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1 Vector
An n-dimensional vector in R" is a collection of n real numbers. An n-dimensional row
vector is written as (uj,uy,...,u,), and the corresponding column vector is

Uy

Ug

U

n
Clearly, a vector reduces to a scalar when n = 1. A vector can also be interpreted as
a point in a system of coordinate axes, such that its components u; represent the cor-
responding coordinates. In what follows, we use standard English and Greek alphabets
to denote scalars and those alphabets in boldface to denote vectors.

1.1 Vector Operations

Consider vectors u, v, and w in R™ and scalars h and k. Two vectors w and v are said

to be equal if they are the same componentwise, i.e., u; =v;, ¢ =1,...,n. Thus,

(UpyUgy .oy ty) F (Ugy Uy, ... yuy,),

unless u; = uy. Also, (ug,uy), (—uy, —us) (—uy,uy) and (u;, —uy) are not equal. In
fact, they are four vectors pointing to different directions. This shows that direction is
crucial in determining a vector. This is in contrast with the quantities such as area and

length for which direction is of no relevance.

The sum of u and v is defined as
u+v=(u +v,uUy + Vg, ... U, +0,),
and the scalar multiple of u is
hu = (huy, huy, . .., hu,).
Moreover,
l.utv=v+wu;
2. u+ (v+w)=(u+v)+w;
3. h(ku) = (hk)u;

4. h(u +v) = hu + hv;
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1.2 Euclidean Inner Product and Norm 2

5. (h+ k)u = hu + ku;

The zero vector o is the vector with all elements zero, so that for any vector u, u+o = u.
As u + (—u) = o, —u is also known as the negative (additive inverse) of u. Note that

the negative of u is a vector pointing to the opposite direction of w.

1.2 Euclidean Inner Product and Norm

The Fuclidean inner product of w and v is defined as

UV = UV + UgVy + -+ - + Uy,

Fuclidean inner products have the following properties:
1. u-v=2v- u;
2. (utv) w=u w+v- w;
3. (hu)-v = h(u - v), where h is a scalar;
4. u-u > 0; u-uw =0 if, and only if, u = o.

The norm of a vector is a non-negative real number characterizing its magnitude. A

commonly used norm is the Euclidean norm:

lull = (uf + -+ up)? = (w-w) /2

Taking w as a point in the standard FEuclidean coordinate system, the Euclidean norm
of w is just the familiar Euclidean distance between this point and the origin. There
are other norms; for example, the mazimum norm of a vector is defined as the largest

absolute value of its components:
[ulloo = max(lus [, [ugl, - -, |uyl).

Note that for any norm || - || and a scalar h, ||hu|| = |h| ||u||. A norm may also be viewed
as a generalization of the usual notion of “length;” different norms are just different

ways to describe the “length.”

1.3 Unit Vector

A vector is said to be a unit vector if its norm equals one. Two unit vectors are said
to be orthogonal if their inner product is zero (see also Section 1.4). For example,
(1,0,0), (0,1,0), (0,0,1), and (0.267,0.534,0.802) are all unit vectors in %>, but only
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1.4 Direction Cosine 3

the first three vectors are mutually orthogonal. Orthogonal unit vectors are also known
as orthonormal vectors. In particular, (1,0,0), (0,1,0) and (0,0, 1) are orthonormal and
referred to as Cartesian unit vectors. It is also easy to see that any non-zero vector can

be normalized to unit length. To see this, observe that for any u # o,

H u 1
[l

]
That is, any vector w divided by its norm (i.e., u/||u||) has norm one.

] = 1.

Any n-dimensional vector can be represented as a linear combination of n orthonor-

mal vectors:
u = (uy,Ug,...,u,)
= (uy,0,...,0) 4+ (0,u9,0,...,0) +---+(0,...,0,u,)
=u;(1,0,...,0) +uy(0,1,...,0) +--- +u,(0,...,0,1).

Hence, orthonormal vectors can be viewed as orthogonal coordinate axes of unit length.
We could, of course, change the coordinate system without affecting the vector. For

example, u = (1,1/2) is a vector in the Cartesian coordinate system:
1
u = (17 1/2) = 1(1a 0) + 5 (07 1))
and it can also be expressed in terms of the orthogonal vectors (2,0) and (0, 3) as

(1,1/2):%(2,0)+%

Thus, u = (1,1/2) is also the vector (1/2,1/6) in the coordinate system of the vectors

(0,3).

(2,0) and (0,3). As (2,0) and (0, 3) can be expressed in terms of Cartesian unit vectors,
it is typical to consider only the Cartesian coordinate system.
1.4 Direction Cosine

Given u in R, let 6; denote the angle between w and the i th axis. The direction cosines

of u are
cosO; .= u;/||ull, i=1,...,n.

Clearly,

n n
Zcos2 0, = Zuf/HuHQ =1
i=1 i=1

Note that for any scalar non-zero h, hu has the direction cosines:

cost; = huy/[lhull = £ (w/llu]),  i=1,...,n.
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1.4 Direction Cosine 4

That is, direction cosines are independent of vector magnitude; only the sign of h

(direction) matters.

Let w and v be two vectors in R™ with direction cosines r; and s;, i = 1,...,n, and
let 6 denote the angle between u and v. Note that w, v and u — v form a triangle.

Then by the law of cosine,
lu —o)1? = [Jul® + [v]|* = 2[u] [v] cosé,

or equivalently,

2 2 2
g el — =)
2wl ol

The numerator above can be expressed as
lae]|* + [Jo]* = [[u = w]?

= llwl? + llol* = flul* = [o]* +2u - v

=2u - v.
Hence,
cosf = &.
[l o]

We have proved:

Theorem 1.1 For two vectors u and v in R,
w-v = [ul o] cos,
where 0 is the angle between u and v.

When 6 = 0 (1), u and v are on the same “line” with the same (opposite) direction. In
this case, u and v are said to be linearly dependent (collinear), and w can be written
as hv for some scalar h. When 6 = 7/2, u and v are said to be orthogonal. As

cos(m/2) = 0, two non-zero vectors u and v are orthogonal if, and only if, u - v = 0.

As —1 < cosf < 1, we immediately have from Theorem 1.1 that:

Theorem 1.2 (Cauchy-Schwartz Inequality) Given two vectors w and v,
w - | < [ull[v];

the equality holds when w and v are linearly dependent.
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1.5 Statistical Applications 5

By the Cauchy-Schwartz inequality,
|u+v]? = (u-u) + (v-v) +2(u-v)
< Jlul® + o] + 2ulll|v]
= ([[ull + [J])*.

This establishes the well known triangle inequality.

Theorem 1.3 (Triangle Inequality) Given two vectors w and v,
w4+ v < flul + [lv];

the equality holds when u = hv and h > 0.

If w and v are orthogonal, we have
lw+v|* = [lu]* + [[v]%,

the generalized Pythagoras theorem.

1.5 Statistical Applications

Given a random variable X with n observations z,...,z,, different statistics can be
used to summarize the information contained in this sample. An important statistic is
the sample average of x; which labels the “location” of these observations. Let x denote

the vector of these n observations. The sample average of z; is
1 1
Ti=— z;, =—(x- ),
= (e

where £ is the vector of ones. Another important statistic is the sample variance of x;
which describes the “dispersion” of these observations. Let &* = x — &£ be the vector
of deviations from the sample average. The sample variance of x; is
1 1
2. _ N2 _ 2
Sy D (wi—2)?= — =1

n—14 n
=1

Note that s2 is invariant with respect to scalar addition, in the sense that s2 = s2,,

for any scalar a. By contrast, the sample second moment of x,

1 — 1
glez = ﬁHa:HZ,
i=1
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1.5 Statistical Applications 6

is not ‘nwvariant with respect to scalar addition. Also note that sample variance is

divided by n — 1 rather than n. This is because

so that any component of * depends on the remaining n — 1 components. The square

root of s2 is called the standard deviation of x;, denoted as s,.

For two random variables X and Y with the vectors of observations « and y, their

sample covariance characterizes the co-variation of these observations:

n—14%
=1

where y* = y — y£€. This statistic is again invariant with respect to scalar addition.

Both sample variance and covariance are not invariant with respect to constant
multiplication (i.e., not scale invariant). The sample covariance normalized by corre-
sponding standard deviations is called the sample correlation coefficient:

o Dz —2)(y; — 9)

Y = )R (v — )P

m*'y*

r

[l [yl
= cos 0%,

where 6" is the angle between * and y*. Clearly, r, , is scale invariant and bounded

between —1 and 1.

Exercises
1.1 Let w = (1,-3,2) and v = (4,2,1). Draw a figure to show u, v, u+v, and u —v.

1.2 Find the norms and pairwise inner products of the vectors: (—3,2,4), (—3,0,0),

and (0,0,4). Also normalize them to unit vectors.
1.3 Find the angle between the vectors (1,2,0,3) and (2,4,—1,1).
1.4 Find two unit vectors that are orthogonal to (3, —2).

1.5 Prove that the zero vector is the only vector with norm zero.
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1.5 Statistical Applications 7

1.6 Given two vectors u and v, prove that
[l = floll| < flu— ]l

Under what condition does this inequality hold as an equality?

1.7 (Minkowski Inequality) Given k vectors u;,u,,...,u;, prove that
[y +uy + -+ g || < flug || + Jlugl + - 4 fJlugl-

1.8 Express the Cauchy-Schwartz and triangle inequalities in terms of sample covari-

ances and standard deviations.

(© Chung-Ming Kuan, 2001, 2009



2  Vector Space

A set V of vectors in R" is a vector space if it is closed under vector addition and scalar
multiplication. That is, for any vectors w and v in V', u+v and hw are also in V', where
h is a scalar. Note that vectors in ™ with the standard operations of addition and
scalar multiplication must obey the properties mentioned in Section 1.1. For example,
R" and {o} are vector spaces, but the set of all points (a,b) with a > 0 and b > 0 is
not a vector space. (Why?) A set S is a subspace of a vector space V if S C V is closed
under vector addition and scalar multiplication. For examples, {o}, 3, lines through
the origin, and planes through the origin are all subspaces of R3; {0}, R2, and lines

through the origin are all subspaces of 2.

2.1 The Dimension of a Vector Space

The vectors uq,...,u; in a vector space V are said to span V if every vector in V' can

be expressed as a linear combination of these vectors. That is, for any v € V,
v = alul +a2’lL2 + -+ ak'u/k.,

where aq, ..., a; are real numbers. We also say that {u,,...,u;} form a spanning set of
V. Intuitively, a spanning set of V' contains all the information needed to generate V. It
is not difficult to see that, given k spanning vectors u,,...,u;, all linear combinations
of these vectors form a subspace of V| denoted as span(uq,...,u;). In fact, this is the
smallest subspace containing w,,...,u;. For example, Let ©; and u, be non-collinear
vectors in % with initial points at the origin, then all the linear combinations of u; and

u, form a plane through the origin, which is a subspace of R3.

