € NND,,,
(b) G € NND,, and G is a reflexive generalized inverse of V.
. . N AT LY
Hint: Use the general representation of V- = T M N T, and Al-

bert’s conditions for a partitioned matrix being nonnegative definite. The
answer to (b) is then

_ (A0 L , y . .
G=T ( I L’AlL) T, where L is an arbitrary matrix.

14.12. Let A and B be nonnegative definite n x n matrices. Show the fol-
lowing:
(a) A< B = Al/2 <L B'/2,
(b) In general, A <| B does not imply A% < B?.
(c) A<LB& AB=BA — A%< B2

Baksalary & Pukelsheim (1991), Zhang (1999, pp. 169-170),
Abadir & Magnus (2005, p. 332), Baksalary, Hauke, Liu & Liu (2004).

14.13. Show that for conformable matrices A and B we have
AB ' +BA’' > 0 < ch; [(A —B)(AA’+BB’) (A — B)] <1
Hint: Write AB’ + BA’ = (AA’ + BB’) — (A — B)(A — B)" and apply
Proposition 14.3 (p. 311).

14.14. Suppose that V. € NND,,, A € R"*", and VA2 = VA. Show that
then A’VA <,V < A’V =VA.
Baksalary, Kala & Klaczynski (1983).



Chapter 15
The Matrix M

A child of five would understand this.
Send someone to fetch a child of five.

GROUCHO MARX

It is well known that if V is a symmetric positive definite n X n matrix, and
(X : Z) is a partitioned orthogonal n x n matrix, then

(X'VIX)"'=X'VX - X'VZ(Z'VZ)'Z'VX. (15.1)

In this chapter we illustrate the usefulness the above formula, and in partic-
ular its version

Z(Z'VZ)'Z =V -V IXX'VIX)TIX'V, (15.2)

and present several related formulas, as well as some generalized versions. We
also include several statistical applications. One way to confirm (15.1) is to
observe that

(X:Z)V(X:Z) ' =(X:Z)VI(X:7Z), (15.3a)
X'VX X'VZ\ ' (X'VIX X'V-Z (15.3b)
ZVX ZVZ) “\zZV-X ZV-Z)’ '

and then note, using the Schur complement, that the upper-left block of
[(X:Z)V(X:Z)]" ! is the inverse of the right-hand side of (15.1).
The center of attention in this chapter is the matrix

M =M(MVM) M, (15.4)

where M = 1,, — H = I,, — Px. In particular, if V is positive definite and
V1/2 is its positive definite symmetric square root, and Z is a matrix with
the property € (Z) = (M), then we obviously have
M =M(MVM) M
— V_l/2V1/2M(MV1/2V1/2M)MV1/2V_1/2
=V 2Py 00 V2
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=V V2P, VY2 = 2(Z'VZ)~ 7, (15.5)

which is clearly unique. In general, the matrix M is not necessarily unique
with respect to the choice of (MVM)~. In view of Theorem 12 (p. 283), M is
unique if and only if (M) C €(MV), which is easily seen to be equivalent
to R" = €(X : V); see also Exercise 12.4 (p. 288). Even though M is not
necessarily unique, the matrix product

PyMPy, = PyM(MVM) MPy, := M (15.6)
is, however, invariant for any choice of (MVM)™, i.e.,
M = PyMPy, = PyM(MVM) MPy, = PyM(MVM)*MP5,. (15.7)

The matrices M and M appear to be very handy in many ways related to
linear model .Z = {y, X8, V}; we meet them there repeatedly, sometimes
even unexpectedly. In this chapter, we collect together various properties of M
and M and show several examples illustrating their usefulness in the context
of linear models. Our presentation follows much that of Isotalo, Puntanen &
Styan (2008d). We will by no means cover all applications of M; for example,
we skip over the so-called restricted maximum likelihood (REML) method,
introduced by Patterson & Thompson (1971); see also LaMotte (2007).

Theorem 15 (Matrix M) Consider the linear model 4 = {y, XB, V},
and let the matrices M, M, and M be defined as

M=I-Pyx, M=MMVM)" M, M=P,MP,. (1558)

Assume that the condition
HP,M =0 (15.9)

holds. Then
(a) M =P,M(MVM) MPy, = VF - VIX(X'VtX)"X'V*,
(b) M=MV+tM - MV*TX(X'V+X)~X'V+M,
(c) M =MM = MM = MMM,
(d) M(MVM)*M = (MVM)*M = M(MVM)* = (MVM)*,
() MVM =M, i.e., V€ {(M)~},
f) rk(M) = rk(VM) = rk(V) — dim €(X) N € (V) = rk(X : V) — rk(X),
(g) If Z is a matriz with property € (Z) = €(M), then

M =PyZ(Z'VZ)"Z'Py,, VMV =VZ(Z'VZ)"Z'V. (15.10)

(h) Let (X : Z) be orthogonal. Then always (even if HPyM = 0 does not
hold)

(X:2)V(X:2)] =(X:2Z2)VH(X:2Z). (15.11)
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Moreover, if in addition we have HPy,M = 0, i.e., ¥(VH)N%E (VM) =
{0}, then

(X:Z)V(X:2Z)]"
- ( [X'VX-X'VZ(Z'VZ)~Z'VX]* —X'VrXX'VZ(Z'VZ)* )
o —(Z'VZ)TZ'VXX'VTX [Z'VZ-Z'VX(X'VX)"X'VZ]*

(15.12)

X'VtX X'V*Z
ZVtX Z'V*tZ):

(i) If 'V is positive definite and € (Z) = € (M), then

M=M=MMVM) M= (MVM)* =Z(Z'VZ)~Z
=V - VIXXVIX)X'V!

=V '(1I-Pxy-1), (15.13)
X(X'VX)"X'=V - VZ(Z'VZ)"Z'V
=V-VMV, (15.14)

XXV X)XV =1-VZ(Z'VZ) Z

=I-VM=I-Py
—1—Pyzv-. (15.15)

(G) If V is positive definite and (X : Z) is orthogonal, then
(X'VIX)'=X'VX - X'VZ(Z'VZ)'Z'VX. (15.16)

Proof. Proceeding as Puntanen & Scott (1996, p. 323), we denote

A= (VH2X, B=VY/2M, (15.17)
where V1/2 = T,A1?T), (V)12 = T;A7Y?TY; here A, is a diago-
nal matrix of the nonzero (necessarily positive) eigenvalues of V, and T,

is a matrix comprising the corresponding orthonormal eigenvectors. Now
V/2(VH)Y/2 = T,T| = Py, and hence, in view of Theorem 7 (p. 151),

Py +Pg = P(A:B) (1518)

whenever the equation
A'B=XP,yM=0 (15.19)

holds. Let us next confirm that if (15.19) holds, then
¢(A:B)=%(V). (15.20)

It is obvious that €(A : B) C ¥(V), and that rank(A) = rank(VX),
rank(B) = rank(VM). Moreover,
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rank[V(X : M)] = rank[P+,(X : M)] = rank(V), (15.21)

from which, in view of (15.19), it follows that
rank(Py,X) + rank(Py, M) = rank(V), (15.22)

and thereby rank(A) + rank(B) = rank(V), and so (15.20) indeed holds.
Hence the equation (15.18) can be written as

P, + Py =Py . (15.23)
Substituting the explicit formulas of P, and Py into (15.23), we have
(VHY2X(X'VTX)" X (VO 24 VI2M(MVM)"MVY/2 = Py, . (15.24)
Pre- and postmultiplying (15.24) by (V*)/? gives
VIX(X'VIX)" X'V + PyM(MVM) MPy, = VT, (15.25)
i.e., we have obtained our claim (a):
PyM(MVM) MPy, = VT - VIX(X'VTX)"X'VT. (15.26)
The claim (b) follows from the following (see Proposition 15.1, page 321):
HPyM =0 <— PyM =MPy, — PyM =MPyM. (15.27)
Property (c) follows from (a) at once. To prove (d) we can use the identity
AT =(A'A)TA" = A'(AA)T. (15.28)
Now (15.28) gives, for example,

M(MVM)™™ = M[(MVM) - MVM|t*(MVM)"- M
=MMVM)*. (15.29)
Property (e) is obvious, and (f) holds because
rank[Pyy M(MVM) " MPy,] = rank[PyyM(MVM)*]
rank[PyM(MVM)]
rank(PyyMVM)
rank(VMVM) = rank(VM).  (15.30)

Result (g) comes from the following:

PyM(MVM) MPy, = (VH)Y2Py1 0, (V)2
= (V+)1/2PV1/2Z(V+)1/2
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=PyZ(Z'VZ)"Z'Py, . (15.31)

The proof of (h) comes immediately from Proposition 13.1, (p. 294), which
states that if a symmetric nonnegative definite matrix A is partitioned as
A = ({1 212), then

rank(A) = rank(A ;) 4 rank(Aags) (15.32a)
<~
AT = ( AE 2 *Airl 2A12A3_2 ) (15.32b)
A22A21A11 2 A ot A A21A11 2A12A22

where Aj1.9 = Aj; — Aj3A,Ag; is the Schur complement of Ay in A.
The results (i) and (j) are easy to obtain. O

It is helpful to give various equivalent characterizations for the important
condition HPyM = 0.

Proposition 15.1. Consider the linear model .# = {y, X8, V}. Then the
following statements are equivalent:

(a) HPy,M =0,

(b) PyM = MPy,,

(c) ¢(PyH) C ¢(H),

(d) €(VH)N ¢ (VM) = {0},

(e) €(V/?H)nE(V'/>M) = {0},

(f) €(X)=¢(X)NE(V)BECX)NE(V)*,

(g) w=dim%(VH)NE (VM) = rank(HPy,M) = 0, where u is the number

of unit canonical correlations between Hy and My.

The equivalence of (a)—(c) follows from Proposition 10.1 (p. 218) by re-
placing V with Py;. For other parts, see Proposition 5.5 (p. 135).

We now present a generalized version of Theorem 15 as a proposition. The
proof when W is (symmetric) nonnegative definite follows along the lines of
Theorem 15 with obvious changes. The general case, however, is a bit more
complicated.

Proposition 15.2 (Matrix M: general case). Consider the linear model
M = {y, XB, V}. Let U be any p X p matriz such that the matriv W =
V + XUX' satisfies the condition €(W) =€ (X : V). Then

PwM(MVM) MPyy, = (MVM) " (15.33a)
=W - WHX(X'W™X)"X'W*,  (15.33b)

that is,
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PywMPy, == My = W - WIX(X'W~X)" X'WT. (15.34)

Moreover, the matriz My has the corresponding properties as M in Theo-
rem 15.

Proof. Equality (15.33a) follows by observing that Py, = H + Pyvmv. We
note that if W is a symmetric nonnegative definite matrix, then substituting
A = (WH/2X and B = WY2M into (15.17), and proceeding as in the
proof of Theorem 15, we can introduce the decomposition (15.33b).
Consider now the general case. Let us denote
G =1,-VM(MVM) M, G;=X(XW X)"X'W". (15.35)
Now both G; and G satisfy the fundamental BLUE equation, i.e.,
(G1—G2)(X: VM) =0, (15.36)
which is equivalent to
€ (G — Gy CE(X: VM)t = ¢(W)*, (15.37)
i.e., there exists a matrix F/ such that
G| -G, = (I, - Pw)F. (15.38)
Postmultiplying the equation
X(X'WX)"X'W™ =1, - VM(MVM) M + F(I-Py) (15.39)
by W yields

X(X'W™X) X' =W - VM(MVM) MV
=W - WM(MVM) MW . (15.40)

Pre- and postmultiplying (15.40) by W yields
WIX(XW X) " X'WH =Wt - Py M(MVM) ™ MP+y,, (15.41)

In view of Proposition 12.1 (p. 286), we have

C(X:V)=F(W) <= E(X:V)=%¢(W) (15.42)
and hence in this situation Pw = Py, and thereby (15.41) implies our
claim (15.33b). O

We complete this section by mentioning some references which are related
to Theorem 15 and Proposition 15.2. Let us first recall that when X has
full column rank and V is positive definite, then the OLSE and BLUE of
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B under # = {y, XB, V} are, respectively, B = (X'X)"'X'y, and B =
(X'V~IX)~tX'V~ly while the corresponding covariance matrices are

cov(B) = (X'X)IX'VX(X'X)™!,  cov(B) = (X'VTIX)™L (15.43)
Hence we have the Lowner ordering
(X'X)TIX'VX(X'X)™ > (XI'VTIX) (15.44)
i.e., the matrix
(X'X)"'X'VX(X'X)™t - (X'VIX)"l =D (15.45)

is nonnegative definite. What is interesting here in (15.45), is that the ex-
plicit alternative expression for the nonnegative definite matrix D is available.
Namely, according to part (i) of Theorem 15 (p. 318),

cov(B) = (X'VIX)~!
= (X'X)'[X'VX - X'VZ(Z'VZ)'Z’VX|(X'X) !
=XT[V-VZ(Z'VZ)'ZV|(X")
= cov(B) — XtVZ(Z'VZ) ' Z'V(XTY, (15.46)

and hence
cov(XB) = X(X'V7IX)"'X' =HVH - HVZ(Z'VZ) " 'Z'VH. (15.47)

Among the first places where (15.46) occurs are probably the papers by Kha-
tri (1966, Lemma 1) and Rao (1967, Lemmas 2a, 2b and 2c¢); see also Rao
(1973a, Problem 33, p. 77).

Srivastava & Khatri (1979, Cor. 1.9) present part (a) of Theorem 15 when
V is positive definite. Khatri (1982, Lemma 6) generalized the considerations
towards our Proposition 15.2 (using a different proof).

Other related references include de Hoog, Speed & Williams (1990), Koch
(1969), Khatri (1990, Th. 1), Puntanen (1997), Bhimasankaram & Saha Ray
(1997, Lemma 2.1), Satorra & Neudecker (2003, Lemma 1), and Searle,
Casella & McCulloch (1992, pp. 451-452).

The most general formulation related to our discussion, is given, according
to our understanding, in Baksalary, Puntanen & Styan (1990b, Th. 3):

Proposition 15.3. Consider the model 4 = {y, XB, V} and let U be such
that W =V + XUX' satisfies € (W) = € (X : V). Then the equality

W =VB(B'VB) B'V+X(X'W X)X (15.48)
holds for an n X p matriz B if and only if

C(VW™X) C €(B)* and €(VM) C €(VB), (15.49)



324 15 The Matrix M

or, equivalently,
C(VW X)=¢B)rnE V), (15.50)

the subspace € (VW ~X) being independent of the choice of W™ .

15.1 Representations for the BLUE

Consider first a weakly singular model .# = {y, X3, V}, where
€(X)CE(V). (15.51)
Now (15.51) immediately implies HPy,M = 0 and hence
PyM(MVM) MPy = VT - VIX(X'V X)) X'V*. (15.52)
Premultiplying (15.52) by V and using (15.51) yields

X(X'V-X)" X'Vt = Py, - VM(MVM) MPy,
=Py — VMPy,. (15.53)

It is important to note that (15.53) is a “plain” matrix equality that holds if
¢ (X) C € (V) holds. Now the consistency of the model .# implies that (with
probability 1) y € € (X : V), which now becomes y € € (V). Postmultiplying
(15.53) by y yields the following:

Proposition 15.4. Under a weakly singular linear model 4 = {y, X3, V},
for every 'y € €(V), we have,

X(X'V'X) X'V y=y— VMMVM) My =y — VMy.  (15.54)

It is worth emphasizing that (15.54) is a statistical equation; it does not
hold for every y, but we know that the realized value of y belongs ¢ (V), and
that is enough when dealing with a weakly singular linear model.

In Proposition 15.4 we have two representations for the BLUE of Xg;
note that even though Ay and By were the BLUESs, the multipliers A and B
need not be equal. The left-hand representation in (15.54) is sometimes called
the Zyskind—Martin estimator, cf. Zyskind & Martin (1969), while the right-
hand formula is a general representation in the sense that it is valid without
any further assumptions. Note that the Zyskind—Martin estimator is invari-
ant with respect to the choice of the generalized inverses involved;see also
Proposition 6.1 (p. 147).

The matrices

G, =1-VM(MVM) M=1I-VM, (15.55a)
Gy =X(X'W X)"X'W", (15.55b)
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satisfy
G,(X:VM)=(X:0), i=1,2, (15.56)

and hence Gy and Gay are general expressions for BLUE(X /) in the sense
that they are valid without any rank conditions. Note that

y—Giy=VMy=2¢ (15.57)
is a general representation for the “raw” residual of the BLUE(XSg).
Premultiplying (15.56) by H, we see immediately that HG; := Gg3 pro-
vides one further representation for the BLUE of X/3:
BLUE(XB) =Hy - HVM(MVM) My = Gy, (15.58)
and so the difference between the OLSE(X ) and BLUE(X/) is
OLSE(Xp) — BLUE(XB) = HVM(MVM) My = HVMy.  (15.59)

The expressions G1, Go and Gj appear, e.g., in Albert (1973, p. 182), Drygas

(1970, p. 78), and Rao (1973b, p. 285). In passing we may mention that

utilizing (15.59), Baksalary & Kala (1980) provided an upper bound for the

Euclidean norm ||[OLSE(X3) —BLUE(Xg)|| in terms of the singular values of

HVM, eigenvalues of MVM and the residual vector My; see also Haberman

(1975), Baksalary & Kala (1978a), and Trenkler (1994, p. 261).
Premultiplying the equation

PywM(MVM) MPy, = W+ - WHX(X'W~X)"X'W*+  (15.60)
by W yields
X(X'W~X)"X'W+ = Pyy - VM(MVM)~MPy , (15.61)
and hence for every y € €(X : V) = €(W), we have
X(X'W™X)"X'W-y =y — VMy. (15.62)

Equality (15.61) is a “plain” mathematical matrix equality (which always
holds), while (15.62) is a “statistical” equality which necessarily holds (only)
ify € €(X : V). Note also that premultiplying (15.61) with H yields another
plain matrix decomposition:

X(X'W™X)"X'WT = H- HVM(MVM) MPy, . (15.63)

15.2 The BLUE’s Covariance Matrix

Under the linear model .# = {y, X3, V},
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cov[BLUE(X)] = HVH — HVM(MVM) MVH
=V-VMMVM) MV =V - VMV, (15.64)
and thereby, see Exercise 0.15 (p. 50),
cov(Hy — Gy) = cov(Hy) — cov(Gy) = HVM(MVM) " MVH, (15.65)
and
cov(y — Gy) = cov(&) = cov(y) — cov(Gy)
= VM(MVM) MV = VMV, (15.66)
where Gy = BLUE(X/) and € is the BLUE’s residual
¢ = VM(MVM) My = VMy . (15.67)
In particular, if HPy,M = 0, then according to Theorem 15 (p. 318),
PyM(MVM) MPy, = VT — VI X(X'VFX)"X'V*. (15.68)
Pre- and postmultiplying (15.68) by V implies
PyX(X'VX)"X'Py, =V - VM(MVM) MV. (15.69)

It is straightforward to confirm that (15.69) correspondingly implies that
HP M = 0. Actually it is possible to prove the following result, see, e.g.,
Puntanen & Scott (1996, Th. 2.6)

Proposition 15.5. Consider the linear model 4 = {y, X8, V}, and let X 3
be the BLUE of XB. Then the following statements are equivalent:

) HP,M =0,
) there are no unit canonical correlations between Hy and My,
) cov(XB) = X, (X.VHX,) "X,
(d) cov(XB) =HHV*H)TH = (HVtH)™,
) cov(XB) = PyHHVTH) HPy,
) cov(XB) = Py X (X, VTX,) X! Py,
(g) cov(XB) =P X(X’V*X) X'Py,

where X, is a matriz whose columns form an orthonormal basis for €(X).

p
p

We may also note that the decomposition (15.33b) (p. 321) can be written
equivalently as in (15.40) (p. 322):

X(X'W~X) X' =W — VM(MVM) MV, (15.70)
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where W = V + XUX/, and hence the BLUE’s covariance matrix has the
representation

X(X'W™X) X' — XUX' =V - VMV = cov(Xf). (15.71)

Choosing U nonnegative definite, i.e., U = LL/, (15.71) implies the Lowner
ordering
cov(XB) <. X[X/(V +XUX')"X]| X’ (15.72)

for all nonnegative definite U such that € (V + XUX') = ¢ (X : V).

15.3 Partitioned Linear Model

Consider the full rank partitioned linear model
M2 =y, X161 + X282, V}, (15.73)
where X; and X5 are n X p; and n X ps matrices, respectively. Denoting
=V 11V IX,(XivixX,) X vt
=V (I, - Px,v-1)=M; (M VM;) "M, , (15.74)

we obtain the well-known result:

Proposition 15.6. Consider the linear model #12 = {y, X181+X282, V},
where X has full column rank and 'V is positive definite. Then

BLUE(B2) = (X4M;Xs) "X, My = Bo(42) (15.75)
where M, is defined as in (15.74).
Proof. Observe first that in this situation rank(X,M;Xs) = p,

rank(X5M;X5) = rank|[X,M; (M; VM, )T M; X,]
= ank[X’QMl(MlVMl)]
= rank(X5M; V) = rank(X,M;) = rank(Xs). (15.76)

Denoting = (X,M;X5) ' X,M,; € RP2X" we observe, on account of
(10.5) (p. 217), that (15.75) holds if and only if IN satisfies the equation

N(X; : Xy : VM) = (0: 1, : 0). (15.77)

The equation N(X; : X3) = (0 : L,,) is obvious. It remains to show that
X, M; VM = 0, which follows from (15.74) at once. O
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Notice that Proposition 15.6 could of course be proved by using the rules
of inverting a partitioned positive definite matrix.
We recall that

OLSE(B:) = (X,M;X,) ' X,Myy = Ba(M12) (15.78)

and so we have a striking correspondence between the representations of the
OLSE and BLUE of Bs. Representation (15.75) is one of the most useful
results due to Theorem 15.

15.4 The Frisch—Waugh—Lovell Theorem

Let us consider the partitioned linear model .#12 = {y, X181 + X282, V}.
Premultiplying .#1> by the orthogonal projector Mj yields the reduced

model:
%1241 = {Mly, M1X2627 M1VM1} (1579)

Obviously the OLS estimators of M;X58 under .#15 and .#12.1 coincide,
see Section 8.4 (p. 163):

M X0 B2 (M12) = MiXoBa(M2.1) = My Xo(X5MaXs) " X5 Moy .
(15.80)
What about the BLUE of M;X5/35 in the reduced model .#15.17
Before proceeding we notice that in view of Proposition 16.1 (p. 345), the
following statements are equivalent:

K> is estimable under .42, (15.81a)
@ (Ks) C €(X4My), (15.81b)
K, =LM;X, for some L. (15.81c¢)

Moreover, it is easy to confirm that K% 35 is estimable under .5 if and only
if K, is estimable under .#2.1.
Let us denote

{BLUE(M; X285 | #12) } ={ Ay : Ay is BLUE for M; X585 }. (15.82)

Then we can formulate the generalized Frisch—-Waugh—Lovell theorem as fol-
lows; see, e.g., Grofl & Puntanen (2000a, Th. 4).

Proposition 15.7 (Generalized Frisch—-Waugh—Lovell Theorem). Ev-
ery representation of the BLUE of M;1XsBs under .#15 remains the BLUE
under #12.1 and vice versa, i.e., the sets of the BLUEs coincide:

{BLUE(M, X128 | #13) } = {BLUE(M X385 | M121)}.  (15.83)
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In other words: Let KB be an arbitrary estimable parametric function under
Mo. Then every representation of the BLUE of K48 under #12 remains
the BLUE under #12.1 and vice versa.

Proof. Assume that Fy is the BLUE for M X585 under .#5, which means
that F is an arbitrary solution to

F(X1 : X2 : VM) = (0 : M1X2 : 0) . (1584)
We first show that (15.84) is equivalent to
F= AM1 , where A(M1X2 : M1VM1QM1X2) = (M1X2 : O) . (1585)

Now FX; = 0 holds if and only if F = AM; for some matrix A. Hence
(15.84) holds if and only if F can be expressed as F = AM; for some A,
where A satisfies

Because, cf. (8.7) (p. 156),
M=1, - Px, %, =In - Px, - Paix, = MiQumyx,,  (15.87)
we can rewrite (15.86) as
AM, (X5 : VM, Qu,x,) = (M X5 : 0), (15.88)

ie.,

A(M1X2 . M1VM1QM1X2) = (M1X2 . 0), (1589)

which confirms the equivalence of (15.84) and (15.85).
Obviously (15.89) can be written as

AMl(M1X2 : M1VM1QM1X2) = (M1X2 : 0), (1590)

which means that AM;y = Fy is the BLUE for M X585 under the reduced
model 121 = {Myy, M1X282, M1 VM, } and so we have shown that

{BLUE(MlX_QﬂQ ‘ %12)} C {BLUE(M1X2,82 | %12.1) } (15.91)

To prove the reverse inclusion in (15.91), we suppose that BM;y is an
arbitrary representation for the BLUE of M X585 under .#15.1, i.e., B is an
arbitrary solution to

B(M1X2 : M1VM1QM1X2) = (M1X2 . 0) . (1592)

Then, in light of the equivalence of (15.84) and (15.85), BMy is also the
BLUE for M X535 under .#5. a

Let us next consider the explicit expression for the BLUE of M; X535 un-
der .#12; these being the same as under .#15.1. Applying part (b) of Propo-
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sition 10.5 (p. 228), one representation for the BLUE of M;X585 under
%12.1 = {Mly, M1X2ﬂ27 M1VM1} is AMly, where

A =M Xo(X5M; W, M; X)) XMW, (15.93)
with W, being any matrix of the form
W, =M; VM, + M;X,U,X,M; (15.94)
satisfying the condition
C(W.) =%(M;Xo: M;VM,;) =€ (M;X5: M;V). (15.95)
Let W5 and the corresponding Us be defined as
W, =V +X,UsX),, where ¥(W3)=%¢(X2:V), Uy > 0. (15.96)
Now € (W3) = € (X3 : V) implies that €(M;W3) = ¢€(M;X3 : M;V)
and thereby an appropriate choice for W, is W, = M1 WsM; where Wy, is
defined in (15.96). Hence
BLUE(M;X382) = AM,y = M; Xo(X5MwX2) XoMiwy,  (15.97)

where )
Myw =MW, M; =M;(M;WM,;) M, . (15.98)

Let us denote L = (X’Ql\'/Ileg)_Xgl\'/Ilw so that
M1X2L(X1 : X2 : VM) == (O : M1X2 : 0) . (1599)

If rank(M;X3) = rank(Xs), i.e., €(X1) N € (X3) = {0}, i.e., X38: is es-
timable, then we can cancel the left-most M; on each side of (15.99) and
thus conclude that XLy is one representation for BLUE of X5 /35.

For a convenience, we may write the following proposition:

Proposition 15.8. Consider the linear model #12 = {y, X181+X282, V},
where X has full column rank. Then

,@2(///12) = 32(///124) and 52(///12) = ,52(///12.1). (15.100)

One gentle warning regarding (15.100) may be worth mentioning. Namely,
assuming that X has full column rank, and writing

A1y = Ba(Mh2) = OLSE(B, | M12), (15.101a)
Agy = BQ(%lg.l) = OLSE(,BQ | %12.1), (15101b)

then the multipliers A; and Ay are unique. However, writing
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By = Bo(#12) = BLUE(B, | #2), (15.102a)
Boy = By(#12.1) = BLUE(B: | #124), (15.102b)

does not necessarily mean that B; and By are unique. Equation Bg (M12) =
52(///12.1) is actually a short notation for the claim that every representation
of the BLUE for [52 under .#1o remains the BLUE under .#1,.; and vice
versa.

The first equality in (15.100) is known as the Frisch—-Waugh—Lovell the-
orem; see Frisch & Waugh (1933) and Lovell (1963, 2008). For related re-
sults, see GroB & Puntanen (2000a), Gourieroux & Monfort (1980), Bhi-
masankaram & Sengupta (1996, Th. 6.1), and Sengupta & Jammalamadaka
(2003, §7.10). Further considerations are being made by Gro & Puntanen
(2000b, 2005), Werner & Yapar (1995), Chipman (1998, §2.2), and Fiebig,
Bartels & Kramer (1996).

The reduced model has been studied, for example, in Aigner & Balestra
(1988, p. 970), Nurhonen & Puntanen (1992b), Puntanen (1996, 1997), Bhi-
masankaram & Saha Ray (1997), Bhimasankaram, Shah & Saha Ray (1998),
and Zhang, Liu & Lu (2004).

GroB & Puntanen (2000a) considered also extensively the model

.ﬂr = {y7 M1X2,32, V} . (15103)

Under ., the OLSE of M;X5f5 is obviously the same as under .#1, and
M12.1. GroB3 & Puntanen (2000a) provided, e.g., conditions under which the
BLUE of M;X585 in .#, remains the BLUE under .#15. For related results,
see also Kala & Pordzik (2009).

15.5 The Watson Efficiency of a Subvector

Let us again consider the partitioned linear model .#5, where X5 has full
column rank and assume further that

¢ (X1)NE(Xy) ={0}. (15.104)
Then according to Proposition 15.8 (p. 330),
Bo(M12) = Bo( M) and  Bo( M) = Bo(Miza), (15.105)

where #1521 = {Myy, M1X282, M1 VM, }. Suppose we have the following
problem:

When is the OLSE of 85 under .45 the BLUE of 85, (15.106)

or in a short notation:
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When does ,@2(//{12) = Bo(A5) hold? (15.107)

Because of (15.105) we can transfer these questions to concern the reduced
model .#15.1. Moreover, applying the Proposition 10.1 (p. 218), we get im-
mediately the following proposition.

