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1. Vector and Matrix Norms

The three most widely used vector norms [1,2] are the L, or Euclidean norm, the L,
and the L, norms, defined for a vector x € RN by:

Ixllz = JIx1 12 + X212 + -+ [xy]? = VxTx X

X2
Xl = Ixal + xol + - - + [xw] where x = | . CRY
%l = max([x11, [x21, ..., [xn1) XN

All vector norms satisfy the triangle inequality:
Ix+yl < x| + lyll, for x,yeRN 1.2)

Unless otherwise specified, from now on the notation ||x|| will denote the Eu-
clidean norm. The Cauchy-Schwarz inequality for the Euclidean norm reads:

IxTy| < IxIllyll (1.3)

where equality is achieved when y is any scalar multiple of x, that is, y = cx. The
“angle” between the two vectors X,y is defined through:

xTy
Ix[lyll

cos O = (1.4)

An N xM matrix A is a linear mapping from RM to RN, that is, for each x € RM,
the vector y = Ax is in RVN. For each vector norm, one can define a corresponding
matrix norm through the definition:

Ax
1Al = sup 12X _ g jax (1.5)
xio IXIE x=

We will see later that the Euclidean matrix norm ||A||, is equal to the largest
singular value of the SVD decomposition of A, or equivalently, the square-root of
the largest eigenvalue of the matrix ATA or the matrix AAT. The L, and L., matrix
norms can be expressed directly in terms of the matrix elements A;; of A:

|All; = max z |Ajj| = maximum of column-wise sums
I
|A]lo = max z |Ajj| = maximum of row-wise sums
1 N
J

Another useful matrix norm—not derivable from a vector norm—is the Frobe-
nius norm defined to be the sum of the squares of all the matrix elements:

lAllF = \/Z |Aj12 = \/tr(ATA)) (Frobenius norm) (1.7)
i,j



The Ly, L1, L, and the Frobenius matrix norms satisfy the matrix versions of
the triangle and Cauchy-Schwarz inequalities:

A+ Bl < [IAll + [IB]
IAB| < [IAl[l|B]

(1.8)

The distance between two vectors, or between two matrices, may be defined with
respect to any norm:

dx,y)=lx-vyll, d(A,B)=|A-B] (1.9)

2. Subspaces, Bases, and Projections

A subset Y € RN is a linear subspace if every linear combination of vectors from Y
also lies in Y. The dimension of the subspace Y is the maximum number of linearly
independent vectors in Y.

If the dimension of Y is M, then, any set of M linearly independent vectors,
say {bi,b,..., by}, forms a basis for Y. Each basis vector b; is an N-dimensional
vector, that is, it lies in RN. Because Y is a subset of RN, we must necessarily have
M < N. Any vector in Y can be expanded uniquely as a linear combination of the
basis vectors, that is, forb € Y:

C1
M C2
b= cibi = ciby + by + - - - eyby = [by,by,...,by]| . | =Bc (2.1
i=1 .
M

where we defined the N xM basis matrix B = [by,b»,...,by] and the M x1 vector
of expansion coefficients ¢ = [c1,¢o...,cm]7T.

Because the columns of B are linearly independent, B will have full rank equal
to M. It follows that the MxM matrix BT B will also have full rank! and, there-
fore, it will be invertible. This allows us to compute the expansion coefficients c.
Multiplying both sides of (2.1) by BT, we may solve for c:

B™wW=B"Bc = c¢=(B"B)"'BT™b=B*b, B*= (B'B)"'BT (2.2)

The space spanned by the linear combinations of the columns of the matrix B
is called the column space or range space of B and is denoted by R (B). Because B
is a basis for Y, we will have Y = R(B). The matrix equation Bc = b given in (2.1)
is an overdetermined system of N equations in M unknowns that has a solution
because we assumed that b lies in the range space of B.

The quantity B* = (BTB) ~'BT is a special case of the Moore-Penrose pseudoin-
verse (for the case of a full rank matrix B with N > M.) In MATLAB notation, the

tindeed, BTBc =0 = ¢TBTBc=||Bc|2=0 = Bc=0 = c =0, because B has full rank.

solution (2.2) is obtained via the backslash or the pseudoinverse operators (which
produce the same answer in the full-rank case):

c=B\b =pinv(B)*b =B*b (2.3)

The matrix BTB € RM*M js called the Grammian. Its matrix elements are the
mutual dot products of the basis vectors (BTB)U= b,-TbJ-, iLh,j=1,2,...,M.

The quantity P = BB* = B(BTB) !B is the projection matrix onto the sub-
space Y. As a projection matrix, it is idempotent and symmetric, that is, P2 = P
and PT = P. The matrix Q = Iy — P is also a projection matrix, projecting onto
the orthogonal complement of Y, that is, the space Y+ of vectors in RN that are
orthogonal to each vector in Y. Thus, we have:

P = BB* = B(BTB) "'BT = projector onto Y
(2.4)
Q = Iy —BB* = Iy — B(BTB)~'BT = projector onto Y+

They satisfy the properties BTQ = 0, PQ = 9P = 0,and P + Q = In. These
imply that the full space RY is the direct sum of Y and Y. Moreover, the subspace
Y+ is the same as the null space N (BT) of BT. This follows from the property that
b, € Y if and only if BTb, = 0. Thus, we have the decomposition:

YooY =RMB)eNBT)=RN (2.5)

The orthogonal decomposition theorem follows from (2.5). It states that a given
vector in RN can be decomposed uniquely with respect to a subspace Y into the
sum of a vector that lies in Y and a vector that lies in Y+, that is, for b € RN:

b=b,+b,, where bjeY, b, eY? (2.6)
so that b'b = 0. The proof is trivial; defining by = Pb and b, = Qb, we have:
b=Ixb=(P+9)b=Pb+9b=Db;+b,

The uniqueness is argued as follows: setting bj + b, = bj; + b’ for a different
pairb| € Y,b’, € Y*,wehaveb|—bj = b’ —b,, which implies that both difference
vectors lie in Y N Y+ = {0}, and therefore, they must be the zero vector.

Y*= N(B) b Ib

Fig. 2.1 Projection of b onto the subspace Y = R(B) spanned by B = [by,b>].

Fig. 2.1 illustrates this theorem. An alternative proof is to expand b in the B-
basis, that is, b = B¢, and require that b, = b — b be perpendicular to Y, that is,
BTb, = 0. Thus, we get the conditions:

b=Bc+b, = B'™w=B"Bc+B'b, =B"Bc, or,



c=B™B)"'B™b, by =Bc=BB'B)"'BTb="b 2.7

A variation of the orthogonal decomposition theorem is the orthogonal projec-
tion theorem, which states that the projection by is that vector in Y that lies closest
to b with respect to the Euclidean distance, that is, as the vector y € Y varies over
Y, the distance ||b — y|| is minimized when y = b.

Fig. 2.2 illustrates the theorem. The proof is straightforward. We have b —y =
by +b, —y = (b —y)+b,, but since both b and y lie in Y, so does (b —y) and
therefore, (b —y) L b,. It follows from the Pythagorean theorem that:

b —ylI* = [l (b) —y)+b_[I*> = by —ylI* + [b_|I?

which is minimized when y = bj. The minimized value of the distanceis [[b—by || =
IIb,|l. The orthogonal projection theorem provides an intuitive interpretation of
linear estimation problems and of least-squares solutions of linear equations.

Y*= N(B")

Fig. 2.2 The projection by minimizes the distance ||b — y|| to the subspace Y.

The basis B for the subspace Y is not unique. Any other set of M linearly
independent vectors in Y would do. The projector P remains invariant under a
change of basis. Indeed, suppose that another basis is defined by the basis matrix
U = [uj,uy,...,uy] whose M columns u; are assumed to be linearly independent.
Then, each b; can be expanded as a linear combination of the new basis vectors u;:

M
b= > wcy, j=1,2,...,.M (2.8)
i=1

These relationships may be expressed compactly in the matrix form:

B=UC (base change) (2.9)

where C is the M xM matrix of expansion coefficients cj;. Because U and B have
full rank, the matrix C will be invertible (the u;’s can just as well be expressed in
terms of the bj’s.) It follows that BTB = CT (UTU) C and:

P =BBTB) BT =vuc(cT Wwlv)c) ' ctu?
=yuc(c'wtu)-*cHctuT =uvwTv)tuT

where C~T denotes the inverse of the transposed matrix CT. Among the possible
bases for Y, a convenient one is to choose the M vectors u; to have unit norm and

be mutually orthogonal, that is, ul-Tuj = 0y, for i,j = 1,2,...,M. Compactly, we
may express this condition in terms of the basis matrix U = [uj,uy,...,upm]:
UTu = Iy (orthonormal basis) (2.10)

When U is orthonormal, the projection matrix 7 can be expressed simply as:
P=BB"B)'BT =U W) 'UT =UUT (2.11)

There are many ways to construct the orthonormal basis U starting with B. One
is through the SVD implemented into the function orth. Another is through the QR-
factorization, which is equivalent to the Gram-Schmidt orthogonalization process.
The two alternatives are:

U orth(B); % SVD-based
U =qr(B,0); % QR-factorization

Example 2.1: A three-dimensional subspace Y of R* is spanned by the basis matrix B:

1.52 2.11 4.30
-1.60 -2.05 -4.30
2.08 2.69 3.70
-2.00 -2.75 -3.70

B =

The matrix B has rank 3, but non-orthogonal columns. The two orthogonal bases
obtained via the SVD and via the QR factorization are as follows:

05 05 -05
o or on 3.60  4.80 8.00

B= —0.48 -0.64 0.60 | = U,C,

0.5 -0.5 0.5
05 0.5 0.5 0.08 -0.06 0.00

78'232 :g'iggi _g'zg}; —3.6327 —4.8400 —7.8486
B= ' ' ' 0.0000 —0.1666 —0.1729 | = U,C,

-0.5726 0.4875 -0.4295
0.5505 0.5122 0.4295 0.0000 0.0000 1.6520

The bases were constructed by the MATLAB commands:

[U1,51,V1] = svd(B,0); C1 = S1*V1’;
[U2,C2] = qr(B,0);

% alternatively, Ul = orth(B);

The orthogonal bases satisfy UITU 1 = Ué[ U, = I3, and C; is upper triangular. The
projection matrices onto Y and Y+ are:

3 -1 -1 -1 1 1 1 1
1| -1 3 -1 -1 11 1 1 1
_ T_ 1 ], P ==
P=UUr=311 -1 3 1| L=L-7 41 1 1 1
-1 -1 -1 3 1 1 1 1
The ranks of 7, Q are the dimensions of the subspaces Y, Y+, thatis, 3 and 1. m}



3. The Fundamental Theorem of Linear Algebra

An NxM matrix A € RN*M of rank r < min{M, N} is characterized by four fun-
damental subspaces: the two range subspaces R(A) and R(AT) and the two null
subspaces N (A) and N (AT). These subspaces play a fundamental role in the SVD
of A and in the least-squares solution of the equation Ax = b.

The fundamental theorem of linear algebra [1,20] states that their dimensions
and orthogonality properties are as follows:

R(A), subspace of RN, dim =r, R(A)t=NAT)
N(AT), subspaceof RN, dim=N-r, N(AT)L=R(A)
R(AT), subspace of RM, dim =r, R(AT)L=N(A)
N(A), subspaceof RM, dim=M—-r, N(A)‘=R(AT)

(3.1)

The dimensions of the two range subspaces are equal to the rank of A. The
dimensions of the null subspaces are called the nullity of A and AT. It follows that
the spaces RM and RV are the direct sums:

RN =R(A)e N(AT)=R(A)oR(A)*

RM = R(AT)® N(A)= R(AT)® R(AT)* (3.2)

Their intersections are: R(A)NN(AT)= {0} and R(AT)nN(A)= {0}, that
is, the zero vector. Fig. 3.1 depicts these subspaces and the action of the matri-
ces A and AT. The fundamental theorem of linear algebra, moreover, states that
the singular value decomposition of A provides orthonormal bases for these four
subspaces and that A and AT become diagonal with respect to these bases.

R(AT) R(A)

RM RN

N(A) NAT)

Fig. 3.1 The four fundamental subspaces associated with an N XM matrix A.

4. Solving Linear Equations

Given an NxM matrix A € RN*M of rank ¥ < min(N, M) and a vector b € R, the
linear system Ax = b may or may not have a solution x € RM, A solution exists
only if the vector b lies in the range space R(A) of the matrix A.

However, there is always a solution in the least-squares sense. That solution may
not be unique. The properties of the four fundamental subspaces of A determine
the nature of the least-squares solutions [1].

Defining the error vector e = b — Ax, a least-squares solution is a vector x € RM
that minimizes the Euclidean norm ||e||, that is,

J=lel?=eTe=|b-Ax|? = (b— Ax)T (b — Ax) = min “.1)

The solution is obtained by setting the gradient of the performance index to zero:

9T _ _opTe - —2AT(b-Ax)=0
ox

Thus, we obtain the orthogonality and normal equations:

ATe=0 (orthogonality equations)

4.2
ATAx = ATp 2

(normal equations)

If the MxM matrix ATA has full rank, then it is invertible and the solution of
the normal equations is unique and is given by

x= (ATA)"'ATb  (full-rank overdetermined case) 4.3)

This happens, for example, if N > M and r = M. In the special case of a square
full-rank matrix A (thatis, r = N = M,) this solution reduces to x = A~ 'b.

For the rank-defective case, ATA is not invertible, but Eq. (4.2) does have solu-
tions. They can be characterized with the help of the four fundamental subspaces
of A, as shown in Fig. 4.1.

R(AT) R(A)
X AXx = Ax,
i X = A+bu ib
X i b, §
0 Z—'XL NA) 04—'@ - NAT)

Fig. 4.1 Role of the fundamental subspaces in the least-squares solution of Ax = b.

Using the direct-sum decompositions (3.2), we resolve both b and x into their
unique orthogonal components:

b=by+b,, by €R(A), b, e N(AT), beRN

4.4
x=x)+x,, x€R(AT), x, eN(A), xeRM (4.4)

Because x, lies in the null space of A, we have Ax, = 0, and therefore, Ax =
A (x| +x, )= Ax|. Then, the error vector becomes:

e=b-Ax= (b - Ax)) +b, =¢| + e, 4.5)

Because both b and Ax liein R (A), so does e| = b —Ax|, and therefore, it will
be orthogonal to e, = b,. Thus, Eq. (4.5) represents the orthogonal decomposition
of the error vector e. But from the orthogonality equations (4.2), we have ATe = 0,
which means that e € N(AT), and therefore, e = e, . This requires that e =0, or,
Ax| = by. Because by lies in R (A), this system will have a solution xj.

Moreover, because x; € R(AT), this solution will be unique. Indeed, if by =
Ax) = Ax"‘, for another vector X\,I € R(AT), then A (x| — X\,I) =0, or, X| — x"| would



lie in N (A) in addition to lying in R(AT), and hence it must be the zero vector
because R(AT)NnN(A)= {0}. In fact, this unique x; may be constructed by the
pseudoinverse of A:

Axj=b; = x;=A'bj=A"b (minimum-norm solution)  (4.6)

An explicit expression for the pseudoinverse A* will be given in Sec. 6 with the
help of the SVD of A. We will also show there that A*b = A*b. In conclusion, the
most general solution of the least-squares problem (4.1) is given by:

x=A"b+x, 4.7)

where x, is an arbitrary vector in N (A). The arbitrariness of x, parametrizes the
non-uniqueness of the solution x.

The pseudoinverse solution x| is also recognized to be that particular solution
of the least-squares problem that has minimum norm. This follows from (4.4):

lIxl1? = 1l lI* + %, 1% = 1A BII* + lIx, [I? (4.8)

which shows that the norm ||x|| is minimum when x, = 0, or, when x = x. Fig. 4.1
illustrates this property.

The minimum-norm solution is computed by MATLAB’s built-in function pinv,
X| = pinv(A) * b. The solution obtained by MATLAB’s backslash operator, x = A\b,
does not, in general, coincide with x;. It has a term x, chosen such that the resulting
vector x has at most r non-zero (and M — r zero) entries, where r is the rank of A.

We obtained the general least-squares solution by purely geometric means using
the orthogonality equation (4.2) and the orthogonal decompositions of x and b. An
alternative approach is to substitute (4.5) directly into the performance index and
use the fact that e and e, are orthogonal:

T = llell® = lleyllI* + lleLI* = llby — AxylI* + b, ||* 4.9

This expression is minimized when Ax; = b, leading to the same general solu-
tion (4.7). The minimized value of the mean-square error is ||b, ||2.

The full-rank case deserves special mention. There are three possibilities de-
pending on whether the system Ax = b is over-determined, under-determined, or
square. Then, one or both of the null subspaces consist only of the zero vector:

1. N>M, r=M, N(A)=1{0}, R(AT)=RM, (over-determined)
2. M>N, r=N, N(AT)=1{0}, R(A)=RYN, (under-determined)
3. N=M, r=N, N(A)={0}, N(AT)=1{0}, (square,invertible)

The three cases are depicted in Fig. 4.2. In the over-determined case, N (A) = {0}
and therefore, the least-squares solution is unique x = x;; and, as we saw earlier, is
given by x = (ATA) "1 ATb. Comparing with (4.6), it follows that the pseudoinverse
is in this case A* = (ATA)1AT.

In the under-determined case, we have b = b, that is, b is in the range of A, and
therefore, Ax = b does have a solution. There are more unknowns than equations,

R(AT) R(A)

T AXx = Ax, b
— At i
X:X‘ X=ATby b, §
NA) = {0} O An
R(AT) R(A)
X AX = Ax, .
X, f . m=ATh, b=b
o5 NA)  NaT) = (o)
R(AT) R(A)
T Ax = Ax, T
_at
sz‘ XH_A bu b= bu
N(A) = {0} N(AT) = {0}

Fig. 4.2 Subspaces in the full-rank least-squares solutions of Ax = b.

and therefore, there is an infinity of solutions x = x; + x,. The minimum norm
solution can be constructed as follows.