Let S = {u,,...,u;} be a set of non-zero vectors. Then S is said to be a linearly

independent set if the only solution to the vector equation
a1u1+a2u2+”'+akuk =0

isa; = ay = --- = a;, = 0; if there are other solutions, S is said to be linearly dependent.
Clearly, any one of k linearly dependent vectors can be written as a linear combination
of the remaining k — 1 vectors. For example, the vectors: u; = (2,—1,0,3), uy =
(1,2,5,—1), and ug = (7,—1,5,8) are linearly dependent because 3u; + uy — us = o0,
and the vectors: (1,0,0), (0,1,0), and (0,0, 1) are clearly linearly independent. Note
that for a set of linearly dependent vectors, there must be at least one “redundant”
vector, in the sense that the information contained in this vector is also contained in

the remaining vectors. It is also easy to show the following result; see Exercise 2.3.
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2.1 The Dimension of a Vector Space 9

Theorem 2.1 Let S ={u,,...,u,} CV.

(a) If there exists a subset of S which contains r < k linearly dependent vectors, then

S is also linearly dependent.

(b) If S is a linearly independent set, then any subset of v < k vectors is also linearly

independent.

A set of linearly independent vectors in V' is a basis for V if these vectors span V.
While the vectors of a spanning set of V' may be linearly dependent, the vectors of a
basis must be linearly independent. Intuitively, we may say that a basis is a spanning set
without “redundant” information. A nonzero vector space V is finite dimensional if its
basis contains a finite number of spanning vectors; otherwise, V' is infinite dimensional.
The dimension of a finite dimensional vector space V is the number of vectors in a basis
for V. Note that {o} is a vector space with dimension zero. As examples we note that
{(1,0),(0,1)} and {(—3,7),(5,5)} are two bases for R2. If the dimension of a vector
space is known, the result below shows that a set of vectors is a basis if it is either a

spanning set or a linearly independent set.

Theorem 2.2 Let V' be a k-dimensional vector space and S = {uy,...,u;}. Then S
is a basis for V' provided that either S spans V or S is a set of linearly independent

vectors.

Proof: If S spans V but S is not a basis, then the vectors in S are linearly dependent.
We thus have a subset of S that spans V but contains r < k linearly independent vectors.
It follows that the dimension of V' should be r, contradicting the original hypothesis.
Conversely, if S is a linearly independent set but not a basis, then S does not span
V. Thus, there must exist r > k linearly independent vectors spanning V. This again

contradicts the hypothesis that V is k-dimensional. O

If S ={uy,...,u,} is aset of linearly independent vectors in a k-dimensional vector
space V' such that r < k, then S is not a basis for V. We can find a vector u,.,; which
is linearly independent of the vectors in S. By enlarging S to S' = {uy,...,u,, u, }
and repeating this step k — r times, we obtain a set of k£ linearly independent vectors.

It follows from Theorem 2.2 that this set must be a basis for V. We have proved:

Theorem 2.3 Let V' be a k-dimensional vector space and S = {uy,...,u,}, r <k, be
a set of linearly independent vectors. Then there exist k —r vectors w,q,...,u, which

are linearly independent of S such that {uy,...,u,,...,u;} form a basis for V.

T
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2.2 The Sum and Direct Sum of Vector Spaces 10

An implication of this result is that any two bases must have the same number of

vectors.

2.2 The Sum and Direct Sum of Vector Spaces

Given two vector spaces U and V, the set of all vectors belonging to both U and V is
called the intersection of U and V', denoted as U NV, and the set of all vectors u + v,
where w € U and v € V, is called the sum or union of U and V', denoted as U U V.

Theorem 2.4 Given two vector spaces U and V, let dim(U) = m, dim(V) = n,
dim(UNV) =k, and dim(U U V') = p, where dim(-) denotes the dimension of a vector
space. Then, p=m+n — k.

Proof: Also let wy,...,w; denote the basis vectors of U N V. The basis for U can be

written as
SWU) ={wyq,...,wp,uy,..., U, 1},

where u,; are some vectors not in U NV, and the basis for V' can be written as
S(V)=A{wy,...,w,vy,...,0,_1},

where v; are some vectors not in U N V. It can be seen that the vectors in S(U) and
S(V) form a spanning set for U U V. The assertion follows if these vectors form a
basis. We therefore must show that these vectors are linearly independent. Consider

an arbitrary linear combination:

aw;+ - Faw,+bug+-+ b, Uy v+ 1V, = 0.
Then,

awy + - apwp +byuy A by U = U = U s

where the left-hand side is a vector in U. It follows that the right-hand side is also in
U. Note, however, that a linear combination of v,,...,v,,_; should be a vector in V
but not in U. Hence, the only possibility is that the right-hand side is the zero vector.
This implies that the coeflicients ¢; must be all zeros because vy, ...,v,_; are linearly

independent. Consequently, all a; and b; must also be all zeros. O

When UNV ={o}, UUV is called the direct sum of U and V', denoted as U @ V.

It follows from Theorem 2.4 that the dimension of the direct sum of U and V is

dim(U @ V) = dim(U) + dim(V).

(© Chung-Ming Kuan, 2001, 2009



2.3 Orthogonal Basis Vectors 11

IfweU®®V, then w = u; + v, for some u; € U and v; € V. If one can also write
W = Uy + Uy, Where u; # uy, € U and vy # vy, € V, then uy —uy = vy —v; is a
non-zero vector belonging to both U and V. But this is not possible by the definition

of direct sum. This shows that the decomposition of w € U ¢ V must be unique.

Theorem 2.5 Any vector w € U @V can be written uniquely as w = u + v, where

uecelUandveV.

More generally, given vector spaces V;, i = 1,...,n, such that V; NV, = {0} for all

1 # j, we have
dm(Vi;e V@ ---aV,)) =dim(V;) + dim(V5) + - - - + dim(V,)).

That is, the dimension of a direct sum is simply the sum of individual dimensions.
Theorem 2.5 thus implies that any vector w € V; &--- &V, can be written uniquely as

w=v,+ -+v,, wherev, €V, i=1,...,n.

2.3 Orthogonal Basis Vectors

A set of vectors is an orthogonal set if all vectors in this set are mutually orthogonal,
an orthogonal set of unit vectors is an orthonormal set. If a vector v is orthogonal to
Uy, ..., U, then v must be orthogonal to any linear combination of wq,...,u;, and

hence the space spanned by these vectors.

A k-dimensional space must contain exactly & mutually orthogonal vectors. Given
a k-dimensional space V, consider now an arbitrary linear combination of k mutually

orthogonal vectors in V:

al’u,l —i—a2u2 + .- —|—akuk = 0.

Taking inner products with w,;, ¢ = 1,...,k, we obtain
2 2
arfw |7 = -+ = agflug || = 0.
This implies that a; = --- = a5, = 0. Thus, u,,...,u; are linearly independent and

form a basis. Conversely, given a set of k linearly independent vectors, it is always
possible to construct a set of k mutually orthogonal vectors; see Section 2.4. These
results suggest that we can always consider an orthogonal (or orthonormal) basis; see

also Section 1.3.
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2.4 Orthogonal Projection 12

Two vector spaces U and V' are said to be orthogonal if u-v = 0 for every u € U
and v € V. For a subspace S of V, its orthogonal complement is a vector space defined

as:
St.={veV:v-s=0 for every s € S} .

Thus, S and S+ are orthogonal, and S N S+ = {0} so that SU S+ = S @ St. Clearly,
S @ St is a subspace of V. Suppose that V is n-dimensional and S is r-dimensional
with 7 < n. Let {uq,...,u,} be the orthonormal basis of V' with {u,...,u,} being
the orthonormal basis of S. If v € S, it can be written as

UV =a1uy +oot a,u, + Qpy1Upqq et apUy,.

Asv-u; = a;, we have a; = --- = a, = 0, but a; need not be 0 for i =r+1,...,n.
Hence, any vector in S+ can be expressed as a linear combination of orthonormal vectors

U, yq,. .., U, It follows that S+ is n — r dimensional and
dim(S @ S*) = dim(S) + dim(S+) = r + (n —7) = n.
That is, dim(S @ S*) = dim(V). This proves the following important result.

Theorem 2.6 Let V be a vector space and S its subspace. Then, V =8 @ S+.

The corollary below follows from Theorem 2.5 and 2.6.

Corollary 2.7 Given the vector space V, v € V can be uniquely expressed as v = s+e,

where s is in a subspace S and e is in ST.

2.4 Orthogonal Projection

Given two vectors u and v, let w = s + e. It turns out that s can be chosen as a
scalar multiple of v and e is orthogonal to v. To see this, suppose that s = hv and e

is orthogonal to v. Then
u-v=(s+e)-v=(hv+e) -v=h(v- v).

This equality is satisfied for h = (u - v)/(v - v). We have

u-v u-v
s=—w, e=u— —w.
Vv v-v
That is, w can always be decomposed into two orthogonal components s and e, where

s is known as the orthogonal projection of u on v (or the space spanned by v) and e is

(© Chung-Ming Kuan, 2001, 2009



2.4 Orthogonal Projection 13

orthogonal to v. For example, consider u = (a,b) and v = (1,0). Then v = (a,0)+(0,b),
where (a,0) is the orthogonal projection of w on (1,0) and (0,b) is orthogonal to (1,0).

More generally, Corollary 2.7 shows that a vector w in an n-dimensional space V' can
be uniquely decomposed into two orthogonal components: the orthogonal projection of
u onto a r-dimensional subspace S and the component in its orthogonal complement.

If S =span(vy,...,v,), we can write the orthogonal projection onto S as
s = a vy + ayvy + -+ +a,v,
ande-s=e-v,=0fori=1,...,7. When {v;,...,v,} is an orthogonal set, it can be

verified that a; = (u - v;)/(v; - v;) so that

u- v Uu - vy u-v
ViU Vy * Uy v,V

and e = u — s.

This decomposition is useful because the orthogonal projection of a vector u is the
“best approximation” of w in the sense that the distance between uw and its orthogonal

projection onto S is less than the distance between u and any other vector in S.

Theorem 2.8 Given a vector space V with a subspace S, let s be the orthogonal pro-

jection of uw € V onto S. Then
lu— sl < [[u—wv],
for anywv € S.

Proof: We can write u —v = (u — s) + (s — v), where s — v is clearly in S, and u — s

is orthogonal to S. Thus, by the generalized Pythagoras theorem,
2 2 2 2
lu —vl|” = flu—s[|” + [|s — v]" = [Ju - s]".
The inequality becomes an equality if, and only if, v =s. O

As discussed in Section 2.3, a set of linearly independent vectors wq,...,u; can be
transformed to an orthogonal basis. The Gram-Schmidt orthogonalization procedure

does this by sequentially performing orthogonal projection of each u; on previously
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2.5 Statistical Applications 14

orthogonalized vectors. Specifically,

'Ul == ul,
U2 . 'Ul
Uy = Uy — 1»
’Ul N vl
U3 - Vg Usz -y
V3 = Uz — 1s
Uy - Uy AT
Up -V Uy - Vo U - Uy
’vk:uk—i’kal—iuki2_..._g vl.
Vg—1 " V-1 Vg2 Vg2 SRS
It can be easily verified that v,, i = 1,...,k, are mutually orthogonal.