Proposition 15.9. Consider a partitioned linear model #12, where Xo has
full column rank and the disjointness property € (X1) N € (Xz) = {0} holds.
Then the following statements are equivalent:

) 32(///12) = 52(///12);
,32(///12 1) = 52(///12-1)7

¢ (M, VM X,) € €(M;Xs),

¢ [M;VM; (M, Xg)ﬂ C ¢ (M; X))t
Py,x,M1VM; = My VM Py

(a
(b)

)

)

)

) Pa,x, MiVM1 Q) x, = 0, where Qyp, x, = L — Py x, 5
)

) P

)

(¢
(d
(e
(f
(g) Py, x, VM1 = M1 VP
(h) Py,x, VM =0,
(i) €(M1X3) has a basis comprising ps eigenvectors of M VM;.

There is also an alternative elementary way to prove Proposition 15.9.
Namely, noting that Ba(#12) = (X4M;Xs) 'X,M;y and recalling from
(10.5) (p. 217) that Ay is the BLUE for an estimable parametric function

K’'B if and only if A(X: VM) = (K’ : 0), we see that (15.107) holds if and
only if

(XLM; X)) XM (X : X : VM) = (0: 1, : 0), (15.108)
i.e., M;XoVM = 0, which is the condition (h) of Proposition 15.9.
Let X = (X : X3) have full column rank, and € (X) C ¢(V), but V is
possibly singular. Then
Ba(M12) = (XHM1X,) ' XMy, (15.109)
where M; = M;(M;VM;) M;. Moreover,
cov(Ba | M12) = cov(Ba | Mra1) = (XM X)) 7, (15.110)

and

COV(BQ | %12) = COV(,BQ | %12.1)
= (XM Xo) I XOEM VM, X (XEM X)) 7 (15.111)

The corresponding Watson efficiencies are
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A lcov(B | M12)] X/ X|?

off(B | 12 = = , 15.112a)

Bl the) = | B [ tt) ~ VX VK] (
eff (B | M12) = [cov(By | A2)| _ [X5M, X, (15.112b)

|COV(,8 |%12)| |X/2M1VM1X2HXIQM1X2‘
X)X, |2
15.112
off(By | 1) = X[ VX, |- X, VFX,| (15.112c)
|X/1X1\2
where

n = {Hy, X,8:, HVH}. (15.112¢)

In a series of papers, Chu, Isotalo, Puntanen & Styan (2004, 2005, 2007,
2008), considered a particular decomposition of the Watson efficiency. They
observed that the total Watson efficiency eff(3 | .#12) of the OLSE(8) under
the partitioned weakly singular linear model .#5, where X has full column
rank, can be expressed as the product

off(B | M) = eff(By | A1) - ff(Bs | M) - W, (15.113)
1| Au

where

|)(/)(1|2
X{VXy |- X (HVH) "X, |

off (B | M) = (15.114)

In particular, Chu, Isotalo, Puntanen & Styan (2005) proved that the follow-
ing three statements are equivalent:

eﬁ(,é | A 2) = 65(52 | A12) , (15.115a)
¢(X,) C €(VX), (15.115b)
Hy is linearly sufficient for X387 under model .Z; . (15.115¢)

Some properties of the Watson efficiency of the estimable parametric func-
tion K’B, using the Frisch—Waugh-Lovell theorem, are studied by Isotalo,
Puntanen & Styan (2009).

15.6 Equality of the BLUEs of X;38; under Two Models

In Section 11.1 (p. 269), we considered the equality of the BLUEs for X3 un-
der two linear models which were different only in their covariance matrices.
Following Haslett & Puntanen (2010a), we will now consider the correspond-
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ing equality for the X; 3. A further, different proof (for (a) <= (b) below)
appears in Mathew & Bhimasankaram (1983a, Th. 2.4).

Proposition 15.10. Consider the partitioned linear models
Mz =y, X181+ X2B2, V}, My =1y, X181 + X282, V}, (15.116)

and assume that X181 is estimable under #15. Then the following statements
are equivalent:

(a) { BLUE(X48: | #12) } C {BLUE(X.8: | #,5) }
(b) €(VM) € €(X, : VM),

Proof. Consider first the equivalence of (b) and (c). Clearly if (b) holds, then
¢ (MaoVM) C €[M2(Xy : VM)] = (M3 VM) , (15.117)

i.e.; (¢) holds too. To go the other way, (c) implies the column space inclusion
%(Xz : MoVM) € 4(X : MaVM) (15.118)

which, in view of ¥(K : L) = (K : QgL) (for any conformable K, L), is
equivalent to
¢(X2: VM) C €(Xy: VM). (15.119)
Now (c) follows from (15.119).
The proof for “(a) <= (b)”, or, equivalently, for “(a) <= (c)”,
can be constructed using the generalized Frisch-Waugh-Lovell theorem, i.e.,
Proposition 15.7 (p. 328). For this purpose, we consider the reduced models

%12.2 = {Mg}’, M2X1,81, MQVMQ}, (15120&)
M55 = {May, MoX;81, MoVMs}. (15.120b)

Notice that all estimable parametric functions of B; under .#1, are of the
form
LM>X;83; for some matrix L. (15.121)

On the basis of the generalized Frisch—Waugh-Lovell theorem, we know that
every BLUE for M>X; 31 under the reduced model .#15.5 remains BLUE for
My X, 81 under the partitioned model .#,> and vice versa; in short,

{BLUE(MQXlﬁl | 412) } = {BLUE(MQXlﬁl | 412,2) } 5 (15122&)
{BLUE(M,X18; | #12)} = {BLUE(MyX,8; | M122)}.  (15.122b)

Therefore we can base the equality studies of the BLUE(M3X;3;1) on the
reduced models, and so
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{ BLUE(M2X, 81 | #,5) } € {BLUE(M2X, 81 | #12)}  (15.123a)

=

{BLUE(MQXlﬂl | 412,2)} C {BLUE(nglﬁl | %12.2) } (151231:))
—

€ [MoVMy(M2X )] € €[Ma VM, (MoX )4, (15.123c)

where the last statement follows from Proposition 11.1 (p. 271). Now, cf.
(8.7) (p- 156),

M=1,-Prx, .x,) =I.—Px, - Pax, = MoQuix, »  (15.124)

and thereby (15.123c) can be expressed as (c). On the other hand, when X, 81
is estimable under .42, it is easy to conclude that (15.123a) is equivalent to
(a) which confirms “(a) < (c)” O

15.7 Adding a Variable: a Recursive Formula for the
BLUE

In Proposition 8.4 (p. 161), we showed that if
¢ (X1)NE(X3) ={0}, ie., rank(M;Xs)=rank(Xs), (15.125)

then
X1 By (M) = X1 B (M) — Px, XoBo(M13), (15.126)

and if, in addition to (15.125), the matrix X; has full column rank, then
Bi( M) = By () — (X4 X)X X Bo (M) - (15.127)

In this section we consider a generalization of these results.
Let us denote

Gy = BLUE(Xﬁ | %12) 5 Glly = BLUE(XLBl | %1) 5 (15128&)
Gy = BLUE(X1 8, | #13), Gy =BLUE(Xy8; | #12). (15.128b)

What this means is that G, G1, Go, and G1; are any matrices satisfying the
following equations:

G(X;1:X2: VM) = (X, :X3:0), (15.129a)

G11(X1: VM) = (X, : 0), (15.129b)
Gi(X;:X5: VM) = ( (15.129¢)
G2(X; : X3 : VM) = ( (15.129d)
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In other words, G, G11, G1, and G» are arbitrary members of the sets
{PX|VM} ) {PX1|VM1} ) {le\(XQ;VM)} ; and {PX2|(X1:VM)} . (15.130)
respectively.
Notice that now we consider at the same time the full model .#12 and the

small model .#;. These models have different consistency conditions and to
avoid any contradiction we will assume the following:

%(Xz) C %(Xl : V), i.e., %(Xl : X2 : V) = %(Xl : V) . (15131)
The following decomposition of the BLUE(X31) appears to be useful.

Proposition 15.11. Assume that (15.125) and (15.131) hold, that is, X181
is estimable and € (Xz2) C € (X1 : V), and denote

F = X, (X, W7 X)X, W7, (15.132)
where W1 =V + XU X, ¥(W1) =%(X1:V). Then

X1 B (2) = X B (tr) — Xy (XIWT X)X W X0 B (A12)
= X, B1 (M) — FXo35(M15), (15.133)

or in other notation, for all y € € (X : VM):

BLUE(X,8: | #2) = BLUE(X,8; | .#,) — F - BLUE(X3s | #12),

(15.134)
Gy = Gy — Fy, (15.135)
where the G-matrices are defined as in (15.129).
Proof. Assumption ¢ (X2) C (X1 : VM) implies that
X2 = XlLl + VMLQ for some Ll, L2 . (15136)
Now
Gi(X;:X5: VM) =(X;:0:0), (15.137a)
Gu(Xl : XQ : VM) = (Xl : G11X2 : G11VM), (1513713)
FG’Q(X_l : X2 : VM) = (0 : FXQ : O) . (15137(3)

Corresponding to (15.124) (p. 335), we have M = M;Qy x,, and hence
G VM = Gy, VM, Qyp x, = 0. (15.138)

Noting that F is one member of the class {Px, v, } and using (15.136) and
M = Mi1Qypp, x,, We get
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G11 X5 = G11(X1L; + VML,) = XL, (15.139a)
FX, = X (X{ W7 Xy)" X/ Wi (X1Ly + VML,) = X;Ly . (15.139D)

Hence we can conclude that

Gl(Xl : X2 : VM) = G11(X1 : X2 : VM) — FGQ(Xl : X2 : \[1\/[)7
(15.140)
and thus the proof is completed. a

The above proof appears in Haslett & Puntanen (2010a). Proposition 15.11,
using different formulation and proof, appears also in Werner & Yapar (1996,
Th. 2.3). In the full rank model, i.e., X has full column rank, and V is positive
definite, see, e.g., Haslett (1996).

Notice that under a weakly singular partitioned linear model .45, where
the column space disjointness condition ¢’ (X1)N% (X3) = {0} holds, we have

X, 81 (AM2) + Xofy (M12) = Xy 1 (M) + VM X Bo(M2) . (15.141)
Further, if X; has full column rank, then
B1( M) = B1 (M) — (X, VX)X VX0 By (M) - (15.142)

Using Proposition 15.11 (p. 336), Haslett & Puntanen (2010a) proved the
following result; for related results, see Nurhonen & Puntanen (1992a) and
Isotalo, Puntanen & Styan (2007), who studied whether the equality of the
OLSE and BLUE continues after elimination of one observation.

Proposition 15.12. Consider the linear models 412 and H# |5, and assume
that X161 is estimable and €(Xz) C €(Xy : V). Moreover, assume that
every representation of BLUE(X81) under the small model .4 continues to
be BLUE of X381 under ., and vice versa. Then the following statements
are equivalent:

(a) X181 (M2) = X1B1(M 15),
(b) X\ Wi Xo[Ba(A12) — Ba(tl1,)] = 0.

In particular, under the condition rank(X| W7 Xs) = rank(Xs) = pa, we
have

X181 (M) = X181 (M yy) = Bo(Mis) = Bo(Myy). (15.143)

15.8 Deleting an Observation: cov(y) = %V

Consider the generalization of Section 8.12 (p. 180) so that we have the
following three linear models:
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M ={y, XB, 0*V}, (15.144a)
My ={y@), X)B: o°Viy}, (15.144b)
My =y, L, 0°V} = {y, XB +iid, a*V}. (15.144c)

We assume that both X and Z have full column rank and that V is positive
definite. By .#(;) we mean such a version of .#, where the ith case is deleted;
thus y(;) has n—1 elements and X ;) has n—1 rows. (For notational simplicity
we delete the last one.) Let us denote

B = /5’(//1) = BLUE(B) under .# , (15.145a)
By = B(M (1)) = BLUE(B) under . , (15.145D)
Bz = B(.#z) = BLUE(B) under .4 . (15.145¢)

Model .4 is an extended version of .Z:
Z—(X:i), ii=(0,...,0,1, ~y= (?) (15.146)

Using the Frisch—-Waugh—Lovell theorem, it can be shown that B(%(i)) =
5(/// ), and moreover,

&

DFBETA;(V) = 8 — B = (X'VIX)"IX'V i, — (15.147)
mi;
where &€ = My, and
i = 1;Mi; = i;M(MVM)~Mi;
=iV - VIXX'VIX)TIX'V . (15.148)

The term 1;; corresponds now to m;; in the formulas of the ordinary Stu-
dentized residuals; cf. (8.192) (p. 182) and Exercise 15.4 (p. 341).

We complete this section by noting that the generalized Cook’s distance
is

COOK2(V) = (B — Bo)) X'V'X(B — Bia))/(p5?) (15.149)

where 62 = SSE(V)/(n — p) = y'My/(n — p); for SSE(V), see Section 15.9
below. For further related references, see Schall & Dunne (1988, p. 164),
Haslett (1996), Hayes & Haslett (1999), Christensen, Pearson & Johnson
(1992), Puterman (1988), and Martin (1992).

15.9 Weighted Sum of Squares of Errors

The ordinary, unweighted sum of squares of errors SSE is defined as
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SSE = SSE(I) = mﬂin ly — X8> = yMy, (15.150)

while the weighted SSE is (when V is positive definite)
SSE(V) = min [ly - XBl-1 = lly = Pxv-1¥IR-
=y[V'I- VXXV 'X)" X'V !y
=y'M(MVM) My = y'My. (15.151)
In the general case, the weighted SSE can be defined as
SSE(V) = (y — XB)W ™ (y — Xj), (15.152)

where X3 = BLUE(X3) and W = V 4+ XUX/, with (W) =%¢(X:V).
Then, recalling that the BLUE’s residual is € = y — X8 = VMy, it is
straightforward to confirm the following:

SSE(V) = (y — XB)W~ (y — XB)
=&W & =yMVW VMy
= yMWW WMy = yMWMy
=y MVMy = yMVV~VMy
=&V ée=yMy. (15.153)

Note that SSE(V) is invariant with respect to the choice of W~
We recall, in light of Proposition 15.2 (p. 321), that the following holds:

My = PywMPy, = WH - WHX(X'W~X)"X'WT. (15.154)
From (15.154) it follows that for every y € (W) = € (X : V),
yYPWwMPyy =y [WT - WHX(X'WX)"X'WH]y, (15.155)
ie.,
SSE(V) =yMy =y W™ - W X(X'W X)"XW]y. (15.156)

Therefore, we can conclude the following result where the matrix M nicely
shows its usefulness.

Proposition 15.13. Under the linear model {y, X3, V}, the weighted sum
of squares of errors can be written as

SSE(V) ='W & =¢'V & =yMy =y My. (15.157)

The sum SSE(V) provides an unbiased estimator of o2:
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E(y'My/f) := E(6%) = 02, f =rank(VM). (15.158)
This is easy to see because using
E(y'Ay) = E[tr(y'Ay)] = E[tr(Ayy')]

= tr[AE(yy')] = tr[A(c*V + XB(XB)
=o?tr(AV) + B'X'AX3, (15.159)
where A is a symmetric matrix, we get
E(y'My) = 02 tr(MV) = o2 tr[M(MVM) " MV]
=2 tr[MVM(MVM) ™| = ¢% rank MVM(MVM) |
= o?rank(MVM). (15.160)
The proof of the following proposition, originally proved (by other m.eans)

by Grofl (1997a), shows another interesting application of the matrix M.

Proposition 15.14. Under the linear model {y, X8, V}, the following state-
ments are equivalent:

(a) SSE(I) = y'My = y'My = SSE(V) for ally € €(X : V),
(b) (VM)2 = VM.

Proof. Because y € (X : VM) there exist vectors a and b such that y =
Xa + VMb and so (a) holds if and only if

b'MV-M-VMb = b'MV-M(MVM) M-VMb for all b € R", (15.161)

ie.,

b'MVMVMb = b'MVMb for all b € R, (15.162)
which is further equivalent to (cf. Harville 1997, Cor. 14.1.3)

MVMVM = MVM. (15.163)

Clearly (b) implies (15.163). On the other hand, in view of rank(MVM) =
rank(VM), the rank cancellation rule allows us to cancel the left-most M in
(15.163), and so we obtain (b). O

For related references, see Grof§ (1997a, Prop. 1), Koch (1969, p. 970),
Young, Odell & Hahn (2000), Young, Scariano & Hallum (2005), and Wang,
Wu & Ma (2003).

15.10 Exercises

15.1. Prove Proposition 15.5 (p. 326).
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15.2. Prove Proposition 15.12 (p. 337).
15.3. Prove (see page 338):

B =B =XV X)XV, =L ZL = § = BLUE(S | ).

mu My

15.4. Consider the models defined as in (15.144) (p. 337). Show that the
F-test statistics for testing 6 = 0 under .# is
52

3

, o var(s)

B(V) = —

-2
9
MG
where ¢ = My = V71, & is the BLUE’s residual, and (n — p — 1)&(21) =
SSE(;)(V) = SSEz(V). The statistics ¢7(V) is a generalized version of
the externally Studentized residual, cf. (8.192) (p. 182).

15.5. Suppose that V has the intraclass correlation structure and 1 € ¢ (X),
where X, x, has full column rank. Show that then DFBETA,(V) =
DFBETA,;(I). What about the equality between Cook’s distance COOK?
and the generalized Cook’s distance COOK?(V)?

15.6. Express the Cook’s distance COOK? (V) as a function of an appropri-
ate Mahalanobis distance.

15.7. Consider a partitioned model .#12 = {y, X3, V}, where X has full
column rank and V is positive definite. Suppose that ,3 1 is fully efficient
under the small model .#, = {y, X181, V}. Show that

eff(B1 | M12) =1 = X Xofo(M2) = X XoBo(M2) .
Isotalo, Puntanen & Styan (2007).

15.8. Consider the models .# and .#(;), defined in (15.144) (p. 337), where
X and (X : i;) have full column ranks. Suppose that B = B under .

Show that the equality B(i) = B(i) for all s =1,...,n holds if and only if

MVM = ¢?M for some nonzero c € R.
Nurhonen & Puntanen (1992a), Isotalo, Puntanen & Styan (2007).

15.9. According to (8.192) (p. 182), the F-test statistic for testing the hy-
pothesis § = 0 under the model .#7(I) = {y, X + ud, oI}, where
u = i;, becomes
2 = Y'Prray - &
i — p ly(M Py)y — p 1SSE )m“

which is the squared externally Studentized residual. Under the model
M7 (1) the test statistic t7 follows an F-distribution with 1 and n—p—1
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degrees of freedom. Denote .#7(V) = {y, X + ud, 0>V}. Prove that
under the model #z(V): t? ~F(1l,n—p—1) < MVM = ¢*M for
some ¢ # 0.

Nurhonen & Puntanen (1991), Rao & Mitra (1971b, Ch. 9).

15.10. Write up the solution to Exercise 15.9 when Z = (1 : i,,). Moreover,

confirm that the following statements are equivalent:

(a) CVC = c2C for some ¢ # 0,
(b) V = oI + al’ + 1a’, where a is an arbitrary vector and « is any
scalar ensuring the positive definiteness of V.

Above C denotes the centering matrix. Confirm also that the eigenvalues
of V in (b) are a? + 1'a + v/na’a, each with multiplicity one, and o>
with multiplicity n — 2. These results appear useful when studying the

robustness of the Grubbs’s test for detecting a univariate outlier.
Baksalary & Puntanen (1990b), Baksalary, Nurhonen & Puntanen (1992),
Lehman & Young (1993), Markiewicz (2001).

15.11. Consider the models .#, = {y, X8, 0?V} and .#, = {y, X8, o°1},

where X = (1 : x3 : ... : x;) and V has the intraclass correlation
structure V = (1 — o)L, + 01,1/, with fﬁ < p < 1. Show that the

ns

weighted sum of squares of errors under .#, is

SSE(V) = y'My = yM(MVM)~ My
= (1—0)'yMy = (1 - 0)"" SSE(T).

15.12 (Continued ...). Denote X = (1 : X3 : ... : Xp—1 : xx) = (X1 : Xp).

The F-test statistics for testing the hypothesis H: 8 = 0 under .#, and
under .#, are

Yy (M; — M)y _ y/(M; — M)y

=t g oY T Y
y'My/f y'My/ f

respectively, where M; = I — Px,, M; = M;(M;VM;)"M; and f =

n —rank(X). Confirm that Fiy = F),. For the robustness of the F'-test, see

Khatri (1981), Mathew & Bhimasankaram (1983a,b), Mathew (1985).

15.13. Suppose that X has full column rank, V € PD,,, and L = X{V~1X;,

N = (X, V1X,)"1X|V~X,. Show using (15.142) (p. 337):

cov[B1(A12)] = (XM X5) ™! = cov[B1 (1)) 4 cov[NBa(M15)]
=L + N(X,M,; X,) !N,



Chapter 16
Disjointness of Column Spaces

My good friend Jacques Monod spoke often of the
randomness of the cosmos. He believed everything in
existence occurred by pure chance with the possible
extension of his breakfast, which he felt certain was made

by his housekeeper.
WoobDYy ALLEN: My Speech to the Graduates

In this chapter we collect together various equivalent characterizations for
the disjointness of the column spaces ¢ (A) and ¢ (B), by which we mean
that €(A) and ¢ (B) have only the null vector in common; here A and B
are n X p and n x ¢ matrices. There are numerous situations in linear models

and multivariate analysis when we meet the problem of disjointness.

Theorem 16 (Disjointness of column spaces). For conformable matrices

A and B, the following statements are equivalent:
(a) €(A)N%(B) = {0},

(b) (‘g/> (AA’ + BB/)~(AA’: BB) — (%’ 3,),

(c) A/(AA’ + BB')"AA’ = A/,
(d) A’/(AA’+BB’)"B=0,
(e) (AA'+BB')" is a generalized inverse of AA’,
(f) A/(AA’+BB’)" A =Py,
o la) (o)
(h) A ( B) c .7 (0:B),
(i) Y(A :B) = (0:B) has a solution forY,
)

Par O
U P(B’) B ( (I; PB’)
(k) rank(QgA) = rank(A),
() €(A'Qp) = ¢ (A),
(m) PaqgA' = A/,
(n) chy(PyPg) <1,
(0) det(I—P,Pg) #0.

S. Puntanen et al., Matrix Tricks for Linear Statistical Models: Our Personal Top Twenty,
DOI 10.1007/978-3-642-10473-2_17, © Springer-Verlag Berlin Heidelberg 2011
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Proof. Applying the rank cancellation rule (p. 145) to the equation

(A:B) (g) (AA’ + BB') (A : B) (g) — (A:B) (g) . (6.)

we can cancel (A : B) from the left side on each part of the equation. Rewrite
(16.1) as

(§:> (AA'+BB')"(A:B) (‘%/ ]g,> G) = (AO/ §,> G) (16.2)

The disjointness condition (a) is clearly equivalent to

i [(8 0) ()] (¥ 8). aon

and, therefore, (a) implies that (I : I)’ can be cancelled from both sides of
(16.2) which yields (b). Clearly (b) implies (¢) and (d), and (c) & (d) together
is equivalent to (b). Since €(A) C €¥(AA’ + BB’), we must always have

(AA’ + BB')(AA' + BB')"A = A, (16.4)
that is, we always have

AA'(AA’ + BB')"A = A - BB'(AA’ + BB/)"A. (16.5)
Now equation (16.5) proves the equivalence between (c) and (d). Thereby also
(c) implies (b). Furthermore, (e) clearly implies (f) and if (f) is postmultiplied
by A’, we obtain (c). To prove that (c¢) implies (a), we take a vector z €

€ (A)N % (B), ie., there exist vectors a and b such that
u=Aa=Bb. (16.6)

Premultiplying (16.6) by AA’(AA’+BB’)~ and using (c) yields (a). State-

ment (g) is equivalent to
0 0
Py () - (8) e

Writing out the explicit expression of the orthogonal projector in (16.7) proves
the equivalence between (g) and the preceding statements. The equivalence
between (g) and (f) is obvious.

The rest of the proof is left to the reader. a
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16.1 Estimability of X3,

Let us consider the partitioned linear model
s ={y, XB, V} = {y, X181 + X282, 0°V}, (16.8)

where X is an n X p; matrix and X5 is an n X pa; p = p1 + p2. We may now
ask when is the parametric function X585 estimable under .#1>. We know
that X585 is estimable if it has a linear unbiased estimator, i.e., there exists
a matrix A such that

E(Ay) = AX,B = AXlﬂl + AX2,32 = XgﬂQ for all ﬂ € RP’ (169)

ie., A(X;:X3) = (0:Xs). Therefore, we can conclude the following:

/
X382 is estimable <— % (}2,> Ccv (§}> , (16.10)
2 2

which in view of Theorem 16 is equivalent to
¢ (X1)NE(Xy) ={0}. (16.11)

Our interest may focus on estimation of estimable parametric functions

LB3. Then LBy = (0 : L)(g;) is estimable if and only if there exists a

matrix A such that A(X; : X5)B8 =(0:L)3 for all B € R?, i.e.,
A(X;:X3)=(0:L) forsome A. (16.12)

We can now prove, see Grof & Puntanen (2000a, Lemma 1), that (16.12) is
equivalent to
L=BM;X, forsome B, (16.13)

ie., €(L') C ¢€(X4M;). If L = BM; X5, then A = BM; satisfies (16.12).
Conversely, if (16.12) holds for some A, then AX; = 0, implying A = BM,
for some B. Hence L = BM; X5.

We may collect the summary of our results in the following proposition;
see also Baksalary, Puntanen & Yanai (1992, Lemma 1).

Proposition 16.1. Let us consider the partitioned linear model Mo =
{y, X181 + X282, 02V}, Then the following statements are equivalent:

(a) LBy is estimable,
(b) € (L") C ¢(X5My),
(¢) L=BM;X; for some B.

In particular, B2 is estimable if and only if

rank(X5M;) = rank(Xz) = ps . (16.14)
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Moreover, denoting
Px,x, = XQ(X/QM1X2)7X/2M1 , (16.15)

the following statements are equivalent:

(i) X285 is estimable,
(il) € (X5) = €(X4My),
(iii) rank(X%) = rank(X,M;),
) €(X1) NE(X2) = {0},
(v) Px,.x, X2 = Xo,
i)
)

(iv

(vi) Px,.x, is invariant with respect to the choice of (X5M;1Xs)™,
(vii) Px,.x, is a projector onto € (Xz) along €(X;) ® € (X)*,
(Vlll) H = 1:’)(2.)(1 + PXI'XQ‘

For an extensive study of the estimability, see Alalouf & Styan (1979a,b).

16.2 When is (V + XUX’)™ a G-inverse of V?

Consider a linear model {y, X3, V} and let W be defined as
W=V +4+XAA'X = (V2. XA)(VY/2:XAY, (16.16)
where A satisfies the condition
C(X:V)=%¢(W). (16.17)

Note that (16.17) is now equivalent to rank(X : V) = rank(XA : V). Then
one representation for the BLUE of X3 is

BLUE(XB) = X(X'W X) " X'Wy. (16.18)

Now one may ask which choice of A makes W™ to be also a generalized
inverse of V, that is,

V(V+XAA'X)"V=V. (16.19)

The answer comes immediately from Theorem 16: A must satisfy the dis-
jointness condition

(V) NE(XA) = {0} . (16.20)

As suggested by Grof (1997b), one possible choice to A to satisfy both (16.17)
and (16.20) is for example A = X+ (I,, — Py,). For further discussion on this
topic, see also Mitra (1973b).
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16.3 Usual Constraints

Proposition 16.2. Consider the matriz X € R™*?, rank(X) = r, and let L
be an q X p matriz. Then the equation

(-

has a unique solution for B for every given vector p € €(X) if and only if
the following two conditions hold:

(a) €(X')NneE (L) = {0},
(b) rank(X’': L) = p.

Proof. Equation (16.21) has a solution for 8 if and only if

(’5) c¢ Gf) - des Prx) (g) - (g) (16.22)

which can be written as

Gf) (XX + L/'L)~(X': 1) (‘5) = (‘5) : (16.23)
Requiring (16.23) to hold for every p € €(X) yields
(f) (X'X+L'L)" (X' : L) (}()() = (jé) : (16.24)

In light of Theorem 16 (p. 343), (16.24) holds if and only if €(X')N% (L) =
{0}. Moreover, equation (16.21) has a unique solution if and only if

rank(X’ : L') = rank(X) + rank(L) — dim ¢ (X') N ¢ (L) =p. (16.25)
Thus the proposition is proved. a

Proposition 16.2 is useful when imposing “usual” constraints on the normal
equation X’X3 = X'y in order to obtain a unique solution; see, e.g., Searle
(1971, §5.7), Seber (1980, §3.4, Appendix 1), and Monahan (2008, §3.8).
We note that if we want to find L so that there is only one solution to
X’'X 3 = X'y which satisfies the constraint L3 = 0, we need to consider the

equation
X'X X'
( L ),8: ( Oy>, (16.26)

which is equivalent (why?) to

Gf) B = (ng) . (16.27)
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Once the vector y is given, Py becomes a vector p, say, belonging to %(X).
Finding L so that whatever the value of pu € ¢(X) is, then the solution 3 for
(16.27) is unique, yields the task whose solution is given in Proposition 16.2.
The unique solution to (16.27) is (X'X + L'L)~'X'y.

16.4 Exercises

16.1. Complete the proof of Theorem 16 (p. 343).
16.2. Consider the block model given in Example 0.3 (p. 31):

W
y=Xy+e=(1,:T:B)| 7| +e, where T € R™, B € R"*".

B

A block design is said to be connected if all elementary contrasts of treat-
ment effects, i.e., those of form 7; — 75, are estimable. The matrix T'QgT
is often called a C-matrix: Cy = T'QgT. Confirm the following:

(a) €7 is estimable < £€ ¢ (T'Qg) = ¢(T'QT).
(b) €7 is estimable = £/'7 is a treatment contrast.
(¢) The block design is connected <= rank(T'QgT) =t—-1 <
dim%(T)N€(B) = 1.
Bapat (2000, pp. 99-103).

