Chapter 2

Vector spaces

In this chapter we introduce the notion of a vector space, which is fundamen-
tal for the approximation methods that we will later develop, in particular
in the form of an orthogonal projection onto a subspace representing the
best possible approximation in that subspace.

Any vector in an vector space can be expressed in terms of a set of basis
vectors, and we here introduce the process of constructing an orthonormal
basis from an arbitrary basis, which provides the foundation for a range of
matrix factorization methods we will use to solve systems of linear equations
and eigenvalue problems.

We use the Euclidian space R" as an illustrative example, but the con-
cept of a vector space is much more general than that, forming the basis
for the theory of function approximation and partial differential equations.

2.1 Vector spaces

Vector space

We denote the elements of R, the real numbers, as scalars, and a vector
space, or linear space, is then defined by a set V which is closed under two
basic operations on V': wector addition and scalar multiplication,

(i) z,yeV=ax+yelV,
i) zeV,aeR=azx eV,

satisfying the expected algebraic rules for addition and multiplication. A
vector space defined over R is a real vector space. More generally, we may
define vector spaces over the complex numbers C, or any algebraic field F.
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The Euclidian space R"

The Euclidian space R™ is a vector space consisting of the set of column
vectors
€
— T _ .
= (T1,..,xn) = | |, (2.1)

Tn

where (z1,...,x,) is a row vector with z; € R, and where v denotes
the transpose of the vector v. In R™ the basic operations are defined by
component-wise addition and multiplication, such that,

(1) T+ Yy = (.Tl + Yty -y T + yn)T7

(i) ar = (azy,...,az,)T.

A geometrical interpretation of a vector space will prove to be useful.
For example, the vector space R? can be interpreted as the vector arrows
in the Euclidian plane, defined by: (i) a direction with respect to a fixed
point (origo), and (ii) a magnitude (the Euclidian length).

ax = (0X4,0%,)"

origo = (0,0)7

Figure 2.1: Geometrical interpretation of a vector x = (x1,22)7 in the
Euclidian plane R? (left), scalar multiplication az with o = 0.5 (center),
and vector addition x + y (right).

Vector subspace

A subspace of a vector space V is a subset S C V, such that S together
with the basic operations in V' defines a vector space in its own right. For

example, the planes
S; = {r € R*: x5 =0}, (2.2)
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Sy ={r €R*:ax, +bry+crs+d=0:a,b,cdcR}, (2.3)

are both subspaces of R?, see Figure 2.2.

Figure 2.2: Illustration of the Euclidian space R? with the three coordinate
axes in the directions of the standard basis vectors eq, es, €3, and two sub-
spaces S; and Sy, where S; is the x,2z5-plane and S, a generic plane in R3,
with the indicated planes extending to infinity.

Basis

For a set of vectors {v;}I"; in V, we refer to the sum >, o;v;, with
a; € R, as a linear combination of the set of vectors v;. All possible linear
combinations of the set of vectors v; define a subspace,

S:{UGVZU:ZOQUZ', a; € R}, (2.4)
i=1
and we say that the vector space S is spanned by the set of vectors {v; }7,,
denoted by S = span{v;}I" | = (vy, ..., Un).
We say that the set {v;}! is linearly independent, if

d awi=0 = ;=0 Vi=1_.n (2.5)
1=1
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A linearly independent set {v;}, is a basis for the vector space V, if all
v € V can be expressed as a linear combination of the vectors in the basis,

v = iaivi, (2.6)
i=1

where a; € R are the coordinates of v with respect to the basis {v;}_;. The
dimension of V', dim(V), is the number of vectors in any basis for V', and
any basis of V' has the same dimension.

The standard basis {e1,....,e,} = {(1,0,...,0)T,...,(0,...,0,1)T} spans
R™ such that any x € R™ can be expressed as

=1

where dim R™ = n, and we refer to the coordinates x; € R in the standard
basis as Cartesian coordinates.