2.5 Statistical Applications

Consider two variables with n observations: y = (y;,...,¥,) and € = (z{,...,,). One
way to describe the relationship between y and x is to compute (estimate) a straight
line, y = ol + Bz, that “best” fits the data points (y;,z;), i = 1,...,n. In the light of
Theorem 2.8, this objective can be achieved by computing the orthogonal projection of

y onto the space spanned by £ and x.

We first write y = ¢ + e = al + fx + e, where e is orthogonal to £ and x, and hence
9. To find unknown « and (3, note that

y-L=all- )+ 6L,
y-z=al- xz)+ [z x).

Equivalently, we obtain the so-called normal equations:

n n

Zyi = na—l—Bin,

i=1 i=1
n n n
inyi = ain-l-ﬁZa:?.
=1 =1 =1

Solving these equations for o and 3 we obtain
o = ?_J - /6537

> (@ — @) (y; — 9)
Z?:l(xi —x)? .

This is known as the least squares method. The resulting straight line, § = ol + Gz, is

6=

the least-squares regression line, and e is the vector of regression residuals. It is evident
that the regression line so computed has made ||y —y|| = ||e]| (hence the sum of squared

errors ||e||?) as small as possible.
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Exercises

2.1

2.2

2.3

24

2.5

2.6

2.7

2.8

Show that every vector space must contain the zero vector.
Determine which of the following are subspaces of R and explain why.

(a) All vectors of the form (a,0,0).
(b) All vectors of the form (a, b, c), where b = a + c.

Prove Theorem 2.1.

Let S be a basis for an n-dimensional vector space V. Show that every set in V

with more than n vectors must be linearly dependent.
Which of the following sets of vectors are bases for R??

(a) (2,1) and (3,0).
(b) (3,9) and (—4,—12).

The subspace of 2 spanned by (4/5,0,—-3/5) and (0,1,0) is a plane passing
through the origin, denoted as S. Decompose u = (1,2,3) as u = w + e, where

w is the orthogonal projection of w onto S and e is orthogonal to S.

Transform the basis {u;, uy, us, u,} into an orthogonal set, where u; = (0,2, 1,0),
u, = (1,-1,0,0), ug = (1,2,0,—1), and u, = (1,0,0, 1).

Find the least squares regression line of y on « and its residual vector. Compare

your result with that of Section 2.5.
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3 Matrix

A matriz A is an n X k rectangular array

app Qg o G
Qg1 Qg -+ Qg
A= ]
i Qp1 Qpo 0 Qpg ]

with the (,7)th element a;;. The ith row of A is a; = (a;1,4a;5,...,a;;), and the jth

column of A is

When n =k =1, A becomes a scalar; whenn =1 (k= 1), A is simply a row (column)
vector. Hence, a matrix can also be viewed as a collection of vectors. In what follows,
a matrix is denoted by capital letters in boldface. It is also quite common to treat a

column vector as an n X 1 matrix so that matrix operations can be applied directly.

3.1 Basic Matrix Types

We first discuss some general types of matrices. A matrix is a square matriz if the
number of rows equals the number of columns. A matrix is a zero matrix if its elements
are all zeros. A diagonal matriz is a square matrix such that a;; = 0 for all ¢ # j and

a;; # 0 for some 1, i.e.,

_ “ 0 -
A 0 a99
0 0 - a,

When a;; = c for all 7, it is a scalar matriz; when ¢ = 1, it is the identity matriz, denoted

as I. A lower triangular matriz is a square matrix of the following form:

a;; 0O
Qg1 Q22
A= ;
| App Qpg " Gpp i
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3.2 Matrix Operations 17

similarly, an wupper triangular matriz is a square matrix with the non-zero elements
located above the main diagonal. A symmetric matriz is a square matrix such that

aij = aji fOI' all Z,]

3.2 Matrix Operations

Let A = (a;;) and B = (b;;) be two n x k matrices. A and B are equal if a;; = b;; for
all 4,7j. The sum of A and B is the matrix A + B = C with ¢;; = a;; + b;; for all 4, j.
Now let A be n x k, B be k x m, and h be a scalar. The scalar multiplication of A is
the matrix hA = C with ¢;; = ha,; for all 7, j. The product of A and B is the n x m
matrix AB = C with ¢;; = Zl;:l a;sbg; for all 4,j7. That is, ¢;; is the inner product

1S7S]

of the ith row of A and the jth column of B. This shows that matrix multiplication
AB is well defined only when the number of columns of A is the same as the number

of rows of B.

Let A, B, and C denote matrices and h and k denote scalars. Matrix addition and

multiplication have the following properties:

1. A+ B=B+ A,
2. A+ (B+C)=(A+ B)+C;
3. A+ o0 = A, where o is a zero matrix;
4. A+ (-A)=o;
5. hA = Ah;
6. h(kA) = (hk)A;
7. h(AB) = (hA)B = A(hB);
8. h(A+ B)=hA+ hB;
9. (h+k)A=hA+ kA,

10. A(BC) = (AB)C;

11. A(BB+C)=AB + AC.

Note, however, that matrix multiplication is not commutative, i.e., AB # BA. For
example, if Aisnx k and B is k xn, then AB and B A do not even have the same size.
Also note that AB = o does not imply that A = o or B = o, and that AB = AC
does not imply B = C.
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3.3 Scalar Functions of Matrix Elements 18

Let A be an n x k matrix. The transpose of A, denoted as A’ is the k x n matrix
whose 7 th column is the i th row of A. Clearly, a symmetric matrix is such that A = A’.

Matrix transposition has the following properties:

1. (A" = A;

2. (A+B) =A"+B;

3. (AB) = B'A".
If A and B are two n-dimensional column vectors, then A’ and B’ are row vectors so
that A'B = B’A is nothing but the inner product of A and B. Note, however, that

A'B # AB’, where AB’ is an n x n matrix, also known as the outer product of A and
B.

Let A be n x k and B be m x r. The Kronecker product of A and B is the nm x kr

matrix:

allB CL12B alk.B |
a9y B a9eB -+ a9.B
C-amp= | =B o
| 4,1 B a,B - ay B |

The Kronecker product has the following properties:
1. (A B)(C® D)= (AC)® (BD);
2. A (B®C)=(A®B)® C,
3. (A® B) = A’ ® B’;
4. (A+B)®(C+D)=(A®C)+(B®C)+ (A® D)+ (B® D).

It should be clear that the Kronecker product is not commutative: A @ B # B ® A.
Let A and B be two n x k matrices, the Hadamard product (direct product) of A and

3.3 Scalar Functions of Matrix Elements

Scalar functions of a matrix summarize various characteristics of matrix elements. An
important scalar function is the determinant function. Formally, the determinant of a
square matrix A, denoted as det(A), is the sum of all signed elementary products from

A. To avoid excessive mathematical notations and definitions, we shall not discuss this
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3.3 Scalar Functions of Matrix Elements 19

definition; readers are referred to Anton (1981) and Basilevsky (1983) for more details.
In what follows we first describe how determinants can be evaluated and then discuss

their properties.

ij» denoted as M;;,

of the submatrix that remains after the i th row and j th column are deleted from A. The

Given a square matrix A, the minor of entry a is the determinant

number (—1)+ M;; is called the cofactor of entry a,;, denoted as C;;. The determinant

i)
can be computed as follows; we omit the proof.

Theorem 3.1 Let A be an n X n matriz. Then for each 1 <i<n and1 <j<n,
det(A) = a;1Cj1 + a;3C5 + - -+ + a;,Ciy,
where C;; is the cofactor of a;.

This method is known as the cofactor expansion along the ith row. Similarly, the

cofactor expansion along the j th column is
det(A) = aljclj + a2j02j —+ e+ anjC'nj.

In particular, when n = 2, det(A) = ay7a99 — ay9a9;, a well known formula for 2 x 2

matrices. Clearly, if A contains a zero row or column, its determinant must be zero.

It is now not difficult to verify that the determinant of a diagonal or triangular
matrix is the product of all elements on the main diagonal, i.e., det(A) =[], a;;. Let

A be an n x n matrix and h a scalar. The determinant has the following properties:
1. det(A) = det(A).

2. If A* is obtained by multiplying a row (column) of A by h, then det(A*) =
hdet(A).

3. If A* =h A, then det(A*) = h"™ det(A).

4. If A" is obtained by interchanging two rows (columns) of A, then det(A*) =
—det(A).

5. If A* is obtained by adding a scalar multiple of one row (column) to another row
(column) of A, then det(A*) = det(A).

6. If arow (column) of A is linearly dependent on the other rows (columns), det(A) =
0.

7. det(AB) = det(A) det(B).
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3.4 Matrix Rank 20

8. det(A ® B) = det(A)" det(B)™, where A is n x n and B is m X m.

The trace of an n x n matrix A is the sum of diagonal elements, i.e., trace(A) =
i ai;. Clearly, the trace of the identity matrix is the number of its rows (columns).
Let A and B be two n x n matrices and h and k are two scalars. The trace function

has the following properties:
1. trace(A) = trace(A’);
2. trace(hA + kB) = htrace(A) + k trace(B);
3. trace(AB) = trace(BA);

4. trace(A ® B) = trace(A) trace(B), where A is n x n and B is m x m.

3.4 Matrix Rank

Given a matrix A, the row (column) space is the space spanned by the row (column)
vectors. The dimension of the row (column) space of A is called the row rank (column
rank) of A. Thus, the row (column) rank of a matrix is determined by the number of
linearly independent row (column) vectors in that matrix. Suppose that A is an n x k
(k < n) matrix with row rank » < n and column rank ¢ < k. Let {uy,...,u,} be a

basis for the row space. We can then write each row as
ai:bi1u1+bi2U2+"'+birur, ’i:1,...,n,

with the j th element

aij :bi1u1j+bi2u2j+”'+b’i7‘u7‘j7 121,777/
Asayj,...,a,; form the j th column of A, each column of A is thus a linear combination
of r vectors: by,...,b,. It follows that the column rank of A, ¢, is less than the row

rank of A, r. Similarly, the column rank of A’ is less than the row rank of A’. Note
that the column (row) space of A’ is nothing but the row (column) space of A. Thus,
the row rank of A, r, is less than the column rank of A, ¢. Combining these results we

have the following conclusion.
Theorem 3.2 The row rank and column rank of a matriz are equal.

In the light of Theorem 3.2, the rank of a matrix A is defined to be the dimension of
the row (or column) space of A, denoted as rank(A). A square n X n matrix A is said
to be of full rank if rank(A) = n.
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Let A and B be two n X k matrices and C be a £ x m matrix. The rank has the

following properties:
1. rank(A) = rank(A’);
2. rank(A + B) < rank(A) + rank(B);
3. rank(A — B) > |rank(A) — rank(B)];
4. rank(AC) < min(rank(A), rank(C));
5. rank(AC) > rank(A) + rank(C) — k;

6. rank(A ® B) = rank(A) rank(B), where A is m x n and B is p X q.

3.5 Matrix Inversion

For any square matrix A, if there exists a matrix B such that AB = BA = I, then
A is said to be invertible, and B is the inverse of A, denoted as A~'. Note that A~
need not exist; if it does, it is unique. (Verify!) An invertible matrix is also known as a
nonsingular matriz; otherwise, it is singular. Let A and B be two nonsingular matrices.