16.3. Consider the same situation as in Exercise 16.2 above but denote, for
convenience, X; = T,,«; and X5 = B,,«p, and assume that we have the
linear model {y, X181 + X282, 0?1, }. Confirm that

X1y 2 (Dr N
w2)-0 % 5)
where D, = diag(r), D. = diag(c), and N = {n;;} € R**® are defined
as in Exercise 0.21 (p. 51). Show that the canonical correlations between
X1y and Xoy are the singular values of the ¢ x b matrix D;l/zND;I/2 =
{nij/\/Ticj}. Moreover, show that the block design in this situation is

connected if there is precisely one unit canonical correlation between

X;y and Xoy. (See also Exercise 19.12, page 412.)
Styan (1985, §2.2), Puntanen & Styan (2005b, §6.4).



Chapter 17
Full Rank Decomposition

The lion and the calf shall lie down together
but the calf won’t get much sleep.

WoobpY ALLEN: The Scrolls

This chapter shows how helpful it is to express a matrix A as a product UV’
where both U and V have full column ranks.

Theorem 17 (Full rank decomposition). Let A be an n x m matriz with
rank r > 0. Then A can be written as a product

A=UV, (17.1)

where

rank(Uy ) = rank(Vy,xp) =1, (17.2)
i.e., U and V have full column ranks.

Proof. Let U be an n x r matrix whose columns form a basis for the column
space of A. Then every vector in the column space of A can be expressed as
a linear combination of the columns of U. In particular, every column a; of
A can be written as

a;=Uv;, i=1,....m, (17.3)

for some v; € R" (which is unique after fixing the basis U). Hence there
exists a matrix V,,,«, such that

A=UV' =U(vy:...:vp). (17.4)

Because
r = rank(A) = rank(UV’) < rank(V’) <r, (17.5)
we observe that V has full column rank, and the theorem is proved. O

We note that in the full rank decomposition (17.1) the columns of U form

a basis for the column space ¢'(A), and clearly the columns of V form a basis
for €(A’):

¢(U)=%(A), €(V)=%¢A"). (17.6)

Sometimes it is convenient to choose the columns of U or V orthonormal.

S. Puntanen et al., Matrix Tricks for Linear Statistical Models: Our Personal Top Twenty, 349
DOI 10.1007/978-3-642-10473-2_18, © Springer-Verlag Berlin Heidelberg 2011
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It is worth emphasizing that the full rank decomposition is (like also
some other tricks in this book) mathematically very simple—but it can
be an amazmgly handy tool at appropriate situations. As references, we
may mention Marsaglia & Styan (1974a
Th. 1), Bhimasankaram (1988), and Piziak &
Odell (1999).

17.1 Some Properties
of an Idempotent Matrix

In this section we consider three properties of
an idempotent matrix A, «, that can be easily
proved using the full rank decomposition

A=UV, (17.7)

Photograph 17.1 Pochiraju _ o
Bhimasankaram  (Hyderabad, where rank(Unxr) = rank(Vix;) = r. The

2007). first property is the following:
Proposition 17.1. With the above notation,

A=A? — VU=1,. (17.8)
Proof. To prove (17.8), we first assume that A is idempotent:
UV’ =UV'UV/, (17.9)
Premultiplying (17.9) by the matrix (U’U)~'U’ yields the equality
V' =V'UVv/, (17.10)

Now postmultiplying (17.10) by V(V'V)~! gives our claim V'U = I,. On
the other hand, if V'U = 1,., then

A?=UV'UV' =ULV' =A, (17.11)
and thus (17.8) is proved. O

As a second result, we prove the following implication:

Proposition 17.2.
A =A% = rank(A) =tr(A). (17.12)
Proof. This comes at once from (17.8):

tr(A) = tr(UV’) = tr(V'U) = tr(I,) = r = rank(A). (17.13)
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a

Also the following result can be easily proved using the full rank decom-
position (see Grof}, Trenkler & Troschke 1997):

Proposition 17.3. Let A = A%. Then
A=A" = CA)=FA). (17.14)

Proof. The idempotency of A implies that A has a full rank decomposition
A =UV’, where V'U =1,., and

¢(A) =€(U), C(A)=F(V). (17.15)

If €(A) = €(A’), then the orthogonal projectors onto ¢ (A) = ¢ (U) and
onto ¢ (A’) = €(V) must be identical, i.e.,

Uuu) v =viv'v) v (17.16)
Premultiplying (17.16) by UV’ we obtain, using V'U =1,
U(U'U)'U =UV' =A, (17.17)

and so A indeed is symmetric. a

17.2 Rank Additivity

We prove the following result:

Proposition 17.4. Let A and B be non-null n x m matrices, and let
rank(A) = a, rank(B) = b. Then the following statements are equivalent:

(a) rank(A + B) = rank(A) + rank(B),
(b) dim€(A)N%€(B) =dim€(A')NEB’) =0.

Proof. Assume first that (a) holds. Then, in view of

rk(A) + 1k(B) = rk(A + B) = 1k [(A +B) <Im>]

I77l
<r1k(A:B) =rk(A) +rk(B) —dim%(A)N¥E(B), (17.184a)
rk(A) + rk(B) = rk(A + B) = rk [(In 1) (g)]
<rk (g) =r1k(A) +1k(B) —dim¢(A') N ¢ (B’), (17.18b)

it is clear that (a) implies (b).
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To go the other way round, let A and B have the full rank decompositions

A=AA,, B=BB), (17.19)

X
2z
I

C(A1), AL eR™  ¢(B)=%(B;), B; e R"**  (17.20a)
C(A) =C(Ag), Ay e R™* €(B') =% (By), By € R™*. (17.20b)

In view of the disjointness assumption %' (Az) N % (B2) = {0}, we have
rk(VmX(a-l-b)) = I‘k(AQ : BQ) = I'k(AQ) + I‘k(Bg) =a-+ b, (1722)

which means that V has full column rank. This further implies that rk(U) =
rk(UV’) since

rk(U) > tk(UV') > tk[UV/V(V'V)~!] = tk(U). (17.23)

Hence we have
k(A + B) =1k(UV’) = rk(U) =1k(A; : By), (17.24)
which, in light of the disjointness assumption € (A1) N % (B1) = {0}, yields
rk(A + B) =rk(A; : By) =1k(A;) 4+ rk(B1), (17.25)
and hence our claim is proved. a

As references to Proposition 17.4, we may mention Marsaglia & Styan
(1972), and Marsaglia & Styan (1974a, Th. 11); see also Rao & Bhi-
masankaram (2000, p. 132).

17.3 Cochran’s Theorem: a Simple Version

In this example we consider the following simple version of the Cochran’s
Theorem; for extended versions, see, e.g., Marsaglia & Styan (1974a), Ander-
son & Styan (1982), and Bapat (2000, p. 60).

Proposition 17.5. Let A and B be n X n matrices satisfying the condition

A+B=1,. (17.26)
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Then the following statements are equivalent:

(a) rank(A) 4 rank(B) = n,

(b) A2 = A and B2 =B,

(¢) AB=0.

Proof. “(¢c) = (b)”. If (c) holds, then, in view of (17.26), B =1,, — A, and
AB=A(I,-A)=A-A%’=0, (17.27)

and hence A = A? (and similarly B = B?).
“(b) = (a)”. If (b) holds, then rank(A) = tr(A) and rank(B) = tr(B),
and (17.26) implies

n=tr(I,) =tr(A + B) = tr(A) + tr(B) = rank(A) + rank(B) . (17.28)

“(a) = (c)”. We assume that a + b = n, when a = rank(A), and
b = rank(B) = n — a. Consider the full rank decompositions of A and B:

A=A A,, A eR™, B=BB,, B, eR”" 9  (17.29)

which means that

Aj

2

Because (A; : By) = F is an n x n matrix satisfying the equation FG =1,
the matrix G is the inverse of F, and hence satisfies the equation

!
GF = (g?) (A1:By)=1,, (17.31)
2
that is,
A/2 . _ AI2A1 A/2B1 o Ia 0 o
(B’2> (A1:By) = <B’2A1 BB, ) " \0 L.~ I, . (17.32)

The final claim AB = 0 is achieved when the equation
AB; =0 (17.33)

is premultiplied by A; and postmultiplied by Bj. O



354 17 Full Rank Decomposition

17.4 Proof of the RCR Using the Full Rank
Decomposition

In Chapter 6 (p. 145) we have already proved the rank cancellation rule:
LAY = MAY and rank(AY) =rank(A) = LA = MA, (17.34)

but it is of interest to give a proof using the full rank decomposition (as
done in Marsaglia & Styan 1974a). To do this, let A, x,, have a full rank
decomposition

A=UV/, (17.35)

where
rank(U,, ) = rank(V,,x,) = r = rank(A, xm) - (17.36)
Assumption LAY = MAY can be written as
L-UV.Y=M-UV''Y, ie, LUVY)=MUVY). (17.37)

Therefore, if the r x p matrix V'Y has full row rank, then we can postmultiply
(17.37) by (V'Y)[(V'Y)(V'Y)']~! and obtain the equality

LU = MU. (17.38)

Our claim would then follow by postmultiplying (17.38) by V’. Our task is,
therefore, to show that

rank(V'Y) = r. (17.39)
Assumption rank(AY) = rank(A) implies that rank(UV’'Y) = r. but since

U has full column rank, we get

rank(V'Y) > rank(UV’Y) > rank[(U'U) " 'U'UV'Y] > rank(V'Y),
(17.40)
and hence indeed (17.39) holds.

17.5 Exercises

17.1. Let A have a full rank decomposition A = UV’. Prove the claim (4.13)
(p. 107): AT = V(V/V)_l(U'U)_lU’,

17.2. Proposition 17.5 (p. 352) can be generalized as follows: Let Ay, ..., A,,
be n x n matrices such that I,, = A;+---+ A,,. Then the following three
conditions are equivalent:

(a) n=rank(A;)+ -+ +rank(A,,),
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(b)
(c)
Co

A? =A;fori=1,...,m,
A;A; =0foralli#j.

nfirm the following: Let z ~ N,(u,I,) and let z'z = z/Ayz +
+ z’A,,z. Then any of the three above conditions is a necessary

and sufficient condition for z’A,;z to be independently distributed as
x%[rank(A;),]. For the x2-distribution, see page 18.

17.3. Let

W=1,+X-2J,

where X is an n X n symmetric involutory doubly-stochastic matrix, i.e.,

X2

(a)
(b)
()

(d)

=1, and X1, = 1,,and J = 11,1/ .

Show that W is scalar-potent, i.e., W2 = ¢cW for some scalar c.
Find the scalar ¢ and confirm that W is nonnegative definite.

Find the rank(W) as a function of the trace tr(X) and hence show
that tr(X) is even if and only if n is even.

Show that the rank(W) = 1 if and only if n + tr(X) = 4. [When
rank(W) = 1 then the matrix I, — W is a Householder transforma-
tion, see Exercise 18.23 (p. 390).]

For an application of the results in this exercise to magic squares see

Chu, Drury, Styan & Trenkler (2010).

17.4.

(a) Let A and B be symmetric n x n idempotent matrices and let Z
be n x n nonnegative definite, such that A + Z = B. Show that Z is
idempotent and AZ = 0.

(b) Let the random variables x; and xs follow central chi-squared dis-

tributions with degrees of freedom f; and fs, respectively, such that
r1 — xo = w3 > 0 with probability 1. Then show that z3 follows a
chi-squared distribution and find the number of degrees of freedom.
Show also that x5 and x5 are independently distributed.

The results in this exercise may be called the Hogg—Craig theorem,
following results in Hogg & Craig (1958); see also Ogasawara & Taka-
hashi (1951) and Styan (1970).

17.5 (Group inverse). Let A be an n x n matrix such that rank(A) =
rank(A?2). Then the group inverse A# is the unique matrix satisfying

(a) AA¥A = A, (b) A¥AA® = A% and (c) A¥A? = A,

If A has full-rank decomposition UV’ show that V'U is nonsingular and
that A# = U(V'U)"2V".

For more about the group inverse see Ben-Israel & Greville (2003,

pp. 156-161).
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LA A A A A A A4 A A A Al A A sl Al sl s sl )l

ST.VINCENT

750 th ANNIVERSARY OF HANNOVER &

.............. T YTy

Philatelic Item 17.1 As observed by Tee (2003), “Determinants were applied in 1683
by the Japanese mathematician Takakazu Seki Kowa (1642-1708) in the construction of
the resolvent of a system of polynomial equations [but] were independently invented in
1693 by Gottfried Wilhelm von Leibniz (1646-1716)"; see also Farebrother, Styan & Tee
(2003). Leibniz was a German mathematician and philosopher who invented infinitesimal
calculus independently of Isaac Newton (1643-1727). The stamp (left panel) for Seki
was issued by Japan in 1992 (Scott 2147) and the stamp (right panel) for Leibniz by
St. Vincent in 1991 (Scott 1557) as “Head librarian for the electors of Hannover (&
co-inventor of calculus)”.

he Dodgson Family.

Philatelic Item 17.2 Charles Lutwidge Dodgson (1832-1898), better known by the
pen name Lewis Carroll, was an English author, mathematician, Anglican clergyman
and photographer. As a mathematician, Dodgson was the author of Condensation of
Determinants (1866) and Elementary Treatise on Determinants (1867). His most fa-
mous writings, however, are Alice’s Adventures in Wonderland and its sequel Through
the Looking-Glass. The sheetlet was issued by Tristan da Cunha in 1981 (Scott 287a)
and shows the Dodgson family outside the Croft Rectory (in Darlington, Yorkshire),
c. 1860; Charles is shown seated on the ground at the left of the group. Edwin Heron
Dodgson (1846-1918), Charles’s youngest brother (shown kneeling third from the right),
apparently saved the population of Tristan da Cunha from starvation. For more see Fare-
brother, Jensen & Styan (2000).



Chapter 18
Eigenvalue Decomposition

The late night slowed him down just enough to give a
lecture the whole class could follow.

IMS BULLETIN®: About Walter T. Federer, after he had
gone downhill skiing all weekend and had not gotten back
until after midnight.

“ McCulloch, Hedayat & Wells (2008, p. 13)

There is no way to survive in the middle of statistical considerations with-
out being pretty well aware of the main properties of the eigenvalues and
eigenvectors. This chapter provides a summary of some central results.

Theorem 18 (Eigenvalue decomposition). Let A be an n x n symmetric
matriz. Then A can be written as a product

A = TAT = \tyt) + -+ Antot!, | (EVD)
and thereby
(Aty i Atg oot Aty) = (Mt s Aato it \pty), AT =AT, (18.1)

where Ty s orthogonal, A = diag(A1,...,\,), and \y > -+ > A, are the
ordered eigenvalues of A; we denote ch;(A) = \;. The columns t; of T are
the orthonormal eigenvectors of A.

Consider the distinct eigenvalues of A, A1y > -+ > Ay, and let Ty be
an n X m; matriz consisting of the orthonormal eigenvectors corresponding
to Agiy; my is the multiplicity of Ag;y. Then

A =TAT = )\{1}T{1}T{U} + -+ /\{S}T{S}T/{S} . (18.2)

With this ordering, A is unique and T is unique up to postmultiplying by a
blockdiagonal matriz U = blockdiag(Uy, ..., Uy), where U; is an orthogonal
m; X m; matriz. If all the eigenvalues are distinct, then U is a diagonal matriz
with diagonal elements equal to 1.

In particular, for a nonnegative definite n X n matriz A with rank r > 0
we have

Ay 0\ (T
A =TAT = (T, :T) ( 01 0) (Té) =T,A\T)

= AMtit) + -+ A\t tl (18.3)

S. Puntanen et al., Matrix Tricks for Linear Statistical Models: Our Personal Top Twenty, 357
DOI 10.1007/978-3-642-10473-2_19, © Springer-Verlag Berlin Heidelberg 2011



358 18 Eigenvalue Decomposition
where \y > -+ > A\ >0, Ay = diag(Aq,..., \r), and
le(tll...lt»,‘), Toz(tr+1l...ltn). (184)

The above eigenvalue decomposition, also called the spectral decomposi-
tion, is in heavy use in our book. In this chapter we go through some central
properties of eigenvalues and eigenvectors—mnot proving everything. There is
an enormous amount of literature on this area and we try to pick some results
which are particularly useful for a statistician. For further details, including
thorough proofs (which we skip over) of Theorem 18, the reader is referred,
e.g., to Meyer (2000, Ch. 7) Harville (1997, Ch. 21), Horn & Johnson (1990,
Ch. 1), Searle (1982, Ch. 11), Seber (2008, Ch. 6), and Stewart (2001, Ch. 1).

Before refreshing the reader’s memory about the eigenvalues, we may men-
tion two obvious but important consequences of (18.3):

tr(A) = tr(TAT') = tr(T'TA) = tr(A), (18.5a)
|A| = |TAT'| = |T[[A||T'| = |T'||T||A| = |[T'T||A| = [A],  (18.5b)

where || denotes the determinant; recall that instead of det(-) we may oc-
casionally use notation |-| (to save space). It is worth mentioning that the
properties (18.5) hold even if A is not symmetric.

We recall that the scalar A (complex or real) is an eigenvalue of A,,,, if

At =Xt for some nonzero vector t, (18.6)

in which case t is an eigenvector of A corresponding to A and (A, t) is an
eigenpair for A. In particular, let A; and A; be two distinct eigenvalues of
a symmetric A with t; and t; being the corresponding eigenvectors. Then
premultiplying At; = A;t; by t} shows that necessarily tjt; = 0. If Ay is
a multiple root of a symmetric matrix, then, as stated in Theorem 18, it is
possible to construct a set of m; orthonormal eigenvectors corresponding to
Writing (18.6) as
(A=)X,)t=0, t+#0, (18.7)

we see that A is an eigenvalue of A if and only if A — I, is a singular matrix,
i.e., A is a root for the characteristic equation

pA(A) = det(A — AL,) = 0. (18.8)

The function pa () = det(A — AL,) is called the characteristic polynomial of
A. Moreover, the set of all eigenvectors associated with X is

(t£0: (A- M t=0}={t£0:tec /(A—AL)}. (18.9)

The eigenvalues of A are the n roots of the characteristic equation (18.8).
That these roots indeed exist, is not not a trivial matter, as Harville (1997,
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p. 533) points out. The set of all n eigenvalues is called the spectrum of A
and we denote it as
ch(A) ={A\1, Ao, ..., A} (18.10)

Some authors define the spectrum as a set of distinct eigenvalues, but in our
notation, for example,
ch(Iy) ={1,1}. (18.11)

If A is symmetric, then all eigenvalues appear to be real and then we can
order them so that

ch;(A) = \; = ith largest eigenvalue of A . (18.12)

Notice, for example, that the characteristic equation A = ( 0 (1)) is \24+1 =0,
and hence the eigenvalues of A are not real numbers.
The characteristic polynomial can be uniquely decomposed as

pa(A) =det(A = ALy ) = (A= App)™ (A= App)™ - (A= Ap)™, (18.13)
where the numbers Ag;y are distinct and
mi+mo+--+mg=mn. (18.14)
The algebraic multiplicity of the eigenvalue Ay is m;. We may denote
alg multa (Agy) = m; . (18.15)
We call
A (A — MI,,) = the eigenspace of A corresponding to . (18.16)

The geometric multiplicity of A is the dimension of the eigenspace of A cor-
responding to A:

geo multa (A) = dim A (A — AL,) = n —rank(A — AL,). (18.17)

In other words, the geometric multiplicity of A is the maximal number of
linearly independent eigenvectors corresponding to the eigenvalue \. It can
be shown that

geo multa (A) < alg multa(A) for each A € ch(A), (18.18)

where the equality holds e.g. when A is symmetric. Actually, the following
statements concerning the matrix A, ., are equivalent:

A is diagonalizable, (18.19a)
geo multa (A\) = geo alga (A) for all A € ch(A), (18.19b)
A has n linearly independent eigenvectors. (18.19¢)
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The matrix A,,«, is said to be diagonalizable whenever there exists a non-
singular matrix F,,«, such that

F!AF =D for some diagonal matrix Dy, x,, , (18.20)

i.e., A is similar to a diagonal matrix. In particular, any symmetric A is
diagonalizable. The matrices A,,«, and B, «, are said to be similar if there
exists a matrix L,,«,, such that

L 'AL=B. (18.21)
It is easy to confirm that
L 'AL =B = ch(A) =ch(B). (18.22)

We complete this short introductory review by mentioning a few well-
known features of the eigenvalues. One very frequently used property of eigen-
values is that for any matrices A, x, and By, the products AB and BA
have the same nonzero eigenvalues, see Proposition 13.2 (p. 299):

nzch(AB) = nzch(BA). (18.23)

Recall also that the nonnegative definite square root of the nonnegative
definite matrix A = TAT’ can be defined as

A2 = TAY?T = T, AT, (18.24)

The matrix TAY/2T’ is the only symmetric nonnegative definite matrix whose
squared value equals A; for the proof, see Bapat (2000, p. 21) and Harville
(1997, §21.9). Moreover,

(A+)1/2 — T(A+)1/2T/ _ TlAII/ZT/l ’ (18.25)

and hence
AVZ(ANY2 =TT, =P, . (18.26)

It is also obvious that
AP =TAFT, A'=TA'T' =TT, =P,. (18.27)

As was mentioned earlier, there are far more useful results about the eigen-
values but we better proceed forward and ...

18.1 The Maximal Value of x’Ax

Let a symmetric matrix A,,«x, have the eigenvalue decomposition
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A =TAT =T A T) = Mttt + -+ A\otpt),, (18.28)
where \; > Ay > --- > )\, are the ordered eigenvalues of A. We show now
that

max x'Ax = )\, (18.29)

and that the maximum is attained when x = t;. Our claim comes at once
from the following:

X' Ax =x'TAT'x = y'Ay
= My? + doys o+ Ay
<MY+ un) =AYy = A (18.30)

where we have denoted y = Tx and thereby y’'y = 1. The maximum is clearly
attained when x is chosen as t;. In the same way we can prove that

min x'Ax = )\, . (18.31)

x/x=1
Note that we can of course write the following;:

x'Ax . x'Ax
— Ap = min ——.
x#0 X'X x#0 X'X

(18.32)

The expression x’ Ax/x'x is known as a Rayleigh ratio (quotient) or Rayleigh—
Ritz ratio according to two physicists, third Baron Rayleigh (John William
Strutt) and Walter Ritz.

Let us denote

Ty = (t1:...:tg): the first k& columns of T, (18.33a)
Tp) = (tn_kg1:...:t,):  thelast k columns of T'. (18.33b)

The second largest eigenvalue Ao can be obtained as follows:

chy(A) = A2 = maxx'Ax, (18.34)

xeL

where the maximum is taken over the set

L={xeR":x'x=1,x"t;=0}
={xeR":x'x=1,x€C(ta:...:t,) }
={xeR":xx=1,x€€(Tp_1)) } (18.35)

Above we have used the obvious fact that
R" =%(t;) H ‘K(T[n_l]) , (18.36)

and thereby
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X/tl =0 < x¢ %(T[n,1]> . (1837)

Obviously Ay can be characterized also as

cha(A) = X2 = min x'Ax = min x Ax. (18.38)

x#0,x€C (T (2)) x#0,T(, ., x=0

The ith largest eigenvalue can be defined in the corresponding way. We
may present the results as a proposition.

Proposition 18.1. Let A, «, be symmetric. Then

x'Ax
(a) chi(A) =X = max —— = max x'Ax,
!/
A
(b) ch,(A) =\, = min XAX _ min x'Ax,
x#0 X'x x/x=1
/
¢) chp(A) = A, < A% 2\~ ey (A),
!
(d) cho(A) =Xy = max _OX/AX,
(e) chpp1(A) = Apy1 = max XAx =My, k=1,...,n—1.

x/x:1,T2k)x:0

18.2 Principal Components

Let a p-dimensional random vector x have E(x) = p and cov(x) = 3 and let
the eigenvalue decomposition of X be

¥ = TAT, A=diag(As,...,),), T'T=I,, (18.39)

where Ay > Ay > --- > )\, > 0 are the ordered eigenvalues of 3. We might be
interested in knowing which linear combination b’x has the largest variance
under the condition b’b = 1. Now, the Proposition 18.1 gives the answer at
once: the random variable w; = t}x, which is the first element of the random
vector w = T'x:

Ix
w=Tx=1| : [. (18.40)
t;x
The centered random variable
y1 = w1 — B(wy) =t (x — p) (18.41)

is the first (population) principal component of x. Thus we have

Jnax var(b'x) = var(tx) = var[t](x — p)] = var(y1) = A1 . (18.42)
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The second principal component of x is the random variable b’(x — ) where
b is a solution to the task

max var(b’x) subject to cov(y;,b’x) =0, b’b=1. (18.43)
Because (assuming A; > 0)
cov(yr, b'x) =t/Eb = \tib=0 < t'b=0, (18.44)
the task (18.43) becomes
max var(b’x) subject to tjb=0,b'b=1, (18.45)

for which the solution is b = t5 and so the random variable yo = th(x — )
is the second principal component of x. In general,

max var(b'x) = var(tix) = var(y;) = \;, 18.46

o B var(bl) = ar(t) = var(u) = A (15.46)

i.e., tix has maximum variance of all normalized linear combinations uncor-
related with the elements of Tzi_l)x.

All in all, the principal components y; are centered and uncorrelated ran-

dom variables such that

W1 — M,y
y=T(x—p)=w—py = ) (18.47a)
Wy — faw,
E(y)=0, cov(y)=A, (18.47b)
treov(y) =tr(Z) =AM+ Ao+ + Xy (18.47c¢)

We can scale the random vector y so that (2 being positive definite)
z=AY2y=A"V2T (x — ), (18.48)

and thereby
E(z) =0, cov(z)=1,. (18.49)
. Now
Zz2=y Ay = (x— p)TAT'T'(x — p) = (W — pw) A~ (W — )

_ (wl - Mwl)2 + (w2 - Mw2)2 (wp B wa)z

A1 Ao Ap
2 2 2
_n Y2 Yp _ 2 2 2
_>\—1+T2+...+E_Zl+z2+...+zp

= (x—p)T7 (x — p) = MHLN?(x, pu, ). (18.50)



364 18 Eigenvalue Decomposition

From above we see that the squared Mahalanobis distance MHLN?(x, p, X)
is the sum of squares of the centered and normed (variance 1) uncorrelated

random variables
w; — E(wi) - Yi

Vvar(w;) — \/var(y;)
In particular, if x ~ N,(p, ), then z ~ N,(0,1,) and
(= )= - 1) = 22~ X2 (p) (18.52)

If rank(X) = r < p, then we can define

=z. (18.51)

ATt o

_ +3\1/2 +
2= (AM)V2y, A—(O 0

> , A1 = dlag(/\l, ey AT) , (1853)

and so

Za =y (A"

_ (wl - /’(‘wl)2 (w2 - Mw2)2 (w, — Uwr)2
S M
2 2 2
W Y Y2 2y 2
—/\1+)\2+ —&—)\T IS S e
= (x — )Tt (x — p) = MHLN?(x, p, ). (18.54)

Notice that actually (18.54) is invariant with respect to the choice of 37; see
page 65.

We will return to the principal components in connection with the singular
value decomposition, see Section 19.4 (p. 402). For a predictive approach to
principal component analysis, see Section 9.4 (p. 203).

18.3 Eigenvalues of Yoy

Let’s look at a simple example where we have a covariance matrix

2
cov(z) = cov (5) = ((Z; ?Qy) =X. (18.55)

Y

Then the characteristic polynomial for 3 is
ps(N) =\ — (o2 + 05))\ + (0305 - aiy) = A2 —tr(Z)A + det(X), (18.56)

and the eigenvalues are

[oﬁ + Uz + \/(O’% —02)? + 403@} . (18.57)
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In light of (18.5) (p. 358), we of course have

tr(X) =02 + 0, = A + A, (18.58a)
2
det(%) = oo <1 - ;292’2) =o20,(1—0},) = Ahe. (18.58b)
2%y

The eigenvector t; = (i;) with respect to A1 is a nonzero solution to the

equation (X — M\Iz)t; =0, ie.,

(0’2 — Al)tll + O’Iytgl = O, (1859&)
Uwytu + (0’5 — /\1)t21 =0. (1859b)

Suppose that o2 > 012/. Then it is easy to conclude that t2; can be put 0 if
and only if 05, = 0 (please confirm!), in which case t1; can be any nonzero
real number. Notice that it is the ratio o1 /t11 which specifies the eigenvector;
see also Exercise 18.14 (p. 387).

In particular, if 02 = 0'5 = o2 and Opy = (TQQIy > 0, we have

M =040, =0 (140s), do=0"—04 =0>(1—04), (18.60)

while the standardized eigenvectors are

a0 B - () o

where 0 = 45°. If 0,y < 0, then Ay = o2 — Oy and t; = %(—1,1)’. If

Ozy = 0, then A\ = Ay = 02 and t; can be chosen as any nonzero vector in
R2.
Let z ~ No(pu, ), where ¥ is positive definite. Then z has the density

1

o3 () (mmp) (18.62)

It is obvious that the contours of constant density for No(pu, ) are ellipses
defined by z such that
A={zeR?:(z—p)S (z—p)=c}. (18.63)

How are the axes of this ellipse located? The major axis is the longest diam-
eter (line through p) of the ellipse, that is, we want to find a point z; of the
ellipse which has the maximal Euclidean distance from the mean point p:

max||z — p||* subject toz € A. (18.64)

Denoting u = z — p, the above task becomes
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maxu'u subject to WS 'u = 2. (18.65)

It is not complicated to confirm that the solution to (18.65) is
w =z — p=+cy/\ty, and wju; = A\ (18.66)

Correspondingly, the minor axis is the shortest diameter of the ellipse A.

One way to prove that (18.66) is the solution to (18.65), is to use the
method of Lagrangian multipliers, by determining the stationary points by
considering

Y =uu—- I 'u, (18.67)

where A is a Lagrangian multiplier. Differentiating ¢ with respect to the
components of u yields the result; see Anderson (2003, p. 466). The other
way is to note that (18.65) can be expressed as

max v'3v  subject to v'v = ¢?, (18.68)
where v = X71/24 and hence u = '/2v. The details of the proof are left as
an exercise.