Because x; € R(AT), there is a coefficient vector ¢ € RN such that x; = ATc.
Then, the system reads b = Ax = Ax) = AATc. The NxN matrix AAT is invertible
because it has full rank ¥ = N. Thus, we find ¢ = (AAT)~'b and hence, x| = ATc =
AT (AAT)-1b. It follows that A* = AT(AAT) -1,

Finally, in the square invertible case, we have x = A~'b. The three full-rank
cases may be summarized as follows:

1. N>M=r, x=A"b, At = (ATA) 1 AT
2. M>N=r, x=A'b+x,, At=AT(AAT)! (4.10)
3. N=M=r, x=A"lb, At = A1

In the last two cases, the equation Ax = b is satisfied exactly. In the first case,
it is satisfied only in the least-squares sense.

Example 4.1: Solve the two systems of equations:
x=1 2x =2
{ x=2 and { xX=2
Solution: The least-squares minimization problems and their solutions are in the two cases:

10



J=x-1)%+(x-2)2=min = E;—‘){7:2(x71)+2(x72):0 > x=1.5
J=02x-2)2+(x-2)2=min = %—‘3:4(2x72)+2(x72)20 > x=1.2

It may be surprising that the solutions are different since the first equations of the two
systems are the same, differing only by an overall scale factor. The presence of the
scale factor introduces an effective weighting of the performance index which alters
the relative importance of the squared terms. Indeed, the second performance index
may be rewritten as:

T=4(x-1)%+(x-2)2

which assigns the weights 4:1 to the two terms, as opposed to the original 1:1. Gen-
eralizing this example, we may express the systems in the form Ax = b:

axX = bl a _ bl _ a; _ b]

a2X=b2 - |:a2:|X_|:b2:|’ A_|:a2:|, b_|:b2 (411)
This is recognized as an overdetermined full-rank case, which can be solved by the
pseudoinverse A* = (ATA)~1AT. Noting that ATA = a? + a3, we have:

+
ai | _ laya]
a a: +a
The first system has [a;,a>]= [1,1] and [by,b,]= [1,2], and the second system,

[ai,a>]= [2,1] and [by,b,]= [2,2]. If we multiply both sides of Eq. (4.11) by the
weights wi, wa, we get the system and solution:

wia, wib, wiaib, + wiaxb,
X = > X=— 5 555 (4.12)
waa; waby wiai + wsas

1 b, ab, + a:b»
xX=A"b= ———[a,a; B L S
peapril ﬁ[bz] s

The differences between (4.11) and (4.12) can be explained by inspecting the corre-
sponding performance indices that are being minimized:
J = (a1x — by)*+(a:x — by)?, J = wi(aix — by)?+w3 (axx — by)*?

The scale factors wy, w, alter the relative weighting of the terms in 7. ]

Example 4.2: Find the minimum norm solution, as well as the most general least-squares

solution of the system:

X2

Xi+Xx =2 o [1,1]["1]:[2], A=[1,1], x:["l], b=[2]

11

Solution: This is an under-determined full-rank case. The minimum norm solution is com-

Fig.

puted using the pseudoinverse A* = AT(AAT)~1. We have, AAT = 2, therefore,

1 1) N FH R iy M 1)

The most general vector in the one-dimensional null space of A has the form:

XL:[,E] < [1,1][7§]:0 < Ax, =0

Therefore, the most general least-squares solution will have the form:

wexon =[] [ 2]-[177]

It is evident that the norm-square ||x||? = (z + 1)%2+(z — 1)2= 2 + 222 is minimized

when z = 0. MATLAB’s backslash solution x = A\b = is obtained when z = 1

2
0
and corresponds to the point of intersection of the line x; + x, = 2 with the x; axis.
A geometrical picture of the general solution is shown in Fig. 4.3.

X2

X1 +X2=2
? R(AT)
| L min-norm solution
X X Xt backslash solution
T 0 i 2 M
N@A)

4.3 The minimum norm solution is perpendicular to the straight line x; + x, = 2.

The equation Xx; + X, = 2 is represented by a straight line on the x; x> plane. Any point
on the line is a solution. In particular, the minimum-norm solution x; is obtained by
drawing the perpendicular from the origin to the line.

The direction of x defines the 1-dimensional range space R(AT). The orthogonal
direction to R (AT), which is parallel to the line, is the direction of the 1-dimensional
null subspace N (A). In the more general case, we may replace the given equation by:

aix; +axx, =b, < [011,612][2] = [b1], A=l[ai,a:], b=[b]

The pseudoinverse of A and the min-norm solution are:

1 1
A" = AT(AAT) 1= b a; X =Ah= ab,
ai +as | a a? + a3 | axb:

Vectors in N (A) and the most general least-squares solution are given by:

12



< - 1 a»z X XX, = 1 a\b, + axz
Y d+ad | —az | I @2y a3 | aby —anz

It is easily verified that Ax, = 0 and that ||x||? is minimized when z = 0. m]

Example 4.3: The pseudoinverses of N-dimensional column and row vectors are:

a
ap T
a a
a= = and al = [ay,ay,...,an] @hH*= 5
llall llall
an

where ||a||? = aTa = a3 +a3+- - - +a%. Thus, we obtain the minimum-norm solutions:

ax b,
az b 4 a’b ab, + axb, + - - - + anby
Lo lx=| . = x=a'b= = > 5
. a‘a ar+as;+---+ay
an bN
X1 a;
X2 1 ap
a1X1 +axx+---+anxyn=b = =" 2 2 . b
ay+as; +---+ay :
XN an

5. The Singular Value Decomposition

Given an NxM matrix A € RN*M of rank r < min(N, M), the singular value de-
composition theorem [1] states that there exist orthogonal matrices U € RN*N and
V € RMXM gych that A is factored in the form:

(SVD) G

where X € RN*M js an NxM diagonal matrix, partitioned in the form:

2|0
Z—[O 0] (5.2)

with X, a square diagonal matrix in R"*":

|5, = diag(01,0%,...,0) | (5.3)

with positive diagonal entries called the singular values of A and arranged in de-
creasing order:
g =>202>:--2>20,>0 (5.4)

13

The orthogonal matrices U, V are not unique, but the singular values o; are. To
clarify the structure of X and the blocks of zeros bordering X, we give below the
expressions for X for the case of a 6xX4 matrix A of rank r = 1, 2, 3, 4:

0 010 o 0 0 0
(0] 0 0 0 (0] 0 0
0 o03]|0 0 0 o3 O
0 o]0} 0 0 0 04
0 0 OJ [ 0 0 0 0 J
0 010 0 0 0 0

The orthogonality of U,V may be expressed by UTU = UUT = Iy and VIV =
VVT = Iy. These just mean the U has N orthonormal columns that form a com-
plete basis for RN, and V has M orthonormal columns that form a basis for RM.

Denoting the columns of U by u;, i = 1,2,...,N, and the columns of V by v;,
i=1,2,...,M,we may partition U,V in a compatible way as in Eq. (5.2):

U= [u,up,..., Uy, U, ,un]= [Uy | Uy]
U, 0.
5 (5.5)
V= 1[vi,va,..., Vi, Vrsr, .., V] = [V [ V]
‘/YY ‘_;'y

Then, Eq. (5.1) can be written in the form:

. vr
A=[Ur|0,] [ZO—’%} [V;] = Uz VE (5.6)

or, as a sum of r rank-1 matrices:

r
A=Y ouvl = oowvl + oowvl + - -+ opupv! (5.7)
i-1

The submatrices have dimensions U, € RN*" U, € RN*X(N-1) 'y, e RM*" and
V, € RMX(M-1)  The orthogonality and completeness properties of U,V may be
expressed equivalently in terms of these submatrices:

vlu, =1,, 00, =Iy-,, UIU, =0, UUI+0,0F =1y
- N o (5.8)
VIV, =1,, VIV, =Iy_,, VIV, =0, V,VI+V, VI =1y

For example, we have:

RETA TS MVATIRD
| Ofu, | 070, |~ [0 [In-r |

The SVD of A provides also the SVD of AT, thatis, AT = VXTUT. The singular

values of AT coincide with those of A. The matrix X7 has dimension M xN, but
since T = X,, we have:

- [= |ol[UL
AT —vsTUT = [V, | vr][ o o} [UVT} =V, 3, Ul (5.9)
r
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utu Iy, UUI+0,0F =U0UT =1y




Although A and AT can be constructed only from U, X, V,, the other subma-
trices Uy, V, are needed in order to characterize of the four fundamental subspaces
of A, and are needed also in the least-squares solutions.

Multiplying (5.6) from the right by V,, V, and multiplying (5.9) by U,, U, and
using (5.8), we obtain:

AV, =U,2 VIV, =U,3,, AV, =U,Z VIV, =0
Ay, =v,zUtU, =V,2,, ATU, =V, U0, =0

or, explicitly in terms of the basis vectors u;, v;:

AVY:UrZr AV,-=0'iui, i=1,2,...,7"
AV, =0 Avi=0, i=r+1,...,M
Alu, =v,z, < ATy =opvi, i=1,2,...,r (5.10)
ATU, =0 ATu; =0, i=r+1,...,N
These equations show thatu; and v;,i = 1,2,...,7, lie in the range spaces R(A)
and R (AT), respectively. Moreover, they provide orthonormal bases for these two
subspaces. Similarly, v;,i=r+1,...,M,andu;,i = ¥ +1,..., N, are bases for the

null subspaces N (A) and N (AT), respectively.

Thus, a second part of the fundamental theorem of linear algebra is that the
matrices Uy, Uy, V,, V, provide orthonormal bases for the four fundamental sub-
spaces of A, and with respect to these bases, A has a diagonal form (the ). The
subspaces, their bases, and the corresponding projectors onto them are:

R(A)=span{U,}, dim=r, ulu, = I, Pra) = U, UL
N(AT)=span{U,}, dim=N-r, U!U, =In_r, Pyr) =UUr
R(AT)=span{V,}, dim=r, VIv, =1,, Prary =V, VI
N(A)=span{V,}, dm=M-r, VIV, =1y, Pnu =V,VI

(5.11)

The vectors u; and v; are referred to as the left and right singular vectors of
A and are the eigenvectors of the matrices AAT and ATA, respectively. Indeed, it
follows from the orthogonality of U and V that:

22
ATA = v3TUuTusvT = v (ST VT, STy = OV 8 e RMxM
_ , N (5.12)
by
AAT = ysvTvsTyT =ysTyur, 37T = 0’ 8 e RNxN

It is evident from these that V and U are the matrices of eigenvectors of ATA and
AAT and that the corresponding non-zero eigenvalues are A; = 02,i = 1,2,...,r.
The ranks of ATA and AAT are equal to the rank r of A.

The SVD factors V, U could, in principle, be obtained by solving the eigenvalue
problems of ATA and AAT. However, in practice, loss of accuracy can occur in
squaring the matrix A. Methods of computing the SVD directly from A are available.
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A simplified proof of the SVD is as follows. We assume that N > M and that A
has full rank r = M (the proof can easily be modified for the general case.) First,
we solve the eigenvalue problem of the matrix ATA:

ATA =vAVT | A =diag(A1,A0,...,Ay) e RMM

Because ATA has full rank, it will be strictly positive definite, its eigenvalues will
be positive, and the corresponding eigenvectors may be chosen to be orthonormal,
thatis, VIV = VVT = ;. Arranging the eigenvalues in decreasing order, we define
oi = A, i =1,2,...,M,and X, = A2 = diag(0,...,0m) € RM*M_ Then, we
define U; = AVY 1’1, which is an N XM matrix with orthonormal columns:

UTU, = 27T ATA Ve =37 vT(vivTvert = Iy
Next, we solve for A. We have U;X; = AV, and U, 2, VT = AVVT = A, or
A=U; 3 VT  (economy SVD) (5.13)

The N XM matrix U, may be enlarged into an N XN orthogonal matrix by adjoin-
ing to it (N — M) orthonormal columns U, such that UZT U, = 0, and similarly, the
MxM diagonal matrix X7 may be enlarged into an N xM matrix 2. Then, Eq. (5.13)
may be rewritten in the standard full SVD form:

X
0

A=U,5VT =[U, | Uz][ } vl =uyzvT (5.14)

Eq. (5.13) is called the economy or thin SVD because the U; matrix has the
same size as A but has orthonormal columns, and X; has size MxXM. For many
applications, such as SVD signal enhancement, the economy SVD is sufficient. In
MATLAB, the full and the economy SVDs are obtained with the calls:

[U,S,V] = svd(A); % full SVD

[U1,S1,V] = svd(A,0); % economy SVD

Example 5.1: To illustrate the loss of accuracy in forming ATA, consider the 4x3 matrix:
! é 1+ ¢ 1 1

ol = ATA = 1 1+¢€? 1

€

A=

1
e 0
0 € >
0 0 1 1 1+€

The matrix A remains full rank to order O (€), but ATA requires that we work to order
O (€?). The singular values of A are obtained from the eigenvalues of ATA:

Ai=3+€, A =A3=€> > o01=V3+€, 00=0,=¢€

The full SVD of A can be constructed along the lines described above. Starting with
the eigenproblem of ATA, we find:

3 0 0 -6¢ or 0 0

oE B y ) 0 o, O a b ¢

A=UzvT = a -b c
xe -PB y o 0 a 0 —2¢
xEe 0 -2y o 0
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where a = =c= 1oy and 6 =

1 1 1
NN = JGrey T

Example 5.2: Consider the full SVD of the 4x2 matrix A:

1 1
NN R

0.5 1.0 0.5 0.5 -0.1 -0.7 2 0 r
1.1 0.2 0.5 -0.5 -0.7 0.1 0 1 0.8 —-0.6 T
A=111 02|05 —05 07 —01l|o o [0.6 0.8] = vV
0.5 1.0 | 0.5 0.5 0.1 0.7 0 0
Its economy SVD is:
[0.5 1.0 0.5 0.5 -
A .1 02| |05 -05 2 0 0.8 -0.6
“ 111 02| |05 -05 0 1 0.6 0.8
| 0.5 1.0 0.5 0.5

The choice of the last two columns of U is not unique. They can be transformed by
any 2x2 orthogonal matrix without affecting the SVD. For example, v5.3 of MATLAB
produces the U matrix:

[ 0.5 0.5 -0.1544 -0.6901
0.5 -0.5 -0.6901 0.1544
0.5 -0.5 0.6901 -0.1544
| 0.5 0.5 0.1544 0.6901

The last two columns of the two Us are related by the 2x2 orthogonal matrix C:

—0.1544 —0.6901 ] -0.1 -0.7
—0.6901 0.1544 | | -0.7 0.1 c | 0.9969 -0.0781
0.6901 —0.1544 | — 0.7 -0.1 ! ~ 1 0.0781 0.9969
0.1544 0.6901 | 0.1 0.7
where CTC = I,. O

Complex-Valued Case

The SVD of a complex-valued matrix A € CV*M takes the form:

A=Uzvt (5.15)
where T denotes the Hermitian-conjugate, or conjugate-transpose, V1 = V*T, The
matrix X is exactly as in the real case, and U, V are unitary matrices U € CN*N and

V e CMXM that s,

vut=vtu=1y, VVi=Viv=1Iy (5.16)
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Maximization Criterion for the SVD

The singular values and singular vectors of amatrix A of rank r can be characterized
by the following maximization criterion [87].

First, the maximum singular value o; and singular vectors u;, v, are the solu-
tions of the maximization criterion:’

o1 = max max utAv =ulAv, (5.17)
aj=11vi=1

Then, the remaining singular values and vectors are the solutions of the criteria:

O = max maquAV:u,TAV,-, i=2,...,r
laj=11vi=1 (5.18)
subject to the constraints: u*uj = vij =0, j=12,...,i—1

The proof is straightforward. Using the Cauchy-Schwarz inequality and the con-
straints ||u|| = ||v]| = 1, and that the Euclidean norm of A is o, we have:

lufAv| < [[ullllAlllIvIl = Al = o1

with the equality being realized whenu = u; and v = vy.

For the next singular value o, we must maximize ut Av over all vectors u,v
that are orthogonal to u;, v, thatis, ufu; = vv; = 0. Using the SVD of A, we may
separate the contribution of u;, vy:

.
A= O'lulvir + Z 0'1u,-v;r = crlulv}‘ + A
i=2

Then, the constraints imply thatut Av = ut (oyu;vi + A,)v = utA,v. But from
the previous result, the maximum of this quantity is the maximum singular value
of A,, that is, 0>, and this maximum is realized when u = u; and v = v,. Then we
repeat this argument by separating out the remaining singular terms (T,'uiV;r one at
a time, till we exhaust all the singular values.

This theorem is useful in canonical correlation analysis and in characterizing
the angles between subspaces.

6. Moore-Penrose Pseudoinverse

For a full-rank NxN matrix with SVD A = UXV7, the ordinary inverse is obtained
by inverting the SVD factors and writing them in reverse order:

Al =y Ty gl =y 1yT (6.1)

where we used the orthogonality properties to write V-7 = V and U~! = UT. For
an N xM rectangular matrix with defective rank r, X~! cannot be defined even if it

TThe quantity ut Av could just as well be replaced by its absolute value lutAv|in (5.17) and (5.18).

