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LECTURE 1
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1.9. Recursive Least Squares (RLS) Algorithm
1.10. Tradeoff issues

1.2. Introduction

In the middle of previous century, A. N. Kolmogorov and N. Wiener
have independently established Theory of Linear Optimum Filter based
on statistical approaches (in frequency domain and time domain, re-
spectively) [1-3]. The theory has been regarded in digital communica-
tions as one of the greatest contributions, as well as Shannon’s sampling
theorem which is Magna Carta in the information age. A path to the
adaptive filtering has been opened by Widrow and Hoff in 1960 with
their pioneering work of the least mean square (LMS) algorithm [4].
Another particular algorithm that had already existed at that time is
the recursive least squares (RLS) algorithm. It is mentioned in some
literature that Gauss in the late of 18 century had already formulated
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the recursive least squares solution (see e.g., [5, § 11.7, § 12.6]), al-
though the original work of the RLS algorithm is often credited to
Plackett [6] in modern times.

Lecture 1 aims to study the basics of adaptive filtering, including
a linear system model, the Wiener filter, and the LMS and RLS al-
gorithms with their properties. Throughout this series of lectures, we
restrict our attention to real-valued cases for the sake of simplicity.

1.3. Notation

o R: the set of all real numbers

e N: the set of all nonnegative integers

e N*:= N\ {0}: the set of all positive integers

o (-)T: vector (matrix) transpose

e R(): range space

e N(-): null space

o k€ N: time index

e N € N*: filter length

e u;, € R: input signal at time k

o d;. € R: output signal (i.e., desired response) at time k

e n; € R: measurement noise at time k

o h € R: filter coefficient

o ¢;(h) € R: an output error at time &, a function of a filter h
e vectors are represented by bold-face lower-case letters (e.g., @)
e matrices are represented by bold-face upper-case letters (e.g.,

A)

1.4. Linear System Model

Let (ux)ren C R be the input process and (ny)reny C R the measure-
ment noise process, where k£ € N denotes the time index. We consider
a simple linear system model:!

N
(11) dy = Zuk,iﬂhf + N, ke N,

i=1
where hf € R, i =1,2,---, N, stands for the impulse response of the
system. In words, the output signal d; € R is a linear combination of
the N consecutive input signals wg, ug_1, - -+, Ug_n+1 plus the noise

IThe system model should have the minimum possible complexity according to
Occam’s razor.
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Fig. 1-1. A transversal filter structure for implementing digital filters.

ng. By means of vector notation, it can simply be stated as follows:
(1.2) dy=ufh*+n, €R, k€N,

where uy == [ug, g1, - ,uk_N_,_l]T and h* := [h}, h}, -+, h%]T, which
we respectively refer to as the input vector (at time & € N) and the
estimandum (a system to be estimated). Unless otherwise stated, the
input and output data are assumed available. Regarding the system
described above, we may consider the following tasks:

task 1: estimate h* (e.g., channel estimation), or

task 2: estimate dj in the form of uJh = Zf\il Ug—i+1h; with
a linear digital filter h := [hy, hy, -+, hy]T € RV (e.g., echo
cancellation).

A transversal filter shown in Fig. 1-1 is commonly used to implement
a digital filter. In the figure, Z~! stands for a single delay; input is uy,
and output is uj h. The two tasks above are related to each other, as
clarified in Section 1.6.

1.5. Matrix-form of Wiener-Hopf Equations

We restrict our attention to the case of discrete time, which is particu-
larly simpler compared to the continuous time case which has actually
been treated by Wiener; the interested readers may refer to [7]. Apart
from the Wiener’s original philosophy, we present the Wiener-Hopf
equations in a simplest possible way. Let us assume that the input and
output processes, (ur)reny and (di)ren, are jointly wide-sense stationary
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stochastic processes.? Consider task 2 in the previous section. A nat-
ural requirement for a filter b € RY would be suppressing maximally
the error signal

(1.3) ex(h) = ugh — dy,, Vk € N.

How can we formalize the problem mathematically? As ej(h) can take
negative values, it is nonsense to minimize ey(h) itself. One should
minimize its magnitude. For the sake of convenience, a typical way is
considering the squared error ef(h). Because we wish to suppress the
error for any possible pair of input and output (or input and noise),
we take ezpectation, namely an ensemble average, of the squared error.
The resultant criterion

(14)  fuss(h) = E{ci(h)} = E{(de— u[h)'}, heRY,

is called the mean squared error (MSE). The problem is now formalized
simply as follows: minimize fysg(h). It is easily verified that

(1.5) fuse(h) = BT E{w,u} }h — 2hT E{ud} + F{d3}
(1.6) = h"Rh — 2h"p + B{d}},

where R := E{w,u}} € RV is the autocorrelation matrix of the
input and p := E{ud;} € RY the cross-correlation vector between the
input and the output. Therefore, a minimizer of fysg is characterized
as a solution of the following partial differential equation for h =:
[ B, T
w7 Ofuse(h) _ [0fuse(h) Ofuse(h)  Ofuse(h)]”

oh Ohy ' Ohy ' Ohy
2Rh —2p =0,

(1.8)

leading to the following normal equation, so-called Wiener-Hopf equa-
tions:

(1.9) Rh =p.