The ellipse A is centered at pu and the axes are determined by u; =
+ev/Ait;, where \; = ch;(X) and t; is the corresponding eigenvector. If

2 2 2

o, = 0, = 0° and oy = UQQW > 0, then the first eigenvector t; lies

along the 45° line through the point g = (g, ity)’. The lengths (or actually
half-lengths) of the axes are then

Vo240, =co/1+ 0, and cVo?—ogy =co\/1— 04 . (18.69)

18.4 Eigenvalues of the Intraclass Correlation Matrix

If Apxp = (a—b)I, + 61,1, for some a,b € R, then the matrix A is called
a completely symmetric matrix. If it is a covariance matrix then it is said
to have an intraclass correlation structure. The following proposition collects
together some useful properties of completely symmetric matrices. The proof
is left to the energetic readers; see also Exercise 18.17 (p. 388).

Proposition 18.2. Consider the matrices
Apxp = (a—b)I,+ b1p1;; v By =(1-0I, + 91171; . (18.70)
Then

(a) det(A) = (a—b)"" a+ (p—1)b],

(b) the eigenvalues of A are a+ (p—1)b (with multiplicity 1), and a —b (with
multiplicity n — 1),
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(¢) A is nonsingular if and only if a # b and a # —(p — 1)b, in which case

1
A7l = I, — 1,1/
a—b(p a+(p-1b" p)’

ch(3) = 14+ (p—1)o with multiplicity 1,
Cli-e with multiplicity p — 1,

(e) X is nonnegative definite < *ﬁ <p<1,

(f) t1 = al, = eigenvector w.r.t. \y =1+ (p—1)p, 0 #a € R,
to,...,t, are orthonormal eigenvectors w.r.t. \y =1 —p,i=2,...,p,
ta,...,t, form an orthonormal basis for € (1,)*,

(g) det(X) = (1— 0P '[1+ (p— 1),
(h) 1, = [1+ (p = Dall, := M1y if 0 # —545, then 1, = A\['S1, in

which case
-2 _ -2 _ b
LE1, = AL ESTEL = A CLEL, — e (1871
(i) =71 = ! (I— 0 11’) foro#1, 0# ———
1—o\" 14+ (-1 ") ’ P
(j) Let z = () be a (p + 1)-dimensional random vector with intraclass

covariance structure

0%y 1

z:XX X
cov <)y() = 0?2 < ; o y) = 0'2[(1 - Q)Ip+1 + le+11;+1] s (1872)

where (necessarily) < o0<1. Then

1
p
po*

T Te (18.73)

2 _ — _
Qy~x - o-xyzxxo-xy -

(k) Let x and 'y be p-dimensional random vectors with intraclass covariance

structure ,
x\ 3 01,1},
cov <y> = <le1; SRE (18.74)

where Xy, = (1 — 0)I, + 01,1,. Then

pe

T e (18.75)

cor(1,x,1y) =

18.5 Proper Eigenvalues; B Positive Definite

In this section, as well as in Section 18.7, we consider the proper eigenvalues
and proper eigenvectors following Rao & Mitra (1971b, §6.3); see also Mitra &
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Rao (1968), as well as de Leeuw (1982), McDonald, Torii & Nishisato (1979)
Mitra & Moore (1973, Appendix), Scott & Styan (1985), SenGupta (1991),
and Isotalo, Puntanen & Styan (2008a, §2).

Let A and B be two symmetric n X n matrices of which B is nonnegative
definite. Let A be a scalar and w a vector such that

Aw = ABw, Bw#£0. (18.76)

Then we call A a proper eigenvalue and w a proper eigenvector of A with
respect to B, or shortly, X is a proper eigenvalue of the pair (A, B).

Before allowing B to be singular (but still nonnegative definite), let us
consider the situation when B is assumed to be positive definite. In such a
case, (18.76) becomes

Aw=)Bw, w#0. (18.77)

Premultiplying (18.77) by B! yields the usual eigenvalue equation
B 'Aw=)\w, w#0. (18.78)

Now the matrix B™'A is not necessarily symmetric but that is no problem
because

nzch(B~'A) = nzch(B™/2B~Y/2A) = nzch(B~/2AB~Y/2),  (18.79)

where the matrix B~'/2AB~!/2 is symmetric and thereby the eigenvalues of
B~ 'A are all real. Notice that premultiplying (18.77) by B~/2 yields

B '/2Aw = ABY?w, (18.80)

ie., B"1/2AB~1/2.B'/2w = AB'/2w, which shows that

(A, w) is an eigenpair for (A, B) (18.81a)
<~

(A, BY/2w) is an eigenpair for B~Y/2AB~1/2 (18.81b)
—

(A, w) is an eigenpair for B™'A . (18.81c¢)

Rewriting (18.77) as
(A—)B)w=0, (18.82)

we observe that nontrivial solutions w for (18.77) exist if and only if
det(A —AB) =0. (18.83)

The expression A — AB, with indeterminate A, is called a matrix pencil or
simply a pencil.
It is left as an exercise to confirm that if A\ # u then
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(A, w) and (i, v) are eigenpairs for (A,B) = w'Bv =0. (18.84)

It is straightforward to obtain the following very important result:

</ Ax X/Bl/Q-B_l/QAB_1/2 'B1/2X
o X'Bx | xo x'B1/2. Bl/2x
z/ B 1/2AB~ /24

= max

z2€%4 (B1/2), 240 z'z

ZB-1/2AB-1/24

= max

240 7'z
= ch; (B™Y2AB™Y/2) = ch;(B7!A). (18.85)

We cannot resist the temptation to write up some useful (in particular
for a statistician) properties of the eigenvalues of the pair (A, B) when B is
positive definite.

Proposition 18.3. Let A, «,, be symmetric and let B, «,, be positive definite.
Then

x'Ax 1 .
(a) I)I{lg())( TBx chy (AB™") := Ay, i.e., Ay = the largest root of
det(A — AB) =0. (18.86)
(b) The vectors wi, ..., w,, satisfy
x'Ax  wiAw; 1
= =ch;(AB™ 18.87
o x'Bx wiBw, chu( ) ( 2)
x'Ax W, Aw;
el A = ch;(AB™! > 1 18.87b
x’AwI?iLE)(7 x#0 XIBX W;BWZ ¢ ( ) ’ v ’ ( )
j=1,...;i—1

if and only if w; is an eigenvector of AB™! corresponding to the eigen-
value ch;(AB™1) = \;, i.e., \; is the ith largest root of (18.86).
(©) (a’x)? x' -aa’-x
max =max ———
¢ xﬁo x'Bx xgo x'Bx

Notice that in part (c) of Proposition 18.3, we utilize the handy fact

=ch;(aa’B™!) = a’B'a.

nzch(aa’B™') = nzch(a’B 'a) =a’B 'a. (18.88)

It is important to observe that (c) can be obtained also using the following
version of the Cauchy—Schwarz inequality, see Section 20.1 (p. 416):

(a’x)? <x'Bx-a’B~'a for B >_ 0, for all a, x € R". (18.89)

In light of the above inequality we get, for x # 0,
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(a’x)?  x'Bx-a’B~la

_ o aip—1
B = — B =a'B 7 a. (18.90)
The equality in (18.89) occurs if and only if
x =aB 'a for some a € R. (18.91)

What happens if the matrix B in part (d) of Proposition 18.3 is nonneg-
ative definite and thus possibly singular? Again, according to Section 20.1
(p. 416), we have

(a’x)? <x'Bx-a’BTa for B>_ 0, forallac %(B)xcR", (18.92)
which yields, for Bx # 0,

(a’x)?  x'Bx-a’Bfa

=a'BTa. 18.93
x’'Bx — x'Bx a a ( )

Above we can replace BT with any B~ because a’B~a is invariant with
respect to the choice of B™. To ease the referencing, we’ll put this observation
as a separate proposition.

Proposition 18.4. Let B,,«,, be nonnegative definite and a € €(B). Then

/)2
max (a X)

~— 2 —a'B~ 18.94
Bx#£0 x'Bx as a, ( )

where the equality is obtained if and only if Bx = aa for some a € R, i.e.,
x=aB a for some a€R. (18.95)

The following result gives the crucial condition for simultaneous diagonal-
ization by orthogonal matrix (see, e.g., Rao 1973a, p. 41, Searle 1982, p. 312).

Proposition 18.5. Let A and B be symmetric n X n matrices. Then there
exist an orthogonal Q. x, such that both Q'AQ and Q'BQ are diagonal if
and only if AB = BA.

Proposition 18.6. Consider the symmetric matrices A, xp, and By xn.

(a) If B positive definite, then there exists a nonsingular matriz Q such that
Q'AQ = A =diag(A,..., \n), QBQ=1,, (18.96)

where A is the diagonal matriz of the solutions for \ to det(A—AB) =0,
i.e., the eigenvalues of B™YA. The columns of Q are the eigenvectors of
B 'A.

(b) Let B be nonnegative definite with rank(B) = b. Then there exists a
matriz L,,«p such that
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L'AL = A = diag(\1,...,\), L'BL=1I,. (18.97)

(¢) Let B be nonnegative definite, rank(B) = b, and assume that
rank(N’AN) = rank(N’A), where N = B+, (18.98)

Then there exists a nonsingular matriz Qu,xn, such that
/ _ Al 0 / o Ib 0
where Ay € RP*Y and Ay =€ RODX(=Y) gre diagonal matrices.

Proof. Consider the claim (b), and let B have the eigenvalue decomposition

Dl 0) (Tll) )
B=(T,:T =T,D,T, 18.100
(T1 : To) ( RJACH 1D, T ( )
where D = diag(dy, ..., dp) with d; being the nonzero (necessarily positive)

eigenvalues of B. Pre- and postmultiplying (18.100) by K’ = D;l/QT’1 and
K= T1D1_1/2, respectively, yields K'BK = I,. Now K’AK is a symmetric
b x b matrix and we may denote its eigenvalue decomposition as K'AK =
UAU’, and thereby

U'K'AKU = A. (18.101)

It is easy to confirm that the matrix KU = TlDfl/ *Uis precisely the matrix
L satisfying both L’AL = A and L'BL = I,.
The proof of (c¢) appears in Rao & Mitra (1971b, Th. 6.2.2) and in Mitra
& Rao (1968, Th. 3.2). The key in their proof is to utilize the matrix
F=1I,-N(N'AN)"N'A, (18.102)
which, in light of (18.98), has the property N'AF = 0. Defining
S=(FL:N), (18.103)

where L, satisfies (18.97), and Ny, (,—p) has full column rank, it is seen
that

L'F'AFL 0 E 0 I, 0
/ I ! —
SAS—< 0 N,!N) = (0 G), SBS—(O 0). (18.104)

The next step in the proof is to consider the eigenvalue decompositions E =
UAU" and G = VA, V’, and choose

Q=S (g 3) . (18.105)
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Then the above matrix Q satisfies (18.99). Tt is left as an exercise to confirm
that Q is nonsingular. O

18.6 Statistical Distance

Consider the n x 2 data matrix U:

/!
r1 Y1 U
U=x:y)=|: :|= Sl (18.106)

Tn Yn u/(n)

so that the vectors u(;) are observations from a two-dimensional variable
u = (). The Euclidean distance (squared) of the ith observation u;) from
the mean 1 is of course

lag) — 4> = (uy —0) (ugy —a) = (z; —2)° + (g —y)>.  (18.107)

While describing how far u(;) is from the mean @, the Euclidean distance
is surely doing mathematically good job—as stated on page 24. But given
the data matrix U, one may wonder if there is a more informative way,
particularly in statistical sense, to measure the distance between u(;) and .
In univariate case it is natural to calculate
|2; — 7

D; = (18.108)

varg(z) '

because then the distance is measured in units of standard deviation and
then we might well know that D; is large if it exceeds 2 or 3. Moreover, D;
does not depend on the unit of measurement like the Euclidean distance. We
can now consider a generalization of (18.108) into a multivariate situation in
the spirit of Flury (1997, §5.2); see also Flury & Riedwyl (1986). For that
purpose, let us define a new variable

z=a'u=ax+ayy, (18.109)

so that the n values of this new variable are represented by the variable vector

a’u(l)

z=Ua=| : |. (18.110)

a’u(n)

Then z; = a’u(;) and z = a’ii, and so the distance D; for z is
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22 _ la(ug — 1)
varg(z) Va'Sa '
where covg(U) = S. Let us then find a vector a, which maximizes the uni-

variate distance D;(a).
In view of Proposition 18.4 (p. 370),

D;(a) = (18.111)

&1}8 Dj(a) = (uy) —1)'S™ (uy) — 1), (18.112)

which is nothing but the squared (sample) Mahalanobis distance

2(ug, @, S) = 2
MHLN"(ug;), u, S) g:;é}(()DZ(a). (18.113)

The maximum is attained for any vector a, proportional to S™(u(; — 1).
According to (1.59) (p. 66), the sample Mahalanobis distance is invariant
with respect to the choice of S™.

Flury (1997, §5.2) calls the squared Mahalanobis distance as the squared
standard distance while some authors call it the squared statistical distance.

Following Flury, let’s repeat one more time the principle used above: We
look at all possible linear combinations Ua and find the one or the ones for
which a’u(;) and a’ti are as distant from each other as possible—in terms of
the standard deviation of Ua. The resulting maximal squared distance is the
squared sample Mahalanobis distance MHLNQ(u(i), q,S).

Let S = TAT’ be the eigenvalue decomposition of the sample covariance
matrix S based on the n x 2 data matrix U defined in (18.106). Let U be the
centered data matrix, and let w be a new two-dimensional variable defined
as

w = (“”) =T (u—1). (18.114)

w2
Then the n values of the variable w can be written as
/ ’ — — Wll
W' = (W(l) Lt W(n)) =T (U(l) —u:...: U(n) —11) = W,2 5 (18.115)
so that the data matrix of the new variables w; and ws is
W = (w; : wy) = UT
(uqy —a)'T Wi wil Wiz
= = = : Co- (18.116)
(u(n) - ﬁ)/T Wl(n) Wnp1 Wnp2

Then w = () and covqg(W) = A = ()‘01 /\02 ), and, corresponding to (18.50),
for a positive definite S, we have



374 18 Eigenvalue Decomposition

MHLN? (U(Z-), u,S) = (U(i) — ﬁ)ls_l(u“) —u)
= (ll(i) — l._l)/TAilT/(ll(i) — ﬁ)
= W,(i)A_1W(i)
_ w? wh
varg(wy)  varg(ws)
= MHLN?(w(;), 0, A)

= MHLN? (w;), W, cova(W)) . (18.117)

Thus we see that the squared sample Mahalanobis distance is the sum of
squares of centered and normed (variance 1) uncorrelated variables; see also
page 364.

Given two samples, represented by the data matrices U; € R™*P and
U, € R™*P it is natural to measure the statistical distance of the corre-
sponding sample means 1; and s by

_ al(m —uy)|
/a'Sya

Above S is an appropriately calculated unbiased pooled sample covariance
matrix:

Dy(a) (18.118)

1

e =2 Uil U + UG, Un), (18.119)

Sy =
where C,,, and C,,, are centering matrices. The maximum for D2(a) is
MHLN?(iy, Tig, S) = (fiy — 1ip)S5 (Tl — Uia) ; (18.120)

see also (10.114) (p. 233). The maximizing vector a, is now any vector pro-
portional to
S, (T —iz), (18.121)

which is called a linear discriminant function for the given samples. For the
linear discriminant function in the case of possibly singular covariance matrix,
see, e.g., Ben-Israel & Levin (2006, p. 80).

18.7 Proper Eigenvalues; B Nonnegative Definite

Now it’s high time to return to the equation
Aw =)Bw, Bw#0, (18.122)

where A, «,, is symmetric and B, «,, is nonnegative definite and thus possibly
singular. As stated earlier, we call A a proper eigenvalue and w a proper
eigenvector of the pair (A,B). In such a situation there may exist a vector
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w # 0 such that Aw = Bw = 0, in which case
(A-XB)w=0 (18.123)

is satisfied with arbitrary A\. We call such a vector w an improper eigenvector
of A with respect to B. The space of improper eigenvectors is precisely

N(A)N A (B)=%(A:B)*, (18.124)
which has dimension
f=dim A (A)N A (B) =n—rank(A :B). (18.125)

We call f the number of improper eigenvalues of A with respect to B.
Notice that if (18.123) holds for some nonzero w, then necessarily

det(A —AB) =0 (18.126)

is satisfied for any A € R. Then the pencil A — AB (with indetermi-
nate \) is said to be singular; otherwise the pencil is regular. Clearly if
f=dimA(A)N A (B) > 0, then the pencil is singular. In particular, if
A and B are nonnegative definite, then according to part (¢) of Proposi-
tion 18.6 (p. 370),

|A-)AB|=0 < |Q'(A-\B)Q| =0 < |A; — \||A2| =0. (18.127)

From above we immediately see that if at least one element of Ay equals 0,
then the determinant |A — AB| vanishes for every A € R and so the pencil
A — )\B is singular.

For a slightly different approach to the concept of the proper eigenvalue
(for singular pencils), using the term generalized eigenvalue, see Gantmacher
(1959, Ch. 12), Golub & Van Loan (1996, §7.7), Stewart & Sun (1990, Ch. 6),
and Watkins (2007).

For a positive definite B, we have, as seen earlier on page 368,

ch(A,B) = ch(B™'A,I,,) = ch(B~'A) = ch(B~Y/2AB~/2),  (18.128)
and

(\,w) is an eigenpair for (A, B) <= (), w) is an eigenpair for B"*A .
(18.129)
If B is singular, we might wonder whether, for instance, the following might
be true:
ch(A,B) =ch(BTA)? (18.130)

We will soon see that (18.130) does not always hold, but, if €(A) C €(B),
then indeed (18.130) holds for nonzero eigenvalues:
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%(A) C ¢(B) = nzch(A,B) = nzch(B1TA). (18.131)

Before returning (18.131), we will make a quick visit to some results of Rao
& Mitra (1971b, §6.3); see also Mitra & Rao (1968). The following result is
a consequence of part (c) of Proposition 18.6 (p. 370).

Proposition 18.7. (Rao & Mitra, 1971b, Th. 6.3.1) Let A, x, and B, xn
both be symmetric matrices of which B is nonnegative definite, rank(B) = b,
and assume that

rank(N’AN) = rank(N’A), where N = B*. (18.132)
Then there are precisely b proper eigenvalues of A with respect to B,
ch(A,B) ={A1,..., s}, (18.133)

some of which may be repeated or null. Also wy, ..., Wy, the corresponding
eigenvectors, can be so chosen that if W is an n X b matriz with w; its ith
column, then

WBW =1,, WAW=A,, %(AW)C%(B), (18.134)

where Ay is a diagonal matriz of A1,..., \p.

We note that condition (18.132) holds, for example, if A is nonnegative
definite, or if ¥(A) C €(B).

Proposition 18.8. (Rao & Mitra, 1971b, Th. 6.3.2) Let A and B be as in
Proposition 18.7, and assume that (18.132) holds. Then the nonzero proper
eigenvalues of A with respect to B are the same as the nonzero eigenvalues

of
[A — AN(N'AN)"N'A|B~ (18.135)

and vice versa for any generalized inverses involved; i.e.,
nzch(A, B) = nzch([A — AN(N'AN)"N'A]B7). (18.136)
In particular,
¢(A) C ¢(B) = nzch(A,B) =nzch(AB™). (18.137)

Is the set nzch(AB™) invariant with respect to the choice of the generalized
inverse B~? This is indeed the case for (symmetric) nonnegative definite A
and B, satisfying ¥ (A) C € (B). To confirm this, write A = CC’ and

nzch(AB™) = nzch(CC'B™) = nzch(C’'B~C). (18.138)

Now, in view of Theorem 12 (p. 283), the matrix product C'B~C is invariant
with respect to the choice of the generalized inverse B~ if and only if ¢ (C) C
% (B), which in this case of course holds.
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The following proposition generalizes the part (b) of Proposition 18.3
(p- 369).

Proposition 18.9. Suppose A, x., is symmetric and B, x, is a symmetric
nonnegative definite matriz satisfying

¢(A) C €(B). (18.139)
Then

xX'Ax  wjAw;
max =
Bx#£0 xX'Bx  w|Bw;

= )\1 = Chl(B+A) - Chl(A7B) ) (18140)

where \1 is the largest proper eigenvalue of A with respect to B and wy the
corresponding proper eigenvector satisfying

AW1 = )\1BW1 y BW1 7£ 0. (18141)

Proof. Because BY1/2B!Y/2 = Py and PgA = A, we obtain, proceeding as
in (18.85),

</ Ax X/B1/2 ~B+1/2AB+1/2 ~B1/2X
1131:135)%) x'Bx - g}gﬁ% x'B1/2 . B1/2x
Z/B+1/2AB+1/2Z
= max
2E€(B1/2), 240 7'z

< ch; (BTY/2AB+1/2)
=ch;(BTA) =ch;(B"A) forallz=BY?x.  (18.142)
Now, if B is singular, the vector z € ¥ (B'/2?) = ¥(B) is not free to

vary through the whole R™ and hence we have “<” above. However, if
A1 = ch;(BTA) and w is the corresponding eigenvector of BT A, then

BTAw;, = \yw; . (18.143)

Premultiplying (18.143) by B yields, in light of (18.139), Aw; = A\;Bwy,
and thereby wjAw; = \yw)Bw;. Hence, in case of ¥(A) C ¥ (B), we have
xX'Ax  wiAw;

_ U +A) —
g}l&}g Bx  wWBw A1 =chi(BTA) =ch;(A,B). (18.144)

On the other hand, if €(A) C ¢ (B) does not hold, then, according to
de Leeuw (1982, p. 91) the ratio x’Ax/x'Bx can be made as big as one
wants. See also Ben-Israel & Levin (2006, p. 81). O

Assume now that €(A) C € (B) and that X is a nonzero solution to

Aw = ABw, for some Bw # 0, (18.145)
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that is, (A, w) is a proper eigenpair of (A, B). Premultiplying (18.145) by B
yields
BtAw = \B"Bw = \Pgw, (18.146)

and hence, in light of APy = A, we have
BTAPgw = \Pgw. (18.147)

Because in (18.145) the scalar X is nonzero, also the vector Aw = APpw
is a nonzero vector which further implies that Pgw # 0. Hence the equa-
tion (18.147) shows that (A, Pgw) is an eigenpair for BT A, and so we have
confirmed that for nonzero A
(A, w) is a proper eigenpair of (A, B)
= (\,Pgw) is a proper eigenpair of BTA.. (18.148)

Tt is not difficult to show that the implication in (18.148) holds also in the
reverse direction, and thus it is a generalization of (18.81) (p. 368).

18.8 Eigenvalues of the BLUE’s Covariance Matrix

Let’s take a look at the following somewhat peculiar result:

Proposition 18.10. Consider the linear model .# = {y, X8, V}. The
nonzero proper eigenvalues of V with respect to H are the same as the nonzero
eigenvalues of the covariance matriz of BLUE(XS).

Proof. The proof follows at once from Proposition 18.8. To do this, consider

the equation
Vw = AHw, Hw # 0. (18.149)

Applying Proposition 18.8 we immediately observe that the nonzero proper
eigenvalues of V with respect to H are the nonzero eigenvalues of

[V-VMMVM) MVH™ (18.150)
which are exactly the same as the nonzero eigenvalues of
H[V-VMMVM)"MV]H (18.151)

which is the covariance matrix of the BLUE(X}).
An alternative proof, without using Proposition 18.8, is done by Isotalo,
Puntanen & Styan (2008a, Th. 2.3). O
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18.9 Canonical Correlations and Proper Eigenvalues

The maximal value of the ratio

(o/A'BB)?
o'A’Aa - B/B'BB’

(18.152)

where A, x, and B, «; are given matrices, is being considered in various
places of this book; see Section 2.1 (p. 77) and Section 5.9 (p. 133).
According to Proposition 2.4 (p. 78), we have

(/A'BB? _ (afA'BB)?
Aovo, o/ A’Acc- BB'BB o, A'Aa, - B,B'BA,
BB#£0
o A'PgAay

= T AlAa,  (PaPe)=AL (18.153)

where A\? is the largest proper eigenvalue of A’PgA with respect to A’A and
a; is the corresponding proper eigenvector satisfying

A'PgAa; = MfA'Aa;, Aa; #0. (18.154)
The vector 8 is the solution to
B'P,BB, = M)B'B3,, BB, #0. (18.155)

Consider now an n-dimensional random vector u whose covariance matrix
is cov(u) = I,,. Then x = A'u and y = B’u are a- and b-dimensional random
vectors whose covariance matrix is

X o A’u o A/A A/B L 211 212 o
cov (y) = cov (B’u> = (B’A B'B) = (221 o Y. (18.156)
Let p; denote the ¢th largest canonical correlation between the random vectors
A’u and B’u. Then g is defined as the maximum value of the correlation
between arbitrary linear combinations o’ A’u and 8'B’u. Let ar; and 31 be

the corresponding maximizing values of @ and B. Then & A’u and 8/B’u
are called the first canonical variables. In view of (18.153),

2 (o’ A'BB)? _ ajA'PgAa;
01 = é‘%%%’ o«AAa-BBBB o AAa ch;(P,Pg). (18.157)
0

In other words, o7 is the largest proper eigenvalue of A’PgA with respect
to A’A and «; is the corresponding proper eigenvector satisfying

A'PgAa; = 0?A'Aa;, Aa; #0. (18.158)
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Moreover, Aa; is the eigenvector of P, Py with respect to the eigenvalue o3
P,PgAa; = ¢{Aay, (18.159)

and similarly BB, is the eigenvector of PgP, with respect to the eigen-
value 0?:
PsP,B3, = 0iBj; . (18.160)

We also have
0? =chi[A(A’/A)"A'B(B'B) " B/|
= chl[B’A(A’A)_A’B(B'B)_]
= Ch1(2212;12122;2) . (18161)

In particular, if A and B have full column ranks,

(A’A)'A'PgAa; = gl , (18.162a)

(B'B)"'B'PABB: = 0781, (18.162b)
or in other notation,

2171121222721221041 = Q%OQ , (18.162c)

35 T01 37, T12B1 = 0181 - (18.162d)

The second largest canonical correlation po is defined as the maximum
correlation between o’ A’u and 8'B’u, but now Aa and B are not arbitrary
vectors of € (A) and € (B); they are subject to constrains that a’A’u is
uncorrelated with af A’u, and 8'B’u is uncorrelated with 87B’u so that

cov(a’A'u,ajA'u) = &’A’Ac; =0, (18.163a)
cov('B'u, f1B'u) = 'B'BB; = 0. (18.163b)

The third (and higher order) canonical correlations are defined in the corre-
sponding way. We may assume that

rank(A) < rank(B), (18.164)
in which case the number of the canonical correlations, i.e., the number of
pairs of canonical variables a;A’u and B;B’u, is r, where r = rank(A).

Let a, ..., o, satisfy
A'PgAaq; = 0’A'Aa;, Ac; #0, i=1,...,r, (18.165)

or, equivalently,

P,PgAa; = 0?Aca;, Aa; #0, i=1,...,r. (18.166)
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It is easy to confirm that if o7 # ,9?7 then a/A’Aa; = 0, i.e., ajA’u and
a;A’ u are uncorrelated. Even in the case of multiple roots ¢?’s, it is possible
to choose a; so that aA’Aa; = 0 for all ¢ # j. One simple way to conclude
this is to use Proposition 18.7 (p. 376).

The following proposition gives a summary about the properties of canon-
ical correlations based on the covariance matrix

A'u\  (A'A A'B\ (X 30
cov <B’u> = <B’A B’B) = <221 Sy ) = 3, (18.167)

where r = rank(A) < rank(B). We may denote the ith largest canonical
correlation as cc;(A’u, B'u) = p;, and

cc(A'u,B'u) = {01,...,0-} = the set of all cc’s, (18.168a)
ccy (A'u,B'u) = {p1,...,0m} = the set of nonzero cc’s, (18.168b)

where m = rank(A’B).

Proposition 18.11. With the above notation, the following statements hold:

(a) there are r = rank(A) pairs of canonical variables o,A'u, B;B'u, and r
corresponding canonical correlations o1 > 02 > -+ > 0y,

(b) the vectors au; are the proper eigenvectors of A'Pg A with respect to A’A.,
and 0?’s are the corresponding proper eigenvalues,

(c) the o?’s are the 1 largest eigenvalues of Py Pg,

(d) the nonzero o?’s are the monzero eigenvalues of PAPg, or in a short
notation,
cc? (A'u,B'u) = nzch(Po Pg), (18.169)

(e) the vectors B; are the proper eigenvectors of B'P, B with respect to B'B,

(f) the number of nonzero g;’s is
m = rank(A’B) = rank(A) — dim ¢(A) N € (B)*, (18.170)
(g) the number of unit o;’s is
u=dimé(A)N%€(B), (18.171)
(h) the number of zero p;’s is

s = rank(A) — rank(A'B) = dim ¢(A) N ¢(B)™. (18.172)
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18.10 More about Canonical Correlations and the
Watson Efficiency

In Section 10.8 (p. 241) we considered the canonical correlations between X'y
and Z'y, and between 3 and 3. Those consideration were made assuming that
X has full column rank and the model is a weakly singular linear model. We
denoted

Ki:CCi(X/yaZIY)7 ei:CCi(Bné)a i:17"'7p7 (18173)
and observed that

07 =1—k2 1, i=1,...,p, (18.174a)

c2(B,B8)=1-c3(X'y,Z'y), i=1,...,p. (18.174b)

If X has not full column rank, then 8 is not estimable and naturally it does

not have a BLUE. In such a situation we mean by 8 such an estimator for

which X is the BLUE for X8, and correspondingly 8 has the property

Hy = X3.