Matrix inversion has the following properties:
1. (AB)"'=BtA~ 1

2. (A7) = (A

6. (A")"1 = (A~1y.

An n xn matrix is an elementary matriz if it can be obtained from the n x n identity
matrix I,, by a single elementary operation. By elementary row (column) operations

we mean:
e Multiply a row (column) by a non-zero constant.
e Interchange two rows (columns).

e Add a scalar multiple of one row (column) to another row (column).
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3.5 Matrix Inversion 22

The matrices below are examples of elementary matrices:

0 1 00 1 0 4
-2 01, 00 1/{, 010
0 010 0 01

It can be verified that pre-multiplying (post-multiplying) a matrix A by an elementary
matrix is equivalent to performing an elementary row (column) operation on A. For
an elementary matrix FE, there is an inverse operation, which is also an elementary
operation, on E to produce I. Let E* denote the elementary matrix associated with
the inverse operation. Then, E*E = I. Likewise, EE* = I. This shows that E is
invertible and E* = E~!. Matrices that can be obtained from one another by finitely
many elementary row (column) operations are said to be row (column) equivalent. The

result below is useful in practice; we omit the proof.

Theorem 3.3 Let A be a square matriz. The following statements are equivalent.
(a) A is invertible (nonsingular).
(b) A is row (column) equivalent to I.
(c) det(A) # 0.
(d) A is of full rank.

Let A be a nonsingular n X n matrix, B an n X k matrix, and C' an n X n matrix. It is
easy to verify that rank(B) = rank(AB) and trace(A 'C A) = trace(C).

When A is row equivalent to I, then there exist elementary matrices E,..., E,

such that E,.---E,E; A = I. As elementary matrices are invertible, pre-multiplying

their inverses on both sides yields
A=E{'E;'-- E!, A '=E,. . E,E I

Thus, the inverse of a matrix A can be obtained by performing finitely many elementary

row (column) operations on the augmented matrix [A : I]:
E, .  Ey,E|[A:I]=[I:A7"].

Given an n x n matrix A, let C;; be the cofactor of a;;. The transpose of the matrix of
cofactors, (C;,), is called the adjoint of A, denoted as adj(A). The inverse of a matrix
can also be computed using its adjoint matrix, as shown in the following result; for a
proof see Anton (1981, p. 81).
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Theorem 3.4 Let A be an invertible matrix, then

. 1
= deta) “IA):

For a rectangular n x k matrix A, the left inverse of A is a k X n matrix AZI
such that AzlA = I, and the right inverse of A is a k x m matrix Al,_%1 such that
AAI_%1 = I,. The left inverse and right inverse are not unique, however. Let A be an

n X k matrix. We now present an important result without a proof.

Theorem 3.5 Given an n X k matriz,

If an n x k matrix A has both left and right inverses, then it must be the case that

k=mn and
-1 -1 -1 -1
A=A "AA = A,
Hence, AZIA = AAZ1 = I so that AI_%I = AZI =A%

Theorem 3.6 If A has both left and right inverses, then Azl = Al,_%1 =A"1

3.6 Statistical Applications

Given an n x 1 matrix of random variables @, IE(x) is the n x 1 matrix containing the
expectations of x;. Let £ denote the vector of ones. The variance-covariance matrix of
x is the expectation of the outer product of x — IE(x):

var(xz) = IE[(z — IE(x))(x — E(z))’]

var(x)  cov(wy,zy) --- cov(xy,x,)
cov(zg,xy)  var(xy) - cov(zy,x,)
cov(z,,x;) cov(z,,zy) ---  var(z,)

As cov(z;, 7;) = cov(x;,x;), var(z) must be symmetric. If cov(z;,z;) = 0 for all i # j

so that x; and z; are uncorrelated, then var(z) is diagonal. When a component of x, say
;, is non-stochastic, we have var(z;) = 0 and cov(z;,z;) = 0 for all j # 7. In this case,

(© Chung-Ming Kuan, 2001, 2009



3.6 Statistical Applications 24

det(var(x)) = 0 by Theorem 3.1, so that var(x) is singular. It is straightforward to verify
that for a square matrix A, IE[trace(A)] = trace(IE[A]), but IE[det(A)] # det(IE[A]).

Let h be a non-stochastic scalar and & an n x 1 matrix (vector) of random variables.

We have IE(hx) = hIE(x) and for ¥ = var(x),
var(hx) = IE[h?(z — IE(z))(x — [E(x))] = h*X.

For a non-stochastic n x 1 matrix a, a’z is a linear combination of the random variables

in @, and hence a random variable. We then have IE(a’xz) = o’ [E(x) and

var(a'z) = [E[a’(z — IE(z))(x — [E(x))'a] = a'Xa,
which are scalars. Similarly, for a non-stochastic m x n matrix A, IE(Ax) = AIE(x)
and var(Az) = AXA’. Note that when A is not of full row rank, rank(AXA’) =
rank(A) < m. Thus, Az is degenerate in the sense that var(Ax) is a singular matrix.

Exercises

3.1 Consider two matrices:

2 4 5 2 29
A=|11 2|, B=|6 16
0 6 8 5 1 0

Show that AB # BA.
3.2 Find two non-zero matrices A and B such that AB = o.
3.3 Find three matrices A, B, and C such that AB = AC but B # C.

3.4 Let A be a 3 x 3 matrix. Apply the cofactor expansion along the first row of A
to obtain a formula for det(A).

3.5 Let X be an n x k matrix with rank k < n. Find trace(X (X'X)~1X").

3.6 Let X be an n x k matrix with rank(X) = rank(X’'X) = k < n. Find
rank(X (X'X)71X).

3.7 Let A be a symmetric matrix. Show that when A is invertible, A~! and adj(A)

are also symmetric.
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3.8 Apply Theorem 3.4 to find the inverse of

a a
A= 1 12 |
Qg1 Qo2
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4 Linear Transformation

There are two ways to relocate a vector v: transforming v to a new position and

transforming the associated coordinate axes or basis.

4.1 Change of Basis
Let B = {u,...,u;} be a basis for a vector space V. Then v € V can be written as
UV =CciUuy + CUy + -+ LUy

The coefficients ¢y, ..., ¢, form the coordinate vector of v relative to B. We write [v]p
as the coordinate column vector relative to B. Clearly, if B is the collection of Cartesian

unit vectors, then [v]p = v.

Consider now a two-dimensional space with an old basis B = {u;,u,} and a new
basis B' = {w;,ws}. Then,

U = QW1 + AoWo, Uy = byw; + bywy,

so that

il = [ ] L e = [ , ] .

For v = c;u; + cyu,y, we can write this vector in terms of the new basis vectors as
V=0 (al’wl + CLQ’LUQ) + Cz(blwl + b2w2)
= (c1a1 + coby)wy + (cra5 + coby)ws.
It follows that
C1aq + C2b1 aq bl C1
[v]p = =
C109 + Cyby ay by Co

where P is called the transition matriz from B to B’. That is, the new coordinate

= |[wilp ¢ [l |[0] 5,

vector can be obtained by pre-multiplying the old coordinate vector by the transition
matrix P, where the column vectors of P are the coordinate vectors of the old basis

vectors relative to the new basis.

More generally, let B = {uy,...,u;} and B’ = {w,,...,w;}. Then [v]g = P [v]|g

with the transition matrix

P=[lulp: [wolp - s gy

The following examples illustrate the properties of P.
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Examples:

1. Consider two bases: B = {uy,us} and B’ = {w;, wy}, where

il el )

As u; = —w; + w, and u, = 2w; — w,, we have

If

then [v|p = v and

[U]B/:Pv:[_gl.

Similarly, we can show the transition matrix from B’ to B is

1]

It is interesting to note that PQ = QP = I so that Q = P~ L.

2. Rotation of the standard zy-coordinate system counterclockwise about the origin
through an angle 6 to a new 2/y/-system such that the angle between basis vectors
and vector lengths are preserved. Let B = {uy,uy} and B’ = {w;,w,} be the
bases for the old and new systems, respectively, where w and w are associated

unit vectors. Note that

(] = [ cos 0 ] ’ ] = [ C?S(W/2—9) ] _ [ sin 6 ] .

—sind

Thus,

cosf sind
P = .
—sinf@ cos6
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Similarly, the transition matrix from B’ to B is

pl_ [ cos —sinf ]

sin 6 cos @

It is also interesting to note that P~ = P’; this property does not hold in the

first example, however.
More generally, we have the following result; the proof is omitted.

Theorem 4.1 If P is the transition matriz from a basis B to a new basis B’, then
P is invertible and P~ is the transition matriz from B’ to B. If both B and B’ are

orthonormal, then P~' = P’.

4.2 Systems of Linear Equations

Let y be an n x 1 matrix, & an m x 1 matrix, and A an n X m matrix. Then, Ax =y
(Ax = o) represents a non-homogeneous (homogeneous) system of n linear equations
with m unknowns. A system of equations is said to be inconsistent if it has no solution,
and a system is consistent if it has at least one solution. A non-homogeneous system
has either no solution, exactly one solution or infinitely many solutions. On the other
hand, a homogeneous system has either the trivial solution (i.e., = 0) or infinitely

many solutions (including the trivial solution), and hence must be consistent.

Consider the following examples:

1. No solution: The system

x1+$2:4,

2:1:1 + 2:132 = 7,
involves two parallel lines, and hence has no solution.

2. Exactly one solution: The system

T, +x9 =4,

2$1 + 3$2 = 8,

has one solution: x; =4, x5 = 0. That is, these two lines intersect at (4, 0).
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3. Infinitely many solutions: The system
T +x9 =4,
2$1 + 2$2 = 8,

yields only one line, and hence has infinitely many solutions.

4.3 Linear Transformation

Let V and W be two vector spaces and T : V — W is a function mapping V into
W. T is said to be a linear transformation if T(u + v) = T(u) + T(v) for all u,v
in V and T'(hu) = hT(u) for all w in V and all scalars h. Note that T(0) = o and
T(—u) = —T(u). Let A be a fixed n x m matrix. Then T : R™ — R" such that

T(u) = Aw is a linear transformation.

Let T: R? — R? denote the multiplication by a 2 x 2 matrix A.
1. Identity transformation—mapping each point into itself: A = 1I.

2. Reflection about the y-axis—mapping (z,y) to (—z,y):
-1 0
A= .
01
3. Reflection about the z-axis—mapping (z,y) to (z, —y):
1 0
A= .
0 -1
4. Reflection about the line = y— mapping (z,y) to (y,x):
01
A= .
10
5. Rotation counterclockwise through an angle 6:

A [cosﬁ —sin6 ] .

sin 0 cos @
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Let ¢ denote the angle between the vector v = (z,y) and the positive z-axis and

v denote the norm of v. Then z = v cos ¢ and y = vsin ¢, and

Ao — [ xcosf —ysinf ]

xsinf + ycos 6

B [ vcos¢cosf — vsin¢psinf ]

vcos¢sinf + vsin ¢ cos 6

vcos(¢p+0)
vsin(¢ + 6)

Rotation through an angle —f can then be obtained by multiplication of

A [ cos@ sind ]

—sinf cosf

Note that the orthogonal projection and the mapping of a vector into its coordinate

vector with respect to a basis are also linear transformations.