18



were square because some of its singular values are zero. For a scalar x, we may
define its pseudoinverse by:

ot = x 1 if x+0 6.2)
“lo, if x=0 |

For a square M xM diagonal matrix, we define its pseudoinverse to be the diag-
onal matrix of the pseudoinverses:

3 =diag(o1,02,...,0m) = X% =diag(oy,05,...,0%) (6.3)

And, for an NxXM rectangular diagonal matrix of ¥ non-zero singular values
> € RNXM we define its pseudoinverse to be the M x N diagonal matrix =+ € RM*N:

-1
z_[zor S}E[RNXM = 2+_[26 S}E[RMXN (6.4)

The pseudoinverse of an N xM matrix A is defined by replacing X~! in Eq. (6.1)
by X+, that is, if A = USVT € RN*M  then A+ € RM*N;

At =vzTyT (Moore-Penrose pseudoinverse) (6.5)

Equivalently, using the block-matrix form (5.6), we have:

- [= 1o0][V]
A=[Ur | U O] VT} = U5V}
_ R (6.6)
. >t \0 U, 1T
A+:[Vr‘vr]_ 6 0_|:U,],- :Vrzr Ur
Egs. (6.6) can be written as sums of r rank-1 matrices:
r
A=> ol = orwv] + oowovl + -+ o
i=1
lr 6.7)
1 1 1 1
At = e T, T 4 = T
Z Vil o viu; o Vou) O_rvrur

i=1 1!
The matrix A" satisfies (and is uniquely determined by) the four standard Pen-
rose conditions [1]:
AATA = A, (AAY)T= AA*
ATAAT = A, (ATA)T=AA
These conditions are equivalent to the fact that AA* and A* A are the projectors
onto the range spaces R (A) and R (AT), respectively. Indeed, using the definition
(6.6) and Eq. (5.11), we have:

Preay = U, UL = AAT,  Prary =V, VI = A%A (6.9)

Itis straightforward also to verify the three expressions for A* given by Eq. (4.10)
for the full-rank cases. For example, if N > M = r, the matrix V, is square and
orthogonal, so that ATA = V,.32VT is invertible, (ATA)~'=V,X;2VT. Thus,

(ATA)TAT = (v, z2vD) (v, 2, UF) = v,z Ul = AF

(6.8)
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7. Least-Squares Problems and the SVD

Having defined the pseudoinverse and convenient bases for the four fundamental
subspaces of A, we may revisit the least-squares solution of the system Ax = b.

First, we show that the solution of Ax| = b is, indeed, given by the pseudoin-
verse A* acting directly on b. By definition, we have b = Pg4)b. Using the SVD
of A and the projectors (6.9), we have:

Ax=b; = UZVix =UUb = Vix =3"U/b

where we multiplied both sides of the second equation by U and divided by X, to
get the third. Multiplying from the left by V; and using (6.6), we find:

V,VIx =V, 3, 1U'b = A*b

but we have x; = V,VIx), which follows from (V,VI)?= V,VI, thatis, x| =
V,VIx =V, vI(V,VIx)= V,VIx). Thus, we find x; = A*b. Using (6.8) and (6.9),
we also have A*™b = (AYAA")b = A*(AA*b)= A*bj. Thus, we have shown:

x| =A"b;=A"Db (minimum-norm solution) (7.1)

or, explicitly in terms of the non-zero singular values:

r
1
x| =A"b =V, 3 'Ub=> —viulb (7.2)

i=1 1

We recall that the most general least-squares solution of Ax = b is given by
X = X| +X,,wherex, € N(A). We can give an explicit construction of x, by noting
that V, is an orthonormal basis for N (A). Therefore, we may write x, = V,z, where
z is an (M — r)-dimensional column vector of expansion coefficients, that is,

Zr+1
M Zr+2 .
Xi= > Zivi= Ve, Ves,eon vl | L | =Wz
i=r+1
M

Because x, is arbitrary, so is z. Thus, the most general solution of the least-
squares problem can be written in the form [1]:

Xx=%X|+x, =A*b+ V,z|, for arbitraryz € RM-T (7.3)

The error vector is:
e=e, =b, =Pyunb=0U,Ub=(Ixn-U,U)b= (I - AA")b
and the minimized value of the least-squares performance index:

Jimin = |lell> =bT (Iy — AAT)b (7.4)
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where we used the property (In — AA*)T (Iy — AA*)= (Iy — AA*), which can be
proved directly using (6.8). Indeed,

(UIN—AAT)T(IN-AA")= IN-2AAT +AATAAT = IN-2AAY +AAY = Iy—AAY

Example 7.1: Here, we revisit Example 4.2 from the point of view of Eq. (7.3). The full and
economy SVD of A = [ay,a,] are:

T T
a/or —azlo a,/o
A= [ay,a:]= [1][01,01[a;,01 aj,aﬂ = [1][01][‘1;/01]

with the singular value o, = /a3 + a3. Thus, the pseudoinverse of A and the basis
V, of N(A) will be:

. +_ | alon -1 r_ 1 | & 5 _ 1| -a
AT =[ay,a,] _[az/Ul][U] 111] _a‘f[az]' Vr—a_l as

It follows from (7.3) that the most general solution of a;x; + a>x, = b, will be:

Il R e B P B P R
X2 o1 a; o7 | a2 o1 ay

which is equivalent to that given in Example 4.2 up to a redefinition of z. m]

Example 7.2: Find the most general solution of the following linear system, and in partic-
ular, find the minimum-norm and MATLAB’s backslash solutions:

18 24 407 10
-1.8 -24 -4.0 ! 20

AX=1 18 24 40 iz =130 |=P
-1.8 -24 -40 3 40

A possible SVD of A is as follows:

0.5 0.5 -0.5 0.5 10
-0.5 -0.5 -0.5 0.5 0
0.5 -0.5 0.5 0.5 0
-0.5 0.5 0.5 0.5 0

036 -0.48 0.871"

0.48 -0.64 -0.6
0.80 0.60 0.0

A=UzxvT =

[elelNeNe)
[eleNeNe)

The matrix A has rank one, so that the last three columns of U and the last two
columns of V are not uniquely defined. The pseudoinverse of A will be:

_8'§ 0.36
A= - [[10][0.36,0.48,0.80], A" =] 048 |[107'][0.5,-0.5,0.5,-0.5]
-0.5 0.80
Therefore, the minimum-norm solution is:
0.36 ;8 ~0.36
x| =A'b =048 | [107][0.5,-0.5,0.5,~0.5]| 5 | =| —0.48
0-80 10 ~0.80
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The term V,z of Eq. (7.3) depends on the two last columns of V, where z is an arbitrary
two-dimensional vector. Thus, the most general least-squares solution is:

-0.36 -0.48 0.80 5 —0.36 — 0.48z, + 0.80z>
x=| —-048 | +| -0.64 -0.60 |: ! :| =| —0.48 — 0.64z; — 0.60z;
-0.80 0.60 0.00 2 —0.80 + 0.60z;

MATLABR’s backslash solution is obtained by fixing z;, z> such that x will have at most
one nonzero entry. For example, demanding that the top two entries be zero, we get:

—0.36 — 0.48z; +0.80z, =0

—0.48 — 0.642, — 0.60z, =0 ~ Z1 =075, 2=0

which gives —0.8 + 0.6z, = —1.25, and therefore, x = [0,0, —1.25]7. This is indeed
MATLAB'’s output of the operation A\b. [}

8. Condition Number
The condition number of a full-rank N xN matrix A is given by:

K(A)= Al A7, = Tma (8.1)
O'min
where Omax, Omin are the largest and smallest singular values of A, that is, 0y, ON.
The last equation of (8.1) follows from ||A|l» = o7 and [|[A7 Y|, = 0'1(,1.

The condition number characterizes the sensitivity of the solution of a linear
system Ax = b to small changes in A and b. Taking differentials of both sides of
the equation Ax = b, we find:

Adx+ (dA)x=db = dx=A"'[db- (dA)x]
Taking (the Euclidean) norms of both sides, we have:
ldx|l < [IA~"llldb - (dA)x|l < IA"[[[lldbll + l[dAIllIx|]
Using the inequality ||bl| = [|Ax|| < [|A]llIx|l, we get:

llaxll

il = K(A)[ *

ldA| ||db||]
—_— 8.2
1Al " bl 8:2)

Large condition numbers result in a highly sensitive system, that is, small changes
in A and b may result in very large changes in the solution x. Large condition num-
bers, k(A)> 1, imply that o, > oy, or that A is nearly singular.

Example 8.1: Consider the matrix A, which is very close to the singular matrix Ag:

| 10.0002 19.9999 | 10 20
4.9996 10.0002 |’ 0 5 10
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Its SVD is:

A v0.8 —+0.2 25.0000 0.0000 V0.2 —+/0.8 T—UZVT
1 V0.2 /0.8 0.0000 0.0005 V0.8 V0.2 B

Its condition number is kK (A)= o1/0> = 25/0.0005 = 50000. Computing the solu-
tions of Ax = b for three slightly different b’s, we find:

[ 10.00 ] [ 0.2
b, = | 500 | 7 X1 = A\by = 70.4]

[ 10.00 ]| [ —15.79992
b, = | so1| T O®T Alby = i 8.40016]

[ 10.01 ] [ 8.20016
Ps=| 500 | = X=Abs=] —3.59968]

The solutions are exact in the decimal digits shown. Even though the b’s differ only
slightly, there are very large differences in the x’s. m]

9. Reduced-Rank Approximation

The Euclidean and Frobenius matrix norms of an N XM matrix A of rank v can be
expressed conveniently in terms of the singular values of A:

|All, = 07 = maximum singular value
2 2 9.1)
lAlF = (02 + 05+ -+ -+ 02)/?

Associated with the SVD expansion (5.7), we define a family of reduced-rank
matrices Ag obtained by keeping only the first k terms in the expansion:

K
Ak = > owvl = oowiv] + oowovl + - coevl, k=1,2,...,r  (9.2)
i1

Clearly, Ax has rank k, and when k = v, we have A, = A. In terms of the original
full SVD of A, we can write:

s
Ak—U[ K O]VT, Sy = diag (01, 02, ..., 0%, 0,...,0) € R™" 9.3)
00 NI

r—k zeros

Thus, A and A agree in their highest k singular values, but the last ¥ —k singular
values of A, that is, ok+1,..., 0, have been replaced by zeros in Ax. The matrices
Ak play a special role in constructing reduced-rank matrices that approximate the
original matrix A.

The reduced-rank approximation theorem [1] states that within the set of NxM
matrices of rank k (we assume k < r), the matrix B that most closely approximates
A in the Euclidean (or the Frobenius) matrix norm is the matrix Ag, that is, the
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distance ||A — B|| is minimized over the rank-k N xM matrices when B = A. The
minimized matrix distance is:

A — Agll2 = Ok+1

1A = Aklle = (G, + -+ 0D O
This theorem is an essential tool in signal processing, data compression, statis-
tics, principal component analysis, and other applications, such as chaotic dynam-
ics, meteorology, and oceanography.
In remarkably many applications the matrix A has full rank but its singular
values tend to cluster into two groups, those that are large and those that are small,
that is, assuming N > M, we group the M singular values into:

01 >202>"+20p> 01 >"""=>20M (9.5)

large group small group

Fig. 9.1 illustrates the typical pattern. A similar pattern arises in the practical
determination of the rank of a matrix. To infinite arithmetic precision, a matrix A
may have rank r, but to finite precision, the matrix might acquire full rank. However,
its lowest M — r singular values are expected to be small.

g A o1
J /U’
* O om
¢ ... e o Vi
12« rrel -~ M
signal noise

Fig. 9.1 Signal subspace vs. noise subspace singular values.

The presence of a significant gap between the large and small singular values
allows us to define an effective or numerical rank for the matrix A.

In least-squares solutions, the presence of small non-zero singular values may
cause inaccuracies in the computation of the pseudoinverse. If the last (M — r)
small singular values in (9.5) are kept, then A* would be given by (6.7):

M
T 1 T
viu; + Z fVilll-
i=r+1 1

At =

LM~

1
iz1 i
and the last (M —r) terms would tend to dominate the expression. For this reason,
the rank and the pseudoinverse can be determined with respect to a threshold level
or tolerance, say, ¢ such thatif o; < 6, fori = r + 1,..., M, then these singular
values may be set to zero and the effective rank will be r. MATLAB’s functions rank
and pinv allow the user to specify any desired level of tolerance.
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Example 9.1: Consider the matrices:

1 0 0 O 0.9990 -0.0019 -0.0008 —0.0004

A= 01 0 O Ai- 0.0037 0.9999 0.0009 —0.0005
(0o 0o o o’ B 0.0008 -0.0016 0.0010 -0.0002
0 0 0 O —0.0007 0.0004 0.0004 -0.0006

where the second was obtained by adding small random numbers to the elements of
the first using the MATLAB commands:

A = zeros(4); A(1,1)=1; A(2,2)=1;
Ahat = A + 0.001* randn(size(A));

% define the matrix A

The singular values of the two matrices are:
i = [1.0000, 1.0000, 0.0000, 0.0000]
0 = [1.0004, 0.9984, 0.0012, 0.0005]

Although A and A are very close to each other, and so are the two sets of singular
values, the corresponding pseudoinverses differ substantially:

1 0 0 O 0.9994 0.0043 1.1867 -1.0750

At = 01 0 O At = —0.0035 0.9992 —0.6850 —0.5451
“]10 0 0 O’ | -1.1793 2.0602 1165.3515 —406.8197
0 0 0 O —-1.8426 1.8990  701.5460 -—1795.6280

This would result in completely inaccurate least-squares solutions. For example,

1 0.2683
2 e ~2.2403
ol X=AP=1 15717169
0 ~5075.9187

> x=A'b=

B w N =

On the other hand, if we define A* = pinv (A, §) with a tolerance of § = 1072, which
amounts to setting 03 = 04 = 0, we get acceptable results:

10010 0.0020  0.0008 —0.0007 1.0043
~0.0037  1.0001 —0.0016  0.0004 A 1.9934

+ 2 — Ath —
AT =1 _00008 00009 -00000 00000 | = X=AP=1 40010
~0.0004 —0.0005  0.0000  0.0000 ~0.0014

To avoid such potential pitfalls in solving least squares problems, one may calculate
first the singular values of A and then make a decision as to the rank of A. m]

In the previous example, we saw that a small change in A caused a small change
in the singular values. The following theorem [3] establishes this property formally.
If A and A are NxM matrices with N > M, then their singular values differ by:

max |67 — oy < [|A - All
1<i<M
M X (9.6)
D1oi—oil> < IA - All}
i=1

25

In signal processing applications, we think of the large group of singular values
as arising from a desired signal or dynamics, and the small group as arising from
noise. Often, the choice of the r that separates the large from the small group is
unambiguous. Sometimes, it is ambiguous and we may need to choose it by trial
and error. Replacing the original matrix A by its rank-r approximation tends to
reduce the effects of noise and enhance the desired signal.

The construction procedure for the rank-r approximation is as follows. Assum-
ing N > M and starting with the economy SVD of A, we may partition the singular
values according to (9.5):

=10 vl e - .
A=[U N0t e = Uiz VI + 05V = A+ A, (9.7)
(o V;
where 3, = diag(0y,...,0,) and 2, = diag(oy41,...,0M), and we set
= o] [V
Ar:[Ur|Ur] OY}O ‘7; :UrZrV,T
ST ©.8)
A= w1 02 ] ] — os0
r = r r_O‘Sr__V,T__ r=rVy

where U, € RNX" 7, € RNXM-1) [y, e RMXT 7, e RMX (M=)

We will refer to A, as the “signal subspace” part of A and to A, as the “noise sub-
space” part. The two parts are mutually orthogonal, that is, AT A, = 0. Similarly,
3, and 2, are called the signal subspace and noise subspace singular values.

Example 9.2: Consider the following 4x3 matrix:

-0.16 -0.13 6.40
0.08 0.19 -6.40
3.76 4.93 1.60

-3.68 -4.99 -1.60

A=

Its full SVD is:

0.5 0.5 -0.5 0.5 10 0 O 036 —048 08017
T -0.5 -0.5 -0.5 0.5 0 8 0
Uusv: = 0.48 -0.64 -0.60
0.5 -0.5 0.5 0.5 0 0 0.1 0.80 0.60 0.00
-0.5 0.5 0.5 0.5 0 0 O ’ ’ ’
The economy SVD is:
0.5 0.5 -0.5 T

10 0 0 0.36 —0.48  0.80
A= —05 =05 -0 0 0 0.48 -0.64 -0.60

0.5 -0.5 0.5
05 0.5 0.5 0 0 0.1 0.80 0.60 0.00

(o]

The singular values are {0, 02,03} = {10, 8, 0.1}. The first two are “large” and we
attribute them to the signal part, whereas the third is “small” and we assume that it
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is due to noise. The matrix A may be replaced by its rank-2 version by setting o3 = 0.
The resulting signal subspace part of A is:

_8': _8'2 :8'2 10 0 0][036 -048 0.80]"
A = 0'5 _0'5 0'5 0 8 0 0.48 -0.64 -0.60
—0.5 0.5 0.5 0O 0 0 0.80 0.60 0.00
which gives:
-0.12 -0.16 6.40
A | 012 016 -6.40
re 3.72 4.96 1.60
—-3.72 -4.96 -1.60
The full SVD of A,, and the one generated by MATLAB are:
0.5 0.5 -0.5 0.5 10 0 0 036 —0.48 080 1"
-0.5 -0.5 -0.5 0.5 0 8 0
A, = 0.48 -0.64 -0.60
0.5 -0.5 0.5 0.5 0O 0 O 0.80 0.60 0.00
-0.5 0.5 0.5 0.5 0 0 O ' ’ )
0.5 0.5 -0.6325 -0.3162 10 0 O
A |05 -05 -0.6325 -03162 || 0 8 0 g'ig :8'22 _8'28
e 0.5 -0.5 -0.3162 0.6325 0 0 O 0.80 0.60 0'00
-0.5 0.5 -0.3162 0.6325 0 0 O ’ ) ’

As usual, the last two columns of the U’s are related by a 2x2 orthogonal matrix. O

The OSP MATLAB function sigsub constructs both the signal and noise sub-
space parts of a matrix. It has usage:

[As,An] sigsub(A,r); % ¥ = desired rank

Signal processing methods based on rank reduction are collectively referred to
as “SVD signal enhancement methods,” or “reduced-rank signal processing meth-
ods,” or simply, “subspace methods.” A number of applications are presented in
Refs. [25-63]. We will discuss several of these later on.