Let us now relax from all rank assumptions and consider the linear model

A = {y, XB, V} and denote

G=H-HVMMVM) M. (18.175)
Then Gy = BLUE(X/), and its covariance matrix is

cov[BLUE(X3)] = GVG’
=HVH - HVM(MVM) MVH
=HV'Y2(I - Py VY/?H
—K'(I-Pp)K, (18.176)

where K = V/2H and L = V/2M. Note that in (10.169) (p. 242) we had
K = V/2X and L = V/2Z. Moreover,

Hy\ (HVH HVM) (K'K KL
o (MY> B (MVH MVM) - (L/K L/L> ) (18.177)
and in view of cov(Gy,Hy) = GVH = GVG’, we have
Hy\ (HVH GVG\ [ KK KQ.K
cov (Gy> n (GVG’ GVG‘/) - (KIQLK K/QLK s (18178)

where Qq, =1 — Py,. Denote

T, = (HVH)" HVM(MVM) MVH, (18.179a)
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T, = (HVH)_GVG . (18.179b)

Then the nonzero canonical correlations between the random vectors Hy and
My are the nonzero eigenvalues of the matrix T, i.e.,

CC?&-(Hya My) = {’{%a SRR ﬂ?n} = nzch(Th)

=nzch[HVH) " HVM(MVM) MVH]

= nzch(PgPpr), (18.180)
where m = rank(HVM). We may assume that rank(VH) < rank(VM),
in which case the number of the canonical correlations is h, where h =

rank(VH). The nonzero canonical correlations between Hy and Gy are the
nonzero eigenvalues of the matrix Ts:

cc? (Hy, Gy) = {63, .., 03} = nzch(Ts)

=nzch[(HVH)  GVG/|
= nzch[(K'K)"K'(I — P,)K]
= nzch[Py (I - Py)], (18.181)

where g = rank(GVG’) = dim ¢ (X) N € (V).
Now the squared canonical correlations x?’s are the proper eigenvalues of
K'P; K with respect to K'K, i.e.,

HVM(MVM) MVHw = x2HVHw, HVHw #£0, (18.182)

which, in light of HVM(MVM) MVH = HVH — GVG/, can be written
as
GVG'w = (1 - x*)HVHw, HVHw #0. (18.183)

Similarly the squared canonical correlations 62’s are the proper eigenvalues
of K'(I - P)K = GVG’ with respect to K'K = HVH:

GVG'w = 0*HVHw, HVHw #0. (18.184)
Hence
GVG'w = 0?’HVHw = (1 — x*) HVHw, HVHw #0, (18.185)

and we can conclude the following.

Proposition 18.12. Under the linear model {y, X8, V} we have the follow-
ing relation:

cc;(Hy,My) =1—cc;_;,1(Hy,Gy), i=1,...,h, (18.186)

where h = rank(VH).

We can use the following notation:
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K= =kr=1, (18.187a)
L> k2 > > ke, =Koy >0, (18.187b)
Rabtrl = K1 = = Konys = K, = 0, (18.187c)
and of course
KZ=1-0_,.,, i=1,...,h=rank(VH). (18.188)

The value of ¢ above is the number of unit eigenvalues of the product PPy,
see (5.83) (p. 134):

u=dim%(K)N%(L) = dim %€ (VX) N €(VZ) = rank(HP,M) . (18.189)

For the values of m, s and ¢, and for further related considerations, see Isotalo,
Puntanen & Styan (2008a).

What about the Watson efficiency when X does not have full column
rank, i.e., rank(X) = r < p? In such a situation det(X’VX) = 0 and the
Watson efficiency as the ratio of the determinants of the covariance matrices

is not properly defined. However, the nonzero squared canonical correlations

K2,...,Kk2 between X'y and Z'y are the nonzero eigenvalues of the matrix

X'VZ(Z'VZ)" Z'VX(X'VX)~, (18.190)

and under a weakly singular linear model all k;’s are less than 1. Hence

0+# |1, - X'VZ(Z'VZ)"ZVX(X'VX) | = H(1 —K2):=¢%,  (18.191)

i
i=1

where m = rank(HVM). Now, as Chu, Isotalo, Puntanen & Styan (2005,
p. 84) point out, a natural question arises: what is the (estimable) parametric
function L’B, say, whose efficiency ¢* actually is? The answer is F'3, where
F comes from the full rank decomposition of X:

X =X.F', X,eRP FeRP rank(X)=rank(F)=r. (18.192)

Here the columns of X, and F span the column spaces ¢ (X) and ¢ (X'),
respectively. In this situation,

F = X'X,(X'X,)!:=X'X,U. (18.193)

Because
cc(X'y,Z'y) = ce(Xly,Z'y) = {ri}, (18.194)

we see that

¢* =|I, — X' VZ(Z'VZ) Z'VX,(X.VX,)™}|
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XLVX, - X.VZ(Z'VZ)~Z'VX,|
X, VX,|
2
XX,

= . 18.1
XLVX.|-[X.VFX,| (18.185)

On the other hand, under a weakly singular model, we have,
cov(XB) = X(X'VIX)~X’
_ Vl/2v+1/2x(x/v+1/2v+1/2x)7v+1/2vl/2xl
= V1/2PV+1/2XV1/2
= V2P iy V2 = X (XLVTX,)TIX (18.196)

see Exercise 10.6 (p. 261). Because F/'3 = UX/ X where U = (X, X,)7 1,
it is straightforward to observe that

cov(F'B) = cov(UX.X )
= UX/ X, (X, VTX,) ' X/ X, U= (X, V*X,)"!,  (18.197)
and
cov(F'B) = UX.VX,U = (X' X,) X, VX, (X'X,)" " (18.198)

Recall that B and B refer to vectors satisfying BLUE(XB) = XJ3 and
OLSE(Xpj) = XJ. For a clarity, we may summarize our finding in the fol-
lowing.

Proposition 18.13. Consider a weakly singular model 4, and let X have
a full rank decomposition X = X, F’. Then

¢* =1, - X'VZ(Z'VZ)"Z'VX(X'VX)|
=1, - X' VZ(Z'VZ) ZVX,.(X,VX,)" |

. F'3 e
= eff(F'B) = M =[Ja-xD, (18.199)
|cov(F’B)] i=1
where m = rank(X'VZ), and K1,..., Ky are the (nonzero) canonical corre-

lations between the OLS fitted values and the residuals.

It is worth noting that the ¢* is properly defined if there are no unit
canonical correlations between Hy and My, i.e., v = 0. For this the weak
singularity of the model is sufficient but not necessary. Hence we could extend
Proposition 18.13 by assuming only that ©v = 0. However, in this situation,
(18.196) does not necessarily hold. We survive from the problems by assuming
that the columns of X, are orthonormal—the details are left to the reader.
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For further references regarding canonical correlations in the case of sin-
gular V| the reader is referred to Khatri (1976, 1978, 1989, 1990), Seshadri
& Styan (1980), Rao (1981), Latour, Puntanen & Styan (1987), Wang &
Chow (1987), SenGupta (1991), Baksalary, Puntanen & Yanai (1992), Yanai
& Puntanen (1993), and Drury, Liu, Lu, Puntanen et al. (2002).

18.11 Exercises

18.1. Let Asy.o be symmetric. Show that
A> 0 < tr(A) >0and det(A)>0.

18.2. Consider symmetric A = (2 g) with eigenvalues A\; > Ay. Show that
2|b] < A1 — Ao, and that if A is positive definite, then

bl _ A=A bl _ A=A 10|
LI C B LN v
i/ ac - )\1 —+ )\2 a 2\/A1A2 \/E ! 2

Zhang (2005a, p. 86).

18.3. Denote u = z — p as in (18.65) (p. 366). Show, using (a) (18.67)
(p. 366), (b) (18.68), that the solution to

max ||z — p||*>  subject to (z — u)'E "z — p) =

isu; =2z — p = +cy/ A t; and uju; = 2\

18.4. Let A and B be symmetric nonnegative definite n x n matrices. Prove
the following:

(a) tr(AB) < chy(A) - tx(B),
(b) A>B — Chz(A) > Chi(B), 1=1,...,n.

Show that in (b) we must have at least one strict inequality if A # B.
Bapat (2000, p. 83), Seber (1984, pp. 528-529).

18.5. Let P, and Py be orthogonal projectors of order n x n. Confirm the
following:

(a) =1 <chi(Py —Pg)<1,i=1,...,n,
(b) 0 < chi(PyPg)<1,i=1,....n,
(c) trace(PoPg) < rank(P, Ppg).
18.6. Suppose that €(A) C €(C) and € (B) C ¥ (D) for matrices A, B,

C, and D, each having n rows. Show that ch;(P,Pg) < ch;(PcPp),
1=1,...,n.
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18.7. Confirm (18.84) (p. 369): If A # p and A and B are symmetric, then
(A\,w) and (u,v) are eigenpairs for (A,B) = w'Bv =0.

18.8 (Simultaneous diagonalization by an orthogonal matrix). Prove Propo-
sition 18.5 (p. 370): Let A and B be symmetric n xn matrices. Then there
exists an orthogonal Q such that both Q' AQ and Q'BQ are diagonal if

and only if AB = BA.
Rao (1973a, p. 41), Searle (1982, p. 312).

18.9. Prove that the matrix Q in (18.105) (p. 371) is nonsingular.

18.10. Let u denote a random vector with covariance matrix cov(u) = I,
and let K € R"*P and L € R" 9. Confirm the following result: The
canonical correlations between the random vectors K'Qpu and L'Qgu
are all less than 1, and are precisely those canonical correlations between

the vectors K'u and L’u that are not equal to 1.
Styan (1985, Th. 2.5), Jewell & Bloomfield (1983),
Puntanen (1987, p. 38).

18.11 (Continued ...). Apply the previous exercise to the situation when K
and L be defined as K = V!/2H and L = V!/2M.

18.12 (Continued ...). Let F be a matrix with the property ¢ (F) = € (K)N
% '(L). Show that the nonzero eigenvalues of PP — Py are all less than
1, and are precisely the ¢ canonical correlations between the vectors K'u
and L’u that are not equal to 1.
Hint: According to Exercise 8.19 (p. 190): PPy, — Pr = Pq.kPq,L-

18.13. Consider the random vector z = (;), with cov(z) = X where X is

positive definite and denote z* = (; ), with cov(z*) = X! Confirm
that the canonical correlations between x and y are precisely the same
as those between x* and y*. What about, in the singular case, replacing

¥ ~! with an appropriate generalized inverse?
Jewell & Bloomfield (1983), Latour, Puntanen & Styan (1987),
Baksalary, Puntanen & Yanai (1992).

18.14. As in (18.59) (p. 365), let t; = (}!!) be the eigenvector of ¥ with

respect to Ai. Suppose that o,y # 0. Show that the ratio of the second
and first element of the eigenvector t; is

2 2
25271_)\1—0'1_)\1—0'I_ Oy

t11 Ogzy Ox0y0Qxy 0925 D)

18.15. Show, using (10.135) (p. 237) that the first antieigenvalue of the 2 x 2
covariance matrix X is

B 2V A1\ _ 20,04V1— ny

_)\1+)\2_ 0%4—0’5

71 = cos(X)
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Find also the corresponding antieigenvectors.

T 1T 1T T T"1
83 -2 -1 0 1 2 3

Figure 18.1 (See Exercise 18.16.) A 95% confidence region for the observations from
N2(0, X).

18.16. The points inside the ellipse
A={zeR* (z-p)E ' (z—p)=xi,}

form a 100(1 —«)% confidence region for the observations from No(pu, 3);

see Figure 18.1. Assume that we have 10 000 observations from z and that

p=03=(,1)

(a) What is your guess for the regression line when y is explained by x
(and the constant).

(b) Find the vector a = (1) in Figure 18.1 when o = 0.05.

[a% = 02X%.05,2 = X%.o5,2]

(c) What is the cosine of the angle between the regression line and the
major axis.

(d) Why is a1 > 1.967

18.17 (Eigenvalues of a completely symmetric matrix). Consider a completely
symmetric matrix Ay, = (a — b)I, +b1,1;, where a,b € R; see Propo-
sition 18.2, page 366. Show that

a—b 0 0 ... 0 b
0 a—0b 0 ... 0 b

L7AL=| @ 1 : : =F,
0 0 0 . a—>b b
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where L carries out elementary column operations:
I,, O _1> . <I 1 0 _1>
L= 14 P , L — P P ,
(1;,_1 1 1., 1
and hence det(A) = (a — b)?"[a + (p — 1)b]. Confirm that
det(A — AI,) =0 < det(I, — AF) =0.

18.18. Prove the rest (in addition to the above Exercise 18.17) of Proposi-
tion 18.2 (p. 366) concerning the eigenvalues of the intraclass correlation
structure.

18.19 (Canonical correlations in the intraclass correlation structure). As in
(18.74) (p. 367), consider

x\ X ol,1
o (Y>_<91p1; = )

where X, = (1 — 0)I, + 01,1;,. Show that there is only one nonzero
canonical correlation between x and y and that it is

CC1 (X7 Y) = _re :
1+(-1e
18.20 (Courant—Fischer minimax theorem). Let A, x, be symmetric with
eigenvalues \; > --- > A\, and corresponding orthonormal eigenvectors
t1,...,t,. Furthermore, let k£ be a given integer with 2 < k < n and let
B denote an n x (k — 1) matrix. Show that then
N x'Ax .. . x'Ax
(i) min max —-— = A and  (ii) max min —o-~ = An—k+1 -
The result (i) is obtained when B = T(,_1) = (t1: - : tx_1) and x = ty,

where t; are the orthonormal eigenvectors corresponding to \;.
Abadir & Magnus (2005, p. 346), Bapat (2000, Th. 2.4),
Seber (1984, pp. 525-526).

18.21. The spectral radius of A, ., is defined as the maximum of the abso-
lute values of the eigenvalues of A; often denoted in literature as p(A).
Suppose that each element of A is nonnegative and denote ¢ = A’1l,,
r = Al,,. Then it can be shown, see e.g. Rao & Rao (1998, p. 471), that

min¢; < p(A) <maxe¢;, and minr; < p(A) <maxr;. (18.200)

If each element of B is nonnegative and B1,, = 1,,, then B is said to be
(row) stochastic and if also B'1,, = 1,,, then B is doubly stochastic. Use
(18.200) to prove that for a row stochastic matrix we have p(B) = 1.



390

18 Eigenvalue Decomposition

18.22. Consider the n x n real symmetric matrix A,,, where all the elements

in the first p and last p rows and columns are equal to a # 0 and all the
elements in the ¢ x ¢ “centre” are equal to b, with ¢ = n—2p. For example,
withn =25, p=1and ¢ =3,

a a a a a
a bbb a
A13 = a b b b a
a b b b a
a a a a a

Find, with p > 1 and ¢ > 1: (1) rank(A,,), (2) the eigenvalues of A,,,
(3) a simple necessary and sufficient condition for A,, to be nonnegative

definite, (4) A, and (5) show that the orthogonal projector A, A}

does not depend on a or b.
Chu, Puntanen & Styan (2010).

18.23. Consider the n x n matrix R = I,, — 2hh’, where the n x 1 vector h

satisfies h’h = 1. Show that

(a) R is orthogonal, i.e., RR' =1,,.

(b) R is symmetric and hence R? = I,,.

(c) R is tripotent, i.e., R3 = R.

(d) Find the eigenvalues of R.

(e) Show that the determinant det R = —1.
)

f) Show that h is an eigenvector of R and identify the associated eigen-
value.

The matrix R here is known as a Householder transformation and is used
in computing least-squares estimates, see, e.g., Golub & Styan (1973),
Golub & Van Loan (1996, p. 209). A matrix A such that A% = I,, is said
to be involutory. For some useful rank equalities for involutory matrices
see, e.g., Tian & Styan (2001). All involutory matrices are tripotent: for
connections between tripotent matrices and Cochran’s theorem, see, e.g.,
Anderson & Styan (1982).

18.24. Denote & = R;,lrxy, where Ryxx is the sample correlation matrix

of the variables x1, ...,z and ry, is the vector of correlations between
x; and y. Given the correlation matrix Ryx, find the conditions for the

cosine between the vectors & and ry, to be (a) +1, (b) minimum.
Waller & Jones (2010).



Chapter 19
Singular Value Decomposition

The Mayor of Finland: A character
who really shouldn’t be in this musical.

MONTY PYTHON’S SPAMALOT

While the eigenvalue decomposition A = TAT’, say, concerns only sym-
metric matrices, the singular value decomposition (SVD) A = UAV’, say,
concerns any n X m matrix. In this chapter we illustrate the usefulness of
the SVD, particularly from the statistical point of view. Surprisingly many
statistical methods have connections to the SVD.

Theorem 19 (Singular value decomposition). Let A be an n x m (m <
n) matriz with rank r > 0. Then A can be written as a product

o A, 0) (V]
- (3 9)(4)
=UAV' =U,A V| =U,A,V

/

= 6w vy + -+ duv, (19.1)
where
Ay =diag(d1,...,0,), 61 >--->6.>0, AeR™™,

A= <A01 g) = <A*) ER™™, AL R, A, eR™M™,

0
Opp1=0p42="--=0, =0,
0i = sg;(A) = V/chi(A’A)
= ith singular value of A, i=1,....m,

A, =diag(d1,...,0m,0p41,..,0m) = the first m rows of A,
U,xn =(U;:Uy), U;eR™, UU=UU =1,,
V’rn><m - (Vl : VO) 5 Vl S Rmxra V/V = VV, = Im 5

U, =(uy:...:u,) = the first m columns of U, U, € R™*"™,
A? 0
V'A'AV = A'A = A7 = ( o o) ER™
S. Puntanen et al., Matrix Tricks for Linear Statistical Models: Our Personal Top Twenty, 391

DOI 10.1007/978-3-642-10473-2_20, © Springer-Verlag Berlin Heidelberg 2011
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2
UAA'U=AA" = A2 = <A01 g) e R™",

u; = ith left singular vector of A; ith eigenvector of AA’.
v; = ith right singular vector of A; ith eigenvector of A’A .

Above we have, for simplicity, assumed that m < n. A more general ap-
proach would be to denote p = min(n, m) and express A as

_ A1 0 ! _ A* 0 !
A—U<0 0>V_U<0 O)V, (19.2)

where A, = diag(d1,...,6r,0r41,...,0p), and so
A, ., has r nonzero and p — r zero singular values. (19.3)

However, in what follows, we assume that m < n. Notation sg(A) will stand
for set of the singular values of A« (M < n):

sg(A) = {sg1(A), ... ,sg,,(A)} (19.4)

while
nzsg(A) = {sg,(A),...,sg,.(A)} (19.5)

denotes the set of the nonzero singular values.

Mustonen (1995, pp. 15-16) has a useful interpretation for the multivari-
ate observations through the singular value decomposition. He considers the
multinormal observations from N, (0,X) and emphasizes that they can be
thought to be generated from (0, 1)-normal independent variables in three
phases. This comes from the equality y = Ax + u, where x ~ N, (0,1,,) and
cov(y) = AA’ := X. Taking an SVD A = UAV’, we see that multiplica-
tion V’'x keeps the variables uncorrelated and hence y could be defined as
y = UAz + pu, where z ~ N, (0,L,). Now

(a) multiplication by A means shrinking or expanding,
(b) multiplication by U means rotation, and

(c) adding g means moving the center of distribution out of the origin.

The importance of the singular value decomposition is reflected nicely, for
example, in the Preface (to the first edition) of Golub & Van Loan (1996,
pp. xiii—xiv):

“Indeed, perhaps the most recurring theme in the book is the practical and theo-
retical value of this [SVD] decomposition. Its algorithmic and mathematical prop-
erties have a key role to play in nearly every chapter. In many respects Matriz
Computions is an embellishment of the manuscript ‘Everything You Wanted to
Know About the Singular Value Decomposition (But Were Afraid to Ask)’ au-
thored by our colleague Alan Cline.”
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Horn & Olkin (1996, p. 470) comment on the importance of the singular value
decomposition as follows:

“The following singular value decomposition is arguably the most basic and useful
factorization known for all real or complex matrices.”

Interesting comments on the singular value decomposition appear also in
Moler (2006).

The proof below follows that of Searle
(1982, p. 316); for other proofs, see, e.g., Stew-
art (1998, p. 62), Golub & Van Loan (1996,
§2.5.3), and Horn & Olkin (1996, Th. 2.1).
The history of the singular value decomposi-
tion has been documented in Horn & Johnson
(1990, §3.0), and Stewart (1993); see also Horn
& Olkin (1996, §2). For the uses of the SVD of
the model matrix X in a regression analysis,

Phot h 19.1 G H.
Gol?lbo(gézgsala 20()6)? e see Mandel (1982) and Nelder (1985), and as

a tool for solving estimability problems, see,
e.g., Eubank & Webster (1985).

Proof of the SVD. Consider the eigenvalue decomposition of the symmetric
nonnegative definite m x m matrix A’A:

A'A =VAZV' = (V,: Vy)AZ(V,: V), (19.6)

where A? is an m x m diagonal matrix whose diagonal elements are the
eigenvalues of A’A:

2 A% 0 2 rXT
AL = 0 o) A7 eR™" r=rank(A), (19.7a)
A? = diag(67,...,62), 01> >6>0=062,="-=02, (19.7b)
62 =ch;(A’A), i=1,...,m, (19.7¢)
V=(Vi:Vy), Vi=(vi:...:v,)eR™". (19.7d)

Note that the matrices A’A and AA’ have the same nonzero eigenvalues:
{62,...,62} = nzch(A’A) = nzch(AA). (19.8)

The columns of the matrix Vi € R™*" are the orthonormal eigenvectors
corresponding to the nonzero eigenvalues 67 of A’A, and the columns of
Vo € R™*(m=7) are the orthonormal eigenvectors corresponding to the zero
eigenvalues of A’A. Furthermore we have

VV =V'V=1,. (19.9)

Now (19.6) can be written as
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2 !
A'A = VA2V = (V] :V)) <A01 g) (¥}> = VAV, (19.10)
0
which implies that
A? =VIA'AV, . (19.11)
Define now the n x r matrix U; as follows:
U, = AV A e R, (19.12)

Then the columns of U; are orthonormal since in view of (19.11), we have
U U, = AT'WVIA'AV AT = ATTAIAT =11, (19.13)
We can now form an n x (n — r) matrix Uy so that
U= (U;: Up) e R™*" (19.14)
is orthogonal. When (19.12) is postmultiplied by A;V/, we obtain
U;A V) =AV, V| =A, (19.15)
where we have used the fact V1 V| = Pa,. Notice also that
AVy=0. (19.16)

Hence we finally have the singular value decomposition

A= (U : Uy) (Aol 8) (X%) _ UAV. (19.17)
O
Note that because the first m rows of A are the rows of A, i.e.,
N ((fij;ij , (19.18)
the singular value decomposition can also be written as
A=U,AV, (19.19)
where U, = (uy : ... :u,,), i.e., U, comprises the first m columns of U. The

decomposition (19.19) is often called a thin SVD while A = U; A;V] can be
called a reduced SVD.
As stated above, the columns of

U=(up:...:0p i UWy1 .. iUy ... Uy), (19.20a)

U, Uy
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V=(Vi:...iVpiVegr ... Vy) (19.20b)

vl Vo

are the left and right singular vectors of A, respectively. Moreover, we have

A’A =VAIV', AA' =UALU, (19.21)
where
2 2
A? = <A01 g) CR™M A2 = (Aol g) € R¥™, (19.22)

and so (as in the proof of the SVD) the columns v; are eigenvectors of A’A
and u; are eigenvectors of AA’. We can conclude (please confirm) that the
singular vectors satisfy

€(V1)=%(A) €(U;)=%(A"), (19.23a)
AVZ‘ = 5i111' s AII,LL' = 6ivi s 1= 1, e,y (1923b)
Au,=0, i=m+1,...,n, (19.23c)
wWAv;, =6, i=1,....,m, wAv;=0fori#j. (19.23d)
As stated by Stewart (1998, pp. 65-66; 2001, p. 205), the SVD is “es-
sentially unique” and hence we usually speak about the singular value de-
composition; the repeated singular values are a source for nonuniqueness.
The singular values themselves are unique. Citing Stewart (2001, p. 205):
“The right singular vectors corresponding to a multiple singular value are
not unique, but the space they span is. Once the right singular vectors have
been specified, the left singular vectors corresponding to nonzero singular
values are uniquely determined by the relation Av; = d;u;.” Moreover, Stew-
art points out that when n > m, the matrix AA’ has n — m additional zero
eigenvalues; Stewart (2001, p. 205) calls them “honorary singular values”.

19.1 Maximal Value of x’'Ay

Let A be an n x m (m < n) matrix with rank » > 0, and let A have the
singular value decomposition

A =UAV' = U1A1V/1 = (51u1v'1 + -+ (5rurv’T . (19.24)
We show now that
max X Ay =4, (19.25)
x'x=y'y=1

and that the maximum is attained when
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Xx=u, y=vi. (19.26)

Let x and y be arbitrary vectors of R™ and R™, respectively, satisfying
x'x = y'y = 1. Then applying the Cauchy—Schwarz inequality, we obtain
(x’'Ay)? = (xXUAV'y)? = (XU - AV'y)?
<x'UUx -y VA'AV'y =y VAZV'y .=t/ A%t
= 0H2 f 0otE 4 - 4 622
<SG+ A+ +1D)
SO+ 44+ 1)
=0iy'VV'y
=07, (19.27)
where we have denoted t = V'y € R™. The maximum is clearly attained

when x and y are chosen as in (19.26).
Note that we can of course write the following:

x' Ay
A) =46 = 3 19.28
BlA) =0 = e R Yy (19.28)

Furthermore, the second largest singular value o can be obtained as fol-
lows:
sgo(A) = 2 = max x'Ay, (19.29)

where the maximum is taken over the set
{xeR"yeR" : xX'x=yy=1,xu=yvi=0}. (19.30)

The ith largest singular value can be defined in the corresponding way so
that

XAY k=1 1 (19.31)
max —_— = ) =1,...,r—1, .
xA0y£0 XX Yy
U(k)XZO,V(k)yZO
where Uy = (uy @ ... :ug) and V() = (vi ... : v); the maximum occurs

when x = upy) and y = vi4.

19.2 When is A’A = B’'B?

In linear models, and in particular, in multivariate analysis, we may meet the
following problem: Let A and B be given n x m matrices. What is then the
necessary and sufficient condition for
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A'A =B'B. (19.32)

The answer is:
A = QB for some orthogonal Q. (19.33)

The sufficiency of (19.33) is obvious. To prove that (19.32) implies (19.33),
we note that, in view of (19.32), there exists an orthogonal matrix V such
that

A? 0

[ =14 =
AA_BB—V<0 0

) V' e R™™ (19.34)
where A; is an r x r diagonal matrix; rank(A) = rank(B) = r. From the
proof of the singular value decomposition, we recall that it is possible to
construct orthogonal n x n matrices F and G such that

- Al 0 / _ Al 0 /
A_F(O O)V, B_G<0 0>V. (19.35)
Choosing now
A=FG' -G (Aol g) V' :=QB, (19.36)

gives the required result since QQ’' = FG'GF’ =1,.

As references concerning (19.32), we may mention Vinograde (1950), Horn
& Olkin (1996, Th. 3.1), Neudecker & van de Velden (2000, 2001), and Young
& Young (2004).

19.3 Approximation by a Matrix of Lower Rank

We begin with the following result.

Proposition 19.1. Let A, «, be a given symmetric matriz of rank r > 0,
whose eigenvalue decomposition is

A =TAT', A =diag(\,...,\n), (19.37)
and T = (t1:...:t,), T'T =1,. Let k be a given integer, k < n. Then
max tr(G'AG) =\ + -+ Mg, (19.38)
G/G=I,

where the upper bound is obtained when
G = (tl et tk) = T(k) . (1939)
Proof. To prove (19.38), we first write

tr(G'AG) = tr(G'TAT'G) = tr(Y'AY) = tr(YY'A) , (19.40)
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where Y = T'G. Then Y'Y = G'TT'G = I, and the matrix
YY =P eR"™" (19.41)
is an orthogonal projector, with diagonal elements satisfying
0<pi<1, i=1,...,n, pu+-+pu=k=rank(P).  (19.42)
Hence we have
tr(G'AG) = tr(PA) = pridi + - + prk Ak + - + Prntn (19.43)
and in view of (19.42),
tr(G'AG) < A\p+ -+ Mg (19.44)
The upper bound in (19.44) is clearly obtained when (19.39) holds. O

For a reference of result (19.38), see,
e.g., Rao (1973a, p. 63), and Harville (1997,
Th. 21.12.5). We may note that (19.38) could
be also easily proved using the Poincaré sep-
aration theorem; see, e.g., Rao (1973a, p. 64),
Rao (1980, Th. 2.1), Scott & Styan (1985,
p. 213), and Abadir & Magnus (2005, p. 347),
and Mékeldinen (1970a, Th. 4.1, Cor. 4.2.2):

Proposition 19.2. Let A, «,, be a symmetric
matriz, and let G, xi be such that G'G = I,
k<n. Then, fori=1,... k,

Chn7k+i(A) S Chl(GIAG) S Chl(A) .
(19.45)
Equality holds on the right of (19.45) simulta-
neously for all i = 1,...,k if and only if there
exists U,,«1 such that

Photograph 19.2 Alastair J.
Scott (Auckland, 1994).

UU=1,, AU=UAy, ad %(U)=%(G), (19.46)

where A, € R*** is a diagonal matriz containing the k largest eigenvalues
of A. Equality holds on the left of (19.45) if and only if there exists Ly xk
such that 'L = I;;, AL = LAy, and € (L) = €(G), where Ay € R¥** is q
diagonal matriz containing the k smallest eigenvalues of A. Equivalently we
can state that the upper bound in (19.45) is attained if and only if G = UN,
where N« is orthogonal and the columns of U are any set of orthonormal
eigenvectors of A corresponding to the k largest eigenvalues.

In particular, the upper bound in (19.45) is attained when
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G=(tr:...:tx) =T, (19.47)

and the lower bound when
G=(tnpt1:...:tn) =Ty, (19.48)

where the columns of T are the orthonormal eigenvectors of A.

The inequalities in (19.45) are being named after Henri Poincaré (1890,
pp- 259-260); see also Philatelic Ttem 11.2, (p. 282). For a related version of
(19.45) see Exercise 19.9 (p. 411).