If T:V — W is a linear transformation, the set {v € V : T(v) = o} is called the
kernel or null space of T, denoted as ker(T'). The set {w € W : T'(v) = w for some v €
V'} is the range of T, denoted as range(T'). Clearly, the kernel and range of T are both
closed under vector addition and scalar multiplication, and hence are subspaces of V'
and W, respectively. The dimension of the range of T is called the rank of T, and the

dimension of the kernel is called the nullity of T

Let T: ™ — R™ denote multiplication by an n x m matrix A. Note that y is a
linear combination of the column vectors of A if, and only if, it can be expressed as the

consistent linear system Ax = y:
ria; + 2009 + -+ 2,0, =Y,

where a; is the j th column of A. Thus, range(T) is also the column space of A, and
the rank of T is the column rank of A. The linear system Ax = vy is therefore a linear
transformation of & € V to some y in the column space of A. It is also clear that ker(7')

is the solution space of the homogeneous system Ax = o.

Theorem 4.2 IfT:V — W is a linear transformation, where V is an m-dimensional

space, then
dim(range(7T)) + dim(ker(7T)) = m,

i.e., rank(7") 4+ nullity of T' = m.
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Proof: Suppose first that the kernel of 7" has the dimension 1 < dim(ker(7")) =7 <m
and a basis {vy,...,v,}. Then by Theorem 2.3, this set can be enlarged such that
{vy,...,v,,v,1,...,v,,} is a basis for V. Let w be an arbitrary vector in range(T),
then w = T'(u) for some u € V, where u can be written as

U=C U+ U+ o Uy G Uy
As {v,,...,v,} is in the kernel, T'(v;) = --- = T'(v,) = o so that

w="T(u)= Cr+1T(vr+1) + 4 e, T (o).
This shows that S = {T'(v,,,),...,T(v,,)} spans range(T"). If we can show that S is
an independent set, then S is a basis for range(7’), and consequently,

dim(range(7)) + dim(ker(7)) = (m —r) +r =m.
Observe that for

o = hr+1T(vr+1) + 4+ hmT(vm) = T(hT+lvr+1 + 4+ hmvm)’

hyy1v,.09 + -+ h,,v,, is in the kernel of T'. Then for some hy,...,h

s
hr-l—lvr—i—l et hmvm = hlvl Tt hrvr‘

As {vy,...,v,,v,,q,...,v,,} is a basis for V, all A’s of this equation must be zero. This
proves that S is an independent set. We now prove the assertion for dim(ker(7")) = m.
In this case, ker(T") must be V', and for every u € V', T'(u) = o. That is, range(T) = {o}.
The proof for the case dim(ker(7)) = 0 is left as an exercise. O

The next result follows straightforwardly from Theorem 4.2.

Corollary 4.3 Let A be an n x m matriz. The dimension of the solution space of
Ax = o0 is m —rank(A).

Hence, given an n x m matrix, the homogeneous system Ax = o has the trivial solution
if rank(A) = m. When A is square, Az = o has the trivial solution if, and only if, A
is nonsingular; when A has rank m < n, A has a left inverse by Theorem 3.5 so that
Ax = o also has the trivial solution. This system has infinitely many solutions if A is
not of full column rank. This is the case when the number of unknowns is greater than

the number of equations (rank(A) <n < m).

Theorem 4.4 Let A* = [A : y|. The non-homogeneous system Ax =y is consistent
if, and only if, rank(A) = rank(A").
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Proof: Let * be the (m + 1)-dimensional vector containing « and —1. If Ax =y
has a solution, A*z* = o has a non-trivial solution so that A* is not of full column
rank. Since rank(A) < rank(A*), we must have rank(A) = rank(A*). Conversely, if
rank(A) = rank(A”), then by the definition of A*, y must be in the column space of
A. Thus, Az = y has a solution. O

For an n x m matrix A, the non-homogeneous system Ax = y has a unique solution if,
and only if, rank(A) = rank(A*) = m. If A is square, x = A~ 'y is of course unique.
If A is rectangular with rank m < n, = Azly. Given that A} is not unique, suppose

that there are two solutions x; and x,. We have
Alx) —xy) =y —y=o.

Hence, x; and x5 must coincide, and the solution is also unique. If A is rectangular
with rank n < m, z; = A;zly is clearly a solution. In contrast with the previous case,
this solution is not unique because A is not of full column rank so that A(x; —x,) = o

has infinitely many solutions. If rank(A) < rank(A*), the system is inconsistent.

If linear transformations are performed in succession using matrices A,,..., Ay,
they are equivalent to the transformation based on a single matrix A = A A, ;- - Ay,
ie., A A, ,---Ajx = Ax. As A} A, # A,A, in general, changing the order of A,
matrices results in different transformations. We also note that Ax = o if, and only if,
x is orthogonal to every row vector of A, or equivalently, every column vector of A’.

This shows that the null space of A and the range space of A’ are orthogonal.

Exercises

4.1 Let T: R* — R3 denote multiplication by

4 1 -2 -3
2 1 1 —4
6 0 -9 9

Which of the following vectors are in range(7’) or ker(7")?

3 0 0
2
-8 0 —4
) ) ) Y O Y 1
1 0
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4.2 Find the rank and nullity of 7: " — R” defined by: (i) T'(u) = u, (i) T'(u) = o,
(iii) T'(u) = 3u.

4.3 Each of the following matrices transforms a point (z,y) to a new point (z/,y’):

R R E R |

Draw figures to show these (x,y) and (2/,y').

4.4 Consider the vector u = (2,1) and matrices

1 2 0 1
Al - 3 A2 - .
0 1 10

Find A;Asu and Ay, A u and draw a figure to illustrate the transformed points.
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5 Special Matrices

In what follows, we treat an n-dimensional vector as an n x 1 matrix and use these terms
interchangeably. We also let span(A) denote the column space of A. Thus, span(A’) is

the row space of A.

5.1 Symmetric Matrix

We have learned that a matrix A is symmetric if A = A’. Let A be an n x k matrix.

! .
;a;, where a; is the

ithcolumn of A. If A’A = o, then all the main diagonal elements are a}a; = ||a,||*> = 0.

Then, A’A is a k X k symmetric matrix with the (i, j) thelement a

It follows that all columns of A are zero vectors and hence A = o.

As A’A is symmetric, its row space and column space are the same. If x €
span(A’A)*, ie., (A’A)x = o, then '(A’A)x = (Az)'(Azx) = 0 so that Ax = o.
That is, = is orthogonal to every row vector of A, and x € span(A’)*. This shows
span(A’A)t C span(A’)t. Conversely, if Az = o, then (A’A)x = o. This shows
span(A’)+ C span(A’A)*. We have established:

Theorem 5.1 Let A be an n X k matriz. Then the row space of A is the same as the

row space of A’ A.

Similarly, the column space of A is the same as the column space of AA’. It follows
from Theorem 3.2 and Theorem 5.1 that:

Theorem 5.2 Let A be an n x k matriz. Then rank(A) = rank(A’A) = rank(AA’).

In particular, if A is of rank k < n, then A’ A is of full rank k so that A’ A is nonsingular,

but AA’ is not of full rank, and hence a singular matrix.

5.2 Skew-Symmetric Matrix

A square matrix A is said to be skew symmetric if A = —A’. Note that for any square
matrix A, A — A’ is skew-symmetric and A + A’ is symmetric. Thus, any matrix A
can be written as

A= %(A _A)+ %(A + A,
As the main diagonal elements are not altered by transposition, a skew-symmetric ma-

trix A must have zeros on the main diagonal so that trace(A) = 0. It is also easy to
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verify that the sum of two skew-symmetric matrices is skew-symmetric and that the

square of a skew-symmetric (or symmetric) matrix is symmetric because
A% = (A'A) = ((-A)(-A)) = (A?).

An interesting property of an n x n skew-symmetric matrix A is that A is singular if n
is odd. To see this, note that

det(A) = det(—A') = (—1)" det(A).

When n is odd, det(A) = — det(A) so that det(A) = 0. By Theorem 3.3, A is singular.

5.3 Quadratic Form and Definite Matrix

Recall that a second order polynomial in the variables z,...,x, is

n n
E E a/ijl‘i.fj,

i=1 j=1

n

which can be expressed as a quadratic form: x' Az, where & is nx 1 and A is n xn. We
know that an arbitrary square matrix A can be written as the sum of a symmetric matrix
S and a skew-symmetric matrix S*. It is easy to verify that #’S*x = 0. (Check!) It is

therefore without loss of generality to consider quadratic forms x’ Az with a symmetric

A.

The quadratic form ' Az is said to be positive definite (semi-definite) if, and only
if, ’ Az > (>) 0 for all © # o. A square matrix A is said to be positive definite
if its quadratic form is positive definite. Similarly, a matrix A is said to be negative
definite (semi-definite) if, and only if, ' Az < (<) 0 for all  # 0. A matrix that is not
definite or semi-definite is indefinite. A symmetric and positive semi-definite matrix is
also known as a Grammian matriz. It can be shown that A is positive definite if, and

only if, the principal minors,

a a ap; G Q13
11 212
det(an), det 9 det a21 a22 a23 9 R ,det(A),
Qg1 Q29
azp agy ass

are all positive; A is negative definite if, and only if, all the principal minors alternate

in signs:

a a aji; G A13
11 Q12
det(a;y) <0, det >0, det | ay a9 a9y | <0,
Ag1 Q22
az; Aagzg Aszz
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Thus, a positive (negative) definite matrix must be nonsingular, but a positive deter-
minant is not sufficient for a positive definite matrix. The difference between a positive
(negative) definite matrix and a positive (negative) semi-definite matrix is that the

latter may be singular. (Why?)

Theorem 5.3 Let A be positive definite and B be nonsingular. Then B'AB is also

positive definite.

Proof: For any n x 1 matrix y # o, there exists & # o such that B~'x = y. Hence,
I ! _ o Ip-l/p’ -1,
yB'ABy=a2'B " (BAB)B 'z =z Ax>0. O

It follows that if A is positive definite, A™! exists and A™! = A71A’(A")~! is also
positive definite. It can be shown that a symmetric matrix is positive definite if, and
only if, it can be factored as P'P, where P is a nonsingular matrix. Let A be a
symmetric and positive definite matrix so that A = P'P and A~! = P~'P~V. For

any vector x and w, let u = Px and v = P~ Yw. Then

(' Az)(w' A" w) = (' P'Pz)(w' P71 P Vw)

/

(
(u'u)(v'v)
(
(

Y

u'v)?
= (z'w)>.
This result can be viewed as a generalization of the Cauchy-Schwartz inequality:

(x'w)? < (' Az)(w' A w).