One of the earliest applications of such methods was in image compression
[62,63], essentially via the Karhunen-Loéve transform. A typical black and white
image is represented by a square N XN matrix, where N depends on the resolution,
but typical values are N = 256,512,1024. A color image is represented by three
such matrices, one for each primary color (red, green, blue.)

The N singular values of an image matrix drop rapidly to zero. Keeping only
the r largest singular values leads to the approximation:

Ay = 0'1u1V1T + Uzuzvg + o+ (TyurVrT

Data compression arises because each term in the expansion requires the stor-
age of 2N coefficients, that is, N coefficients for each of the vectors oju; and v;.
Thus, the total number of coefficients to be stored is 2Nr. Compression takes place
as long as this is less than N2, the total number of matrix elements of the original
image. Thus, we require 2Nr¥ < N2 or r < N/2. In practice, typical values of r that
work well are of the order of N/6 to N/5.
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Example 9.3: Fig. 9.2 shows the singular values of a 512x512 image. They were computed
by first removing the column means of the image and then performing a full SVD. The
singular values become small after the first 100.

Singular Values Singular Values
1r ‘ ‘ 1r : : : : :
0.9r 0.9r
0.8f 0.81
0.7 0.7r
6“ 0.6r S 0.61
\b‘ 0.5} \6" 0.5¢
0.4f 0.4r
0.3 0.31
0.2r 0.21
0.1 0.11

400 500

Fig. 9.2 Singular values of 512x512 image, with expanded view of first 100 values.
T
Fig. 9.3 shows the original image and the image reconstructed on the basis of the first
100 singular values. The typical MATLAB code was as follows:

Fig. 9.3 Original (left) and compressed images, keeping ¥ = 100 components.

A = imread(’stream.tiff’, ’tiff’); % read image file, size 512x512
[B,M] = zmean(double(A)); % remove and save mean
[U,S,V] = svd(B); % perform svd

r = 100;

Ar =M + U(C:,1:r) * S(1:r,1:r) * V(:,1:r)’; % image from first ¥ components
Ar = uint8(round(Ar)); % convert to unsigned 8-bit int

figure; image(A); colormap(’gray(256)’);
figure; image(Ar); colormap(’gray(256)’);

% display image
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The image was obtained from the USC image database [64]. The function zmean re-
moves the mean of each column and saves it. After rank-reduction, the matrix of the
means is added back to the image. m|

10. Regularization of IllI-Conditioned Problems

We saw in the previous section that the presence of small, but nonzero, singular
values can cause the least squares solution x = A*b to be highly inaccurate.

Thresholding of the singular values is one of many possible ways to regularize
the problem and produce an accurate solution. In all such methods, the true pseudo
inverse of A = USVT is replaced by a “filtered” or “regularized” version:

r
1
At =v3+uT = Z o Vi u! (true)
=11 (10.1)

Al =fA)A* = V() zHUT = Y f(gi)viuiT (regularized)
i=1 “1

The regularized least-squares solution becomes x¢ = AFb. The function f (o)
is chosen so that it is nearly unity for large o, and f (o) / 0 is nearly zero for small
o (they may be thought of as highpass filters). Some examples are:

fo)=u(o-9) (thresholding)

2 (10.2)
flo)= Py (Tikhonov)
where u (t) is the unit-step and 6, A are selectable parameters. The unit-step keeps
only those singular values that are above the threshold, o; > 8. The Tikhonov
regularization is explicitly:

gj

T
mvl' u; b (103)

r
X =Afb=73
i=1

The Tikhonov regularization can also be obtained from the following modified
least-squares criterion:

J = lAx — b[|* + A?|x||* = min (10.4)
Indeed, setting the gradient of 7 to zero, we find:

Z—‘j =2AT(Ax-b)+2A%x=0 = (ATA+A%Dx=ATb

where [ is the identity matrix. The solution can be expressed in the form of Eq. (10.1).
Assuming that A is ill-conditioned but has full rank, then, A* = (ATA) AT (for
the case N > M), so that:

x= (ATA+ A1) 'ATb = [(ATA) (ATA + A% 1] (ATA) 1ATb = f(A)A™D
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Regularization is used in many practical inverse problems, such as the deblur-
ring of images or tomography. The second term in the performance index (10.4)
guards both against ill-conditioning and against noise in the data. If the parameter
A is chosen to be too large, it is possible that noise is removed too much against
getting an accurate inverse. Some illustration of this tradeoff is shown in section
5.14 of the OSP text.

Often, the second term in (10.4) is replaced by the more general term || Dx||? =
xT DT Dx, where D is an appropriate matrix. For example, in an image restoration
application, D could be chosen to be a differentiation matrix so that the perfor-
mance index would attempt to preserve the sharpness of the image. The more
general performance index and its solution are:

J=llAx—b|2+A?|Dx|2=min = x=(ATA+A%2DTD)1ATp (10.5)

In large-scale inverse problems (e.g., a 512512 image is represented by a vector
x of dimension 5122 = 2.6x10°), performing the SVD is not practical and the solu-
tion is obtained iteratively, for example, using conjugate-gradients. Regularization
can be incorporated into such iterative methods, for example, see Ref. [3].

11. SVD and Signal Processing

In many signal processing applications, such as Wiener filtering and linear predic-
tion, the SVD appears naturally in the context of solving the normal equations.

The optimum order-M Wiener filter for estimating a signal x(n) on the basis of
the signals {yq(n),y1(n),...,ym(n)} satisfies the normal equations:

Rh=r, where R=E[y*(n)y'(n)], r=E[x(ny*(n)] (11.1)

where we assumed stationarity and complex-valued signals. The optimum estimate
of x(n) is given by the linear combination:

Yo(n)
. r y1(n) M
X(n)=h"y(n)= [ho,hy,..., hy] . = > hmym(n) (11.2)
. m=0
yum (n)

The observation signals y,, (n) are typically (but not necessarily) either the
outputs of a tapped delay line whose input is a single time signal y,, so that
Ym (N) = Yn_m, or, alternatively, they are the outputs of an antenna (or other spatial
sensor) array. The two cases are shown in Fig. 11.1.

The vector y(n) is defined as:

Vn Yo (n)
Yn-1 y1(n)

y)=| Yn2 |, or, ym)=|Y2(n (11.3)
Yn-M yum (n)
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Yn >—> y()(n)
Yn—1 Dy, ()
Yn—-2 >—> yz(n)

Yn—M >

tapped delay line antenna array

Fig. 11.1 Time-series processing versus spatial processing

In the array case, y(n) is called a snapshot vector because it represents the
measurement of the wave field across the array at the nth time instant. The au-
tocorrelation matrix R measures spatial correlations among the antenna elements,
thatis, R;j = E[y*(n)y;(n)1,i,j,=0,1,...,M.

In the time-series case, R measures temporal correlations between successive
samples of Y, thatis, Rij = E[y;}_;Vn-jl= E[Yn+i—jyi1= R(i —j), where we used
the stationarity assumption to shift the time indices and defined the autocorrelation
function of y, by:

R(k)=E[Yn+kY:;] (11.4)
The normal equations are derived from the requirement that the optimum weights
h = [ho,h,...,hy]T minimize the mean-square estimation error:

E=E[le(n)|?]= E[Ix(n)-X(n)|*1= E[Ix(n) ~hTy(n)|?]= min (11.5)

The minimization condition is equivalent to the orthogonality equations, which
are equivalent to the normal equations:

Ele(n)y*(n)]=0 <« Ely*(n)y'(n)1h=E[x(n)y*(n)] (11.6)

Setting R = E[y*(n)yT(n)] and r = E[x(n)y*(n)], we find for the optimum
weights and the optimum estimate of x(n):

h=E[y*(n)y"(n) ] 'E[x(n)y*(n)]= R 'r i
11.7
X(n)=hy(n)= E[x(n)y'(m) 1Ely(n)y'(n)]1 'y(n)

In practice, we may replace the above statistical expectation values by time-
averages based on a finite, but stationary, set of time samples of the signals x (n)
andy(n),n =0,1,...,N,where typically N > M. Thus, we make the replacements:
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N-1
R=Ely*my'm] = R= 3 ymy'(n)
n=0
1 N-1
r=Ely*mxm] = t= > y*(n)x(n) (11.8)
n=0
1 N-1
Ely*(n)e(n)]=0 = — > y"(ne(n)=0
N n=0

To simplify the expressions, we will drop the common factor 1/N in the above
time-averages. Next, we define the NX (M + 1) data matrix Y whose rows are the
N snapshots yT(n),

vyiO) 1 [ »(0) ¥1(0) e yu (0)
yI(1) Yo (1) i) e ym(D)
Y=1 vy |7 »m v - yn() (11.9)
_YT(J\f—l)_ _yo(N—l) YI(JV._l) ym(N -1) |

The ni-th matrix element of the data matrix is Y,; = yj(n), 0 < n < N — 1,
0 <1i < M. In particular, in the time series case, we have Y,; = y,,—;. We defined Y
in terms of its rows. It can also be defined column-wise, where the ith column is an
N-dimensional time signal y; = [v;(0),...,¥i(n),...,yi(N — 1)]T. Therefore,

y1(0)
Y =I[yo, v, yml=| v'(n) (11.10)

YT(N.— 1)

The Nx1 column vectors of the x(n), e(n), and the estimates X(n) are:

x(0) ] [ e(0) ] X(0)
x(1) e(1) X(1)
X = x(.n) , e= e(.n) , X= 2(.1’1) (11.11)
7x(N.—1)7 7e(N.—1)7 j?(N-—l)i

Noting that Yt = Y*T = [y*(0),y*(1),...,y*(N — 1) ], we can write Egs. (11.8)
in the following compact forms (without the 1/N factor):

R=Y'y, ¢=vtx, Yte=0 (11.12)
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Indeed, we have:

y'(0)
. Nl y'(1)
R=73 y*my"(n)=[y*0),y*(1),...,y*(N = 1)] : =y'y
n=0 .
yi(N - 1)
x(0)
N-1 x(1)
t= D y*(mxm=[y*(0),y*(1),...,y*(N - 1] : =Y'x
n=0 .
X(N-1)
Similarly, replacing & (n) = y'(n)h in (11.11), we obtain:
X =Yh, e=x—-X=x-Yh (11.13)
The performance index is replaced by the least-squares index:
N-1
E=E[len)?l=min = &= > le(n)|*=e’e=|x-Yh|?=min (11.14)
n=0

The minimization of the least-squares index with respect to h gives rise to the
orthogonality and normal equations, as in Eq. (4.2):

Yte=0, Y'Yh=Y'x = Rh=% (11.15)

Thus, we recognize that replacing the theoretical normal equations Rh = r by
their time-averaged versions Rh = t is equivalent to solving—in the least-squares
sense—the overdetermined Nx (M + 1) linear system:

(11.16)

The SVD of the data matrix, Y = U3V, can used to characterize the nature
of the solutions of these equations. The min-norm and backslash solutions are in
MATLAB’s notation:

h=pinv(Y)*xx, h=Y\x (11.17)

Since N > M + 1, these will be the same if Y has full rank, thatis, ¥ = M + 1. In
this case, the solution is unique and is given by:

h= (YY) 'Y'x=R7'# (full rank Y) (11.18)

In the time-series case, some further clarification of the definition of the data
matrix Y is necessary. Since y,, (n) = Y,_m, the estimate X (n) is obtained by con-
volving the order-M filter h with the sequence y,:

M M
X(n)= Z hmym (n) = Z hmyn-m

m=0 m=0
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For alength-N input signal y,, n = 0,1, ..., N —1, the output sequence X (n) will
have length N + M, with the first M output samples corresponding to the input-on
transients, the last M outputs being the input-off transients, and the middle N - M
samples, X(n), n = M,...,N — 1, being the steady-state outputs.

There are several possible choices in defining the range of summation over n in
the least-squares index:

E=>le(n)?,

One can consider: (a) the full range, 0 < n < N — 1 + M, leading to the so-called
autocorrelation method, (b) the steady-state range, M < n < N — 1, leading to the
covariance method, (c) the pre-windowed range, 0 < n < N — 1, or (d) the post-
windowed range, M < n < N — 1 + M. The autocorrelation and covariance choices
are the most widely used:

. N-1+M ) N-1
gaut: z |e(n)‘2! Scnv: Z |e(n)‘2 (11.19)
n=0 n=M

The minimization of these indices leads to the least-squares equations Yh = x,
where Y is defined as follows. First, we define the input-on and input-off parts of
Y in terms of the first M and last M data vectors:

y1(0) yT(N)
Yon = y Yo =
y'(M - 1) yi(N -1+ M)

Then, we define Y for the autocorrelation and covariance cases:

y1(0)
YT(M -1)
y (M) " Yon 1 yI(M)
Yau = =|Yeov |, Yeov= (11.20)
vyI(N -1) | Yorr | vI(N -1)
yT(N)
yT(N=1+M) |

To clarify these expressions, consider an example where N = 6 and M = 2. The
observation sequence is y,, n = 0,1,...,5. Noting that y, is causal and that it is
zero for n > 6, we have:
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Yo 0 O

Y1 Yo O

Y2 Y1 Yo Y2 Y1 Yo
Your = Y3 Y2 N ’ Yeoy = Y3 Y2 N

Y4 Y3 Y2 Y4 Y3 Y2

Ys Y4 V3 Ys Y4 V3

0 ¥ys Yy

0 0 ys|

These follow from the definition y7 (1) = [y¥n, Yn-1,Vn-21, which gives, y7(0) =

[vo,¥-1,Y-21= [¥0,0,0], and so on until the last time sampleatn =N -1+ M =
6—1+42 =7, thatis, y'(7)= [y7,Vs,V51= [0,0,V5]. The middle portion of Yau is
the covariance version Y qy.

The autocorrelation version Yy is recognized as the ordinary Toeplitz convo-
lution matrix for a length-6 input signal and an order-2 filter. It can be constructed

easily by invoking MATLAB’s built-in function convmtx:
Y = convmtx(y,M+1); % y is a column vector of time samples

The least-squares linear system Yh = x for determining the optimum weights
h = [ho, h1, h>17T reads as follows in the two cases:

Yo 0 0 X0
Y Yo O X1
Y2 Y1 Yo ho X2 Y2 Y1 Yo ho X2
Y3 Y2 N h | = X3 , Y3 Y2 N h | = X3
Y4 Y3 Y2 h, X4 Y4 Y3 Y2 h, X4
Y5 Y4 V3 X5 Ys Y4 V3 X5
0 ¥ys Yy X6
70 0 Vs | | X7 |

where we assumed that the signal x(n) was availableforO<n<N-1+M = 7.

There is yet a third type of a data matrix that is used in linear prediction applica-
tions. It corresponds to the modified covariance method, also known as the forward-
backward method. The data matrix is obtained by appending its row-reversed and
complex-conjugated version. For our example, this gives:

Y2 Y1 Yo
Y3 Y2 V1
Y4 Y3 Y2 r 1
Vs Ya Y3 Ycov
Yo = ey | T [vad | a12b
yi yvi vy
yi ¥i vi
Ly yi yE
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where J is the usual reversing matrix consisting of ones along its antidiagonal.
While Y, and Y o are Toeplitz matrices, only the upper half of Yy, is Toeplitz
whereas its lower half is a Hankel matrix, that is, it has the same entries along each
antidiagonal.

Given one of the three types of a data matrix Y, one can extract the signal y,, that
generated that Y. The MATLAB function datamat (in the OSP toolbox) constructs
a data matrix from the signal y,, whereas the function datasig extracts the signal
Yn from Y. The functions have usage:

Y
y

datamat(y,M, type);
datasig(Y,type);

% type = 0, 1, 2, for autocorrelation, covariance, forward/backward

12. Inverse Filter Design

A straightforward application of the least-squares solutions of Wiener filters is the
design of inverse filters. This topic is also discussed in section 5.14 of the OSP text.
Briefly, given a filter described by an order-N impulse response {fo,f1,...,f~n},
the problem is to design an order-M inverse filter {hg, h1,...,hym}, such that the
convolution hy * fy, is the delta-function 6y:

min(n,M)

Z fn—mhm = 611,

m=max (0,n—N)

0<n=<N+M (12.1)

In the z-domain, we require F (z) H (z) = 1. Because both filters are FIR, this can
only be satisfied approximately. More generally, we may allow an overall delay in
the output so that F(z)H (z)= z~'. Introducing a delay may give better results.
The reason is that the exact inverse filter H(z) = z~!/F (z) may have poles outside
the unit circle, which would imply that the stable inverse h, cannot be causal. Such
filter may be made approximately causal by clipping its anticausal part at some
large negative time n = —i and then delaying the clipped filter by i time units to
make it causal. Thus, we replace (12.1) by

min(n,M)

Z fnfmhm = 6n7iy

m=max (0,n—N)

O<n<N+M (12.2)

where the delay can be anywhere in the range 0 < i < n + M. Eq. (12.2) can be
written in the compact matrix form:

Fh = uj (12-3)

where F is the (N + M + 1) X (M + 1) convolution matrix, or, the autocorrelation
version of the data matrix formed from the signal f,, and u; is the (N + M + 1)-
dimensional unit vector with 1 at the i-th slot and zeros elsewhere, that is, u; (n) =
o(n—i),forn=0,1,...,N + M:

u; = [0,...,0, 1,0,...,0]7

~

36



The minimum norm, least-squares, solution of (12.3) is:
h=F'u; (12.4)

This is recognized as the i-th column of the pseudoinverse F*. Therefore, the
(N + M + 1) columns of the matrix H = F* are all the possible inverse filters
corresponding to the different choices of the delay i.

The solution (12.4) minimizes the squared error 7 = ||e||2, where e = u; — Fh.
Using the orthogonality condition FTe = 0, we may express the minimized error as
efe= (u/ —h'FTe=ule=u/ (w; - Fh)=1 -u/Fh, or,

J=llel]>=1-ul/FFtu;=1- (FF"); (12.5)

where (FF");; denotes the i-th diagonal entry of the projection matrix FF*. Once
the matrix of inverse filters is computed H = F*, one can pick the optimum among
them as the one that has the smallest error (12.5), or equivalently, the one that
corresponds to the largest diagonal entry of FF™.