In Propositions 19.3-19.6 we consider the Frobenius norm of the matrix L:
JLII% = tr(LLY).

Proposition 19.3. Let A be a given n X m matriz of rank r, and let B be
an n X m matriz of rank k (< r). Then

(A-B)(A—-B) > (A—-APp/)(A - APp/)
— A(L, — Pg/)A/, (19.49)

and hence
|A-B|% > |A - APy 3. (19.50)

Moreover, if B has the full rank decomposition
B =FG’, where G'G =1, (19.51)
then Pg» = Pqg, and
(A—B)(A-B) > (A - FG)(A - FQ')’
=A(L, - GGHA'. (19.52)

Proof. The proof is a simple consequence from Proposition 2.5 (p. 81), but
let’s go through it anyways. We observe that

A-B=(A-APp/)+ (APp - B):=S+R, (19.53)
where
SR’ = (A — APg/)(Pg A’ —B')
= APp/ A’ — AB' - APg/A’ + AB’' = 0. (19.54)
Hence

(A~ B)(A - B) =SS’ + RR/
>SS’ = A(I,, — Pp/)A/, (19.55)
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which proves our claim (19.50). Note that (19.52) is simply another way to
express (19.49). O

Now we are (finally) ready to state and prove the following fundamental
result due to Eckart & Young (1936); see also Householder & Young (1938).
This result is often called the Eckart—Young theorem.

Proposition 19.4 (Eckart—Young Theorem). Let A be a given n X m
matriz of rank r, with the singular value decomposition

A =UAV' =U;A V| =6uv) + -+ §u,v,. (19.56)
Let B be an n x m matriz of rank k (< r). Then
min [A = B[ = 6y + o+ 67 (19.57)
and the minimum is attained taking
B=B,=6wV,+ - +ouv. (19.58)

Proof. The proof of (19.57) goes now very smoothly using Propositions 19.1
and 19.3. Letting the columns of G be an orthonormal basis of € (B’), we
observe, in view of (19.52), that

|A - B|% > |A - AGG/|[% = tr[A(L, — GG')A']
= tr(AA’) — tr(G'A’AG). (19.59)

Now, on the basis of (19.38) (p. 397),
tr(G’A’AG) < chy(A’A) + -+ ch(A’A) =67 +---+ 7 (19.60)
for all G such that G’'G = Ij. Hence (19.59) implies
|A =B} > 034y + - +07 (19.61)

for all B, x, such that rank(B) = k. Clearly the equality is attained when
(19.58) holds, and thus our claim (19.57) is proved. O

It is worth noting that the Lowner ordering (19.49) implies also
ch;(A — B)(A —B)" > ch;[A(I,, — Pg/)A’] > ch;1 1 (AA"), (19.62)
fori+k<r,ie.,
sg.(A—B) = sg,4(A). (19.63)

where the last inequality in (19.62) follows from Proposition 19.2 (p. 398);
details are left as an exercise, see Exercise 19.8 (p. 411).
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Stewart (1993, p. 563) points out that actually Eckart & Young (1936)
rediscovered the result which earlier had appeared in a more general form
in the paper by Schmidt (1907); see also Hubert, Meulman & Heiser (2000,
p. 71). Instead of the “Eckart—Young theorem” Stewart (1993) calls Propo-
sition 19.4 the “Schmidt’s approximation theorem” and so do Ben-Israel &
Greville (2003, p. 213), who also use the term best rank-k approzimation of
A. For further discussion on Proposition 19.4, which we still (slightly in-
correctly) continue to call the Eckart—Young theorem, see Mirsky (1960),
Chipman (1997), Harville (1997, pp. 556-559), and Stewart & Sun (1990,
208-210).

For a general reference to matrix approximation, see Rao (1979, 1980),
and for the related comments on the use of the singular value decomposition
in psychometrics, see Takane (2004), and Yanai & Takane (2007). Hubert,
Meulman & Heiser (2000) review some connections between numerical linear
algebra and applied statistics/psychometrics and their respective concerns
with matrix factorization and the subsequent rank reduction of a matrix.

For completeness we write the Eckart—Young theorem also in the situation
when A is symmetric.

Proposition 19.5. Let A, ., be a symmetric matrix of rank r, with eigen-
value decomposition

A =TAT = M\tit] + -+ A\t t. (19.64)
Then

ran{(l(l]i%:k”A—BH% = mng(%:k tr(A—B)(A—B)' = A}, + - -+AZ, (19.65)

and the minimum is attained when
B = T(k)A(k)TEk) = >\1t1t/1 + -+ )\ktkt; . (1966)

We complete this example with the following result useful in factor analysis
(Schénemann 1966, Green 1952).

Proposition 19.6. Let A and B be given n x p matrices and let Oy, be the
set of orthogonal p X p matrices. Then

in |A - BZ|% = ||A — BZ. | 19.67

jmin [[A - BZ[} = |A - BZ. |}, (19.67)

where Z, = UV’ is obtained from the singular value decomposition B'A =
UAV'.

Proof. Following Vehkalahti, Puntanen & Tarkkonen (2007, Lemma 1), we
first write
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|A — BZ|% = tr[(A — BZ)(A — BZ)’]
=tr(AA’) +tr(BB’) — 2tr[Z(B'A)"], (19.68)

and observe that minimizing (19.68) is equivalent to maximizing tr[Z(B’A)’].
Using the singular value decomposition B'A = UAV’, where U,V € O,
we obtain

tr[Z(B'A)'] = tr[Z(UAV'Y] = tr(U'ZVA) = tr(QA), (19.69)

where Q = U'ZV € O, being the product of orthogonal matrices. Because
the elements of Q can not exceed 1, we have

p p
r(QA) =D g;0;, <Y d; =tr(A), (19.70)
-1 =1

Jj=

and the maximum of (19.69) and hence the minimum of (19.68) is clearly
attained when Q = I,. Our claim (19.67) follows by selecting Z = Z, = UV’,
as then Q =U'UV'V =1, O

19.4 Principal Component Analysis

In Section 18.2 (p. 362) we considered the (population) principal components
and defined the random variable b} (x — px) to be the first principal compo-
nent if the maximum of var(b’x) under the condition b’b = 1 is attained for
b = b;. The second principal component is defined as b} (x — pyx) where by
maximizes var(b’x) under the conditions b’b = 1 and cor(b’x, bjx) = 0.

In Section 9.4 (p. 203), we were interested in predicting the p-dimensional
random vector x on the basis of some linear combinations of x, that is, we
want to find

BLP(x; A’x) = best linear predictor of x on the basis of A’x,  (19.71)

where A’ € RF*P. How to obtain the A € RP*¥? The criterion to construct
A can obviously be based on the covariance matrix of the prediction error
x — BLP(x; A’x) = e:

cov(e) =X -~ ZA(A'SA)IA'S. (19.72

)

In Proposition 9.3 (p. 205) we concluded that the minimum of the (squared)

Frobenius norm |cov(e)|% = tr [cov(e)]? is attained when A chosen as T (k)

where the columns of T ;) comprise the first k eigenvectors of cov(x) = 3.
Moreover, minimizing the trace of cov(e) yields the same result.

The above two different approaches both yield the principal components.

In this section we present two more approaches: one based on the observed
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data points and fitting there a subspace appropriately, while in the other
approach we deal with the variable space. These are sample analogies to the
predictive approach in population.

Let X be an n X p centered data matrix containing n measurements of p
variables. Let us denote

X=ZX1:%2:...:%,) = . (19.73)

Here the columns (corresponding to variables) X; are vectors in the variable
space R™, and (the transposes) of the rows (corresponding to observations)
i’(j) are vectors in the observation space R™.

Consider now the scatter plot of the n centered observations (or points)
in the observation space RP. Let G,,xx, where k < p, be a matrix with
orthonormal columns. Then %'(G) is an k-dimensional subspace of the ob-
servation space RP, and the orthogonal projector onto that subspace is

GG =Pg. (19.74)
How should G be chosen if we wish that

% (G) goes “nicely” through the scatter plot? (19.75)

Figure 19.1 Minimizing orthogonal distances.

One natural criterion for “niceness” is based on the orthogonal distances of
the data points (observations) X(;) from the subspace ¢’(G). We may denote
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Figure 19.2 The scatter plot of the 12 observations of the centered data matrix ap-
peared in Figures 0.1b (p. 2) and 0.8b (p. 56). Denote the centered data matrix as

X.

@) 2 1 0 1 2 () 2 1 0 1 2

Figure 19.3 (Continuation to Figure 19.2.) (a) The centered data matrix X is post-
multiplied by the rotation matrix T: XT = (w : z). What is T = (t1 : t2)? (b) The
orthogonal distances of the data points from the line ¢’ (t1) are marked up.

and _
E = (1, —Pg)X" (19.77)

The columns of E’ are the differences (residuals) between the data points and
their projections onto ¢ (G). Minimizing the sum of squared norms of these
differences means that we have to minimize

IE[7 = X — XPgl[F, (19.78)

that is, we have to minimize
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tr(E'E) = tr(X'X) — tr(PgX'X), (19.79)

which is equivalent to maximizing
tr(G'X'XG) subject to G'G =1j. (19.80)

On the basis of (19.38), the matrix G minimizing (19.78) comprises the first
k orthonormal eigenvectors of X’X, which we may denote as

G=T4 =(t1:...:t), (19.81)
and
. E 2 _ )’Z_i A2
Gain |Ellx IIN ~GG I
= | X = XT3 Ty I 7
= chpy 1 (X'X) + - - + chy, (X' X)
= sg7 1 (X) + -+ +5g7(X).- (19.82)

Note that the eigenvectors X'X are the same as those of the covariance
matrix, S, say, of the observed data:

X'X. (19.83)

The new projected observations are the columns of the matrix
Ty Ty X =P, X (19.84)

In particular, if £ = 1, the new projected observations are the columns of

11X = t1 (8] X)) = t1 (][R0, .- - ) R)) = tis) (19.85)
where the vector L
N t1X(1)
s; = Xt; = ; e R" (19.86)

comprises the values (scores) of the first (sample) principal component; the
ith individual has the score tX ;) on the first principal component. The scores
are the (signed) lengths of the new projected observations.

Let us change our approach a little bit and do some considerations in the
variable space R™. Consider a given centered data matrix X = (X1 : X3 :

.1 Xp) and let Xa be a vector in the variable space R"™, and suppose that
a’a = 1. How to choose the vector a € R so that the vector Xa goes “nicely”
through the bunch of variable vectors Xi,X»,...,%X,? Now the orthogonal
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projection of the variable vector X; onto the line ‘K(ia) is p; = Piaii’ and
the corresponding difference (a kind of residual) is

iaa’f(’)
1, - Prxi = (1, - 22 (19.87)
The matrix of all f;-vectors is

F=(f:fy:...:f)=(I,-Pg )X, (19.88)

and it seems natural to choose a so that the matrix F is small in some sense.
Taking the Euclidean matrix norm, we get

f(a) = (I, — P )X|3 = tr(X'X) — tr(Pg XX/
a’'(X'X)%a

= tr(X'X) - —=—=
a’X’'Xa

(19.89)
Now the minimum of f(a) is attained when a is chosen as the eigenvector
corresponding to the largest eigenvalue of X'X = (n — 1)S. Notice that S
and X’X have the same eigenvectors. Hence we conclude that this approach,
putting the vector Xa into the variable space in an appropriate way, yields the
same results as the corresponding task in the observation space on page 403.
Corresponding considerations can be done also in the more general case by
looking for a matrix A € RP** with orthonormal columns such that the
residual matrix F in (19.88) is

F=(f:fy:...:f)=(1,—Ps )X. (19.90)

%a)
Let us take a look at the connection between the SVD and the principal
component analysis. Let X be a centered n X p data matrix whose SVD is

X = UAV' := UAT/, (19.91)
where we have replaced the “traditional” notation V with T. Then
X'X = VA'AV’ := TAT, (19.92)

and so T is the matrix of the orthonormal eigenvectors of X’'X and the
diagonal matrix A comprises its eigenvalues (squared singular values of X).
If we consider a best rank-1 approximation of the centered data matrix X,
then the Eckart—Young theorem (p. 400) tells us that

i X B2 =624+...+42 19.93
B,mﬁl&:l” % =05+ 49, ( )

and that the minimum is attained by taking
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B =B, =dut}, (19.94)

where t; is the first eigenvector of X'X (or equivalently, the first eigenvector

of covariance matrix S), i.e., the first right singular vector of X, satisfying
[see (19.23), p. 395]

)'V(/th = (S%tl s )N(tl = 51U1 . (1995)
Hence we have
Bl = 511111',/1 = itlt/l = Slt/l s where S1 = th s (1996)

which is precisely the result obtained above by minimizing the sum of squared
distances. To repeat one more time, the best rank-1 approximation of the
centered data matrix X is the matrix 131 = st whose rows are multiples
of t); the columns of B’1 = t;8) are projections of the data points onto the
one-dimensional space (line) € (t1).

It is interesting to observe that the matrix approximation by a matrix
of a lower rank indeed yields the principal component analysis. It is also
noteworthy, cf. Mustonen (1995, p. 65), that, as in (19.86) with k = 1, the
values (scores) of the principal components can be obtained directly from the
SVD of )NC; the values of the jth principal component are in the jth column
of B

UA =XT. (19.97)

The columns X;), say, of matrix T'X/ represent the new rotated observations
(data points); the cosine between the original observations X(;) and X(;y is
the same as the cosine between the new observations X and X(;) since T
is orthogonal. Note also that the variables corresponding to the columns of
XT, i.e., the principal components, are uncorrelated because T'X'XT = A?2

is a diagonal matrix.

19.5 Generalized Inverses through the SVD

Different types of generalized inverses can be conveniently characterized
through the singular value decomposition. In the following, we will simply
list (without proofs) some results. The following characterizations appear,
e.g., in Rao (1973a, Complement 28, pp. 76-77), and Ben-Israel & Greville
(2003, Ex. 14, p. 208).

Let A, «xm have a singular value decomposition

A_U (Al(rxr) 0rx (m—r) ) \ (19.98)
O(n—r)xr O(n—r)x(m—r)
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Then the following statements hold:

ATl KN
Ge{AT} <= G= V(L N)U’ (19.99)
- A7t K ,

Ge{AL} <= G=V < L LA1K> U, (19.100)
Ge{Azl={A;} < G=V A0 U’ (19.101)

13 4 L N 5 .

-1

Gel{A}={A} — <A6 ﬁ) U, (19.102)
G=A" = ( g) U/, (19.103)

where K, L, and N are arbitrary matrices.
For the proof of (19.99), see page 110 of Section 4.1.

19.6 Canonical Correlations and the SVD

Canonical correlations are considered in various parts of this book; see, e.g.,
Section 2.1 (p. 77), Section 5.9 (p. 133), and Section 18.9 (p. 379).

As in Section 18.9, consider now random vector u whose covariance matrix
is cov(u) = I,,. Then

A'u o A’A A'B L 211 212 _
cov (B/u) = (B’A B’B) = <221 o 3. (19.104)
Let p; denote the ith largest canonical correlation between the random vectors
A’u and B’u. Then p; is defined as the maximum value of the correlation
between arbitrary linear combinations o’ A’u and 8'B’u. Let a7 and 31 be

the corresponding maximizing values of @ and B. Then @jA’u and 8/B’u
are called the first canonical variables. In view of (18.157) (p. 379),

) (o’ A'Bp)? _ ajA'PgAa;
1

fr a. =
917 Aavo. o/ A'Ac- BBBB o, A'Acy
BB#0

Hence we immediately see that
o1 = sg; ((A’A)T2AB(B'B)T/?) = sg, (21]/°20 25 7%),  (19.106)

where we have denoted shortly (U)Y/2 = Ut'/2, (Actually we can use any
generalized inverse U~ which is nonnegative definite.)
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Suppose, for simplicity, that A and B have full column ranks. Then, in
view of (19.28) (p. 396),
(«/A'BB)’
max
a#0,620 &’ A’Aa - 'B'Bf
[a/(A/A)1/2(AIA>—1/2AIB(B/B)—1/2(B/B)1/2IB]2
a;g%;o a'(A’A)l/Z(A'A)l/Qa . B'(B’B)UQ(B’B)UQ,B

01 =

[a/(A/A)—l/QA/B(B/B)71/2b/]2

- a;erg,atf(;éo a’a-b’b

= max (2'37/*%,3,7°b)? = (a5 /*21,5,,/%b,)?
a’a=b’b=1

=5g2(2?21535577) = chy (57} 1235, 501) (19.107)

where a; = 21{2011 and b; = E;QZﬂl are the first left and right singular
vectors of 2;11/ 22122;21/ ? | respectively.

Next we show one geometric approach to end up to canonical correlations;
see also Section 2.1 (p. 77).

Let X,,xq and Y, x5, be centered data matrices (having full column ranks)
of variables z1, ..., x, and y1, ..., yp, respectively. The problem is to find
vectors f = Xr € €(X) and g = Ys € €(Y) such that their cosine, i.e., the
sample correlation corg(Xr,Ys) is maximal. Keeping first f = Xr fixed, the
vector Y closest to f is

Ys =Py Xr=Y(Y'Y)'Y'Xr, (19.108)
and hence
N/
9 o9 _r'X'PyXr
cos”(Xr, Y$) = cos”(Xr, Py Xr) = —xxe =7 (19.109)
The maximal value of v? is
chy [X'PyX(X'X) '] = chi (PxPy) =77, (19.110)

which is the largest sample canonical correlation (squared) between the sets
of variables {z1,...,2q} and {y1,...,yp}-

19.7 Exercises
19.1. Find the rotation matrix T in Figure 19.3 (p. 404).

19.2. Confirm that the singular value decomposition of the row vector (1,1)
is
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1 1
’ 0 0)\%= —=%= /-
V2 V2

Notice that (1, 1) has no zero singular values—unless we take into account
the honorary singular values; see page 395.

19.3. Let A € R™** with rank(A) = r and denote

B = (X/ 13) ER(VLJFG)X(”JF(I)’ ng(A) = 61») 7 = 1’_.-’7,..

Show that the nonzero eigenvalues of B are d1,...,d,, —d1,...,—0,.

19.4. Consider A € R™*™ with rank(A) = r, and suppose that we construct

U; € R " and V; € R™*" with orthonormal columns so that AA'U; =

U; A2 and A’AV; = V;A? where A? is a diagonal matrix comprising

the r nonzero eigenvalues of A’A. Thus the columns of U; and V; are

orthonormal eigenvectors of AA’ and A’A, respectively. Why does not
this necessarily yield the singular value decomposition A = U;A;V}?

Abadir & Magnus (2005, p. 226).

19.5. Consider symmetric n x n matrices A and B. Then

i=1 i=1

Suppose that A € R"*P, B € RP*". Show, using Exercise 19.3, that the
above result, due to von Neumann (1937), implies the following:

k

k
— ) sgi(A)sg;(B) < tr(AB) < ) sg,(A)sg,(B), (19.112)
i=1 i=1

where k = min(rank(A), rank(B)).
Rao & Rao (1998, pp. 386-387).

19.6. Consider A,B € R"*™ where rank(A) = r > rank(B) = k, and
ap > -+ > ap and By > .-+ > [ are the singular values of A and B,
respectively. Confirm, using (19.112), that the following holds:

|A - B|j% = tr(A’A) + tr(B'B) — 2tr(A'B)

r k k
Z ZOZ?“FZ&? —2Zaj5j
i=1 j=1 j=1

k T T
=D (o= B8)*+ >, al> ) o, (19.113)
j=1

i=k+1 i=k+1

thus offering an alternative proof for the Eckart—Young theorem (p. 400).
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19.7. Suppose that A, B and A — B are symmetric nonnegative definite
n X n matrices. Prove that then

Chi(A—B)ZChi+k(A), izl,...7n—k,

and with equality for all ¢ if and only if
k
B = ZChl(A)tzti = T(k)A(k)Tl(k) s
i=1

where A ;) comprises the first & eigenvalues of A and Ty = (t1:...: tg)

is the matrix of the corresponding orthonormal eigenvectors of A.
Okamoto & Kanazawa (1968), Okamoto (1969),
Fujikoshi, Ulyanov & Shimizu (2010, p. 505).

19.8. Prove (19.62) (p. 400): For A,B € R™*™, where rank(A) = r and
rank(B) = k, we have

sgi(A—B) >sg, 1 (A), i+k<r, (19.114)

and sg;(A —B) > 0 for i + k > r. The equality is attained in (19.114) if
and only if k < rand B = Zle sg;(A)t;u}, where A = Y7 | sg;(A)t;u]
is the SVD of A.

Rao (1980, pp. 8-9), Rao & Rao (1998, p. 382), Stewart (1993, §6).

19.9. Let A and B be nonnegative definite n x n matrices so that ¢ (A) C
¢(B), b =rk(B), and let X,,5, be a matrix with r = rk(BX). Then

chy_,:(B™A) < ch;[(X'BX)"X'AX] < ch;(B~A), i=1,...,r.

Show that the upper bound above is attained simultaneously for all i =
1,...,r if and only if there exists Q; € R™*" such that

Q,BQ; =1,, AQ,=BQD;, and %(BQ))=%(BX),

where D; € R™" is a diagonal matrix comprising the r largest proper
eigenvalues of A with respect to B and the columns of Q; are the cor-
responding proper eigenvectors. Confirm that the upper bound above is

attained by choosing X so that the columns of Q; span % (X).
Scott & Styan (1985, Th. 2).

19.10. Let f be a function defined in the set NND,,. Then it can be shown
that a necessary and sufficient condition for f to be

(a) strictly increasing, i.e., f(A) > f(B) if A > B and A # B,
and

(b) invariant under orthogonal transformation, i.e., f(W/ AW) = f(A)
for any orthogonal W,
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is that f(A) = g[chi(A),...,ch,(A)] for some g that is strictly increasing
in each argument. This means that minimizing f(A) with respect to A
is equivalent to simultaneously minimizing the eigenvalues of A.

Confirm that tr(A), the Frobenius norm ||Al|r, and det(A) satisfy
the above definition. Show that if f satisfies (a) and (b), and y is a given
p-dimensional random vector, then

fleov(y — Ax)] is minimized for any x and any A,y

if and only if Ax = T(,@)Tz Y where T ;) comprises the first k orthonor-

mal eigenvectors of cov(y).
Okamoto & Kanazawa (1968), Seber (1984, pp. 177-178),
Fujikoshi, Ulyanov & Shimizu (2010, §10.2).

19.11. The variables (columns) x1,...,x, are exactly collinear if one of the

x; is an exact linear combination of the others. This is exact collinearity,

i.e., linear dependency, and by term collinearity or near dependency we

mean inexact collinear relations. Condition number of X is defined as:
D (XX 88max(X)

cond(X) = g(X) = — = .
( ( ) Chl/2 (X/X) ngin(X)

min

Show that the following result holds:
KZ(Xl . Xg) Z H(Xl . M1X2) Z H(M1X2) .

Belsley (1991, Th. 6.1).

19.12 (Contingency table, r x ¢). Consider the similar situation as in Exer-

cise 0.7 (p. 47), but suppose the variables x and y have values A4,..., A,
and Bi,..., B, respectively, and assume that we have n observations
from these variables. Let us define new variables in the following way:

21 = 1 if x has value A, and 21 = 0 otherwise,

z, = 1 if x has value A,., and z, = 0 otherwise,

and let y1, ..., y. be defined in the corresponding way with respect to the
values By, ..., B.. Denote the observed n x (r 4 ¢) data matrix as

U=(x3:...:%X:y1:...:¥.) = (X:Y).

Let our task be to calculate canonical correlations p;, say, between the
x-variables and the y-variables, that is, we are interested in linear combi-
nations Xa and Y which have maximal correlation. (Actually it might
be better to denote g; because these are a sample statistics.) Suppose that
r < ¢, in which case we have r pairs (Xay, YS3;) yielding the ¢ canonical
correlations ;. Show, using Exercise 0.8 (p. 48):
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o= s [(XCx)) X CY (YY) ) )

= 8g; [Dr_l/Z(F - E)Dgl/Q] =5g:(Gy),

where C is the centering matrix, (X’CX)~ € NND,, (Y'CY)~ € NND,,
and, as in Exercise 0.7 (p. 47):

D. = Y'Y = diag(c), D, =X'X = diag(r),

c=Y'1,cR r=X'1,cR",

F = X'Y € R"*“: contingency table of x vs. y,

E =rc'/n € R “expected” frequencies of the contingency table F |

G. =D '2(F -E)D;Y? = (X'X)"'12X'CY (YY) '/2.

19.13 (Continued ...). Confirm:
(a) Q? = Chi(chpcy) = Chi(Cchpy),
(b) ¢f = chy[D;'(F — E)D'(F — E)'].
(¢) x* =ntr(PcxPcy) = n(of + - + 02); see Exercise 0.9 (p. 48).
(d) Let G, = UAV’ be the SVD of G,. Then a; = D; /?*u; and
Bi = Dg'/?v; yield the o;.
(e) Check from literature how close we are to the correspondence anal-
ysis.
Greenacre (2007, pp. 201-202), Izenman (2008, §17), Rao (1995).
19.14 (Continued ...). Confirm the following:
(a) PcxPcy = PxPy —J,
(b) nzch(PxPy) = {1, 0f,03,..., 07},
)
)

(C nZCh(PCXPCY) = {9%7 937 ey Q%}a
(d) nzch(PqyxPqxy) = {07 : 0 < 07 < 1}; see Exercise 18.10 (p. 387).
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Philatelic Item 19.1 Paul Anthony Samuelson (1914-2009) was the first American
to win the Sveriges Riksbank Prize in Economic Sciences in Memory of Alfred Nobel
(in 1970). The Laguerre-Samuelson inequality connects an 1880 theorem of Edmond
Nicolas Laguerre (1834-1886) concerning polynomials with all real roots and a 1968
inequality of Samuelson for the maximum and minimum deviation from the mean, see
Section 20.5 (p. 420). The stamp (left panel) for Samuelson was issued by Guinea-Bissau
in 2005. Jan Tinbergen (1903-1994) was a Dutch economist, who was awarded the first
Sveriges Riksbank Prize in Economic Sciences in Memory of Alfred Nobel in 1969 for
having developed and applied dynamic models for the analysis of economic processes.
Tinbergen shared this Nobel Prize with the Norwegian economist Ragnar Anton Kittil
Frisch (1895-1973). For the Frisch-Waugh-Lovell theorem see Section 15.4 (p. 328). The
stamp (right panel) for Tinbergen was issued by The Netherlands in 1995 (Scott 894).
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4 JohnWilliam Strutt, ||

3rd Baron Rayleigh
(1842-1919),

Philatelic Item 19.2 John William Strutt, 3rd Baron Rayleigh, OM (1842-1919) was
an English physicist who, with Sir William Ramsay, KCB (1852-1916), discovered the
element argon, an achievement for which he earned the Nobel Prize for Physics in 1904.
For a real symmetric matrix A the Rayleigh quotient x’ Ax/x'x lies between the mini-
mum and maximum eigenvalues of A, see Section 18.1 (p. 360).



Chapter 20
The Cauchy—Schwarz Inequality

Yes, I've learnt from my mistakes
and I think I'm now able to repeat them almost exactly.

PETER COOK

As Steele (2004, p. 1) says, there is no doubt that the Cauchy—Schwarz in-
equality is one of the most widely and most important inequalities in all of
mathematics. This chapter gives some examples of its use in statistics; fur-
ther examples appear in several places in this book. The Cauchy—Schwarz
inequality is also known as the Cauchy—Bouniakowsky—Schwarz inequality
and is named after Augustin-Louis Cauchy (1789-1857) (see also Philatelic
Ttem 12.1, p. 290), Viktor Yakovlevich Bouniakowsky [Buniakovskii, Bun-
yakovsky] (1804-1899), and [Karl] Hermann Amandus Schwarz (1843-1921);
see Cauchy (1821)! Bouniakowsky (1859, pp. 3-4), and Schwarz (1888,
pp. 343-345), and the book by Steele (2004, Ch. 1).

Theorem 20 (The Cauchy—Schwarz inequality). Let x andy be n x 1
nonnull real vectors. Then

(x'y)? <x'x-yy, foralx,y (20.1)

is the wvector wversion of the Cauchy-Schwarz inequality. Equality holds in
(20.1) if and only if x and y are linearly dependent, i.e.,

(x'y)? =x'x-y'y <= there exists \ € R: x = \y. (20.2)

Proof. There are many ways to prove (20.2), see, e.g., Marcus & Minc (1992,
p. 61). We prove it here using the presentation of the orthogonal projector
onto the column space € (x). Namely, it is obvious that

y' (I, = Px)y >0, (20.3)

ie.,
Yy —yx(x'x)" Xy >0, (20.4)

L As Steele (2004, p. 10) says: “Oddly enough, Cauchy did not use his inequality in his
text, except in some illustrative exercises.”