5.4 Differentiation Involving Vectors and Matrices

Let  be an n x 1 matrix, f(x) a real function, and f(x) a vector-valued function with
elements f,(x),..., f,,(x). Then

of (@) @ 9h@ . (@)

01 Oy Oy 0z
0f (=) Ofi(x)  Of2(x) O ()

Vof@)=| "% | Vef@=| 7 "
of (@) (@) Ofa@) . m@

L Oxn, i L 0T, 0T O0Tn

Some particular examples are:

1. f(x) =d'z: V,f(x) = a.
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2. f(x) = ' Az with A an n x n symmetric matrix: As
n n n
i=1 i=1 j=i+1
Vof(x) =2Ax.
3. f(x) = Az with A an m x n matrix: V_f(z) = A’

4. f(X) = trace(X) with X an n x n matrix: Vxf(X)=1

5. f(X) = det(X) with X an n x n matrix: Vxf(X) = det(X) X V.

When f(z) = @’ Ax with A a symmetric matrix, the matrix of second order derivatives,

also known as the Hessian matrix, is
Vif(x) = Vg (Vof(x)) = V,(247) = 24,

Analogous to the standard optimization problem, a necessary condition for maximizing
(minimizing) the quadratic form f(x) = @’ Az is V f(x) = o0, and a sufficient condition

for a maximum (minimum) is that the Hessian matrix is negative (positive) definite.

5.5 Idempotent and Nilpotent Matrices

A square matrix A is said to be idempotent if A = A% Let B and C be two n x k
matrices with rank k& < n. An idempotent matrix can be constructed as B(C'B)~'C’;
in particular, B(B'B) !B’ and I are idempotent. We observe that if an idempotent

matrix A is nonsingular, then

I=AA1=A%A"1=AAA)H) = A
That is, all idempotent matrices are singular, except the identity matrix I. It is also
easy to see that if A is idempotent, then so is I — A.

A square matrix A is said to be nilpotent of index r > 1 if A" = o but A”"! # o.
For example, a lower (upper) triangular matrix with all diagonal elements equal to zero
is called a sub-diagonal (super-diagonal) matrix. The sub-diagonal (super-diagonal)

matrix is nilpotent of some index 7.

(© Chung-Ming Kuan, 2001, 2009



5.6 Orthogonal Matrix 38

5.6 Orthogonal Matrix

A square matrix A is orthogonal if A’A = AA’ =1, ie., At = A’. Clearly, when
A is orthogonal, aja; = 0 for i # j and aja; = 1. That is, the column (row) vectors
of an orthogonal matrix are orthonormal. For example, the matrices we learned in
Sections 4.1 and 4.3:

cosf —sind cosf sinf

sinf  cosf |’ —sinf cosf |’
are orthogonal matrices. Given two vectors w and v and their orthogonal transfor-
mations Au and Av. It is easy to see that ' A’Av = uw'v and that ||u]| = ||Aul.
Hence, orthogonal transformations preserve inner products, norms, angles, and dis-

tances. Applying this result to data matrices, we know sample variances, covariances,

and correlation coefficients are invariant with respect to orthogonal transformations.

Note that when A is an orthogonal matrix,
1 = det(I) = det(A) det(A’) = (det(A))?,

so that det(A) = +1. Hence, if A is orthogonal, det(ABA’) = det(B) for any square
matrix B. If A is orthogonal and B is idempotent, then ABA’ is also idempotent

because
(ABA')(ABA') = ABBA' = ABA'.

That is, pre- and post-multiplying a matrix by orthogonal matrices A and A’ preserves
determinant and idempotency. Also, the product of orthogonal matrices is again an

orthogonal matrix.

A special orthogonal matrix is the permutation matrix which is obtained by rear-
ranging the rows or columns of an identity matrix. A vector’s components are permuted

if this vector is multiplied by a permutation matrix. For example,

0100 T Ty
1 0 00 Ty || Ty
0 0 01 T3 - Ty
0010 Ty T3

If A is a permutation matrix, then so is A™! = A’; if A and B are two permutation

matrices, then AB is also a permutation matrix.
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5.7 Projection Matrix

Let V=V, &V, be a vector space. From Corollary 2.7, we can write y in V as
Y =Y, + Yy, where y; € V; and y, € V,. For a matrix P, the transformation Py = y,
is called the projection of y onto V; along V; if, and only if, Py, = y;. The matrix P is
called a projection matriz. The projection is said to be an orthogonal projection if, and
only if, V; and V; are orthogonal complements. Hence, y, and y, are orthogonal. In this
case, P is called an orthogonal projection matriz which projects vectors orthogonally

onto the subspace V.
Theorem 5.4 P is a projection matriz if, and only if, P is idempotent.

Proof: Let y be a non-zero vector. Given that P is a projection matrix,
Py:’!h:P’!h:P?Z%

so that (P — P?)y = o. As y is arbitrary, we have P = P2, an idempotent matrix.
Conversely, if P = P2,

Py, = P’y=Py=y,.
Hence, P is a projection matrix. O

Let p; denote the i thcolumn of P. By idempotency of P, Pp, = p,, so that p, must

be in Vj, the space to which the projection is made.

Theorem 5.5 A matriz P is an orthogonal projection matrixz if, and only if, P is

symmetric and idempotent.

Proof: Note that y, =y — y; = (I — P)y. If y; is the orthogonal projection of y,
0=yiy, =y'P'(I - P)y.

Hence, P'(I — P) = o so that P = P'P and P = P’'P. This shows that P is
symmetric. Idempotency follows from the proof of Theorem 5.4. Conversely, if P is

symmetric and idempotent,
! Il o 2 o 2 _
Y1y, =y Ply—y) =y (Py—Py) =y (P-P)y=0.
This shows that the projection is orthogonal. O

It is readily verified that P = A(A’A)"!A’ is an orthogonal projection matrix,
where A is an n X k matrix with full column rank. Moreover, we have the following

result; see Exercise 5.7
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Theorem 5.6 Given an n x k matriz with full column rank, P = A(A’A)~' A’ orthog-

onally projects vectors in R™ onto span(A).

Clearly, if P is an orthogonal projection matrix, then so is I — P, which orthogonally
projects vectors in R onto span(A)+. While span(A) is k-dimensional, span(A)* is

(n — k)-dimensional by Theorem 2.6.

5.8 Partitioned Matrix

A matrix may be partitioned into sub-matrices. Operations for partitioned matrices are
analogous to standard matrix operations. Let A and B be n x n and m X m matrices,
respectively. The direct sum of A and B is defined to be the (n +m) x (n + m)

block-diagonal matrix:

A
o B

this can be generalized to the direct sum of finitely many matrices. Clearly, the direct

sum is associative but not commutative, i.e., A® B # B ® A.

Consider the following partitioned matrix:
A— [ A Ap ] '
Ay Ay
When either A;; or Ay, is nonsingular, we have
det(A) = det(A;;) det(Ag — Ay AT Ayy),
If A;; and Ay, are nonsingular, let Q = A;; — A5 Ay Ay and R = Agy— Ay AT A,
The inverse of the partitioned matrix A can be computed as:
Al — - Q! -Q7'A,A;)
| —A45A4,Q7 Ay — AR ANQTIARAY
Al - A ALRTTAN AL A ALRT! ‘
~R 1A, A R

In particular, if A is block-diagonal so that A;, and A,; are zero matrices, then Q =
A117 R - A22, and

A*l _ [ A;ll 0 ] )
0 Ay}

That is, the inverse of a block-diagonal matrix can be obtained by taking inverses of
each block.
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5.9 Statistical Applications

Consider now the problem of explaining the behavior of the dependent variable y using
k linearly independent, explanatory variables: X = [£,x,,...,@;]. Suppose that these
variables contain n > k observations so that X is an n X k matrix with rank k. The
least squares method is to compute a regression “hyperplane”, g = X3, that best fits
the data (y X). Write y = X3 + e, where e is the vector of residuals. Let

fB)=(y—XB)(y—-XB)=yy—29'XB+0X'XS.

Our objective is to minimize f(3), the sum of squared residuals. As X is of rank k,

X'X is nonsingular. In view of Section 5.4, the first order condition is:
Vef(B) = —2X"y +2(X'X)B = o,

which yields the solution
B=(X'X)"'X"y.

The matrix of the second order derivatives is 2(X’'X), a positive definite matrix. Hence,
the solution B minimizes f(3) and is referred to as the ordinary least squares estimator.
Note that

X8=X(X'X)"'X"y,

and that X (X’'X)~! X’ is an orthogonal projection matrix. The fitted regression hy-
perplane is in fact the orthogonal projection of ¥ onto the column space of X. It is also

easy to see that
e=y—-X(X'X)"'X'y=(I-X(X'X)"'X)y,

which is orthogonal to the column space of X. This fitted hyperplane is the best

approximation of ¢ in terms of the Euclidean norm, based on the “information” of X.

Exercises

5.1 Let A be an n x n skew-symmetric matrix and & be n x 1. Prove that '’ Az = 0.
5.2 Show that a positive definite matrix cannot be singular.

5.3 Consider the quadratic form f(x) = o’ Az such that A is not symmetric. Find
Vo f(x).

(© Chung-Ming Kuan, 2001, 2009



5.9 Statistical Applications 42

5.4 Let X be an n X k matrix with full column rank and ¥ be an n X n symmetric,
positive definite matrix. Show that X (X’3~!X)~!X’S~! is a projection matrix

but not an orthogonal projection matrix.
5.5 Let £ be the vector of n ones. Show that £€'/n is an orthogonal projection matrix.

5.6 Let S; and Sy be two subspaces of V such that Sy, C 5. Let P, and P, be two
orthogonal projection matrices projecting vectors onto S; and Sy, respectively.
Find PP, and (I — P,)(I — P,).

5.7 Prove Theorem 5.6.

5.8 Given a dependent variable y and an explanatory variable £, the vector of n
ones. Apply the method in Section 2.4 and the least squares method to find the

orthogonal projection of y on £. Compare your results.
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6 Eigenvalue and Eigenvector

In many applications it is important to transform a large matrix to a matrix of a simpler

structure that preserves important properties of the original matrix.

6.1 Eigenvalue and Eigenvector

Let A be an n x n matrix. A non-zero vector p is said to be an eigenvector of A

corresponding to an eigenvalue A if
Ap=\p

for some scalar A. Eigenvalues and eigenvectors are also known as latent roots and latent
vectors (characteristic values and characteristic vectors). In R3, it is clear that when
Ap = \p, multiplication of p by A dilates or contracts p. Note also that eigenvalues of

a matrix need not be distinct; an eigenvalue may be repeated with multiplicity k.

Write (A — A )p = o. In the light of Section 4.3, this homogeneous system has a

non-trivial solution if
det(A — A1) = o.

The equation above is known as the characteristic polynomial of A, and its roots are
eigenvalues. The solution space of (A — AI)p = o characteristic polynomial is the
eigenspace of A corresponding to A. By Corollary 4.3, the dimension of the eigenspace
is n—rank(A — AI). Note that if p is an eigenvector of A, then so is ¢p for any non-zero

scalar c. Hence, it is typical to normalize eigenvectors to unit length.