The solution (12.4) can be regularized if so desired using the techniques dis-
cussed in section 10. The regularized inverse filters will be the columns of the
matrix Hy = f(F)F*, where f (o) is a regularization function.

Example 12.1: Fig. 12.1 shows the given filter f,, the designed inverse filter h,, and the
filtered signal h, * fy, which is supposed to be a delta function. The signal f,, was
defined by:

cos(wo(n —np))e =m0 pn=01,...,N

fn

where N = 65, wo = 0.1, a = 0.004, and ny = 25. The filter order was M = 50 and
the delay was chosen to be i = ny = 25.

20
1t
— 7 151
" — inverse filter &,
b, 1ol
0.5r 5r
0 | —
_5F
ok
101
-15f
-0.5 -20
0 25 50 75 100 0 25 50 75 100
n n

Fig. 12.1 Inverse filter design.
The MATLAB code used to generate these graphs was:

N = 65; M = 50; wO = 0.15; a = 0.004; n0 = 25;
n=C0:N)’; m = (0:M)’; k =C0:N+M)’;
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f = cos(w0*(n-n0)) .* exp(-a*(n-n0).A2); % define fn

F = datamat(f,M,0); % construct data matrix

H = pinv(F); % calculate all inverse filters

i = 26; % time_index = matlab_index — 1 = 25
h = H(:,1); % extract i-th filter

d = conv(h,f); % convolution is equivalent tod = Fh

plot(n,f, k,d, ’:r’); figure; plot(m,h);

13. Least-Squares Linear Prediction

Next, we discuss briefly how linear prediction problems can be solved in a least-
squares sense. For an order-M predictor, we define the forward and backward
prediction errors in terms of the forward and an reversed-conjugated filters:

1

er(n)=[ymYn-1,--,¥yn-ml| . |=vl(n)a (13.1)

e-(n)=[YnYn-1,--,Yn-ul =yl (n)al* (13.2)

The prediction coefficients a are found by minimizing one of the three least-
square performance indices, corresponding to the autocorrelation, covariance, and
forward/backward methods:

N N-1+M
Eaut = Z |e+(n)|2=min
n=0
~ N-1 '
Ecov = Z le, (n)]* = min (13.3)
n=M
N N-1
m = > [les (n)|?+ le—(n)]*] = min
n=M

Stacking the samples e. (n) into a column vector, we may express the error
vectors in terms of the corresponding autocorrelation or covariance data matrices:

e, =Ya : :
_ where e, =|e,s(n) | =|vyT(n) |a=Ya (13.4)
e_=Ya . .
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and similarly for e_. Noting that ak = Ja, we have for the covariance case:
e_ =Y Ja¥ = ef= (Y} Ja

Then, we may define the extended error vector consisting of both the forward

and backward errors:
e+ | Yoy .
e—[ef]—[y&v ]a—bea (13.5)
T

Noting thatefe = el e, +eie,, we may express the indices (13.3) in the compact
forms:

Sar = ele; = lles||? = [[Yayall?®

Eeov = ehey = [les |12 = [[Yeovall? (13.6)
Ccov e+e+ e+ COVa -
éw=ele. +ele =lles]|> + lle_|> = [lel® = [Ypal?

Thus, in all three cases, the problem reduces to the least-squares solution of the
linear equation Ya = 0, that is,

Ya=0 < £&=|e|?®=|Yal?=min (13.7)

subject to the constraint ap = 1. The solution is obtained by separating the first
column of the matrix Y in order to take the constraint into account. Setting Y =
[yo,Y1] and a” = [1,xT], we find the equivalent linear system:

1
Ya= [Y0|Y1]|:‘x:| =yo+Yix=0 = Yx=-y, (13.8)
The minimum-norm least-squares solution is obtained by the pseudoinverse:
& = —pinv(Y;) *xyy = =Y = a= - ! (13.9)
P 1) *Yo 1Yo o ~Yiy, -

The OSP function 1p1s implements this procedure. It has usage:
[a,E] = Tp1s(Y); % least-squares linear prediction filter

where E is the minimized prediction error E = ||e||?/L, where L is the column di-
mension of Y. Combined with the function datamat, one can obtain the prediction
filter according to the three criteria:

[a,E] = Tpls(datamat(y,M,0)) % autocorrelation or Yule-Walker method
[a,E] 1pls(datamat(y,M,1)) % covariance method
[a,E] = Tpls(datamat(y,M,2)) % modified covariance or f/b method

The autocorrelation method can be computed by the alternative call to the Yule-
Walker function yw:

a = Tpf(yw(y,M)); % autocorrelation or Yule-Walker method

Further improvements of these methods result, especially in the case of extract-
ing sinusoids in noise, when the least-squares solution (13.9) is used in conjunction
with the SVD enhancement iteration procedure discussed in Sec. 17.
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14. MA and ARMA modeling

There are many methods for fitting MA and ARMA models to a given data sequence
Yn,n=0,1,...,N — 1. Some methods are nonlinear and involve an iterative mini-
mization of a maximum likelihood criterion. Other methods are adaptive, continu-
ously updating the model parameters on a sample by sample basis.

Here, we briefly discuss a class of methods, originally suggested by Durbin
[65,66], which begin by fitting a long AR model to the data, and then deriving the
MA or ARMA model parameters from that AR model by using only least-squares
solutions of linear equations.

MA Models

A moving-average model of order g, denoted by MA(qg), is described by the I/0
equation driven by a zero-mean white-noise signal €, of variance o2

Yn =bo€n +bi1€n_1 + bo€yo + -+ - +bgen_g (14.1)
Thus, the synthesis model filter and the power spectrum of y,, are:
B(z2)=bo+b1z ' +byz %+ - +bz7 7, Sy (w)=0Z|B(w)|*> (14.2)

Without loss of generality, we may assume that by = 1. We will also assume
that B(z) is a minimum-phase polynomial so that the analysis filter A (z)= 1/B(z)
is stable and causal.

Durbin’s method consists of approximating the analysis filter A (z) by a polyno-
mial Ay (z) of some large order M, such that M > g. The polynomial coefficients
a = [l,ai,...,am]T are found by applying any least-squares LP method to the
given sequence y = [yo, V1,...,VYn-117, including Burg’s method.

Finally, the desired MA filter b = [1,b1,...,bq]T is obtained by designing
an order-q least-squares inverse to a = [1,a;,...,ay ]’ using, for example, the
techniques of section 12. Specifically, we wish to solve the approximate equa-
tion Ay (z)B(z) ~ 1. This condition may be expressed in matrix form using the
(M + g +1)x(g + 1) convolution matrix of the filter a acting on the input b:

Ab =u, where A = datamat(a,q) (14.3)

and u = [1,0,...,0]7 is the (M + g + 1)-dimensional representation of §,. For
example, if g = 2 and M = 4, we have:

1 0 O 1

ap 1 0 0
ap 1 0 0

a a 1 0
d; d; 1 1 0 a a a 1 0
a3 dz di bl =10 = 3 2 ! bl = (14.4)

ds dsz d» 0
a4 dz dp bz 0 bz

0 ag as 0
0 as as 0 0 0 a 0
0 0 as 0 4
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where in the second equation, we deleted the first row of A, which corresponds to
the identity 1 = 1. Thus, denoting the bottom part of A by Ape, we obtain the
following (M + q) X (g + 1) linear system to be solved by least-squares:

Apotb =0 = b =Ipls(Apot) (14.5)

This problem is identical to that of Eq. (13.7) and therefore, its solution was
obtained with the help of the function Tpls. These design steps have been incor-
porated into the MATLAB function ma with usage:

[b,sigma2] = ma(y,q,M); % MA modeling by Durbin’s method

To clarify further the above solution, we write (14.5) in partitioned form, sepa-

rating out the first column of Ay, and the bottom part of b:

1 1
Apor = [a1,A1], b= [B] =  Apob = [a],A]] [B} =a+AB=0
The least-squares solution is (assuming A; has full rank):
B=-A\a = —(ATA))'Ala, (14.6)

This has the form of a linear prediction solution 8 = —R~'r, where R = AIAl
andr = Airal. It easily verified that R, r are given by:

Ry = (AlAD) = Raa(i—J), ri=(Ala))i=Raali+1) (14.7)
fori,j=0,1,...,9 — 1, and Ry, is the sample autocorrelation of the filter a:
M—|k|
Raa(K)= > aj, dm, -M<k<M (14.8)
m=0

In other words, as observed by Durbin, the MA filter b may obtained by fitting
an AR (q) model to the AR filter a using the autocorrelation or Yule-Walker method.
Thus, an alternative design procedure is by the following two steps:

a
b

TpfCyw(y,M);
Tpflyw(a,a));

% fit an AR(M) model to y
% fit an AR (g) model to a

where the function 1pf extracts the prediction filter from the output of the function
yw. Once the MA filter is designed, the input noise variance 02 may be calculated
using Parseval’s identity:

m dw a oy

2 _ 2 2 _ 2 2 _ 21t 2 _ Yy

a'y—O'EJ_TrlB(w)I T —Uemzzolbml =0:b'b = O-E_bfb
where 0')2, can be estimated directly from the data sequence by:

1 N-1
7= 2 vl
n=0
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ARMA models
An ARMA (p, g) model is characterized by a synthesis filter of the form:

B(z) 14+biz'+.--+bgz 1

H(z)= = 14.9
(2) A(z) l+az7 ' +...+apz7? ( )
The sequence y,, is generated by driving H (z) by zero-mean white-noise €y:
Yn+ diYn-1+ -+ dpYn-p = €n + bi€p_1 + - - - + bg€n_yg (14.10)
The corresponding power spectrum of y,, is:
; ; 2
) , , | B(w) |? o |1+ bre® + ... 4 pyetaw
Syy(w)= 02H(w)[> = 02 |~ | =0o? L =
A(w) 1+aeeo + .-+ agyejrw
If the innovations sequence €, were known, then by considering Eq. (14.10) at
successive time instants, say, n = 0,1,...,N — 1, one could solve for the model
parameters a = [1,dy,...,d,]T and b = [1,by,...,b;]T. To see how this might

be done, we rewrite (14.10) vectorially in the form:

1 1
ai bl
[Yn,)’nfla---y)’nfp] = [En,€n71,...,€n7q] . (14.11)
ap bg
or, compactly,
Vn €n
Yn-1 €n-1
yl(n)a=eT(n)b, where y(m)=| . |, e(nm=| . (14.12)
Yn-p €n—q

Arranging these into a column vector for n = 0,1...,N — 1, we may express
them as a single vector equation involving the data matrices of y, and €:

y1(0) e’(0)
Ya=Fb, where Y = yTén) , E= eT(.n) (14.13)
yI(N - 1) eT(N - 1)

The data matrices Y and E have dimensions Nx (p +1) and Nx (g + 1), respec-
tively, and correspond to the “prewindowed” type. They can be constructed from
the sequences y = [yo,V1...,Yn-1]17 and e = [€g,€1...,€n-1]1T by the MATLAB
calls to the function datamat:

Y = datamat(y, p, 'pre’)
E = datamat(e, g, 'pre’)
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For example, if N = 7, p = 3, and g = 2, and assuming zero initial conditions,
then Eq. (14.13) reads as follows:

Yo 0 0 0 ] € O 0

Y Yo 0 O 1 €1 € O

Y2 Y1 Yo O a € €1 € 1

Y3 Y2y Yo |l =6 € & b, (14.14)
Y4 V3 Y2 V1 as €4 € € b,

Ys Y4 Y3 Y2 ’ €5 €4 €3

| Y6 Y5 Y4 V3 | | €6 €5 €4 |

Even though overdetermined, these equations are consistent and may be solved
for the model parameters. Unfortunately, in practice, only the observed output
sequence y = [Vo,V1...,¥n_1]7 is available.

A possible strategy to overcome this problem, originally proposed by Durbin,
is to replace the unknown exact innovation vector e = [€g,€;1...,en—1]17 by an
estimated one & = [&g,€;...,€nx-1]7 and then solve (14.13) approximately using
least-squares, that is, if E is the data matrix of the approximate innovations, then
solve the least-squares problem:

Ya=Eb < J=|Ya-EDb|?=min (14.15)

One way to obtain an estimated innovations sequence € is to fit to y an autore-
gressive model Ay (z) of large order M, such that M > p + q. This amounts to
approximating the synthesis filter by the all-pole model H (z) = 1/Ap (z). Passing
the given sequence y, through the approximate analysis filter Aj;(z) would gen-
erate the estimated innovations, that is, E (z) = Ay (2) Y (2). Thus, the first step in
the design is, in MATLAB notation:

ay = Ipf(yw(y, M))
é = filter(ap, 1,y) (14.16)
F = datamat(é, g, 'pre’)

The second step is to solve (14.15) using least squares. To this gnd, we separate the
first columns of the matrices Y, E, and the bottom parts of a,b to get:

Y = [y ¥il, E = [&, ), a=[;] 6=[H

and recast (14.15) in the form:
. 1 .1 o
Ya=Eb = [YO=Y1]|:&:|=[eOaE1]|:B:| > yo+Yi&=¢& +EB
This may be rearranged into Y; & — EHB = —(yg — €p), and solved:
R & R
[Yl,—Eﬂ[B}:—(Yo—eo) => [
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} =—[Y1,-Ei]\(yo— &) (14.17)

= R

This completes step two. We note that because of the prewindowed choice of
the data matrices, the first columns y,, & are the length-N signal sequences y and
é themselves, thatis,y, =y = [Vo,¥1...,Yn-1]7 and &, = & = [&g,€1...,én-1]7.
Thus, we have, y + Y& = é + ElB, and rearranging, € = y + Y& — Elﬁ. An
alternative least-squares criterion that is used sometimes is the following:

J=lel? = lly + Yi& — E;BII> = min (14.18)

This has the solution: .
& .
[B} =—[Yy,-Ei]\y (14.19)

We will be using (14.17). The second-stage solutions can be shown not to be
asymptotically efficient. In order to minimize their variance, Mayne and Firoozan
[67,68] proposed a third step. It consists of replacing the sequences yy, €, by the
inverse-filtered versions V (z)= Y (z) /B(z) and W (z) = E(z) /B (z) and repeating
step two. This produces the final estimates of the ARMA parameters a and b.

The filtered sequences v,, w,, and their data matrices are constructed as follows,
in MATLAB notation:

v = ﬁlter(l,f),y); V = datamat (v, p, 'pre’);

w = filter(1,b,&); W = datamat(w, g, ’pre’); (14.20)
The resulting least-squares problem is then:
1 1
Va=Wb = [V01V1]|:‘x:|—[W0,W1]|:3:| (14.21)

with performance index J = |[Va — W b||2 = min. The solution of (14.21) is:

[ﬂ = Vi, =W\ (Vo — Wo) (14.22)

In summary, the Mayne-Firoozan three-stage ARMA parameter estimation method
consists of Egs. (14.16), (14.17), and (14.22).

To justify the need for the inverse filtering, we consider an improved innovations
vector obtained from é by adding a small correction, that is, e = & + de, or in terms
of the data matrices, E = E + 8E. We imagine that the vector e is closer to the true
innovations vector than é. The small change de will induce similar small changes in
the ARMA parameters, a = a+ da and b = b + b, which must satisfy the improved
input/output equation:

Ya=Eb (14.23)

To first order in the corrections, that is, ignoring terms like  Edb, we have:
Ya= (E+3E)(b+6b)=E(b+6b)+5Eb=Eb+ SEb, or

Ya—Eb=6Eb (14.24)
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The term SE b represents the filtering of the vector de by the filter b, and there-
fore, it can just as well be expressed in terms of the convolution matrix of b acting
on e, that is, SEb = Bde. Actually, B is the NxN square portion of the full
convolution matrix, with the bottom g rows (the input-off transients) deleted. For
example, with N = 7 and g = 2, we have:

g O 0 1 1 0 0 0 0 0 O 0€g
661 660 0 ?1 1 0 0 0 0 0 661
562 561 560 1 b2 bl 1 0 0 0 0 662
563 662 561 El =(0 l;z l;l 1 0 0 0 663
o€y O€3 b€ }52 0 0 Bz 151 1 0 O 0€4
bes Geq Oes 0 0 0 by by 1 0]]| %€
| 666 O€s b€y | 0 0 0 0 by by 1]|L0%€6]

Tl}e matrix B is ipve{tible. Therefore, we may solve (14.24) for de. Defining
V = B71Y and W = B 1E, we have:

Ya—Eb=6Eb=RBSe > B (Ya-FEb)=36e = Va—Wh=25e  (14.25)

Thus, the least-squares problem (14.21) is equivalent to minimizing the norm
of the correction vector:

J=|Va-Whb|?=|del|?=min < Va=Whb

The operations V = B~'Y and W = B~'E are equivalent to the inverse filtering
operations (14.20). The MATLAB function arma implements this three-step model-
ing algorithm. It has usage:

[a,b,sigma2] = arma(y,p,q,M,iter); % Mayne-Firoozan ARMA modeling method

The third stage may be repeated a few additional times. At each iteration, the
filtered signals V (z)= Y (z)/B(z) and W(z)= E(z)/B(z) are obtained by using
the filter B(z) from the previous iteration. The parameter iter specifies the total
number of iterations. The default value is iter=2.

The innovations variance 07 is estimated by calculating the impulse response
h,, of the designed ARMA filter, H(z)= B(z)/A(z), and using:

o2 =02 |hnl? (14.26)
n=0

where the infinite summation may be approximated by a finite one of appropriate
length—typically, a multiple of the 60-dB time-constant of the filter.