S. Puntanen et al., Matrix Tricks for Linear Statistical Models: Our Personal Top Twenty, 415
DOI 10.1007/978-3-642-10473-2_21, © Springer-Verlag Berlin Heidelberg 2011
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/)2
@ <vy'y, (20.5)
x'x
from which (20.1) follows. Clearly the equality in (20.1) holds if and only if
(I, - Px)y =0, (20.6)

which is equivalent to the right-hand side of (20.2). Note that clearly the
equality in (20.1) holds if x =0 or y = 0. O

20.1 Specific Versions of the Cauchy—Schwarz Inequality

Let A be an n X n nonnegative definite symmetric matrix with the eigenvalue
decomposition

A = TAT,

20.7
A =diagA,..., ), T=(t1:...:t,), TT=1I,. (20.7)

Here A\y > \g > --- > )\, >0, and t; is the eigenvector corresponding to ;.
In particular, denoting T1 = (t1 : ... : t,) and A; = diag(Aq,...,A,.), where
r = rank(A), we get the symmetric nonnegative definite square root of A:
A2 = TlA}/zT'l. Similarly we get (AT)Y/2 = TlAfl/QT’l and

AVZANY2 =T T =P, . (20.8)
Substituting now x = A'/?u and y = (A*)'/2v into (20.1) we obtain

[u/Al/Q(A+)1/2V]2 < u/Al/QAl/QLl . V/(A+)1/2(A+)1/2V, (20.9&)
(W'Ppv)? <u'Au-vATv. (20.9b)

Equality holds in (20.9) if and only if
A'?u and (A*)Y2%v are linearly dependent, (20.10)
for which one sufficient condition is
ue S (A) or ve S (A). (20.11)

Requesting that u ¢ 4 (A) and v ¢ 4 (A) the equality in (20.9) can be
characterized by the condition

AY2u =) A2y for some A€ R, (20.12)
which is equivalent (please confirm) to

Au = \P,v forsome A €R. (20.13)
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Furthermore,
(W'v)? <uWAu-vV'A v forallve @(A). (20.14)
Equality holds in (20.14) if and only if
Au = )\v forsome \ €R. (20.15)

Clearly, if A positive definite, we have

(u'v)? <uAu-vAlv, (20.16)
and
(W'u)? <u'Au-uvA'u, (20.17a)
1< ‘W, (20.17D)
(ww? (20.17¢)

wAu -wA-lu — 7’

where the equality holds (assuming u # 0) if and only if u is an eigenvector
of A:
Au = )u for some A € R. (20.18)

20.2 Maximizing cor(y, b'x)

Consider a (p + 1)-dimensional random vector z = (x’,y)" whose covariance

matrix is
cov(z) = cov <)y<) = <Ef‘x U’;”) =X. (20.19)

Oxy Oy

What is then the vector b, € RP which gives the maximal value for the
correlation between the random variables y and b’x, i.e.,

max cor?(y, b'x) = cor?(y, b.x) . (20.20)

Using the Cauchy—Schwarz inequality it is easy to prove, see (9.18) (p. 193)
that
b, = X5, 0y (20.21)

which could, of course, be multiplied with any nonzero scalar, and

o Y o«
max cor’(y, b'x) = %"y =05y, (20.22)
b o2
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which is the population multiple correlation coefficient (squared).

20.3 The Kantorovich Inequality

As pointed out in Section 10.7, p. 234), the Watson efficiency under the model
M =y, xB, 02V}, where V is positive definite, is

A var(B) (x'V~1ix)~1 B (x'x)?
¢ =efi(f) = var(3) (x¥'x)"X'Vx(x'x)"!  x'Vx-x'V-Ix’ (20.23)

and by the Cauchy—Schwarz inequality, we have 0 < ¢ < 1. The upper bound
is obtained if and only if B = 3.

The lower bound of ¢ is obtained from the Kantorovich inequality; cf., e.g.,
Watson, Alpargu & Styan (1997):

4 A (x'x)?

2 1\n

= < = 20.24
T ()\1 4 )\n)z - x'Vx -x'V—1x ¢> ( )

where Ay > Ao > -+ > A\, > 0 are the ordered eigenvalues of V. The lower
bound is obtained when x is proportional to t1 +t,,, where t1, to, ..., t,, are
the orthonormal eigenvectors of V corresponding to the eigenvalues A;. The
other way to write the Kantorovich inequality is, of course,

xXVx-x'V7ix (A +X\,)? 1

(x'x)? =T Auh, Hin = 2’

(20.25)

The inequality (20.25) is usually attributed to Leonid Vitaliyevich Kan-
torovich for the inequality he established in Kantorovich (1948, pp. 142-144),
Kantorovich (1952, pp. 106-107); see also Philatelic Item 7.1 (p. 154). As ob-
served by Watson, Alpargu & Styan (1997), the inequality (20.25) originates
from Frucht (1943) and so it may be called “Frucht—Kantorovich inequality”.

The upper bound g, in (20.24) may be written in several different ways,

e.g.,

SV W A

the square of the ratio of the arithmetic and geometric means of A\; and \,,.
We may call this upper bound p,, the “Kantorovich ratio”. Moreover, we will
call 1 — (1/uy,) the “Wielandt ratio” and write

A ((Al + An)/2)27 (20.26)

2 _q_ L (20.27)

17 .
Hn

n —

Other ways of expressing ., include
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i a)? Y 1/1 1
n — )\ A _ I
a Don, a\Vx, \/A1 ISR
1
(\/)\1 - ) - (20.28)
5= A=Ay
N 1- (W)
As noted in Section 10.7 (p. 237), the first antieigenvalue of V is

Vv A1 A’rL

Tl = =

1
M +A)/2 Vi

(20.29)

20.4 The Wielandt Inequality

Let V,, . be a positive definite matrix and let x and y be nonnull vectors in
R"™ satisfying the condition x"y = 0. Then

'Vy)? -1 -y
XVy)" (¥ — (2 =02, (20.30)
x'Vx -y'Vy v+1 A+ A
say, where Ay > --- > A\, > 0 are the eigenvalues of V and v is the condition
number:

= A/, = cond(V). (20.31)

We will refer to (20.30) as the “Wielandt inequality”. For the geometric mean-
ing of the Wielandt inequality, see Gustafson (1999). The first appearance of
(20.30) in a statistical context seems to be by Eaton (1976).

The matrix M and the Cauchy—Schwarz inequality give an interesting
proof for the Wielandt inequality, see Isotalo, Puntanen & Styan (2008d).

Proposition 20.1. Let V be an n x n nonnegative definite matrix with
rank(V) = v and let A\y > --- > X\, > 0 be the nonzero eigenvalues of
V, and tq,...,t, the corresponding orthonormal eigenvectors. Let x € (V)
and y be nonnull vectors satisfying the condition x'y = 0. Then

(X/ v Y)2 AL — )\U 2 4/\1)\1) 2
< =1—— =v,. 20.32
x/‘]x.yl‘]y - )\1 +)\v ()\1 +)\v)2 VU ( )

The upper bound is attained when x =t +t, andy =t — t,.

Proof. Let us denote M = I,, — Py. Then x'y =0 <= y = Ma for some
a € R™. Hence our goal is to find x and a which maximize
(x'Vy)? B (x'VMa)?
x'Vx-y'Vy x'Vx-a’MVMa

= f(x,a). (20.33)
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In light of (20.14) (p. 417), we can write

(x'VMa)? = (xX’'VM - a)? < xX'VM(MVM) MVx -a’MVMa
=x'VMVx-a’'MVMa for all x,a € R", (20.34)

and so, using x € (V) and part (a) of Theorem 15 (p. 318),

xX'VMVx  x'V[VT - VIx(x'VTx)"x’'Vt|Vx
f(xa a) < =
x'Vx x'Vx

x'x)? N

=1-

The term eff (5 | .#) in (20.35) is the efficiency of OLSE(S) under the simple
weakly singular linear model .# = {y, x5, V}. In view of the Kantorovich

inequality, we have
AM Ay

(>‘1 + )‘v)2 '
Substituting (20.36) into (20.35) yields (20.32). O

eff(B | M) > (20.36)

20.5 How Deviant Can You Be?

As Olkin (1992, p. 205) states, Thompson (1935) showed that the deviation
of any particular observation from the mean is bounded by a multiple of
the standard deviation. Implicit in Thompson’s article is the Samuelson’s
inequality:

Proposition 20.2. Let us denote

_ 1 1 _ 1
y=— Zym 832, = Z(yz —9)% = ﬁy'Cy, (20.37)

wherey = (y1,...,yn) € R™, and C is the centering matriz. Then

_ n—1«— _ n—1)2
(= 9)° < ——> (i —9)* = %sg, k=1,....,n. (20.38)
i=1

We may cite Olkin (1992, p. 205) who states that although the inequality
(20.38) appeared in early literature, it was not popularly known until the
article by Samuelson (1968). Overviews of the development of Samuelson’s
inequality can be found in Olkin (1992), Jensen (1999), and Jensen & Styan
(1999). (See also Philatelic Ttem 19.1, p. 414.)

Proof (of Samuelson’s inequality). To prove (20.38), along the lines of Wolkow-
icz & Styan (1979), we first note that y, — y can be expressed as
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yr —y = u'Cy, (20.39)
where u = i = kth column of I,,. Hence we get
(yr — 7)? = yCuu/Cy = u'Cu - y'Cu(u'Cu) 'v'Cy
=cie Y Peuy = 21 - y'Peuy . (20.40)

In view of the Cauchy—Schwarz inequality (and since y'Pcy = y'CPcu), we
get

(y'Pcuy)’ = (¥'C-Pcuy)’ <y'Cy - y'Pcuy, (20.41)

ie.,
Y'Pcuy <y'Cy = (n—1)s,. (20.42)
Multiplying (20.42) with (n — 1)/n gives our claim (20.38). The equality is
obtained if all other y;’s are equal except yg. a

Note that if n = 5 million, then a single observation could not be more
than 2236 standard deviations above the mean.

Trenkler & Puntanen (2005) considered the following generalization of
Samuelson’s inequality, where

T

X = %(X(l) +...+X(n)) :X/O]'% = . s (20.433)
T

Sxx = 7 X(CXp = Lo Z X(j) — X) —x).  (20.43b)

=1

Proposition 20.3. With the above notation,

(n—1)?

Sxx — (X(j) — i)(X(j) — )_()/ >0, (20.44)
or equivalently,

—1)2
(X(j) — )_()/S;i (X(j) — )_() < % , Jj=1,...,n. (2045)
The equality above holds if and only if all x(; different from x(;y coincide

with their mean.

For the proof, see Trenkler & Puntanen (2005), and Arnold & Groeneveld
(1974, Cor. 1); cf. also Proposition 8.2 (p. 157). For related references see
also Farebrother (2009) and Olkin & Raveh (2009).
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20.6 Two Inequalities Related to Cronbach’s alpha

Proposition 20.4. Let 'V be a symmetric nonnegative definite p X p matriz.

Then
p

i.e., (assuming 1'V1 #£0),
p tr(V)
1> 1-— . 20.4
“p—1 ( 1Vl (20.47)

The equality in (20.46) is obtained if and only if V = 6211’ for some 6 € R.

Proof. Following Vehkalahti, Puntanen & Tarkkonen (2009, Th. 1), let us
rewrite (20.46) as (p — 1)1’V1 > p1’V1 — ptr(V), that is,

1Vl

1 <tr(V)=XA 4+ X4+ Ap s (20.48)

1
where A\; > Ay > -+ > A, > 0 are the eigenvalues of V; we will denote
A; = ch; (V). Since
z'Vz
max
240 7z'z

the inequality (20.48) indeed holds. The equality in (20.48) means that

= )\1 = Chl(V) y

1'V1
A > —— =M+ttt A,
11
which holds if and only if Ay = --- = A, = 0 and vector 1 is the eigenvector
of V with respect to A, i.e., V is of the form V = \;11’. O

An alternative proof of Proposition 20.4 appears in Vehkalahti (2000,
Lemma 4.1). The right-hand term of (20.47), i.e.,

pf - (1 - tlr,(\yl)) = a(1), (20.49)

can be interpreted as Cronbach’s alpha, see Cronbach (1951).
Below we give a related result, see Vehkalahti, Puntanen & Tarkkonen
(2009, Th. 3).

Proposition 20.5. Let V be a symmetric nonnegative definite p X p matriz
with Vs = diag(V) being positive definite. Then

a’'Va
max
a#0 a’Vsa

= chy (V;2VV; %) = ey (Ry), (20.50)
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where Ry = Vgl/zVVglﬂ, i.e., Ry can be considered as a correlation
matrix. Moreover,

a’'Va

aVoa <p forallaecRP, (20.51)

where the equality is obtained if and only if V = §%qq’ for some § € R and
some q = (q1,...,qp), and a is a multiple of a, = (1/q1,...,1/qp)".

Proof. In view of Proposition 18.3 (p. 369),

a’Va _ ~1/2 —1/2
max o = A (VEIV) =y (VY V ), (20.52)

and thus (20.50) is confirmed. It is obvious that the largest eigenvalue
of a p x p correlation matrix Ry has property p1 < p, and clearly pu1 = p
if and only if Ry = 11/, i.e., V must be of the form V = 42qq’ for some
y€Rand q = (q1,-...,q,)" € RP. It is easy to conclude that if V = y2qq/,
then the equality in (20.51) is obtained if and only if a is a multiple of

—1/2
a.=V;"1=1(1/q.,..., 1/q,). B

20.7 Matrix Versions of the Cauchy—Schwarz
and Kantorovich Inequality

Consider the matrices A, and B, ;. Then the matrix I, — Py is an
orthogonal projector and hence is nonnegative definite:

I, - B(B'B) B’ > 0. (20.53)
Moreover, (20.53) implies, cf. Chipman (1964, p. 1093), that
A'B(B'B) " B'A < A'A (20.54)

which is a matrix version of the Cauchy—Schwarz inequality. Equality in
(20.54) holds (for a nonnull B) if and only if

¢(A) C €(B). (20.55)

Note that from (20.54) we get the determinantal version (supposing that
p = q) of the Cauchy—Schwarz inequality:

|A'B|> <|A’A|-|B'B|. (20.56)
Let then V be a symmetric nonnegative definite n x n matrix and X an

n X p matrix. Substituting A = V/?2X and B = (V)Y/2X into (20.54),
Baksalary & Puntanen (1991, Th. 1) proved the inequality
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X'PyX(X'VX) X' PyX < X'VFX, (20.57)
with equality if and only if
¢ (VX) =€ (PyX). (20.58)
Obviously we can express (20.57) equivalently as
X'PyX(X'VIX)"X'PyX < X'VX. (20.59)

Let us then have a look at the matrix versions on the Kantorovich inequal-
ity. When u’u = 1, we may express the Kantorovich inequality as

()‘1 + )‘n>2

/V <
wYUS Ton

(u'V~'u) !, (20.60)

which is more convenient for matrix extensions. Marshall & Olkin (1990)

generalized the Kantorovich inequality by showing that in the Lowner partial

ordering

()\1 + )\n)2
AX A,

where the n x n matrix V is positive definite with eigenvalues \; > --- > A,
while the n x p matrix U satisfies U'U = I,,. It is easy to see that V and
V~1in (20.61) may be interchanged and so we also find that

U'VvVU <, (u'v-tu)t, (20.61)

(>\1 + )\n)2

UvVlu<
=L 0N,

(u’'vu) L. (20.62)

Let X, xp has full column rank. Then, as pointed out on page 238,

(X'VIX) ™ < (X'X)TIX'VX(X'X) !

2
< ()\1 + )\n)

<L (X'VIX)~L (20.63)

We may complete this section by considering the following result (see
Lemma 1 of Drury, Liu, Lu, Puntanen et al. 2002):

Proposition 20.6. Let V be an n X n nonnull nonnegative definite matriz
and let the matrices X and Y be n X p and n X q, respectively. Assume that
equation

X'PyY =0 (20.64)

holds. Then
V — PVX(X’VJFX)*X’PV > VY (Y'VY) Y'V, (20.65)

and hence
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X'VX - X'PyX(X'VIX)"X'PyX > X'VY(Y'VY) Y'VX  (20.66)

for any choices of generalized inverses (X'VTX)™ and (Y'VY)™. Equality
holds in (20.65) if and only if

rank(V) = rank(VX) + rank(VY), (20.67)

and then equality holds in (20.66).

Proof. To prove (20.65), we first denote K = (V1)/2X and L = V'/2Y,
and so, in view of (20.64), F'L = 0, and

Substituting the explicit representations of the projectors into (20.68), yields

(VO2X(X'VIX)"X (VY2 £ VI2Y(Y'VY) Y'V/2
=Py <L Py, (20.69)

where the last Lowner ordering follows from the column space inclusion
€(U) C €(V). Pre- and postmultiplying (20.69) with V'/? gives (20.65)
at once. Moreover, the equality in (20.65) holds if and only if

¢(U)=¢(K:L)=%(V), (20.70)
which yields (20.67). O

For further matrix versions of the Kan-
torovich and Wielandt inequalities, see Al-
pargu, Drury & Styan (1997), Alpargu &
Styan (2000), Baksalary & Puntanen (1991),
and Drury, Liu, Lu, Puntanen et al. (2002),
Khatri & Rao (1981, 1982), Liu & King (2002),
Liu & Neudecker (1995, 1997, 1999), Liu
(2000b), Pecarié¢, Puntanen & Styan (1996),
Wang & Shao (1992), and Rao (2007). For
matrix trace Wielandt inequalities with sta-

tistical applications, see Liu, Lu & Puntanen
(2009).

Photograph 20.1 Shuangzhe 9.8 Exercises
Liu (Canberra, 2005).

20.1. Prove the Proposition 20.3 (p. 421).
20.2. Prove (20.57) (p. 424):



126 20 The Cauchy-Schwarz Inequality
X'PyX(X'VIX)"X'PyX < X'VX,
with equality if and only if ¥(VX) = ¢ (P X).
20.3. Choosing X = (I, : 0)’ in (20.63) (p. 424) confirm that

()\1 + )\n)Q
AM A\,
()‘1 + /\n)2
41 A\,

(V)< Vi< (Vi)

IA

-1 11 -1
Vi =tV L Vi
where V is positive definite and V~! = (3; X;i )

20.4. Confirm that the upper bound in (10.143b) (p. 238), cf. (20.63) (p. 424,

i.e., in
~ N A+ A2 ~
cov(B) < cov(B) <1 % cov(B),

is attained, for example, when
1 1 1 » 00
1 1 -1 r 100

X == EEE V= 001+l 0<r<l1.

-1 1 00 r 1

Magness & McGuire (1962).

20.5 (A matrix version of the Kantorovich inequality). Let V be a nonneg-
ative definite matrix with rank(V) = v > 1, and X € R"*P. Show that
then

()\1 + )\v)z

AN\,

Notice that in (20.59) (p. 424) we have the lower bound for X’VX.

Drury, Liu, Lu, Puntanen et al. (2002, Th. 1).

X'VX <, X'PyX(X'VIX) X'PyX.

20.6 (A matrix version of the Wielandt inequality). Let V be positive def-
inite, and let X € R" P Y € R"*? satisfying X’Y = 0. Show that
then

)\1 - )\n

)\1 + /\n

Observe that if n =p+¢gand X = (I,:0) and Y = (0:I,,_,)", we get

2
X'VY(Y'VY) Y'VX <, < ) X'VX .

A=A 2
Vi, V5iVy < L VT
12 Voo V21 SL (/\1 +)\n) 11

Drury, Liu, Lu, Puntanen et al. (2002, Th. 2), Wang & Ip (1999, Th. 1).



Notation

R real numbers
R™ ™  set of n X m real matrices
R*™  subset of R™*"™ consisting of matrices with rank r
RZ  subset of R™*™ consisting of symmetric matrices
NND,, subset of RY consisting of nonnegative definite (nnd) matrices:
A € NND,, <= A = LL/ for some L; instead of nnd, the term
positive semidefinite is often used
PD,, subset of NND,, consisting of positive definite (pd) matrices: A =
LL’ for some nonsingular L
0 null vector, null matrix; denoted also as 0, or Onxm
1, column vector of ones, shortened 1
I, identity matrix, shortened I
i; the jth column of I; the jth standard basis vector
A ={a;;} matrix A with its elements a;;
Anxm 71 X m matrix A
a column vector a € R"
A’ transpose of the matrix A
(A :B) partitioned (augmented) matrix
A=(ay am) Apxm represented columnwise
ag)
A = A, xm represented row-wise
aln)
A~ inverse of the matrix A
A~ generalized inverse of the matrix A: AA™ A = A, also called {1}-

{A™}

inverse, or inner inverse

the set of generalized inverses of A

S. Puntanen et al., Matrix Tricks for Linear Statistical Models: Our Personal Top Twenty,
DOI 10.1007/978-3-642-10473-2, © Springer-Verlag Berlin Heidelberg 2011



428

ij
A1/2

A+1/2
In(A) = (7,v,9)
(a,b)

<av b)V
alb

l[all

llallv

(A,B)
Allr

A2

A7
cond(A)

cos(a, b)
Z(a,b)

Ale, f]

Ala]

Notation
reflexive generalized inverse of A: AATA =A, ATAA™ = A",
also called {12}-inverse

the Moore—Penrose inverse of A: the unique matrix satisfying the
four Moore—Penrose conditions:

(mpl) AATA =A,
(mp3) (AA7) = AA™,

(mp2) ATAA” = A7,
(mpd) (ATA) =A"A

generalized inverse of A satisfying the Moore—Penrose conditions
(mpi) and (mpj)

symmetric nnd square root of A € NND,: AY/? = TAY?T,
where A = TAT’ is the eigenvalue decomposition of A

(a+)

inertia of the square matrix A: 7, v, and ¢ are the number of posi-
tive, negative, and zero eigenvalues of A, respectively, all counting
multiplicities

standard inner product in R™: (a,b) = a’b; can denote also a
general inner product in a vector space

inner product a’Vb; V is the inner product matrix (ipm)

vectors a and b are orthogonal with respect to a given inner prod-
uct

Euclidean norm (standard norm, 2-norm) of vector a, also denoted
lall2: ||a]|* = a’a; can denote also a general vector norm in a vector
space

llal|3; = a’Va, norm when the ipm is V (ellipsoidal norm)

standard matrix inner product between A,B € R"*™: (A B) =

tr(A'B) = Zi,j aijbij

Euclidean (Frobenius) norm of the matrix A: ||A||% = tr(A’A) =
@5 4

matrix 2-norm of the matrix A (spectral norm):

[All2 = HmaflllAXIlz =sg1(A) = +1/chi(A'A)

x||

matrix 2-norm of nonsingular A, xn: [[A7 2 = 1/sg,, (A)

condition number of nonsingular A, x,: cond(A) = ||Al[2]|A |2
sg1(A)/sg,(A)
cos Z(a, b), the cosine of the angle, 6, between the nonzero vectors

a and b: cos(a,b) = cosf = cos Z(a,b) = Hé(jfl\blz\\

the angle, 8, 0 < 6 < 7, between the nonzero vectors a and b:
6= Z(a,b) = cos !(a,b)

submatrix of A, xn, obtained by choosing the elements of A which
lie in rows a and columns (3; o and [ are index sets of the rows
and the columns of A, respectively

Ala, o], principal submatrix; same rows and columns chosen



Notation

cof (asjz)

det(A)

det(A[a])
det(AL)

Al

diag(A)
diag(di,...,dn)
diag(d)

A/A1

Asz
A> 0
A>0
A< B

A< B
A<:B
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ith leading principal submatrix of Anxn: AY = Ala,a], where

a={1,...,i}

submatrix of A, obtained by choosing the elements of A which do
not lie in rows « and columns 3

submatrix of A, obtained by deleting row i and column j from A
ijth minor of A corresponding to a;;: minor(a;;) = det(A(z, 7)),
i,j€{l,...,n}

ijth cofactor of A: cof(a;;) = (—1)" minor(ai;)

determinant of the matrix Anxn: det(a) = a, a € R, det(A) =
Z;L:1 aij cof(asj), @ € {1,...,n}: the Laplace expansion by minors
along the ith row

principal minor

leading principal minor of order @

determinant of the matrix A, xn

diagonal matrix formed by the diagonal entries of A, xn

n x n diagonal matrix with listed diagonal entries

n x n diagonal matrix whose ith diagonal element is d;

diagonal matrix formed by the diagonal entries of A, xn

rank of the matrix A

rank of the matrix A

trace of the matrix Ay xp: tr(A) = 21;1 aii

trace of the matrix A, xn

vectoring operation: the vector formed by placing the columns of
A under one another successively

Kronecker product of Ay and Bpxg:

a11B almB
A®B= € R"PX™a
an1B anmB
Schur complement of Ay in A = (2; 2;; ):

A/A11 = Az — A1 AT A2

Aos — A1 AT A2

A is nonnegative definite: A = LL’ for some L; A € NND,,

A is positive definite: A = LL’ for some invertible L; A € PD,,

B — A is nonnegative definite; B — A € NND,,; A lies below B
with respect to the Lowner ordering

B — A is positive definite; B — A € PD,,

A and B are rank-subtractive; rk(B — A) = rk(B) —rk(A); A lies
below B with respect to the minus ordering
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Sh(V | X)

Pa.v

PA;V

PaB
{Pas}

“(A)

N (A)
(A)*

AJ_
C(A)v

Ay
pa(z)
ucy
u+y
UV
UmBYy
unvy

chi(A) = \;
ch(A)

ch(A,B)
nzch(A)
ChVi (A)

Sgi(A) =4

Notation

the shorted matrix of V.€ NND,, with respect to X, xp, Sh(V | X)
is the maximal element U (in the Lowner ordering) in the set
U={U:0<, ULV, ¢U0)Ccg(X)}

orthogonal projector onto ¥(A) (w.r.t. I): Pa = A(A’A)" A’ =
AAT

orthogonal projector onto ¢(A) w.r.t. V.€ PD,:
Pav=A(A'VA)"A'V

generalized orthogonal projector onto ¢(A) w.r.t. V.€ NND,:
Pav=A(A'VA)"A'V+A[I-(A'VA)” A'VA|U, where U is
arbitrary

projector onto €'(A) along ¢(B): Pajg(A:B) = (A:0)
set of matrices satisfying: Pa|g(A : B) = (A : 0)

orthogonal projector onto the vector space U (w.r.t. a given inner
product)

column space of the matrix Apxp: €(A) = {y € R" 1 y =
Ax for some x € RP }

null space of the matrix Apxp: #/(A)={x€RP: Ax =0}

orthocomplement of €(A) w.r.t. I ¥(A)" = {z € R" : 2/Ax =
0Vx eRP} = 4 (A)

matrix whose column space is Z(AL) = ¢ (A)*

orthocomplement of ¥(A) w.r.t. V: 4(A)y = {z € R" : 2/ VAx =
0Vx eRP} = 4 (A'V)

matrix whose column space is Z(A)y

the characteristic polynomial of A: pa (z) = det(A — zI)

U is a subset of V; possibly U =V

sum of the vector spaces U and V

direct sum of the vector spaces U and V

direct sum of the orthogonal vector spaces U and V
intersection of the vector spaces U and V

the ith largest eigenvalue of Ay xy (all eigenvalues being real)

set of all n eigenvalues of A, xn, including multiplicities, called
also the spectrum of A: ch(A) = {chi1(A),...,ch,(A)}

set of proper eigenvalues of symmetric A, x, with respect to B €
NND,; A € ch(A,B) if Aw = ABw,Bw # 0

set of the nonzero eigenvalues of Ay xn:

nzch(A) = {chi(A),...,chr(A)}, r = rank(A)

eigenvector of A, x, with respect to A\; = ch;(A): a nonzero vec-
tor t; satisfying the equation At; = \;t;

the ith largest singular value of A, xm: sg;(A) = ++4/ch;(A’A) =

+/ch; (AA)



Notation
sg(A)
nzsg(A)
p(A)

vars(y)

varg(y) = s;

covs(z,y)

cova(X,y) = Szy

cord (X,y) = Tay

X
%

ui,...,Uq
U1y -5 Wn)
i

U

..., 0
LICOERRERRLIED)

varg(u;) = s2
cova(ui, uj) = sij
ssp(U) = {ti;}
cova(U) = {si;}

cord(ui, uj) = Tij

corg(U) = {ri;}

MHLN?(u(;), @, S)
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set of the singular values of A, xm (m < n):
sg(A) = {sg1(A),...,sg,,(A)}

set of the nonzero singular values of A, xm:
nasg(A) = {sg,(A), .., 5g,(A)}, r = rank(A)

the spectral radius of A, xn»: the maximum of the absolute values
of the eigenvalues of A, xn

sample variance of the variable y

sample variance: argument is the variable vector y € R™:
vara(y) = 745y'Cy = 745 200 (i — )

sample covariance between the variables x and y

sample covariance: arguments are variable vectors € R™:
cova(x,y) = 755x'Cy = A5 >0 (@i — i) (yi — §)
sample correlation: ry, = x'Cy/y/x’Cx - y'Cy = cos(Cx, Cy)
projection of x onto €(1,): X = Jx = z1,
centered x: Xx=Cx=x—-Jx=x—71,
n X d data matrix of the u-variables:
)
U=(ur:...:ug) =
)

“variable vectors” in “variable space” R™
“observation vectors” in “observation space” R?
vector of means of the variables u1,...,uq: G = (u1,...,4q)
centered U : U = CU, C is the centering matrix
centered variable vectors

centered observation vectors

sample variance: argument is the variable vector u; € R™:
vara(us) = Ty Cus = 2oy S0 (s — 0)?

sample covariance: arguments are variable vectors € R™:
Sij = ﬁu;Cuj = ”+1 Zz:l(ugi - ﬂi)(Ug]‘ — ﬂj)

matrix T (d x d) of the sums of squares and products of deviations
about the mean: T = U'CU = Z:;l(u(i) —0)(ug — )

sample covariance matrix S (d x d) of the data matrix U:
n —_ —

S = nilT = nil Zi:l(u(i> - u)(u(l) - u)/

sample correlation: arguments are variable vectors € R™

sample correlation matrix R (d x d) of the data matrix U:
R = corg(U) = (diag S)~*/28(diag S) /2

sample Mahalanobis distance (squared) of the ith observation from
the mean: MHLNZ(u(i), 4,S) = (uy) — ﬁ)'S_l(u(i) —u)
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MHLN?(@;, @5, Sx)

MHLN? (u, p, )
E()

var(z) = o2

cov(w,y) = oay

cor(z,y) = Quy

cov(x)
cor(x)
cov(x,y)

cov(x,x)
cor(x,y)

x
COV{ 4

x ~ (1, 3)
X~ NP(H’? 2)
n(x; p, )

cci(x,y)

ce(x,y)

: Xo)