As an example, consider the matrix

It is easy to verify that det(A — A\I) = —(\ — 1)(A — 5)% = 0. The eigenvalues are thus
1 and 5 (with multiplicity 2). When A = 1, we have

2 =2 0 P1
-2 20 py | = 0.
0 0 4 D3
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It follows that p; = py = a for any a and p; = 0. Thus, {(1,1,0)'} is a basis of the

eigenspace corresponding to A = 1. Similarly, when \ =5,

2 2 0] [p
0 0 0| ps

We have p; = —p, = a and p; = b for any a,b. Hence, {(1,—1,0)’,(0,0,1)'} is a basis
of the eigenspace corresponding to A = 5.
6.2 Diagonalization

Two n x n matrices A and B are said to be similar if there exists a nonsingular matrix
P such that B = P~'AP, or equivalently PBP~! = A. The following results show

that similarity transformation preserves many important properties of a matrix.

Theorem 6.1 Let A and B be two similar matrices. Then,
(a) det(A) = det(B).
(b) trace(A) = trace(B).
(¢) A and B have the same eigenvalues.
(d) Pqgp = q4, where q4 and qg are eigenvectors of A and B, respectively.

(e) If A and B are nonsingular, then A™1 is similar to B™".

Proof: Part (a), (b) and (e) are obvious. Part (c) follows because
det(B — M) = det(P"'AP — AP~ 'P)
=det(P~}(A - \I)P)
= det(A — \I).

For part (d), we note that AP = PB. Then, APqp = PBqp = \Pqp. This shows
that Pqgp is an eigenvector of A. O

Of particular interest to us is the similarity between a square matrix and a diagonal
matrix. A square matrix A is said to be diagonalizable if A is similar to a diagonal
matrix A, i.e., A = P 'AP or equivalently A = PAP™! for some nonsingular matrix

P. We also say that P diagonalizes A. When A is diagonalizable, we have
Ap; = \ip;,
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where p; is the i thcolumn of P and ); is the i thdiagonal element of A. That is, p; is

an eigenvector of A corresponding to the eigenvalue ;.

When A = P 1 AP, these eigenvectors must be linearly independent. Conversely,
if A has n linearly independent eigenvectors p; corresponding to eigenvalues \;, i =
1,...,n, we can write AP = PA, where p; is the ithcolumn of P, and A contains
diagonal terms A;. That p, are linearly independent implies that P is invertible. It
follows that P diagonalizes A. We have proved:

Theorem 6.2 Let A be an n X n matriz. A is diagonalizable if, and only if, A has n

linearly independent eigenvectors.

The result below indicates that if A has n distinct eigenvalues, the associated eigen-

vectors are linearly independent.

Theorem 6.3 Ifp,,...,p, are eigenvectors of A corresponding to distinct eigenvalues

Ay ooy Ay, then {py,...,p,} is a linearly independent set.

Proof: Suppose that py,...,p, are linearly dependent. Let 1 < r < n be the largest

integer such that p,,...,p, are linearly independent. Hence,
Gpyt+ -t 6Pyt CGaPri = 0,
where ¢; # 0 for some 1 < i < r+ 1. Multiplying both sides by A, we obtain
qMPL T+ F G APy = O
and multiplying by A,.,; we have
CiA1P1 + o+ G APy = O
Their difference is
(A = Ap)pr oA = A)p, = 0.

As p, are linearly independent and eigenvalues are distinct, c,...,c, must be zero.
Consequently, ¢, 1p, ;1 = 0 so that c,,; = 0. This contradicts the fact that c; # 0 for

some 1. O

(© Chung-Ming Kuan, 2001, 2009



6.3 Orthogonal Diagonalization 46

For an n x n matrix A, that A has n distinct eigenvalues is a sufficient (but not
necessary) condition for diagonalizability by Theorem 6.2 and 6.3. When some eigen-
values are equal, however, not much can be asserted in general. When A has n distinct
eigenvalues, A = P~1 AP by Theorem 6.2. It follows that

det(A) = det(A) = [N

trace(A) = trace(A) = Z A

In this case, A is nonsingular if, and only if, its eigenvalues are all non-zero. If we
know that A is nonsingular, then by Theorem 6.1(e), A~! is similar to A~!, and A~}
has eigenvectors p; corresponding to eigenvalues 1/);. It is also easy to verify that
A+cl =P Y (A+cI)P and AF = P~ LAFP.

Finally, we note that when P diagonalizes A, the eigenvectors of A form a new

basis. The n-dimensional vector & can then be expressed as

w:£1p1+"'+£npn:PE7

where & is the new coordinate vector of . In view of Section 4.1, P is the transition ma-
trix from the new basis to the original Cartesian basis, and P! is the transition matrix
from the Cartesian basis to the new basis. Each eigenvector is therefore the coordinate
vector of the Cartesian unit vector with respect to the new basis vectors. Let A denote
the n x n matrix corresponding to a linear transformation with respect to the Cartesian
basis. Also let A* denote the matrix corresponding to the same transformation with

respect to the new basis. Then,
A*¢ =P 'Ax = P 1APE,

so that A* = A. Similarly, Az = PA*P 'x. Hence, when A is diagonalizable, the
corresponding linear transformation is rather straightforward when x is expressed in

terms of the new basis vector.

6.3 Orthogonal Diagonalization

A square matrix A is said to be orthogonally diagonalizable if there is an orthogonal
matrix P that diagonalizes A, i.e., A = P’ AP. In the light of the proof of Theorem 6.2,

we have the following result.

Theorem 6.4 Let A be an n xn matriz. Then A is orthogonally diagonalizable, if and

only if, A has an orthonormal set of n eigenvectors.
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If A is orthogonally diagonalizable, then A = P’ AP so that A = PAP’ is a symmetric
matrix. The converse is also true, but its proof is more difficult and hence omitted. We

have:

Theorem 6.5 A matriz A is orthogonally diagonalizable if, and only if, A is symmet-

ric.

Moreover, we note that a symmetric matrix A has only real eigenvalues and eigen-
vectors. If an eigenvalue A of an n X n symmetric matrix A is repeated with multiplicity
k, then in view of Theorem 6.4 and Theorem 6.5, there must exist exactly k& orthogonal
eigenvectors corresponding to A. Hence, this eigenspace is k-dimensional. It follows
that rank(A — A\I') = n — k. This implies that when A = 0 is repeated with multiplicity
k, rank(A) = n — k. This proves:

Theorem 6.6 The number of non-zero eigenvalues of a symmetric matrix A is equal
to rank(A).

When A is orthogonally diagonalizable, we note that
n
A=PAP =) \pp
i=1

where p; is the i thcolumn of P. This is known as the spectral (canonical) decomposition
of A which applies to both singular and nonsingular symmetric matrices. It can be seen

that p;p, is an orthogonal projection matrix which orthogonally projects vectors onto
p;.
We also have the following results for some special matrices. Let A be an orthogonal
matrix and p be its eigenvector corresponding to the eigenvalue A. Observe that
p'p =p'A'Ap = X’pp.
Thus, the eigenvalues of an orthogonal matrix must be 1. It can also be shown that

the eigenvalues of a positive definite (semi-definite) matrix are positive (non-negative);

see Exercises 6.1 and 6.2. If A is symmetric and idempotent, then for any x # 0,
' Ax =2’ A’ Ax > 0.

That is, a symmetric and idempotent matrix must be positive semi-definite and therefore
must have non-negative eigenvalues. In fact, as A is orthogonally diagonalizable, we

have
A=PAP =P APP AP = A2

Consequently, the eigenvalues of A must be either 0 or 1.
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6.4 Generalization

Two n-dimensional vectors & and z are said to be orthogonal in the metric B if x' Bz =
0, where B is n x n. A matrix P is orthogonal in the metric B if PPBP =1, i.e.,
p;Bp; =1 and p;Bpj = 0 for 7 # j. Consider now the generalized eigenvalue problem
with respect to B:

(A—AB)x =o.

Again, this system has non-trivial solution if det(A — AB) = 0. In this case, A is an

eigenvalue of A in the metric B and « is an eigenvector corresponding to A.

Theorem 6.7 Let A be a symmetric matriz and B be a symmetric, positive definite
matriz. Then there exists a diagonal matriz A and a matriz P orthogonal in the metric
B such that A = P'AP.

Proof: As B is positive definite, there exists a nonsingular matrix C such that B =
CC'’. Consider the symmetric matrix C~'A(C’)~!. Then there exists an orthogonal
matrix R such that

R(CT'A(C)y"HYR = A,
with R'R = I. By letting P = CVR, we have P’AP = A and

PBP=PCC'P=RR=1 O

It follows that A = P"YAP~! and B = P~YP~!. Thus, when A is symmetric

and B is symmetric and positive definite, A can be diagonalized by a matrix P that
is orthogonal in the metric B. Note that P is not orthogonal in the usual sense, i.e.,
P’ # P!, This result shows that for the eigenvalues of A in the metric B, the
associated eigenvectors are orthonormal in the metric B.

6.5 Rayleigh Quotients

Let A be a symmetric matrix. The Rayleigh quotient is
T/ Ax

r'r

Let A\; > Ay > ... > A, be the eigenvalues of A and py,...,p, be the corresponding

eigenvectors. Let z = P’z. Then
x’Ax  ’PP'APP'z z'Az
x’x a/PPz 2z

)
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so that the difference between the Rayleigh quotient and the largest eigenvalue is

Y A -MDz (=Nt (N M)z <0
=M= z'z B 2242244 22 -

That is, the Rayleigh quotient ¢ < A;. Similarly, we can show that ¢ > \,,. By setting
x = p; and = = p,,, the resulting Rayleigh quotients are A\; and J,,, respectively. This

proves:
Theorem 6.8 Let A be a symmetric matriz with eigenvalues Ay > Ay > ... > \,,.
Then
. T Ax ' Az
Ap =min ——, Ay = max ——
z#o XT'T xz#o XT'T

6.6 Vector and Matrix Norms

Let V' be a vector space. The function || -|: V — [0,00) is a norm on V if it satisfies

the following properties:
1. |lv|| = 0 if, and only if, v = o;
2. lu+ | < flull + [lv];
3. ||hv|| = |h|||v||, where h is a scalar.

We are already familiar with the Euclidean norm; there are many other norms. For
example, for an n-dimensional vector v, its 1, {5 (Euclidean), and /., (maximal) norms

are:
lolly =225 fvil;
lolls = (s 03)"
[V]lo0 = max;<;<p [v5].

It is easy to verify that these norms satisfy the above properties.

A matriz norm of a matrix A is a non-negative number || A|| such that

1. JJA|| =0 if, and only if, A = o.

2. [[A+ Bl < [|All + Bl

3. ||hAl| = |h|||A||, where h is a scalar.
4. [[AB| < [|A[[[| Bl
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A matrix norm || A|| is said to be compatible with a vector norm ||v|| if || Av|| < ||A||||v]]-
Thus,

A
4] = sup 1221
v#o [ v]]

is known as a natural matrix norm associated with the vector norm. Let A be an n xn

matrix. The ¢;, /5, Euclidean, and ¢_, norms of A are:
|All; = maxj<j<p Z?:1 |aij|;
|Ally = (A2, where A, is the largest eigenvalue of A’A;
| Al = trace( A’ A)1/
Al = maxj<j<n Z?:l |aij|-
If A is an n x 1 matrix, these matrix norms are just the corresponding vector norms
defined earlier.
6.7 Statistical Applications

Let & be an n-dimensional normal random vector with mean zero and covariance matrix
TI 2

o It is well known that @’z = Y. ;22 is a x? random variable with n degrees
of freedom. If A is a symmetric and idempotent matrix with rank r, then it can be

diagonalized by an orthogonal matrix P such that
'’ Ax = 2’ P(PPAP)P'z = ' PAP'z,

where the diagonal elements of A are either zero or one. As orthogonal transformations
preserve rank, A must have r eigenvalues equal to one. Let P'x = y. Then, y is also
normally distributed with mean zero and covariance matrix P'I,, P = I,,. Without loss

of generality we can write
I. o -
2PAPz=vy | " Y= Zyga
o o i=1
which is clearly a x? random variable with 7 degrees of freedom.