If R is nonsingular (as commonly assumed), (1.9) has the unique so-
lution R™'p, which is widely referred to as the Wiener solution (or

2A stochastic process is said to be strictly stationary if its statistical properties are
invariant to a time shift. Wide-sense stationarity requires weaker conditions than
the strict stationarity. The theory of Wiener filters has been established on the
general assumption of jointly wide-sense stationarity, but the readers who are not
familiar with stochastic processes may think that the input and output processes
are assumed to have their statistical properties invariant to a time shift.
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the Wiener filter). We have seen above that the Wiener-Hopf equa-
tions (1.9) have been derived by minimizing the MSE function, thus
the Wiener filter is also called the minimum MSE (MMSE) filter.
1.6. Wiener Solution and its MSE

Rewrite (1.1) as

(1.10) dp=zp+n, €R, k€N,
where z;, := ufh*. Without any loss of generality, we assume the
following:

o {22} >0,

e p € R(R) so (1.9) has a solution, and
o p,.,. = E{nju;} € R(R).
Let h € RY satisfy Rh = p,,. We then obtain
Juse(h) = E{[(h — h*)Tuy — )}
= (h—h")"R(h —h*) —2(h — h*)Tp,, + E{n}}
—(h—h —h)"R(h—h* —h) —h Rh+ E{n?}
(1.11) > E{n?} — h'Rh.

Here, the last inequality holds because of the positive semi-definiteness
of R.? The equation (1.11) indicates that a minimizer of fysg is char-
acterized as such a vector hw that satisfies

(1.12) hw—h* —h € N(R), ie., R(hw —h* — h) =0.

As 0 € N(R), (1.12) assures that hw := h* + h is a Wiener so-
lution (a solution to (1.9)) for any h such that Rh = p,,. If R
is nonsingular, h o= R 'p,,, is unique and the Wiener solution is
hw:=h"+R'p,, = R 'p.

In many scenarios, the noise is statistically orthogonal to the input;
i.e., P, = 0. In this case, h := 0 satisfies Rh = Ppu, Meaning that h*
is a Wiener solution. If in particular R is nonsingular, h* is the unique
Wiener solution. Also, Rh = P = 0 implies
(113) fMSE(h) Z E{ni}

In the remainder of this lecture notes, we assume (i) the nonsingularity
of R and (ii) the orthogonality between the input and noise signals,

3A matrix A € RV*N is positive semi-definite if and only if T Az > 0 for all
x € RV [8]. The positive semi-definiteness of R can be verified by ' Rz =
2" B{upu] }x = B{zTupulz} = B{(u]z)?} > 0, Vo € RV.
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and we do not explicitly distinguish task 1 and task 2 as h”* is the
optimal solution for both tasks.

The ratio between the signal power and the noise power at the
output, i.e., the signal to noise ratio (SNR), is defined as

Bz}

SNR := 101 ——= [dB].
0810 E{ni} [ ]
Instead of MSE itself, we employ the normalized MSE defined as
Suse(h) —SNR/10 N
(114) fNMSE(h) == 2 10 5 h € R™.
Bz}

The normalized MSE is convenient in numerical simulations to see how
close the achievement of an algorithm to the theoretical lower bound.

1.7. Adaptive Filtering

We have seen that a Wiener solution can be obtain by solving the
normal equations Rh = p, which is a simple linear problem although
the difficulty to solve it depends on the condition of R. However,
the statistical information R and p is not available a priori and thus
should be estimated from data samples in practice. One may think that
we can collect a sufficiently large number of data samples to obtain
reasonable estimates of R and p, and then solve the corresponding
normal equations. This is called batch processing. In real-time systems,
it is required to give an output every time when one receives data. A
straightforward way would be to update the estimates of R and p at
each time instant and solve the corresponding normal equations again
and again. Unfortunately, it is computationally expensive and is not
affordable when the filter length N becomes large.

It is therefore desired to update a filter hy, k& € N, iteratively in
such a way that an ’error’ hopefully becomes small as time goes by.
This is called adaptive processing. As the filter coefficients hg) with
hy, =: [h,,(ﬁl)7 h;f), e ,h,éN)] € RY change adaptively in time, the filter-
ing process is called adaptive filtering (see Fig. 1-2). The remarkable
advantages of the adaptive processing over the batch one include low
computational costs and adaptivity to the system changes. An adaptive
filtering algorithm undertakes the role of adjusting the coefficients h,(:)s.
A bit more mathematically, an adaptive filtering algorithm generates a
vector sequence (hy)rey C RY in a recursive way. We present two clas-
sical approaches and summarize their advantages and disadvantages
below.