Notation

sample Mahalanobis distance (squared) between two mean vectors:
MHLN? (%, @5, S.) = (@; — 1;)/S; ' ({; — @), where
S. = ———(U;C,, U1 + U5C,,Us)

ni+ng—2
population Mahalanobis distance squared:
MHLN?(u, 4, ) = (u — p)'S™ (u — p)

expectation of a random argument: E(z) = pix1 + -+ - + pray if
z is a discrete random variable whose values are x1,...,x; with
corresponding probabilities p1, ..., pk

variance of the random variable z: 02 = E(z — pz)?, pe = E(2)

covariance between the random variables = and y:
Ozy = E(x — pa)(y — py), po = E(2), pry = E(y)

o
correlation between the random variables = and y: zy = ——

OOy

covariance matrix (d x d) of a d-dimensional random vector x:
cov(x) = 3 = B(x — 1) (x — uxe)

correlation matrix (d x d) of the random vector x:
cor(x) = P = (diag £) /22 (diag )~ /2

(cross-)covariance matrix between the random vectors x and y:
cov(x,y) = B(x — ) (y — py)" = Ty

cov(x,x) = cov(x)

(cross-)correlation matrix between the random vectors x and y

partitioned covariance matrix of the random vector (’;)

x Yxx Oxy cov(x, x)
CoVv = ’ 2 = ’
Y Oxy Oy cov(x,y)

E(x) = p, cov(x) =X

var(y)

cov(x, y))

x follows the p-dimensional normal distribution N, (u, X)
density for x ~ Ny (u,X), ¥ pd:

1 L (x—p)' S (x—p)

n(x; p, X) = Gryrsiz

ith largest canonical correlation between the random vectors x
and y

set of the canonical correlations between the random vectors x
and y

set of the nonzero (necessarily positive) canonical correlations be-
tween the random vectors x and y; square roots of the nonzero
eigenvalues of P Pg:

ccy (x,y) = nzch'/?(PoPg) = nzsg[(A’A)TV/2A'B(B'B) /7]

x\ [(A'A A'B
“Vly|] = \B'A BB

in regression context often the model matrix



Notation

Xo

X1y... Xk
X(1)74.

ssp(Xo 1 y)

. X(n>

cova(Xo : y)

corg(Xo :y)

(X1 :

e
< ™

k1l
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n X k data matrix of the z-variables:

X(1)
Xo=(x1:...:Xp) =
X(m)
variable vectors in the variable space R™
observation vectors in the observation space R¥
partitioned matrix of the sums of squares and products of devia-

tions about the mean of data (Xo :y):

Txx tx
e = (t' t) = (X0 :¥)/O(Xo 1 y)
xy

partitioned sample covariance matrix of data (Xo : y):

Sxx Sx1
covg(Xop 1 y) = >
Sy Sy

partitioned sample correlation matrix of data (Xo : y):

Rxx rx
corg(Xop :y) = v

orthogonal projector onto %(X), the hat matrix: H = X(X'X)" X' =
XX =Py

orthogonal projector onto ¢(X)*: M =1, — H
the orthogonal projector onto ¢ (1,): J = %1n1; =P,

centering matrix, the orthogonal projector onto %(1,,)~:
c=I,-J

partitioned model matrix X
orthogonal projector onto %’(Xl)J‘: M, =1, — Px,
solution to normal equation X'X8 = X'y, OLSE(B)

¥ = Hy = OLS fitted values, OLSE(Xp), denoted also )/(-B =0,
when p = Xp

solution to generalized normal equation X’ W~ X3 = X'W ™y,
where W = V + XUX', ¥(W) = ¢(X : V)

if V is positive definite and X has full column rank, then 8 =
BLUE(B) = (X'V'X)"'X'V~ly

BLUE(XS), denoted also X8 = fi

mean of the response variable y: § = (y1 + -+ yn)/n

vector of the means of k regressor variables x1,...,zp: X =

(Z1,...,7,) €RF

projection of y onto €(1,): ¥ = Jy = y1,
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BLP(y;x)
BLUE(K'g)

BLUP(yy;y)
LE(K'B;y)

LP(y;x)

LUE(K'B;y)
LUP(ys;y)

MSEM(f(x);y)

MSEM (Fy; K'8)

OLSE(K'B)

risk(Fy; K'B)
Vi

Mrmix

Notation

centered y, y=Cy =y —y

ﬁx = T;,}txy = S;,}sxy: the OLS-regression coefficients of x-
variables when X = (1 : Xjo)

Bo=y—PBLx=17— (Bﬁn 4+t kak) OLSE of the constant
term (intercept) when X = (1 : Xo)

the best linear predictor of the random vector y on the basis of
the random vector x

the best linear unbiased estimator of estimable parametric func-
tion K’B, denoted as K’'B or K’

the best linear unbiased predictor of a new unobserved y ¢

(homogeneous) linear estimator of K’'B3, where K € RP*4:
{LE(K'B;y)} = {Ay: A e R™*"}

(inhomogeneous) linear predictor of the p-dimensional random
vector y on the basis of the g-dimensional random vector x:
{LP(y;x)} ={f(x): f(x) = Ax+a, AR acR"}

(homogeneous) linear unbiased estimator of K’g3:
{LUE(K'B;y)} = { Ay : E(Ay) =K'}
linear unbiased predictor of a new unobserved y s:
{LUP(ys;y)} = {Ay : E(Ay —ys) = 0}

mean squared error matrix of f(x) (= random vector, function of
the random vector x) with respect to y (= random vector or a
given fixed vector): MSEM|[f(x);y] = Ely — f(x)]ly — f(x)]’

mean squared error matrix of the linear estimator Fy under
{y, X8, 0V} with respect to K’'g:

MSEM(Fy: K'8) = E(Fy — K'8)(Fy — K'8)’

the ordinary least squares estimator of parametric function K’'f3,
denoted as K',é or K’3; here ,@ is any solution to the normal
equation X’'X8 = X'y

quadratic risk of Fy under {y, X8, 0>V} with respect to K'g:
risk(Fy; K'B) = tr[MSEM(Fy: K')] = B(Fy — K'B) (Fy — K'B)
linear model: {y, X8, 0?V}:y = XB+e, cov(y) = cov(e) = 0>V,
E(y) = X8

mixed linear model: #nix = {y, XB8+Z~, D, R}y = XB+Z~v+

€; v is the vector of the random effects, cov(y) = D, cov(e) = R,
cov(y,€) =0, E(y) = Xp

linear model with new future observations y:

e = y XpB o2 V Vi
My = yi 5 Xfﬂ ) Va1 Voo
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(a) Three observations, (b) twelve observations.

1000 observations from N2(0,X); 0z = 5, o0y = 4, 02y = 0.7.

In this figure R* = ¢(a: b) @ ¢(c), R* = ¢(a:b)B%(a: b)™".
Here R? = ¢(a) @ ¢(b), R? = ¢(a) B¢ (a)™".

Geometric illustration of f = aa+ b and g =vya+db,a > 1, 8 < 1,
4 < 1,8 > 1. Also the orthocomplement %(a : b)~* is marked.

(Example 0.1) (a) Original data points, (b) centered data points.
The mean point is marked as a filled circle. A confidence ellipse is
also drawn; see Figure 0.8a (p. 56). Each observation has an equal
Mahalanobis distance from the mean.

(Example 0.1) The variable vector y in the variable space R3: ¥ is
the centered y and y = Jy.

Completed Figures 0.1a and 0.1b. Regression line a bit thicker. The
confidence ellipses (constant-density contours) are based on the as-
sumption that samples are from Na(u, ), where g and ¥ are equal
to their sample values.

Completed Figure 0.2: Observations from N2 (0, X); 0, =5, o0y = 4,
0zy = 0.7. Regression line has the slope ,@’1 R 0zy0y /0. The direction
of the first major axis of the contour ellipse is determined by t1, the
first eigenvector of X.

Partial correlation r4,.. geometrically.

High cosine between x and y but no correlation. Vectors x and y very
close to 1.

Partial correlation r;y.. = 0. Note that if y is explained by x and z,
then the x’s regression coefficient is 0.

Mlustration of SST = SSR + SSE. (Same as Fig. 8.4, p. 183.)

Set V is the set of all solutions to Ab = y. The vector b; is the
solution with the shortest norm: by = A+y.

A parallelogram defined by the centered variable vectors X and ¥.

1000 observations from N2(0,X); 0z = 0y = 1, 02y = 0.7.
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List of Figures and Philatelic Items

Fitting the linear model into the scatterplot of Fig. 8.1. Residuals
from (a) .4 = {y, 1,80,021}, (b) 12 ={y,1B0 + x51,021}.
Projecting y onto ¢(1 : x).

Nlustration of SST = SSR + SSE. (Same as Fig. 3.5, p. 100.)

Large R? but r1y and ra, very small.

Illustration of the reduced model.

Three treatments, 1, 2 and 3; seven observations.

The four data sets of Anscombe (1973). Each pair yields identical
numerical regression output. Lesson: plot, plot, plot!

(a) Data of Pearson & Lee (1903): heights of fathers and sons, in cen-
timeters; n = 1078. (b) Data of Galton (1886): height of “midparent”
vs height of adult child, n = 928. Measurements are centered and
scaled so that variances are 1.

Throwing two dice, see Section 9.3. The random variable y is a sum
of two dice, x1 and x2. The picture shows the joint distribution of x
and y. The thick line’s equation is y = 3.5 + x1, which is the BLP of
y on the basis of 1 when considering 1 and y as random variables.

(See Exercise 9.1.) A two-dimensional discrete distribution, each of
the 15 pairs appearing with the same probability.

(See Exercise 18.16.) A 95% confidence region for the observations
from Na(p, 30).

Minimizing orthogonal distances.

The scatter plot of the 12 observations of the centered data matrix
appeared in Figures 0.1b (p. 2) and 0.8b (p. 56).

(Continuation to Figure 19.2.) (a) The centered data matrix X is

postmultiplied by the rotation matrix T: XT = (w : z). What is
T = (t1 : t2)? (b) The orthogonal distances of the data points from
the line ¢’ (t1) are marked up.

Two philatelic sheetlets with Diirer’s Melencolia 1.

Philatelic sheetlet from Guinea-Bissau 2009 depicting ALBERT EIN-
STEIN (1879-1955), LEONHARD PAUL EULER (1707-1783), GALILEO
GALILEI (1564-1642), and IsaaAc NEWTON (1643-1727).

Stamps for RAMON LLULL (1232-1316).
A 4 x 4 philatelic Latin square, Pitcairn Islands 2007, Scott 647.
A 5 x 5 philatelic Latin square, Pakistan, 2004.

PRASANTA CHANDRA MAHALANOBIS, FRS (1893-1972) was an Indian
scientist and applied statistician. In 1936 he introduced what is now
called the Mahalanobis distance. In 1931 Mahalanobis founded the
Indian Statistical Institute in Kolkata.

CALYAMPUDI RADHAKRISHNA RAO, FRS; (b. 1920) is a world-renown-
ed Indian-born statistician and National Medal of Science Awardee.
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Ph.I. 7.1, p. 154 LEONID VITALIYEVICH KANTOROVICH (1912-1986) was a Soviet/Rus-
sian mathematician and economist. ABU ABDALLAH MUHAMMAD IBN
MUSA AL-KHWARIZMI (c. 780—c. 850), a Persian mathematician, as-
tronomer and geographer and scholar in the House of Wisdom in
Baghdad. He is considered the founder of algebra, a credit he shares
with Diophantus of Alexandria.

Ph.I. 7.2, p. 154 PIERRE-SIMON MARQUIS DE LAPLACE (1749-1827) was a French
mathematician and astronomer whose work was pivotal to the de-
velopment of mathematical astronomy and statistics.

Ph.I. 9.1, p. 214 JoHANN CARL FRIEDRICH GAUSs (1777-1855) was a German math-
ematician and scientist who contributed significantly to many fields,
including number theory, statistics, analysis, differential geometry,
geodesy, geophysics, electrostatics, astronomy and optics.

Ph.I. 11.1, p. 282 JOHN VON NEUMANN (1903-1957) was a Hungarian—American math-
ematician who made major contributions to a vast range of fields,
including set theory, functional analysis, quantum mechanics, ergodic
theory, continuous geometry, economics and game theory, computer
science, numerical analysis, and statistics.

Ph.I. 11.2, p. 282 JULES HENRI POINCARE (1854-1912) was one of France’s greatest
mathematicians and theoretical physicists and in 1886 he was ap-
pointed to the Chair of Mathematical Physics and Probability at the
Sorbonne.

Ph.I. 12.1, p. 290 TADEUSZ BANACHIEWICZ (1882-1954) was a Polish astronomer, math-
ematician and geodesist. The French mathematician BARON AUGUSTIN-
Louis CAUCHY (1789-1857) started the project of formulating and
proving the theorems of infinitesimal calculus in a rigorous manner.

Ph.I. 17.1, p. 356 Determinants were applied in 1683 by the Japanese mathematician
TAKAKAZU SEKI KOwa (1642-1708) in the construction of the re-
solvent of a system of polynomial equations [but] were independently
invented in 1693 by GOTTFRIED WILHELM VON LEIBNIZ (1646-1716).
Leibniz was a German mathematician and philosopher who invented
infinitesimal calculus independently of Isaac Newton (1643-1727).

Ph.I. 17.2, p. 356 CHARLES LUTWIDGE DODGSON (1832-1898), better known by the
pen name LEWIS CARROLL, was an English author, mathematician,
Anglican clergyman and photographer. As a mathematician, Dodgson
was the author of Condensation of Determinants (1866) and Elemen-
tary Treatise on Determinants (1867). His most famous writings, how-
ever, are Alice’s Adventures in Wonderland and its sequel Through
the Looking-Glass.

Ph.I. 19.1, p. 414 PAUL ANTHONY SAMUELSON (1914-2009) was the first American to
win the Sveriges Riksbank Prize in Economic Sciences in Memory
of Alfred Nobel (in 1970). JAN TINBERGEN (1903-1994) was a Dutch
economist, who was awarded the first Sveriges Riksbank Prize in Eco-
nomic Sciences in Memory of Alfred Nobel in 1969.

Ph.I. 19.2, p. 414 JouN WILLIAM STRUTT, 3rd Baron Rayleigh, OM (1842-1919) was
an English physicist who, with Sir William Ramsay, KCB (1852
1916), discovered the element argon, an achievement for which he
earned the Nobel Prize for Physics in 1904.
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data points having the same MHLN

25
invariance 65) o
maximizing % 373
matrix M
PyMPy, 317
matrix M

M(MVM) M 45,317
matrix derivative vi
matrix inequality
Cauchy—Schwarz 423
Kantorovich 237,424, 426
Wielandt 425,426
maximizing
(a’x)?/x'Bx 369
cor(y, f'x) 417
corg(Xr,Ys) 409
corq(y, Xob) 79,173
|HV — VH||3. 240
AT 2
%ﬁ?m 8
[a (ua(,z,)sau)] 373
U subject to U < V, ¢(U) C ¢(X)
312
ad'A'PgAa/ad’A’Aa 78
a’>%a/a’Sa 204
u’u subject to 'S tu=¢? 365
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x'Ax/x'Bx 369

x’ Ax subject to x'x =1 360

x’ Ay subject to x'x =y'y =1 395

cos(y,Ab) 77

cos’(u,v),uc A, veB 78

tr(G’AG) 397

trfcov(XB) — cov(XB)] 240

var(b'x) subject to b’b =1 362
mean squared error 194

mean squared error matrix 194,196, 259

mean vector of z-variables
X=Xyl 157
Melencolia I by Direr 54
minimizing
(Y - XB)' (Y - XB) 80,231,399
(y—XB)W™(y —Xp) 44
(1 =)+ + (yn —)® 92
Ely — (Ax+Db)]ly — (Ax+b)]" 196
MSEM(Ax +b;y) 196
cov(Ay — yy) subject to AX = X
246
cov(By) subject to BX =1, 41
cov(Gy) subject to GX =X 39,41,
216
cov(Hy — FMy) 210
cov(y — Fx) 191
eff(B) = |cov(B)|/|cov(B)| 238
|IX — XPg| 404

X —B| 406

||JA — BZ||r subject to Z orthogonal
401

||A — BJ subject to rk(B) = k 399,
400

= -ZAA'SA)TA'S|| 205

ly — Ax|y 14,81

ly — Ax||y, singular V. 87

ly — Ax| 71,76

ly — X8| 33

yr —aal| + - +[lyg — gl 36
> —Xa(a’¥a) 'a’E 204

b’Nb subject to Ab=y 116

b’b subject to Ab=y 115

x’Ax subject to x'x =1 360

x' Ay subject to x'x =y'y =1 395
cos?(Vz,z) 237

tI‘(P21/2AE) 205

var(a'y) subject to X'a=k 42,117
var(g'y) subject to 1'g =1 223
var(y — f'x) 193

varq(y — Xob) 79,174

fleov(y — Ax)] 412

angle 77

mean squared error 195

mean squared error matrix 196

Subject Index

orthogonal distances 403

minimum norm g-inverse 116
minimum seminorm g-inverse 116,315
minus ordering 218, 315

mixed linear model 253

A(X : =X = (0 : DZ'X1),
Ay = BLUP(vy) 254

B(X : ¥X1) = (X : 0),
By = BLUE(X3) 254

and stochastic restrictions 273

as a model with a new future
observation 254

BLUE of X8 254

BLUP of v 254

Henderson’s mixed model equation
255

Pandora’s Box 254

two mixed models 277

model matrix

X =(1:Xo) 30,127

Xbad 235-237,239
extended, (X :i,) 180,338
extended, [X : (0:1,)'] 188
rank 128

Montréal Canadiens 29
Moore—Penrose inverse, AT

four conditions 4, 107

(ATY = (AT 113

(A1) 110

AAT =P, 113

AT =(A'A)TA' = A/(AAT 4
ATA=P,, 113

a® 109

through FRD 107

through SVD 109

multinomial distribution see distribu-

tion

multinormal distribution

definition 18

conditional 291

conditional covariance cov(y | x) 194,
197

conditional mean E(y | x) 194,197

conditional variance var(y | x) 197

density function 18,365

E(y | x) = BLP(y | x) = BP(y | %)
198

multiple correlation

R3.12 309

Ry.x 80,169,296

zy, explained by other x;’s 129,162
as a max correlation 172

how to end up to R?? 99
intraclass correlation 310
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population, py.x 193,207, 315, 418
representations for Ri_x 171
multivariate linear model 32, 229
Mustonen’s measure of multivariate
dispersion, Mvar 212

N

natural restrictions 39
Nobel Prize

Jan Tinbergen 414

John William Strutt 414

Leonid Vitaliyevich Kantorovich 154

Paul Anthony Samuelson 414
Ragnar Frisch 414
nonnegative definite matrix 11
nonnegative definiteness
of R 308
of partitioned matrix 305
nonzero eigenvalues
of UV and VU 299
norm 7
ellipsoidal 13
Euclidean 7
Frobenius 9
matrix 9
matrix 2-norm 9
semi 8
spectral 9
standard 7
normal distribution see multinormal
distribution
normal equations 34, 76
general solution 34
generalized 44, 82, 288
null space 3

(@)

observation space 20,91, 157,403
OLSE
definition 37

of Bo 166

of B 162

of B 34

of B1(#12) 161
of B2 159

of Bx 166

of K'B 37

Of M1X2,62 159
of X8 33

restricted 177,264
ordinary least squares see OLSE
orthocomplement
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(M: —MZ) € {Xi} 274,280

(B : 1] 62

F(VX1) 140

(VX)) =2(W X : 1-W- W)t
140

F(VIX)t 140
¢(X)y-1 140

Ut 10
A+ 10,11,71,113
Ay 13,81

A{‘,, V singular 85
orthogonal matrix 10
orthogonal projector see projector
C=1I-J 36,91,172
H=Px 36,172
J=P; =111 36,91,172
Peaynem) 190
¢(Aa)neE(BL) 192

PA;V

Pa.v, V singular 87

Pxv-1 43

Pxv-1=1- Piv[;v 82, 89,319
Pyw- 88

P, 72

commuting PPy =PgP, 152,190
decomposition Pa.g) = Pa + Pq,B
155
difference P, — Py 152
generalized 87
onto ¢(P) 11
Schur complement, P22.1 303
sum P, + Py 151
orthogonality and uncorrelatedness
92-95
orthonormal
columns 10
over-speeding 45

P

Pandora’s Box
BLUE 223
BLUP 248

mixed model 254

properties 264

when X =1 223
parallel summable matrices 289
parallelepiped 132
parallelogram 131
partial correlation 178,179, 309
partial correlation geometrically

101-102

partitioned matrix

g-inverse 294



pencil
permutation matrix 55
philatelic Latin square 68
photo of

484

inverse 294

MP-inverse 294
nonnegative definiteness 305
rank 121

368, 375

Anderson, Theodore W.

Baksalary, Jerzy K. 39

Ben-Israel, Adi 5

Bhimasankaram, Pochiraju 350

Cook, R. Dennis 199

Flury, Bernard 198

Golub, Gene H. 393

Gustafson, Karl 225

Harville, David A. 273

Haslett, Stephen J. 256

Isotalo, Jarkko xi, 252

Kala, Radostaw 257

Liu, Shuangzhe 425

Markiewicz, Augustyn 260

Markov, Andrei Viktorovich 29

Markov, Andrey (Andrei) Andreyevich
29

Mathew, Thomas 227

Mitra, Sujit Kumar 44

Olkin, Ingram 13

Pukelsheim, Friedrich 312

Puntanen, Simo  xi

Rao, C. Radhakrishna 6

Scott, Alastair J. 398

Searle, Shayle R. 34

Seber, George A.F. 16

Styan, George P.H. xi

Tappara defenceman 252

Tian, Yongge 87

Trenkler, Gotz 112

Watson, Geoffrey S. 241

Werner, Hans Joachim 216

Yanai, Haruo 307

Zmyslony, Roman 225

xi, 19

Poincaré separation theorem 398
positive definite matrix 11
predicted value g 167
prediction error 246

y — BLP(y;x)
€i-1...i—1 207
autocorrelation structure 209
Mahalanobis distance 167
with a given x. 167

196, 198

prediction interval for y. 168
principal components

362,402
and Hotelling 206

Subject Index

from the SVD of X 407
predictive approach 203

principal minors 12, 308, 429
leading 12,429
projector
Pap 87
Pxjvx: 43,88
oblique 11

onto ¥(A) along ¢(B) 6
proper eigenvalues

and canonical correlations 383
PSTricks x

psychometrics  viii, 401

Q

quadratic risk
risk(Fy; K'8) 259

R

random effects 253

random sample without replacement 53,

234
rank
rk(AB) = rk(A) — dim%(A') N € (B™*)
121
k(A : B) =1k(A) +1k(Q,B) 121
rk(APg) = rk(AB) 127
tk(PAaPgQa) 144
additive on the Schur complement
126, 299, 303
of cov(é) 137
of cov(B) 137
of cov(XB) 137

of A+B 351

of CXo 128

of HPyM 135, 321

of Tex = X,CXo 128
of X 128

of X'(V+XUX')"X 286

of X'VX 132,147

of X'VtX 132

of correlation matrix 127

of the extended model matrix 130

of the model matrix 127

of the partitioned matrix 297
rank additivity

rk(A) = rk(A11) =+ I‘k(A2241) 126,

299, 303

rk(A + B) =rk(A) +1k(B) 351
rank cancellation rule, RCR 145
rank-subtractivity = see minus ordering
Rayleigh ratio (quotient) 361
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reduced model
Mh21 163,328

Mu 333
reflection 52
regression

what is it? 198
regression coef‘ficients
Bo=19y—%xPBx 166
Bx = Trptxy = Sxasxy 166
correlation between 31 and Bz 167
correlation between ,631 and Bj 178
standardized 166, 171
regression fallacy 200
regression line and conditional means
36,198
regression towards mean 199
relative reduction in SSE 169
residual
e(i) = (Im — PG)i(i) 404
€i.1...i—1 0
y — BLP(y;x)
€i-1...i—1 207
externally Studentized 182,186, 341
internally Studentized 181
of BLUE, § = VMy 44, 325, 339
of OLSE, é =My 33
residual sum of squares, SSE 99, 168
restricted BLUE 188
restricted OLSE 177,264
rotation 52,392,404, 407, 409

196, 198

S

Samuelson’s inequality =~ 420
scalar-potent matrix 355
Schmidt’s approximation theorem 401
Schur complement  vii, 291
»/Z'VZ 135
Banachiewicz—Schur form 295
BLUE’s covariance matrix 211
determinant 294
in the projector 303
inverse of a pd matrix 294
rank-additivity 299, 303
seminorm 87
Sherman & Morrison formula 301
shorted matrix 312
shrinking 392
similarity 299, 360
simple basic model, .7y 99, 168
simultaneous diagonalization
by an orthogonal matrix 370
of commuting matrices 370
single regression coefficient 161

485

singular value decomposition 391-413
honorary sv’s 395
in psychometrics 401
reduced 394
thin 394
uniqueness 395
singular vectors: left, right 395
skew-symmetric 50
solution
to AYB=C 267282
space
observation 20, 91, 157,403
variable 20,91, 157,403
spectral radius 389
spectrum  see eigenvalues
square root of
A 15,236, 360,416

At 416
> 302
stamp

al-Khwarizmi, Muhammad 154

Banachiewicz, Tadeusz 290

Carroll, Lewis 356

Cauchy, Augustin-Louis 290

Dodgson, Charles 356

Diirer’s Melencolia I 54

Einstein, Albert 55

Euler, Leonhard Paul 55

Galilei, Galileo 55

Gauss, Johann Carl Friedrich 214

Godel, Kurt 282

Japan 1992 356

Kantorovich, Leonid Vitaliyevich 154

Kolmogorov, Andrei Nikolaevich 282

Laplace, Pierre-Simon de 154

Leibniz, Gottfried Wilhelm von 356

Llull, Ramon 68

Mahalanobis, Prasanta Chandra 90

Neumann, John von 282

Newton, Isaac 55

Pakistan 2004 70

Pitcairn Islands 2007 69

Poincaré, Henri 282

Rao, C. Radhakrishna (special cover)
150

Samuelson, Paul Anthony 414

Seki Kowa, Takakazu 356

St. Vincent 1991 356

Strutt, John William (3rd Baron
Rayleigh) 414

Tinbergen, Jan 414

Tristan da Cunha 1981 356

stamps
stochastic  vi
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Stigler’s Law of Eponymy 306
stochastic matrix 224, 389
doubly stochastic 224, 389
superstochastic 224
stochastic restrictions 273
stochastic stamps  vi
strictly increasing function 411
Studentized residual 181, 182, 186, 341
generalized 341
multiple analogue 189
subvector
Bo=y—%'Bx 166
Bx = Trttxy = Sasxy 166
efficiency of B2 332

of B 159
of B 327,330
sufficiency

linear 257-259, 265

linear minimal 258, 266

linear prediction 252, 258
sufficient dimension reduction 199
sum of squares

SSBetween =ni1 (gl - g)Q +-+ Ng (gg -

)% 35,187

SSwWithin = SS1 +--- + Ssg 187

Ewithin 233

due to regression, SSR 99, 169

of errors, SSE 99, 168

of errors, weighted 45,339, 342

total, SST 99, 168
superstochastic matrix 224
Survo  x
Sylvester’s inequality 143

T

Tappara, Tampere 252
Theil-Goldberger mixed estimator 264
theorem
Albert 305
Cochran 352, 354, 390
Courant—Fischer 389
Craig-Sakamoto-Matusita 19
Eckart—Young 204, 400
Frisch—Waugh—Lovell 99, 163, 180,
328
Gauss—Markov 41,216
Hogg—Craig 355
Poincaré 398
Schmidt 401
Wedderburn—Guttman 303
total sum of squares see sum of squares
trace
IAJ% = tr(A’A) 9

Subject Index

A=A? = 1k(A) =tr(A) 350

tr(KL) = tr(LK) 9

sum of the eigenvalues 358
treatments

three treatments A, B,C 30, 35, 188

two treatments, estimability 38
triangular factorization 207
tripotent matrix 390

U

unbiased estimator of ¢2,52 339
unbiasedly predictable 246
unit canonical correlations 136, 321

A%

variable space 20,91, 157,403
variance
var(z) = 02 = E(z — p)?> 16
sample variance vars(z) = varq(x) =
ﬁx'Cx 21
var(g.«) 167
var(es) 168
conditional: var(y | x) under
multinormality 197
generalized variance, |S| 131,132
of B, 162,296
of prediction error with a given x,

168

variance inflation factor, VIF 162,172,
296

vec-operation 8, 21,32, 52,230, 263, 268,
280

vector space of linear combinations of
random variables 212
volume of the matrix 131

w

Watson efficiency 238
of B2 332
weakly singular model 149, 236, 242
Wedderburn—Guttman theorem 303
weighted least squares estimator, WLSE
147
weighted sum of squares of errors 45,
339, 342
E(y'My/f) 339
Wielandt inequality 419
matrix version 425,426
Wielandt ratio 418
Wishart-distribution see distribution
Woodbury formula 301



	Matrix Tricks for Linear Statistical Models
	Preface
	Contents
	Introduction
	Chapter 1 Easy Column Space Tricks
	Chapter 2 Easy Projector Tricks
	Chapter 3 Easy Correlation Tricks
	Chapter 4 Generalized Inverses in a Nutshell
	Chapter 5 Rank of the Partitioned Matrix and the Matrix Product
	Chapter 6 
Rank Cancellation Rule
	Chapter 7 Sum of Orthogonal Projectors
	Chapter 8 A Decomposition of the OrthogonalProjector
	Chapter 9 
Minimizing cov(y − Fx)
	Chapter 10 BLUE
	Chapter 11 General Solution to AYB = C
	Chapter 12 Invariance with Respect to the Choiceof Generalized Inverse
	Chapter 13 Block Diagonalizationand the Schur Complement
	Chapter 14 Nonnegative Definitenessof a Partitioned Matrix
	Chapter 15 
The Matrix ˙M
	Chapter 16 Disjointness of Column Spaces
	Chapter 17 Full Rank Decomposition
	Chapter 18 Eigenvalue Decomposition
	Chapter 19 Singular Value Decomposition
	Chapter 20 The Cauchy–Schwarz Inequality
	Notation
	List of Figures and Philatelic Items
	References
	Author Index
	Subject Index