15. Karhunen-Loeve Transform

Traditionally, the Karhunen-Loéve transform (KLT), also known as the Hotelling
transform, of an (M + 1)-dimensional stationary zero-mean random signal vector
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y(n)= [yo(n),y1(n),...,ym(n)]7 with covariance matrix R = E[y*(n)y’(n)] is
defined as the linear transformation:

z(n)=VTy(n) (KLT) (15.1)

where V is the (M + 1) X (M + 1) unitary matrix of eigenvectors of R, that is,
V =[vo,Vi,...,VM], Rvi=A;v;, i=0,1,...,. M (15.2)

with the eigenvalues A; assumed to be in decreasing order. The orthonormality of
the eigenvectors v;rvj = §jj is equivalent to the unitarity of V,

Vv =vvt =1y, (15.3)
The eigenvalue equations can be written compactly in the form:
RV =VA, A =diag{do,A1,...,An} = VIRV=A (15.4)

The components of the transformed vector, z(n) = [z (n), z, (n), ..., zpm (1) 17,
are called principal components. They can be expressed as the dot products of the
eigenvectors v; with y(n):

zo(n) viy(n)

71 (n) viy(n)
z(n)=V'y(n) = : = : ,or,

zp (n) v,ﬂy;(n)

zitn)=vlymn)|, i=0,1,...,.M (15.5)

These may be thought of as the filtering of y(n) by the FIR filters v;. Therefore,
the vectors v; are often referred to as eigenfilters. The principal components are
mutually orthogonal, that is, uncorrelated. The matrix VIRV = A is the covariance
matrix of the transformed vector z(n):

Elz*(n)zT(n)1= VIE[y*(n)y'(n)1V = VIRV, or,

Elz*(mz"(n)]=A| (15.6)

or, component-wise:

[Elz} (M7 ()]=Aidy, 1,j=0,1,...,M (15.7)

Thus, the KLT decorrelates the components of the vector y(n). The eigenvalues
of R are the variances of the principal components, 0'1-2 =E[|z;(n)|%]= A;. Because
Ao = Ay = - - - = Ay, the principal component zo (1) will have the largest variance,
the component z; (n), the next to largest, and so on.

Defining the total variance of y(n) to be the sum of the variances of its M + 1
components, we can show that the total variance is equal to the sum of the variances
of the principal components, or the sum of the eigenvalues of R. We have:
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E[lyi(n)1?1= E[yf(n)y(n)]  (total variance) (15.8)

Mz

2 _
O'y—
0

Using the trace property y'y = tr(y*y?), we find:
02 = r(E[y*(n)y"(n)1) = tr(R)= A + Ay + - - - + Ay (15.9)

The inverse Karhunen-Loéve transform is obtained by noting that V-1 = V*,
which follows from V1V = I. Therefore,

y(n)=V*z(n) (inverse KLT) (15.10)

It can be written as a sum of the individual principal components:

zo(n)
z1(n) M
y(n)=V*z(n)= [v§,vi,...,vi] = > vizi(n) (15.11)
. i=0
zy (n)

In many applications, the first few principal components, z;(n), 0 <i <r —1,
where ¥ < M + 1, account for most of the total variance. In such cases, we may
keep only the first r terms in the inverse transform:

r-1
y(n)= > vizi(n) (15.12)
i=0
If the ignored eigenvalues are small, the reconstructed signal y(n) will be a
good approximation of the original y(n). This approximation amounts to a rank-r
reduction of the original problem. The mean-square approximation error is:

M M
E[lly(n)—y(n)|I?] =E[Z zi(n)|?] = Zm (15.13)

16. Principal Component Analysis

Principal component analysis (PCA) is essentially equivalent to the KLT. The only
difference is that instead of applying the KLT to the theoretical covariance matrix
R, it is applied to the sample covariance matrix R constructed from N available
signal vectors y(n), n =0,1,...,N — 1:

R 1 N-1
R=—= > y*ny'(n (16.1)
n=0

z|

where we assume that the sample means have been removed, so that

N

1 -1
> y(m)=0
n=0

m=

z|
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We will ignore the overall factor 1/N, as we did in section 11, and work with the
simpler definition:

y7(0)
R N-1 yT(l)
R=> y*my'(m)=v'y, Y= . (16.2)
n=0 :
yI(N-1)

where YAis the Nx £M + 1) data matrix constructed from the y (n). The eigenprob-
lem of R, that is, RV = VA, defines the KLT/PCA transformation matrix V. The
corresponding principal component signals will be:

z(n)=V'y(n), n=0,1,...,.N—-1 (16.3)

These can be combined into a single compact equation involving the data matrix
constructed from the z(n). Indeed, noting that z'(n) = y'(n)V, we have:

(PCA) (16.4)

where Z is the Nx (M + 1) data matrix of the z(n):
z1(0)

zT(1)
. (16.5)

ZT(]V.— 1)

The inverse transform can be obtained by multiplying (16.4) by V1 from the
right and using the unitarity property of V, that is, ZV' = YVVT, or,

Yy=2zvt = ym=V*z(n), n=0,1,...,N-1 (16.6)
or, explicitly in terms of the PCA signals z;(n):
M
y(n)= > vizin), n=0,1,...,N-1 (16.7)
i=0

The uncorrelatedness property of the KLT translates now to the orthogonality
of the signals z;(n) = vl-Ty(n) as functions of time. It follows from (16.4) that Z
has orthogonal columns, or equivalently, a diagonal sample covariance matrix:

N-1
Z'Z=VIRv=A = > z*mz'(n)=A (16.8)
n=0
or, written component-wise:
N-1
> zF(n)zj(n)=AiSy|, 1,j=0,1,....M (16.9)
n=0
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In fact, the principal component signals z;(n) are, up to a scale, equal to the
left singular eigenvectors of the SVD of the data matrix Y.

Following the simplified proof of the SVD that we gave in Sec. 5, we assume a
full-rank case so that all the A; are nonzero and define the singular values g; = +/A;
fori=0,1,...,N — 1, and the matrices:

U=2z3"', 3=diagl{og,0l,...,0u} =AY? (16.10)
where U, X have sizes NX(M + 1) and (M + 1) X (M + 1), respectively. It follows
from (16.8) that U has orthonormal columns:

UU =312z = AT1PAAY? = Iy (16.11)
Solving for Y in terms of U, we obtain the economy SVD of Y. Indeed, we have

Z=UXandY = ZV1, so that

Thus, principal component analysis based on R is equivalent to performing the
economy SVD of the data matrix Y.

The matrix U has the same size as Y, but mutually orthogonal columns. The
(M + 1)-dimensional vectors u(n)= >"'z(n)= >~'VTy(n), n = 0,1,...,N — 1,
have U as their data matrix and correspond to normalized versions of the principal

(economy SVD) (16.12)

Scatterplot of [y, y1]
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2 3 4 5

The corresponding 82 matrix of principal components and its diagonal covariance
matrix are:

3015
3 -0.15
-3 -015
2
Z=Tzmuml=Us=| 3 00|, A:ZTZ:[%O (2]:[180 0_%5]
4 -0.20
4 020
[ -4 0.0 |

components with unit sample covariance matrix:

N-1

Utu = > u*(mul(n)= Inn

n=0

where u;(n) is the ith component of u(n)= [ug(n),u; (n),..

same as z;j(n), but normalized to unit norm.

N-1

n=0

s > uf(mujn)= 5y

Sum(m 7. Itis the

Example 16.1: Consider the following 8x2 data matrix Y and its economy SVD:

231 1.927 [ 03 03]
2.49  1.68 03 -0.3
—231 -1.92 -0.3 -03 .
—2.49 -1.68 -03 03|[10 o0 ][08 -06 .
Y=1 330 224|7| 04 —04 [ 0 0.5] [0.6 0.8] = v
—-3.08 -2.56 -04 -0.4
3.08  2.56 04 04
| -332 -224| | -04 04|

The singular values of Y are oy =

of the first principal component.

10 and o7 = 0.5. Let the two columns of Y be
Yo and yy, so that Y = [y, y;]. The scatterplot of the eight pairs [y, y1] is shown
below. We observe the clustering along a preferential direction. This is the direction
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The covariance matrix of Y, R = YTY, is diagonalized by the matrix V:

R - 64.09 4788 | | 0.8 -0.6 100 0 0.8 -0.6 ! —vaAvT
| 47.88 36.16 | | 0.6 0.8 0 0.25 0.6 0.8 B
Each principal component pair [z, z; ] is constructed by the following linear combi-
nations of the [yg,y;] pairs:

Zo = vly = [0.8,0.6] [ ii ] — 0.8y, + 0.6y,

21 = vly = [~0.6,0.8] [ 5‘1’ ] = 0.6y, + 0.8y,

Conversely, each [yy,y1] pair may be reconstructed from the PCA pair [z, z; ]:

D% z 0.8 -0.6
[y?} =V*z= [V(’)‘,vf][z?} =V zo+Viz) = [0.6]Z°+[ 08 | %1

The two terms in this expression define parametrically two straight lines on the yg, y;
plane along the directions of the principal components, as shown in the above figure.
The percentage variances carried by zy, z; are:

o5 o
———— =0.9975 =99.75%, ———— =0.0025=10.25%
og + 07 of + 07
This explains the clustering along the z, direction. 0O
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Example 16.2: The table below gives N = 24 values of the signals y'(n) = [y, (n),y: (n)].
The data represent the measured lengths and widths of 24 female turtles and were
obtained from the file turtle.dat on the course web page. This data set represents
one of the most well-known examples of PCA [72]. To simplify the discussion, we
consider only a subset of this data set.

The data matrix Y has dimension Nx (M + 1) = 24%2. It must be replaced by its zero-
mean version, that is, with the column means removed from each column. Fig. 16.1

Thus, the principal component z, carries the bulk of the variance. The two principal
components are obtained by the linear combinations z = V'y, or,

Zo = Viy = 0.8542y0 + 0.52 ),
Z1 =vliy=—-0.52y + 0.8542 y,

The inverse relationships are y = V*z = v zo + vizy, or,

shows the scatterplot of the pairs [yo,y1].

-
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o

-0.5200
0.8542

|

n_yo(n) yi(nm) | n yo(n) yi(m) | n_ yy(n) yi(n
0 98 81 8 133 102 16 149 107
1 103 84 9 133 102 17 153 107
2 103 86 10 134 100 18 155 115
3 105 86 11 136 102 19 155 117
4 109 88 12 137 98 20 158 115
5 123 92 13 138 99 21 159 118
6 123 95 14 141 103 22 162 124
7 133 99 15 147 108 23 177 132
Scatterplot of [y, y,] Scatterplot of [u, u]
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Fig. 16.1 Scatterplots of original data and their principal components.

We observe that the pairs are distributed essentially one-dimensionally along a par-
ticular direction, which is the direction of the first principal component.

Performing the economy SVD on (the zero-mean version of) Y gives the singular values
0y = 119.05 and 0, = 12.38, and the unitary PCA transformation matrix V:

0.8542
V=1[Iovil= [0.5200

—0.5200
0.8542

o]

0.8542
0.5200

ool

—0.5200
0.8542

The total variance is a§ = US + (Tf. The percentages of this variance carried by the

two principal components are:

%

———— = 0.989 =98.9%,

2

o5+ 0
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The two terms represent the projections of y onto the two PCA directions. The two
straight lines shown in Fig. 16.1 are given by these two terms separately, where z,
and z; can be used to parametrize points along these lines.

The MATLAB code used to generate this example was as follows:

Y
Y

Toadfile(’turtle.dat’);
zmean(Y(:,4:5));

% read full data set
% get columns 4,5 and remove column means

[U,S,V] = svd(Y,0); % economy SVD

figure; plot(Y(:,1),Y(:,2),’.7);
figure; plot(U(:,1),U(:,2),’.7);

% scatterplot of [yo,y1]
% scatterplot of [ug,u]

The right graph in Fig. 16.1 is the scatterplot of the columns of U, that is, the unit-norm
principal components ug (n),u; (n),n = 0,1,..., N —1. Being mutually uncorrelated,
they do not exhibit clustering along any special directions. [}

Several applications of PCA in diverse fields, such as statistics, physiology, psy-
chology, meteorology, and computer vision, are discussed in [4-10,69-80].

17. SVD Signal Enhancement

The main idea of PCA is rank reduction for the purpose of reducing the dimension-
ality of the problem. In many signal processing applications, such as sinusoids in
noise, or plane waves incident on an array, the noise-free signal has a data matrix of
reduced rank. For example, the rank is equal to the number of (complex) sinusoids
that are present. We will be discussing this in detail later.

The presence of noise causes the data matrix to become full rank. Forcing the
rank back to what it is supposed to be in the absence of noise has a beneficial
noise-reduction or signal-enhancement effect. However, rank-reduction destroys
any special structure that the data matrix might have, for example, being Toeplitz or
Toeplitz over Hankel. A further step is required after rank reduction that restores
the special structure of the matrix. But when the structure is restored, the rank
becomes full again. Therefore, one must iterate this process of rank-reduction
followed by structure restoration.

Given an initial data matrix of a given type, such as the autocorrelation, covari-
ance, or forward/backward type, the following steps implement the typical SVD
enhancement iteration:
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Y = datamat(y,M,type);
Ye = Y;
for i=1:K,
Ye = sigsub(Ye,r);
Ye = toepl(Ye,type);

% construct data matrix from signal

% initialize iteration

% iterate K times, typically, K = 2-3.

% force rank reduction to rank r

% restore Toeplitz or Toeplitz-Hankel structure
end

ye = datasig(Ye,type); % extract enhanced signal from enhanced data matrix

After the iteration, one may extract the “enhanced” signal from the enhanced
data matrix. The MATLAB function sigsub (in the OSP toolbox) carries out an
economy SVD of Y and then keeps only the r largest singular values, that is, it
extracts the signal subspace part of Y. The function toep1 restores the Toeplitz or
Toeplitz-over-Hankel structure by finding the matrix with such structure that lies
closest to the rank-reduced data matrix. We will be discussing these functions later.

The SVD enhancement iteration method has been re-invented in different con-
texts. In the context of linear prediction and extracting sinusoids in noise it is
known as the Cadzow iteration [34-36]. In the context of chaotic dynamics, clima-
tology, and meteorology, it is known as singular spectral analysis (SSA)T [88-103];
actually, in SSA only one iteration (K = 1) is used. In nonlinear dynamics, the pro-
cess of forming the data matrix Y is referred to as “delay-coordinate embedding”
and the number of columns, M + 1, of Y is the “embedding dimension.”

In the literature, one often finds that the data matrix Y is defined as a Hankel
instead of a Toeplitz matrix. This corresponds to reversing the rows of the Toeplitz
definition. For example, using the reversing matrix J, we have:

Y2 Y1 Yo Yo Y1 Y2
Y3 Y2 N Yi Y2 V3
Y=|Ys y3 Yo |=Toeplitz = YJ=|Y2 Y3 Y4 |=Hankel
Ys Y4 V3 Y3 Y4 Vs
Y6 Ys Y2 Y4 Y5 Ve

In such cases, in the SVD enhancement iterations one must invoke the function
toepT with its Hankel option, that is, type=1.

Example 17.1: As an example that illustrates the degree of enhancement obtained from
such methods, consider the length-25 signal y, listed in the file sinel.dat on the
course web page. The signal consists of two equal-amplitude sinusoids of frequencies
f1 = 0.20and f> = 0.25 cycles/sample, in zero-mean, white gaussian noise with a 0-dB
SNR. The signal samples were generated by:

Yn = cos(21tfin) + cos(2mfon)+0.707v,, n=0,1,...,24

where v, is zero-mean, unit-variance, white noise, and the amplitude 1//2 = 0.707
ensures that SNR = 0 dB.

The short duration and the low SNR make this a difficult signal to handle. Fig. 17.1
compares the performance of four spectrum estimation methods: the ordinary pe-
riodogram, the linear-prediction-based methods of Burg and Yule-Walker, and the
SVD-enhanced Burg method in which the SVD-enhanced signal is subjected to Burg’s
algorithm, instead of the original signal.

tSometimes also called “singular system analysis” or the “caterpillar” method.
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Fig. 17.1 SVD-enhanced linear prediction spectra.

The effective rank is ¥ = 4 (each real sinusoid counts for two complex ones.) The SVD-
enhanced version of Burg’s method gives narrow peaks at the two desired frequencies.
The number of iterations was K = 3, and the prediction filter order M = 20.

The Yule-Walker method results in fairly wide peaks at the two frequencies—the SNR
is just too small for the method to work. The ordinary Burg method gives narrower
peaks, but because the filter order M is high, it also produces several false peaks that
are just as narrow.

Reducing the order of the prediction filter from M down to r, as is done in the SVD
method to avoid any false peaks, will not work at all for the Yule-Walker and ordinary
Burg methods—both will fail to resolve the peaks.

The periodogram exhibits wide mainlobes and sidelobes—the signal duration is just
too short to make the mainlobes narrow enough. If the signal is windowed prior to
computing the periodogram, for example, using a Hamming window, the two main-
lobes will broaden so much that they will overlap with each other, masking completely
the frequency peaks.