Exercises

6.1 Show that a matrix is positive definite if, and only if, its eigenvalues are all positive.

6.2 Show that a matrix is positive semi-definite but not positive definite if, and only if,

at least one of its eigenvalue is zero while the remaining eigenvalues are positive.
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6.3 Let A be a symmetric and idempotent matrix. Show that trace(A) is the number
of non-zero eigenvalues of A and rank(A) = trace(A).

6.4 Let P be the orthogonal matrix such that P'(A’A)P = A, where A is n x k with
rank k < n. What are the properties of Z* = AP and Z = Z*A~'/2? Note that
the column vectors of Z* (Z) are known as the (standardized) principal azes of
A'A.

6.5 Given the information in the question above, show that the non-zero eigenvalues
of A’A and AA’ are equal. Also show that the eigenvectors associated with the
non-zero eigenvalues of AA’ are the standardized principal axes of A’A.

6.6 Given the information in the question above, show that

k
AAI — Z )\,Lzlz;7
i=1
where z; is the i thcolumn of Z.

6.7 Given the information in the question above, show that the eigenvectors associated
with the non-zero eigenvalues of AA’ and A(A’A)~1 A’ are equal.

6.8 Given the information in the question above, show that

k
A =) e
=1

where z; is the i thcolumn of Z.
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Answers to Exercises

Chapter 1
1. u+v=(5-1,3),u —v=(-3,-51).

2. Let u = (—3,2,4), v = (=3,0,0) and w = (0,0,4). Then ||ul = V29, ||v| = 3,
lw|=4,u-v=9,u-w=16, and v-w = 0.
— o1 (13
3. 0 = cos (Tﬁ)

1/2

5. By the fourth property of inner products, ||u| = (u-u)'/* = 0 if, and only if,

u = o.
6. By the triangle inequality,
[ull = [lu—v+of| < flu—2v]+]v],
ol = llv —u+ul| < [lv—ul + [[u]| = [[u—v[ + [[u]].
The inequality holds as an equality when w and v are linearly dependent.
7. Apply the triangle inequality repeatedly.
8. The Cauchy-Schwartz inequality gives \sx7y] < s,5,; the triangle inequality yields

Spqy < Sp T Sy

Chapter 2

1. As a vector space is closed under vector addition, hence for u € V, u+ (—u) = o

must be in V.

2. Both (a) and (b) are subspaces of R? because they are closed under vector addition

and scalar multiplication.

3. Let {uy,...,u,}, r <k, be a set of linearly dependent vectors. Hence, there exist

ay,...,a,, which are not all zeros, such that
a,u; + -+ a,u,. = 0.
Thus, a4,...,a, together with & — r zeros form a solution to

aquiy+ - t+eu.+ U+ u = o.
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Hence, S is linearly dependent, proving (a). For part (b), suppose {uq,...,u,},
r < k, is an arbitrary set of linearly dependent vectors. Then S is linearly depen-

dent by (a), contradicting the original hypothesis.

4. Let S = {uy,...,u,} be a basis for V and Q = {v,,...,v,,} a set in V with

m > n. We can write v; = aj;u; +--- + a,;u, foralli =1,...,m. Hence,

0=cv;+ - +c,v,
= ci(apug + -+ apu,) + colagpuy + - 4 appuy) + - +
Cm A1y + -+ ap,,uy,)
= (cray +coapp + -+ epay,)ug + o0 +
(Cran) + Colpg + -+ -+ Cpy Gy ) Uy
As S is a basis, uq,...,u, are linearly dependent so that
c1aq1 + Cya19 + -+ + a1, =0

C1G9q + Coloo + -+ CrnQom = 0

C1Qp1 + Colpg + -+ + Cpplpy = 0.

This is a system of n equations with m unknowns in ¢. As m > n, this system has

infinitely many solutions. Thus, ¢; # 0 for some 4, and @ is linearly dependent.

5. (a) is a basis because a,(2,1) + a5(3,0) = 0 implies that a; = ay = 0; (b) is not
a basis because there are infinitely many solutions for a,(3,9) + a,(—4,—12) = 0,

e.g., al = 4 and a2 — 3
6. w=(-4/5,2,3/5), e = (9/5,0,12/5).

7. v = (0727 170)7 Uy = (17 _1/572/570)7 V3 = (1/2a 1/27 _17 _1)7
vy = (4/15,4/15,-8/15,4/5).

8. The regression line is §y = fz with f =y - x/x - x.

Chapter 3

1. It suffices to note that (AB),;; = 53 and (BA),; = 6. Hence, AB # BA.
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2. For example,

A:12, B:46,
2 4 -2 -3

and AB = 0. Note that both matrices are singular.

3. For example,

Clearly, AB = AC = o, but B # C.
4. The cofactors along the first row are
C11 = agyass — agsasy, Cip = —(aga33 — agzas),
Cl3 = ag1a39 — A99a3y-
Thus,
det(A) = a1,C1y + a15C19 + a13C 3
= (11092033 T 12093031 + Q13021032
— Q13092031 — (12091033 — A11093039.
5. trace(X (X' X) 1 X’) = trace( X' X (X' X) 1) = trace(I;) = k.

6. Apply the inequalities of Section 3.4 repeatedly, we have rank(X (X'X)™1) =k
and rank(X (X'X)"1X") = k.

7. As A is symmetric, A = A’ so that A™! = (A")~! = (A1) is symmetric. It fol-
lows that adj(A) is also symmetric because A~! = adj(A)/ det(A). Alternatively,

by evaluating adj(A) directly one can find that the adjoint matrix is symmetric.

8. The adjoint matrix of A is

Qoo —0a12
—Qg an
Hence,

Al = 1 Qg9 —Q12
Q11022 — G12021 | —ag aqq
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Chapter 4

1. The first three vectors are all in range(T’); the vector (3,—8,2,0) is in ker(T).

2. (i) rank(7") = n and nullity(7") = 0.
(ii) rank(T") = 0 and nullity(7) = n.
(iii) rank(7") = n and nullity(T") = 0.

3. (i) (z,y) — (2z,y) is an expansion in the z-direction with factor 2.

(ii) (x,y) — (x,y/2) is a compression in the y-direction with factor 1/2.
(iii) (x,y) — (x + 2y, y) is a shear in the z-direction with factor 2.
(

iv) (z,y) — (x,2/2 + y) is a shear in the y-direction with factor 1/2.

4. A Ayu = (5,2); AyAju = (1,4). These transformations involve a shear in the

z-direction and a reflection about the line x = y; their order does matter.

Chapter 5

1. The elements of a skew-symmetric matrix A are such that a;; = 0 for all ¢ and

a;; = —ay; for all i # j. Hence,

n
a:’Aa::ZanZ—&—ZZ a;; +aj;)x;z; = 0.
i=1 =1 j=i+1
2. If A is singular, then there exists a « # o such that Ax = o. For this particular
xz, ' Az = 0. Hence, A is not positive definite. Note, however, that this does not

violate the condition for positive semi-definiteness.

3. As f(z) = >0, D5, am@y,

Z?:l(alj +aj1);
Z] 1

V. f(a) = - (a2j: tap)r; | (At Az

| 2=t +aja)z; |

4. Clearly, X(X'E71X) 1 X'E"! is idempotent but not symmetric.

5. It is easy to see that 11’/n is symmetric and idempotent.

6. ASP,c S, CS,, PP, = P,. Similarly, as (I — P;) € S C S5, we have
(I -Py)(I-Py)=1-P,.

(© Chung-Ming Kuan, 2001, 2009



6.7 Statistical Applications 56

7. For any vector y € span(A), we can write y = Ac for some non-zero vector c.

Then, A(A’A)"' A’y = Ac = y; this shows that this transformation is indeed a
projection. For y € span(A)*, A’y = o so that A(A’A)"' A’y = o. Hence, the

projection must be orthogonal.

. As we have only one explanatory variable 1, the orthogonal projection matrix is

1(1'1)711’ = 11/ /n, and the orthogonal projection of y on 1 is (11'/n)y = 1%.

Chapter 6

1.

Consider the quadratic form =’ Az. We can take A as a symmetric matrix and let
P orthogonally diagonalize A. For any ® # o, we can find a y such that = Py

and
n
*’Ax =y P'APy = y'Ay = Z )\iylz.
i=1

Clearly, if \; > 0 for all i, then '’ Az > 0. Conversely, suppose @’ Az > 0 for all
x # o. Let e; denote the i thCartesian unit vector. Then for x = Pe,, 2’ Az > 0

implies A\; > 0,¢i=1,...,n.

. Without loss of generality assume that A; = 0 and that other eigenvalues are

positive. Then in view of the above proof, '’ Az > 0, we have A\; > 0. If there is
no \; = 0, then A must be positive definite, contradicting the original hypothesis.

Hence, there must be at least one A\; = 0.

. As the eigenvalues of A are either zero or one, trace(A) is just the number of non-

zero eigenvalues (say r). We also know that similarity transformations preserve
rank and trace. It follows that rank(A) = rank(A) = r and trace(A) = trace(A) =

r.

Note that Z* and Z are nxk and that their column vectors are linear combinations
of the column vectors of A. Let B = PA™'/2. Then A = ZB™', so that
each column vector of A is a linear combination of the column vectors of Z. As

ZYZ* =N, Z'Z = A"'2AA1/? = I,. Hence, the column vectors of Z form an

orthonormal basis of span(A).

. As rank(AA’) = k, then by Theorem 6.6, AA’ has only k non-zero eigenvalues.

Given (A’A)P = PA, we can premultiply and postmultiply this expression by
A and A2 respectively, and obtain (AA')APA_l/2 = APA~'Y/2A. That is,

(© Chung-Ming Kuan, 2001, 2009



6.7 Statistical Applications 57

(AA")Z = ZA, where Z contains k orthonormal eigenvectors of AA’, and A is

the matrix of non-zero eigenvalues of A’A and AA’.

6. By orthogonal diagonalization, (AA")C = CD, where

c-[z z]p=[4 2]

with ZT the matrix of eigenvectors associated with the zero eigenvalues of AA’.

Hence,
k
AA' =CDC' = ZAZ = \z;z).
=1
7. It can be seen that
A2P'ATA(A’A)TANAPATY2 = ATV2P/(A’A)PATY2 =1,

Hence, Z are also eigenvectors A(A’A)~'A’, corresponding to the eigenvalues

equal to one.

8. As in previous proofs,
k
AAA)TA =27 = 2z,
i=1

Note that z;z} orthogonally projects vectors onto z;. Hence, A(A’A)~1A’ or-

thogonally projects vectors onto span(A).
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