Norm

To measure the size of vectors we introduce the norm || - || of a vector in
the vector space V. A norm must satisfy the following conditions:

(i) ||lz]| > 0, Vz € V, and|jz| = 0 & z = 0,
(ii) [lez| = |all|lz]], Vo € V,a €R,
(i) [lz +yll < [zl + llyll, Yz, y €V,

where (iii) is the triangle inequality.
A normed vector space is a vector space on which a norm is defined. For
example, R" is a normed vector space on which the ly-norm is defined,

n 1/2
[l = (Zx2> = (27 + .. +27)'"?, (2.8)
i=1

which corresponds to the Euclidian length of the vector x.

Inner product

A function (-,-) : V x V — R on the vector space V' is an inner product if

(i) (az + By, 2) = a(x, 2) + B(y, 2),
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(i) (z,0y + pz) = alz,y) + Bz, 2),
(iil) (z,y) = (y, ),
(iv) (z,2) > 0,Vzx €V, and (z,2) =0 x =0,

forall z,y,z € V and o, 5 € R.
An inner product space is a vector space on which an inner product is
defined, and each inner product induces an associated norm by

]| = (z,2)"2, (2.9)

and thus an inner product space is also a normed space. An inner product
and its associated norm satisfies the Cauchy-Schwarz inequality.

Theorem 1 (Cauchy-Schwarz inequality). For || - || the associated norm of
the inner product (-,-) in the vector space V, we have that
(@) < llzllllyll, Vz,yeV. (2.10)

Proof. Let s € R so that
0 < |lz+syl® = (z + sy, x + sy) = [[«[* + 2s(z, y) + s*||y||*,

and then choose s as the minimizer of the right hand side of the inequality,
that is, s = — (=, y)/|ly||*, which proves the theorem. O

The Euclidian space R™ is an inner product space with the Euclidian
inner product, also referred to as scalar product or dot product, defined by

which induces the lo-norm ||z||s = (=, :B)é/Q. In R™ we often drop the sub-

script for the Euclidian inner product and norm, with the understanding
that (z,y) = (z,y)2 and [lz]| = [[z[]2.
We can also define general [,-norms as

n 1/p
], = <Z !xi|p> : (2.12)

i=1

for 1 < p < oco. In Figure 2.3 we illustrate the [;-norm,

2]l = |21] + .. + |2al, (2.13)
and the [,-norm, defined by
el = pmas o (2.14)

In fact, the Cauchy-Schwarz inequality is a special case of the Hélder
inequality for general [,-norms in R".
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YW

Figure 2.3: Illustration of /,-norms in R™ through the unit circles ||z||, = 1,
for p=1,2,00 (from left to right).

Theorem 2 (Holder inequality). For 1 <p,q < oo and 1/p+1/q=1,
(@, 9)| < llzllpllylle,  Vo,y € R™ (2.15)
In particular, we have that

(@ 9)| < llzllillylleo, Y,y € R™. (2.16)

2.2 Orthogonal projections

Orthogonality

An inner product space provides a means to generalize the concept of mea-
suring angles between vectors, from the Euclidian plane to general vector
spaces, where in particular two vectors x and y are orthogonal if (x,y) = 0.

If a vector v € V is orthogonal to all vectors s in a subspace S C V,
that is

(v,8) =0, VseS,

then v is said to be orthogonal to S. For example, the vector (0,0,1)7 € R?
is orthogonal to the subspace spanned in R? by the vectors (1,0,0)” and
(0,1,0)T.

We denote by S+ the orthogonal complement of S in V, defined as

St={veV:(vs)=0,Vse S} (2.17)

The only vector in V' that is an element of both S and S+ is the zero vector,
and any vector v € V' can be decomposed into two orthogonal components
s; € S and s; € S*, such that v = s; + sy, where the dimension of S* is
equal to the codimension of the subspace S in V, that is

dim(S*) = dim(V) — dim(S). (2.18)
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Orthogonal projection

x-By

By

Figure 2.4: Illustration in the Euclidian plane R? of By, the projection of
the vector z in the direction of the vector y, with x — By orthogonal to y.

The orthogonal projection of a vector x in the direction of another vector
y, is the vector Sy with 8 = (z,y)/||y||?, such that the difference between
the two vectors is orthogonal to y, that is

(z — By, ) = 0. (2.19)

Further, the orthogonal projection of a vector v € V' onto the subspace
S C V,is a vector vy € S such that

(v—15,8) =0, VseS, (2.20)

where v, represents the best approximation of v in the subspace S C V,
with respect to the norm induced by the inner product of V.