The graph on the right of Fig. 17.1 makes the length even shorter, N = 15, by using
only the first 15 samples of y,. The SVD method, implemented with M = 10, still
exhibits the two narrow peaks, whereas all of the other methods fail, with the ordinary
Burg being a little better than the others, but still exhibiting a false peak. The SVD
method works well also for K = 2 iterations, but not so well for K = 1. The following
MATLAB code illustrates the computational steps for producing these graphs:

loadfile(’sinel.dat’); % read signal samples yyp, from file

<
I

r=14; M=20; K= 3; % rank, filter order, number of iterations

-+
1]

Tinspace(0.1,0.4,401); w = 2*pi*f; % frequency band

a = 1pf(burg(y,M);

H1
H1

1./abs(dtft(a,w));
20*10910(H1/max(H1));

a = Ipflyw(y,M);
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% Burg prediction filter of order M
% compute ordinary Burg LP spectrum
% spectrum in dB

% Yule-Walker prediction filter



H2 = 1./abs(dtft(a,w)); % compute Yule-Walker LP spectrum Principal Component Variances

100
H2 = 20*10g10(H2/max(H2)); o
H3 = abs(dtft(y,w)); 80
H3 = 20*10g10(H3/max(H3)); % periodogram spectrum in dB 0
E 60l
15
Y = datamat(y,M); % Y is the autocorrelation type E 50
Ye = VY; = "
for i=1:K, % SVD enhancement iterations <
Ye = sigsub(Ye,r); % set rank to r 30
Ye = toepl(Ye); % toeplitzize Ye 20
end 10r*
- ] . % i 7 e9ececssccnssnaaa . o
ye datasig(Ye); % extract enhanced time signal 0 . m - o o m 25
index i
a = Ipf(burg(ye,r)); % Burg prediction filter of order r
H = 1./abs(dtft(a,w)); % compute enhanced Burg LP spectrum . i . L
H = 20%10g10 (H/max (H)) ; Fig. 17.2 Percentage variances of the first 31 principal components.
plot(f,H,’-’, f,H1,’--", f,H2,’:’, f,H3,’-."); o6 Signal Subspace, r =1 Signal Subspace, r = 2

The functions 1pf, burg, yw implement the standard Burg and Yule-Walker methods.
They will be discussed later on. m]

Example 17.2: The SVD enhancement process can be used to smooth data and extract local
or global trends from noisy times series. Typically, the first few principal components
represent the trend.

degrees °C
degrees °C

-0.3

As an example, we consider the global annual average temperature obtained from the
web site: www.cru.uea.ac.uk/cru/data/temperature/. The data represent the
temperature anomalies in degrees °C with respect to the 1961-1990 average. 0671860 1880 1900 1920 1940 1960 1980 2000 U 1860 1880 1900 1920 1940 1960 1980 2000

year year
Using M = 30 and one SVD enhancement iteration, K = 1, we find the first five
variances, given as percentages of the total variance:

Fig. 17.3 Principal component signals of ranks r = 1, 2.

{A1, A2, A3, A4, A5} = {63.78, 12.44, 2.27, 1.79, 1.71}

30; K=1; r = 1; %or, r=2,3,4,5,6
= zmean(y); % zero mean

The first two PCs account for 76% of the total variance. The percent variances are M
plotted in Fig. 17.2.

<
|

The smoothed signals extracted from reducing therank tor = 1, 2, 3,4, 5, 6 are shown
in Figs. 17.3, 17.4, and 17.5. We note that the r = 2 case represents the trend well. Signal Subspace, r = 3 Signal Subspace, r = 4
As the rank is increased, the smoothed signal tries to capture more and more of the
finer variations of the original signal.

Assuming that the global trend y, (n) is represented by the first two principal com-
ponents (¥ = 2), one can subtract it from the original sequence resulting into the
residual y; (n)= y(n) -y, (n), and the SVD enhancement method may be repeated
on that signal. The first few components of y; (n) can be taken to represent the local
variations in the original y (n), such as short-period cyclical components. The rest of
the principal components of y; (n) may be taken to represent the noise.

degrees °C
degrees °C

The MATLAB code used to generate these graphs was as follows:

-0.6 1860 1880 1900 1920 1940 1960 1980 2000 -0.6 1860 1880 1900 1920 1940 1960 1980 2000
year year
A = loadfile(’TaveGL2.dat’); % read data file
y = AG,14); % column-14 holds the annual averages Fig. 17.4 Principal component signals of ranks r = 3, 4.
n = A(C:,1); % column-1 holds the year
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Signal Subspace, r = 5

Signal Subspace, r = 6

0.6

0.3

degrees °C
degrees °C
o

-0.6

-0.
1860 1880 1900 1920 1940 1960 1980 2000 ° 1860 1880 1900 1920 1940 1960 1980 2000
year year

Fig. 17.5 Principal component signals of ranks r = 5, 6.

Ye = datamat(y,M,2); % forward-backward Toeplitz-Hankel type
for i=1:K, % SVD enhancement iteration
Ye = sigsub(Y,r); % extract rank-r signal subspace

Ye = toepl(Ye,2); % convert to Toeplitz-Hankel
end

ye = datasig(Ye,2); % extract smoothed signal

plot(n,y,’:’, n,ye,’-"); % plot original and smoothed signal

There are other popular methods of smoothing data and extracting trends. We men-
tion two methods: spline smoothing and local polynomial regression. They are shown
in Fig. 17.6. They have comparable performance to the SVD method. Both methods
have a free parameter, such as A or «, that controls the degree of smoothing. m]

18. Structured Matrix Approximations

We saw in the previous section that the process of rank reduction destroys the
Toeplitz or Toeplitz/Hankel nature of the data matrix. The purpose of the MATLAB
function toepT was to restore the structure of the data matrix by finding the closest
matrix of the desired structure.

Given a data matrix Y thatideally should be Toeplitz, such as the autocorrelation
or covariance types, one can find a Toeplitz matrix T thatis closest to Y with respect
to a matrix norm. The easiest norm to use is the Frobenius norm. Thus, we have
the approximation problem:

J=Y - TII% =min, where T is required to be Toeplitz (18.1)

The solution is the Toeplitz matrix obtained by replacing each diagonal of Y by

the average along that diagonal. We demonstrate this with a small example. Let Y
and T be defined as:

Y Yz Yi3 41 o
Y=|Ya Yo yal|, T=|tz 2 t
Y31 Y32 Y33 ty 03 b
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Spline Smoothing, A = 10000 Local Polynomial Regression, o. = 0.3
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Fig. 17.6 Spline smoothing and local polynomial regression.

The difference matrix is:

yu—te y2—-ti yiz—to
Y-T=|Ya—-1t3 Y-t Yyz—t
yai—ly y3p—1t3 yz—b

Because the Frobenius norm is the sum of the squares of all the matrix elements,
we have:

T= Y = TI2 =|y11 — t21? + [y22 — t21? + |y33 — t2]?
+lyie =l + lyos — 62 + Iyis — tol?

+ 1y — 6317 + lys2 — t31° + |y13 — tal?

The minimization conditions 0.7/0t; = 0, i = 0,1,2,3,4, easily lead to the
desired solutions: ty = y13, t4 = y31 and

_ Y2ty ty = Y11+ Y22 + Y33 ty = Yo1 + Y32

51 2 ) 3 ) 2

For a Hankel matrix approximation, we have the minimization problem:

J= Y - HIIE = min, where H is required to be Hankel (18.2)
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Its solution is obtained by replacing each antidiagonal of Y by the average along
that antidiagonal. This problem can be reduced to an equivalent Toeplitz type by
noting that the row-reversing operation Y — Y J, where J is the usual reversing
matrix, leaves the Frobenius norm unchanged and it maps a Hankel matrix into a
Toeplitz one. Setting T = HJ, the problem (18.2) becomes:

J=Y - HII% =|YJ - TII% =min, where T is required to be Toeplitz (18.3)

Once T is found by averaging the diagonals of Y J, the Hankel matrix H is con-
structed by row-reversal, H = TJ. This amounts to averaging the antidiagonals of
the original data matrix Y.

Finally, in the case of Toeplitz over Hankel structure, we have a data matrix
whose upper half is to be Toeplitz and its lower half is the row-reversed and con-
jugated upper part. Partitioning Y into these two parts, we set:

Yy = Yr M- T 3 red nati
- YH ) = T*J = required approximation

The matrix approximation problem is then:

Y T
S N

where we used the property ||Yy — T*]H% = Y}T - T||,2¢. The solution of this
minimization problem is obtained by choosing T to be the average of the Toeplitz
approximations of Y7 and Y};J, that is, in the notation of the function toepl:

2

= Y7 =TI} + 1Y}iJ — Tl? = min
F

_ toepl(Yr7) +toepl (Y;1.J)
- 2

T

Example 18.1: As an example, we give below the optimum Toeplitz, Hankel, and Toeplitz
over Hankel approximations of the same data matrix Y:

r10 10 107 20 15 10 10 15 20
20 20 20 30 20 15 15 20 30
30 30 30 40 30 20 20 30 40
Y=140 40 40 > T=150 40 30|° H={30 40 50
50 50 50 55 50 40 40 50 55
| 60 60 60 | 60 55 50 50 55 60
(10 10 10 35 30 25
20 20 20 40 35 30
30 30 30 45 40 35 [ T ]
Y = > M= =
40 40 40 25 30 35| | T*J|
50 50 50 30 35 40
| 60 60 60 | 35 40 45
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19. Matrix Pencil Methods

The matrix pencil of two N XM matrices A, B, is defined to be the matrix:
A—AB (19.1)

where A is a parameter. The generalized eigenvalues of the matrix pair {A, B} are
those values of A that cause A — AB to reduce its rank. A generalized eigenvector
corresponding to such a A is a vector in the null space N (A — AB).

A matrix pencil is a generalization of the eigenvalue concept to non-square ma-
trices. A similar rank reduction takes place in the ordinary eigenvalue problem of
a square matrix. Indeed, the eigenvalue-eigenvector condition Av; = A;v; can be
written as (A — A;I)v; = 0, which states that A — AT loses its rank when A = A; and
v; lies in the null space N (A — A;I).

Matrix pencil methods arise naturally in the problem of estimating damped or
undamped sinusoids in noise [46], and are equivalent to the so-called ESPRIT meth-
ods [42]. Consider a signal that is the sum of r, possibly damped, complex sinusoids
in additive, zero-mean, white noise:

r r
Yn = Aje” MM 4y, = X Azl + v, (19.2)
i=1 i=1
where z; = e~ %*/®i j=1,2 ..., r. The problem is to estimate the unknown damp-

ing factors, frequencies, and complex amplitudes of the sinusoids, {«;, wj, A;},
from available observations of a length-N data blocky = [yo, V1,...,Vn-1]7 of the
noisy signal y,. We may assume that the z; are distinct.

In the absence of noise, the (N — M) X (M + 1)-dimensional, covariance-type,
data matrix Y can be shown to have rank r, provided that the embedding order M
is chosen such that ¥ < M < N — r. The data matrix Y is defined as:

YT(M) Yn 1
Yn-1 v Zl_;
Y=| yim) |, ym=| Y2 |=3Aiz'| % (19.3)
. : i=1 :
yT(]\f ~1) Yn-M zM
and, Y becomes:
z!
r :
Y=>A| 2z |[LzY z% ...,z M) (19.4)
i=1 .
ZN71

Thus, Y is the sum of ¥ rank-1 matrices, and therefore, it will have rank r. Its null
space N (Y) can be characterized conveniently in terms of the order-r polynomial
with the z; as roots, that is,
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r
A=A -zz™" (19.5)
i=1

Multiplying A (z) by an arbitrary polynomial F (z) of order M —r, gives an order-
M polynomial B(z) = A(z) F (z), such that r of its roots are the z;, thatis, B(z;) = 0,
fori=1,2...,r,and the remaining M — r roots are arbitrary. The polynomial B (z)
defines an (M + 1)-dimensional vector b = [bg, b1,...,by 17 through its inverse

z-transform:

bo
b,
B(z)=bo+biz7 '+ +byzM=[1,z122...,zM]| . (19.6)
bu
Then, the root conditions can be stated in the form:
bg
b,
B(zi)= 1,z 2% ...,zzM]| . | =0, i=1,2,...,r (19.7)
bu
This implies that the vector b must lie in the null space of Y:
z!
. by
r : bl
Yb=> A z!' |[L, 7% z% ..., z7M]| . |=0 (19.8)
i=1 . .
: by
ZN-1

Conversely, if b satisfies Eq. (19.8), then because M < N —r,or, ¥ < N —

M, the (N — M)-dimensional column vectors [ZfV[, ezl Z{V_l]T are linearly
independent,t and therefore, we must have:
z!
r E
Yb=>A;i| z!' |B(z)=0 = B(z)=0 (19.9)
i=1 .
ZN-1

Thus, B(z) must have the form B(z)= A(z)F(z). Because F(z) has degree
M — r, it will be characterized by M + 1 — r arbitrary coefficients. It follows that

TThis follows from the fact that the ¥xr Vandermonde matrix Vi = z{-"l, k,i=1,2,...,r, has
nonvanishing determinant det (V) = [ <j<j<, (zi — Zj), because the z; are distinct. See Ref. [1].
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the dimensionality of b, and hence of the null space N(Y), will be M + 1 — r. This
implies that the rank of Y is r.

Next, we consider the matrix pencil of the two submatrices Y1, Y, of Y, where
Y, is defined to be the first M columns of Y, and Y, the last M, that is,

_ 2?4 _
r :
Yi=> Al 2zt |[1, 7 22, ., zp M)
i=1 :
AR
_ _ (19.10)
z!
r :
Yo=Y Ai| z!' |lzh zi% ..., ziM]
i=1 :
Lz ]
They were obtained by keeping the first or last M entries of [1, z,-‘l, Zl-_z, cey Z{M]:
(1,270 272,z MY M = (1, z7Y, z72, L, g MY 2 M
ﬁrszM 1as¥M
Both matrices Y7, Y have dimension (N — M) XM. Noting that
_ _ —(M-1 _ _ _
[1,z7Y, 772, .,z MY =z 27, z2, ..,z M,
we may rewrite Y, in the form:
z!
r .
Yi=>zAi| zZ |z 7% ...,z M) (19.11)
i=1 .
ZN7t
Therefore, the matrix pencil Y; — AY( can be written as:
z!
r .
Yi-AYo =D (zi—-MNA;i| 2 |z, 772 ..., ziM] (19.12)
i=1 .
ZN-1

Because ¥ < M and ¥ < N — M, and Y; — AY( is a sum of ¥ rank-1 matrices, it
follows that, as long as A # z;, the rank of Y; — AY, will be r. However, whenever
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A becomes equal to one of the z;, one of the rank-1 terms will vanish and the rank
of Y1 — AY( will collapse to ¥ — 1. Thus, the ¥ desired zeros z; are the generalized
eigenvalues of the rank-r matrix pencil Y; — AY.

When noise is added to the sinusoids, the matrix pencil Y; — AY, will have
full rank, but we expect its ¥ most dominant generalized eigenvalues to be good
estimates of the z;.

In fact, the problem of finding the r eigenvalues z; can be reduced to an ordinary
rxr eigenvalue problem. First, the data matrices Y, Y, are extracted from the
matrix Y, for example, if N = 10 and M = 3, we have:

Y3 Y2 Y1 Yo Y3 Y2 Vi Y2 Y1 Yo
Y4 Y3 Y2 V1 Y4 Y3 Y2 Y3 Y2 N
Ys Y4 Y3 Y2 Ys Y4 V3 Y4 Y3 Y2
Y=|Ys ¥Ys Ya V3 > Yi=|(Ye ¥s Va|,Yo=|Vs Va V3
Yz Y6 Ys Ya Yz Y6 Vs Y6 Y5 Va
Y8 Y7 Ye Vs Y8 Y7 Ve Yz Y6 Vs

| Yo Y8 Y7 Ve | | Yo Y8 Y7 | | Y8 Y7 VYo |

Second, arank-r reduction is performed on Y, approximatingitas Yo = U, 2 rV}L,
where U, has size (N — M) Xr, X, is rxr, and V,, M xXr. The matrix pencil becomes
then Y; — J\Urer;r . Multiplying from the left by U;r and from the right by V,
and using the orthogonality properties U;f U, =1, and V;r V, = I,, we obtain the
equivalent ¥ Xr matrix pencil:

Ut(Y, =AYV, =UlY V, —AZ, or,
SUt(y, - AY))V, = Z—Al,, where Z =3;'UlY,V, (19.13)

Fianlly, the eigenvalues of the r Xr matrix Z are computed, which are the desired
estimates of the z;. The matrix pencil Z — AI, may also be obtained by inverting
Y, using its pseudoinverse and then reducing the problem to size rxr. Using
Y§ = VFZ;lUI, it can be shown easily that:

V(Y Y, - Aly)V, = Z - Al

Once the z; are determined, the amplitudes A; may be calculated by least-
squares. Writing Eq. (19.2) vectorially for the given length-N signal y,, we have:

Yo 1 1 et 1 Ay Vo

Y1 Z1 Z3 s Zy A» Vi

. = . + . (19.14)
YN-1 Zyt T e N A, VN-1

or, written compactly as
y=SA+v (19.15)

with least-squares solution:
A=S'y=S\y (19.16)

The above design steps have been implemented into the MATLAB function mpencil:
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[z,A] = mpencil(y,r,M);

% matrix pencil method

The Nxr Vandermonde matrix § with matrix elements Sy; = zJ', for 0 < n <
N —-1land 1 <i < r, is known as a steering matrix and its individual columns as
steering vectors. It can be computed by the MATLAB function steering:

S = steering(N-1,2); % steering matrix

20. QR Factorization

The Gram-Schmidt orthogonalization of random variables has many uses: (a) it
leads to signal models through the innovations representation, (b) it is equivalent
to linear prediction, (c) it corresponds to the Cholesky factorization of the covari-
ance matrix, and (d) it provides efficient computational bases for linear estimation
problems, leading to fast solutions of normal equations via Levinson’s or Schur’s
algorithms and to fast adaptive implementations, such as adaptive Gram-Schmidt
preprocessors in antenna arrays and fast adaptive lattice filters in time-series ap-
plications.

The Gram-Schmidt orthogonalization of an (M +1)-dimensional complex-valued
zero-mean random vector y = [yo, V1,...,¥um 17 is defined by:

€0 =)o

for m=1,2,...,M do:
_ (20.1)
e =y _mzlE[ei*ym] .
meoam El€] €]

i
i=0

The constructed random vector € = [€g,€;...,€m]T has uncorrelated compo-
nents E [e?K ej] = 0, if i # j. The unit lower-triangular innovations matrix B may be
defined in terms of its lower-triangular matrix elements:

_ Elyjel

Bt = Elefeil’

l<m=<M, 0<i<sm-1 (20.2)

Then, Eq. (20.1) can be written as y,;,; = €, + Z?ial b} €, or expressed vectorially:
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for example,

Yo 1 0 0 0 €0
Y1 . ﬁ) 1 0 0 €1
o | b;ko b?l 1 0 €
Y3 b, b3 b} 1| €

The matrix B is the unit lower-triangular Cholesky factor of the covariance ma-

trix of the random vector y:
R = BDB? (20.4)
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where R = E[y*y’] and D = E[e*eT]= diag{Eo,E1,...,Em}, where E; is the
variance of €;, thatis, E; = E[€]€;].

We may work also with the random variables g; = ei/E,-l/z, i=0,1,...,M,
normalized to have unit variance. Then, the random vector q = [qo, q1,...,qgm]1 7"
will have unit covariance matrix:

q=D"1"% = E[q*q"]1=1 (20.5)

where I is the (M+1)-dimensional identity matrix. Defining the upper triangular
matrix G = DY2BT, we note that GTG = BDB' and GT = B*D!/2 and therefore,
Egs. (20.3) and (20.4) can be rewritten as:

y=G'q, R=G'G (20.6)

In practice, we must work with sample covariance matrices estimated on the ba-
sis of N vectorsy(n),n =0,1,...,N—1. The Nx (M+1) datamatrix Y constructed
from these vectors is used to obtain the sample covariance matrix:

y1(0)

Y = yI(n) > R=Yly (20.7)

yI(N-1)
The QR-factorization factors the data matrix Y into an N X (M +1) matrix Q with
orthonormal columns and an (M+1) X (M+1) upper triangular matrix G:

Y =QG, Q'Q=1I, G =upper triangular (20.8)

The matrix Q is obtained by the Gram-Schmidt orthogonalization of the (M+1)
columns of Y. Tpe QR-factorization implies the Cholesky factorization of the co-
variance matrix R. Using QtQ = I, we have:

R=Y'Y =G'Q1'QG = G'G (20.9)

Writing Q row-wise, we can extract the snapshot vector q(n) corresponding to
y(n), that is,

yT(0) q7(0)
Y=QG = yTim = qTin) G = ym=q"(n)G, or,
yN-1 | [a"N-1)
y(n)=Glq(n), n=0,1,...N—1 (20.10)

which is the same as Eq. (20.6).
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Writing q”(n)= [go(n),q:1(n),...,qm(n)], the ith column of Q is the time
signal g;(n), n =0,1,...,N — 1. Orthonormality in the statistical sense translates
to orthonormality in the time-average sense:

N-1
Elg*q"1=1 = Q'Q= > a*ma’(n)=1I (20.11)
n=0
or, component-wise, for i,j,= 0,1,...,M:
N-1
Elgfajl=65 = D af(n)gj(n)=35j (20.12)
n=0

In comparing the SVD versus the QR-factorization, we observe that both meth-
ods orthogonalize the random vector y. The SVD corresponds to the KLT/PCA
eigenvalue decomposition of the covariance matrix, whereas the QR corresponds
to the Cholesky factorization. The following table compares the two approaches.

KLT/PCA Cholesky Factorization
R = E[y*yT]=vAvVt R = E[y*yT]= G'G = BDB?
y=V*z=V*3u y = GTq = B*e
E[z*zT]= A = 32 Ele*eT]1=D
Elu*tull=1 Elq*qT]=1
SVD OR
Y =Uzvt = zvt Y =QG

R=Y'Y =VAVt = V32Vt | R=YTY = GIG
y(n)=V*z(n)=V*Zu(n) |y(n)=GTq(n)=B*e(n)

N-1 N-1
> u*(mul(n)=1 > a*(ma’(n)=1
n=0 n=0

21. Canonical Correlation Analysis

Canonical correlation analysis (CCA) attempts to determine if there are any signif-
icant correlations between two groups of random variables. It does so by finding
linear combinations of the first group and linear combinations of the second group
that are maximally correlated with each other [4-6,81-87].

Consider the two groups of random variables to be the components of two zero-
mean random vectors y, and y,; of dimensions p and g. Concatenating the vectors
Ya,Yp into a (p+q)-dimensional vector, we have:
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Yail Vb1
Ya Yaz Vb2
y = , where vy, = . sy Yp = . (21.1)
Yb : :
Yap Ybaq
Its covariance matrix can be expressed in the partitioned form:
E[ R R
R = E[Y*YT]_ [ yay ‘ [YaYb] —l [ aa | ab—l (21.2)
L ELyivi1 | ELyiys] |~ L Rea | Rep |

In general, the matrices R,4, Rap, Rpp are full and inspection of their entries
does not provide—especially when the matrices are large—a clear insight as to the
essential correlations between the two groups.

What should be the ideal form of R in order to bring out such essential correla-
tions? As an example, consider the case p = 3 and g = 2 and suppose R has the
following structure, referred to as the canonical correlation structure:

Ra1a1 Raia2 Raras | Raipt Raipe 1 0 0fjct O
[Raz,al Raza2 Raza3 | Razp1 Razpe } [ 0 1 0|0 e ]

R Razar Raza2 Rasasz | Raspr Razpe |=[ 0 0 1]0 O
Rp1,a1 Rbia2 Rpias | Reip Rbl,bZJ LCI 0 0 ’ 10 J

Rp2.a1 Rp2,a2 Rp2a3 | Rbep1 Rpo b2 0 c2 0]0 1

where the random vectors are y, = [Va1,Ya2,Va3l! and y, = [Vp1, V217, and we
denoted Rajaj = E[VjiiVajl, Raivj = E[VEyuil, Ruipj = EViy,l.

This form tells us that the random variables {y,1,Ya2,Yq3} are mutually un-
correlated and have unit variance, and so are the {yp1,Vp2}. Moreover, between
group a and group b, the random variable y,; is correlated only with yj1, with
correlation ¢; = E[yX yp1], and y,» is correlated only with y;, with correlation
¢ = E[yX,¥p2]. Assuming ¢; > ¢, the pair {y,1, Yp1} will be more correlated than
the pair {ys2,Vp2}. The case p = 2 and g = 3 would be:

Ra1a1 Raia2 ‘ Raipr Raip2 Raips 1 0|lci 0 O

[ Ra2a1 Razaz | Razp1 Razp2  Razp3 —| [ 0 1|0 c2 O —|
R=| Rpi,a1 Rpia2 | Rmipr Rpip2 Rpips |=|c1 O|1 0 0
Rp2a1 Rp2a2 | Rb2p1 Rp2p2 Rp2p3 0 c2|0 1 O
Rp3a1 Rpsa2 | Rpap1 Rpsp2  Rbsps 0 0|0 0 1

Thus, the canonical structure, having a diagonal submatrix Ry, describes the
correlations between a and b in their clearest form. The goal of CCA is to bring
the general covariance matrix R of Eqg. (21.2) into such a canonical form. This is
accomplished by finding appropriate linear transformations that change the bases
vYq and yy, into the above form.

One may start by finding p- and g-dimensional vectors a, b such that the linear
combinations w, = aTya and wy = bTWJ are maximally correlated, that is, finding
a, b that maximize the normalized correlation coefficient:
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_ E[wkrwyp]
\/E[WZ‘wa]E[w;,“Wb]

Noting that E[wiwp]= a'Rapb, E[Wwiw,]=alRaea, and E[w}wp]=bRypb,
the above criterion becomes:

= max (21.3)

atRab
J (a' Raqa) (b' Rppb)

= max (21.4)

We may impose the constraints that w,, wp have unit variance, thatis, E[w}w,]=
atRgza=1and Elwiwp]= bRppb = 1. Then, the equivalent criterion reads:

¢ =af'Rab =max, subjectto a'Rgea=1, bIRyb=1 (21.5)

This is reminiscent of the maximization criterion for singular values that we
discussed in Sec. 5. To recast (21.5) into that form, we first change into a basis in
which the group random vectors have unit covariance matrix. Performing the full
SVDs of R4, and Rpp, we set:

Raa = UaAgVE = Vo2V, Ua=Va, Sa=AY2, Viv,=1,

t 2yt 1/2 1 (21.6)
Rpp = UpApVy, = V2V, Up=Vp, Zp=A)", V,Vy=1I,

These are essentially the eigenvalue decompositions of the hermitian positive
definite matrices R 54, Rpp. We assume that X, X}, are non-singular, thatis, R4, Rpp
have full rank. Then, we define the transformed random vectors and corresponding
cross-correlation matrix:

u, =3;'Vly,

= Cap=Eluiul]l=3'VIRgypVpE;,! 21.7

u, = Z;lvgyb ab [ a b] a allabVb b ( )

In this basis, E[uful]l= S;1VIR V37! = Z0VIV,S2viv,s 1l = 1, and
similarly, E [u;," ug] = I4. The transformed covariance matrix will be:

[ Elugel] | Elagaf) ] [ 1y | Can]
LE“b“T| “b“b]J Lcab‘ IQJ

An alternative method of obtaining unit-covariance bases is to use the Cholesky
factorization. For example, we may set R, = G,JSGa, where G, is upper triangular,
and define u, = G;Ty,.

Having transformed to a new basis, we also transform the coefficients a,b so
that w,, wp, are expressed as linear combinations in the new basis:

u
u= [ll:] = Ryy=E[u*u’]=

f,=3,Vlia = a= VoS > wp=aly, =flu,

+ . - T (21.8)
fp =2yVb = b=Vp3,'fy = wy=by,=fw

Similarly, we have:
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E[wiwal=atRgea = 13 1ViR Va2 E, = £if,
E[w;wpl=b'Rpyb = £ 3, 'V Rpy V1,5, i = fi £ (21.9)
E[wiwpl=atRapb = 13 1VIR V., Ey = £ Canfy
Then, the criterion (21.5) may be expressed as an SVD maximization criterion in
the new basis:
¢ = fiCapfy = max, subjectto fif, =fif, =1 (21.10)

It follows from Eq. (5.17) that the solution is ¢ = ¢;, the maximum singular
value of C,p, and the vectors f,, f, are the first singular vectors. The remaining
singular values of Cg )}, are the lower maxima of (21.10) and are obtained subject to
the orthogonality constraints of Eq. (5.18).

Thus, the desired canonical correlation structure is derived from the SVD of the
matrix Cgp. The singular values of C,p are called the canonical correlations. The
following procedure will construct all of them. Start with the full SVD of Cgp:

Cap = FoCF}, C = diagici,cs...,c,} € CP¥4 (21.11)

where c; = ¢cp = -+ > ¢, > 0 and ¥ = min(p, g) (full rank case), and F,, F} are
unitary matrices, that s, FEFa = FaFE = Iy and FZFb = FbFZ = I. Then, construct
the CCA coefficient matrices:
A=V, 3-1F,; = [a1,ay,...,a,] = pXp matrix
e AT b 4 _ (21.12)
B =VpX2,'Fp = [b1,by,...,b;]= gxq matrix

The coefficient matrices A, B transform the basis y,, y;, directly into the canonical
correlation basis. We define:

wy = AT T
AT RCh I L N IR (21.13)
wp = B Yb Wp 0 B Y

Then, the corresponding covariance matrix will be:
[ Elwiwl] | E[w, wgﬂ [ ATRaaA | ATRapB |
~ | Elw;wIl | Elwiw}1 |~ | B'RpaA | B'RpB |

By construction, we have ATRz,A = I,, ATRa,B = C, and BYRppB = I,;. Thus,
we obtain the canonical correlation structure:

[[Elwiwil | [Wawh] 1_[L|C]
LE[WbWT] | Etwiwi1 |~ LT[, |

The canonical correlations and canonical random variables are obtained from
the columns of A, B by the linear combinations:

T

Ryw = E[w*w'] (21.14)

Ryw = E[w*wT]= (21.15)

=E[Wiwpil, wa=aly,, wp=bly,, i=12,...r (21.16)

The MATLAB function ccacov.m takes as input a (p+q)X(p+q) covariance
matrix R and computes the coefficient matrices A, B and canonical correlations C,
using Egs. (21.6), (21.7), and (21.12). It has usage:
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[A,C,B] = ccacov(R,p);

% CCA of a covariance matrix

Next, we consider the practical implementation of CCA based on N observations
va(n),yp(n),n =0,1,...,N — 1. We form the NXxp and Nxqg data matrices, as
well as the concatenated N X (p+¢q) data matrix:

y2(0) vi (0)
Yo=| vim) |, Yp=| yi(n) |, Y=[YaVYsl (21.17)
y4(N-1) yE(N - 1)

We assume that the column means have been removed from Y. The correspond-
ing sample covariance matrices are then:
[YiYa | YiYh ] [ Raa |Rab |
LYiYa [ Y)Yy ]~ [ Rea | Rop |

R=Y'y = (21.18)

We may obtaiAn the CCA transformation matrices A, B by applying the previous
construction to R. However, a more direct approach is as follows. Starting with the
economy SVDs of Y, and Y}, we have:

Yo = UaZaVh = economy SVD of Y, Uz € OV, ULU, =1,

Yp = UpSpV} = economy SVD of Yp,, U, € CN¥4, UjU, =1,

Cap = UZ Up = cross-covariance in u-basis, Cgp € CP*4

Cap = FaCFZ = full SVD, C = diag{ci,c2...,¢/}, ¥ =min(p,q)

A =V 371F,; = CCA coefficients, A € CP*P (21.19)

B = V3, 'F, = CCA coefficients, B € C9%9

Wa=YqA, W, e CN*P with orthonormal columns, W?;Wa =1,

Wp = YpB, W € CN*4 with orthonormal columns, WZWb =1,

WZW;, = C = pXxq diagonal matrix of canonical correlations

The transformed data matrices Wy, Wy, and W = [W4, W, ] have the canonical
correlation structure:

[waWa |[Wawp | _[1o | C]

(21.20)
[wiwe [wiwe ]~ L1,
Denoting the ith columns of W,, Wy, by wgi(n),wpi(n), n = 0,1,...,N — 1,

we note that they have unit norm as N-dimensional vectors, and the ith canonical
correlation is given by the time-average:

wiw =

N-1
= > whmwpi(n), i=1,2,...,r (21.21)
n=0
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The above steps have been implemented by the MATLAB function cca.m. It takes
as inputs the data matrices Y, , Y}, and outputs A, B, C. Its usage is as follows:

[A,C,B] = cca(Ya,Yb);

% CCA of two data matrices

Example 21.1: As an example, consider again the turtle data in the file turtle.dat. We
take Y,, Yp to be the (N = 24) measured lengths and widths of the male (group a)
and female (group b) turtles. The data are shown below:

Ya Yp Ya Yp
n | Ya1 Ya2 | Yb1 Vb2 n | Ya1 Ya2 | Yb1 Vb2
1 93 74 | 98 81 13 116 90 | 137 98
2 94 78 | 103 84 14 | 117 90 | 138 99
3 96 80 | 103 86 15 | 117 91 | 141 103
4 | 101 84 | 105 86 16 | 119 93 | 147 108
5 1102 85 | 109 88 17 | 120 89 | 149 107
6 | 103 81 | 123 92 18 | 120 93 | 153 107
7 | 104 83 |123 95 19 | 121 95 | 155 115
8 | 106 83 | 133 99 20 | 123 93 | 155 117
9 | 107 82 | 133 102 21 | 127 96 | 158 115
10 | 112 89 | 133 102 22 | 128 95 | 159 118
11 | 113 88 | 134 100 23 | 131 95 162 124
12 | 114 86 | 136 102 24 | 135 106 | 177 132

After removing the columns means, the computed sample covariance matrix is:

[3.1490 1.8110 | 5.5780 3.3785

vy [ Yiva | Yiv, | Lot | L8110 L1510 | 31760 1.9495
T viva v | 5.5780 3.1760 | 10.3820 6.227OJ

[ 3.3785 1.9495 | 6.2270 3.9440

The computed CCA coefficients and canonical correlations are:

A= 0.0191 0.0545 | _ | 0.0083 0.0418
| —0.0023 —0.0955 |’ ~ 1 0.0026 —0.0691

c_[a o_[oore7 o0
o || o o1707

The correlation structure in the transformed basis W = [W,, W] is:

[ 1 0 ‘ 0.9767 0 ]
t t
Wi — [ wiwa [wiw, | |0 1 0 01707
| wiwa | wiwy | [0.9767 0 ‘ 1 0 J
0 01707 | 0 1

The first columns of W,, W), are the most correlated. They are obtained as the fol-
lowing linear combinations of the columns of Y,, Yj:

Wai (1) = 0.0191 y41 (n) —0.0023 y40 (1) N-1
a a o > S wa(mwp (n)=c; = 0.9767
Wwp1 (n) = 0.0083 yp1 (1) +0.0026 yp, (n) o

where the linear combination coefficients are the first columns of A, B. The following
MATLAB code implements this example:
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D = loadfile(’turtle.dat’); % read data file

Ya
Yb

zmean(D(:,1:2));
zmean(D(:,4:5));

% extract columns 1,2 and remove their mean
% extract columns 4,5 and remove their mean

[A,C,B] = cca(Ya,Yb);

Y = [Ya,Yb]; Ryy = Y’*Y; % correlated basis

Wa = Ya*A; Wb = Yb*B;
W=

[Wa,Wb]; Rww = W’*W; % canonical correlation basis

The quantities A, B, C could also be obtained by the function ccacov applied to R =
Y'Y with p = 2. Once the coefficients A, B are known, the data matrices Y, Y, may
be transformed to W, Wy, [m}

Finally, we mention that CCA is equivalent to the problem of finding the canoni-
cal angles between two linear subspaces. Consider the two subspaces of CN spanned
by the columns of Y, and Y. The economy SVDs of Y,, Y} provide orthonormal
bases Uy, Up, for these subspaces.

The canonical angles between the two subspaces are defined [1,86,87] in terms
of the singular values of the matrix UZ Uy, but these are the canonical correlations.
The cosines of the canonical angles are the canonical correlations:

ci=cosO;, i=1,2...,r =min(p,q) (21.22)

The largest angle corresponds to the smallest singular value, that is, cos Opax =
Cmin = Cr. This angle (in radians) is returned by the built-in MATLAB function
subspace, that is,

th_max = subspace(Ya,Yb);
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