Theorem 3 (Best approximation property).
lv—vsl]| < |lv—s], VseS (2.21)
Proof. For any vector s € S we have that

v —vs|* = (v—vs,v—v5) = (V—05,0—8) + (V—1s, 5 =) = (V—15,0—5),
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since (v —vg, s —vs) = 0, by (2.20) and the fact that s — vy € S. The result
then follows from Cauchy-Schwarz inequality and division of both sides by
[ —wsll,

(v =05, =) <o = vgll[]o = s]| = [lv = vs|| < Jv—s]|.

]

To emphasize the geometric properties of a inner product space V, it is
sometimes useful to visualize a subspace S as a plane in R3, see Figure 2.5.

Figure 2.5: The orthogonal projection vs € S is the best approximation of
v € V in the subspace S C V.

Orthonormal basis

We refer to a set of non-zero vectors {v;} ; in the inner product space V
as an orthogonal set, if all vectors v; are pairwise orthogonal, that is if

(v,v;) =0, Vi#]j. (2.22)
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If {v;}, is an orthogonal set in the subspace S C V, and dim(S) = n,
then {v;}, is a basis for S, that is all v, € S can be expressed as

Vg = Q101 + ... + v, = Z%Ui, (2.23)
i=1

with the coordinate o; = (v, v;)/||vi]|?
direction of the basis vector v;.
If @ = {q}", is an orthogonal set, and ||¢;|| = 1 for all i, we say that

Q@ is an orthonormal set. Let () be an orthonormal basis for S, then

being the projection of vy in the

n

vs = (s, q1)q1 + oo + (Vs, @) G = Z(vs, 4)q, Yvs €S, (2.24)
i=1

where the coordinate (vs, ¢;) is the projection of the vector vy onto the basis
vector ¢;. An arbitrary vector v € V can be expressed as

v=7r+ Z(Uv ql)Q’H (225)
=1

where the vector r = v — """ (v, ¢;)¢; is orthogonal to S, that is r € S+, a
fact that we will use repeatedly.
Thus the vector r € V satisfies the orthogonality condition

(r,s) =0, Vsels, (2.26)

and from (2.21) we know that r is the vector in V' that corresponds to the
minimal projection error of the vector v onto S with respect to the norm
in V. We will refer to the vector r as the residual.

2.3 Excercises

Problem 1. Prove that the planes S; and Sy are subspaces of R3, where
Si={zeR:23=0} and Sy = {x € R® : axy + brg +cx3+d=0:
a,b,c,d € R}.

Problem 2. Prove that the standard basis in R™ is linearly independent.
Problem 3. Prove that the Euclidian ly-norm || - ||2 is a norm.
Problem 4. Prove that the scalar product (-,-)s is an inner product.

Problem 5. Prove that || - ||2 is induced by the inner product (-, ).
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Problem 6. Prove that |(x,y)| < ||z|l1]|y]|c0, Y2,y € R™.

Problem 7. Prove that the vector (0,0,1)T € R3 is orthogonal to the sub-
space spanned in R3 by the vectors (1,0,0)T and (0,1,0)7.

Problem 8. Let {¢;}, be an orthonormal basis for the subspace S C V,
prove that r € S*, withr =v —>_1" (v, ¢)q.

Problem 9. Let {w;}}', be a basis for the subspace S C V', so that all
s € S can be expressed as s = Z?:l oGW; .

(a) Prove that (2.20) is equivalent to finding the vector vs € S that satisfies
the n equations of the form

(v—wvs,w;) =0, i=1,..,n.

(b) Since v; € S, we have that vy = 377 | Bjw;. Prove that (2.20) is
equivalent to finding the set of coordinates [3; that satisfies

Zﬁj(wj,wi) = (v,w;), i=1,...,n.
j=1

(c) Let {q;}I, be an orthonormal basis for the subspace S C 'V, so that we
can express vy = Z?Zl B;q;. Use the result in (b) to prove that (2.20) is
equivalent to the condition that the coordinates are given as 5; = (v, q;).