LECTURE 1. INTRODUCTORY ADAPTIVE FILTERING 9

Uk—N+1

U | Uk—1 | Uk—2
0 e 0

Dy Dy O
+ [ +H—eo

—D(Adaptive filtering algorithm)

Fig. 1-2. The concept of adaptive filters implemented with the
transversal filter structure.

1.8. Least Mean Square Algorithm

The Least Mean Square (LMS) algorithm is in short an instantaneous
approximation of the gradient algorithm (also known as the steepest
descent algorithm). The gradient method is an iterative method to
minimize a differentiable function f: RY — R by

(1.15) Bisi = hy — AV f(hy), k€N,
for an initial point hy € RY, where A > 0 is the step size and V f(h;)
denotes the gradient of f at hy; V f(h) := %.’ h € RY. Intuitively,

—V f(hy) gives a steepest descent direction in which the value of f is
maximally decreased in the neighborhood of hy, and therefore (1.15)
reduces the function value provided A is sufficiently small. Referring
to (1.6), the gradient of the MSE function is given by

The gradient method to solve the Wiener-Hopf equations is thus given
by

(117) hk+1 = hy — /\VfMgE(hk) =h;, — 2/\(th 7])), ke N.

Replacing R(:= E{uzu]}) and p(:= E{udy}) in V fysg(h)(= 2Rh—
2p) respectively by instantaneous approximations uku;'; and uydy, we
obtain an instantaneous approximation of the gradient at each k:

(118) ﬁkfmsp(h) = Zuk,uZh— Qukdk = Q(U;‘rh —dk)uk = Qek(h)uk.
Based on the replacement above, the LMS algorithm is given as follows:

(119) h/H»l = hk, — )\ekaSE(hk) = hk — 2)\6k(hk,)’u/]€., ke N.,
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where A > 0 should be "sufficiently’ small for stability. An upper bound
of A depends on the definition of stability. A widely-used upper bound
is2/ Ugﬂax) (which is required for stability of zero-order solutions of LMS
filters; cf. [7, p. 306]), where Ug'ax) is the maximum eigenvalue of R.
By (1.19), one can easily see that hy, —hg at time k& € N is a linear com-
binations of wg, wy, -+, Uk_1; L.e., by — by € span(ug, w1, -, Ug_1).
The way of replacing the gradient term in the gradient method by
its approximation based on a single measurement is generically called
stochastic gradient method (or stochastic gradient descent method).

1.9. Recursive Least Squares Algorithm

The Recursive Least Squares (RLS) algorithm is in short a method to
solve approzimate Wiener-Hopf equations at every time instant some-
what efficiently by a recursive formula based on the matrix inversion
lemma. To be precise, R and p are approximated by sample averages
respectively as Ryy1 = upu) +vRy and py,q = updy +p;, for initial
estimates Ry € RV*Y and p, € RY. Here, v € (0,1) is called the for-
getting factor and should be close to one (e.g., v = 0.99) for stability.
The RLS algorithm solves the normal equation Ry, 1h = p,,, at each
time k£ € N with the following recursive formula:

1 pot R wau Ry

(1.20) R, =7 R L+l R w

We would not describe the whole recursions of RLS, as it can be easily
found in the literature [5,7]. Instead, we derive its equivalent ex-
pression similar to (1.19). Right-multiplying both sides of (1.20) by
Pyt (= wpdy, + 7py,) yields

—op-1, o Tp-1
7R weuy Ry

-1 O e O e L e
(121)  Ryyype = </ Ry 1+ 7wl R; "uy,

) (weds + 1Py,

By letting hyi1 = Ry lpyy and hy, = R 'py, (1.20) becomes with
simple manipulations

(122) hk+1 = hk — )\kek(hk)R;luk,

where Ay = (u] Ry 'uy, + )7 € (0,77%). As will be clarified later,
a simple modification of (1.22) reveals that RLS can be interpreted as
an iterative projection method onto hyperplanes with time-dependent
metric.

Exercise 1. Derive (1.22).
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1.10. Tradeoff Issues

The LMS algorithm has O(N) complexity, hence it is simple to imple-
ment, and also it is robust to disturbance (The robustness has been
theoretically proved based on H> theory [9]). However, it is well
known that LMS suffers from slow convergence when the input sig-
nal is correlated. In practice, LMS is robust as far as the step size
parameter A is chosen to be sufficiently small, which however results in
slow convergence.

The RLS algorithm, on the other hand, exhibits very fast conver-
gence even for highly correlated input signals. This however comes at
the price of (i) N? computational complexity and (ii) poor tracking
performance when the estimandum h* changes abruptly. For improv-
ing the tracking performance of RLS, one needs to decrease the value
of ~ to forget quickly the information acquired before the change of h*.
This however results in a large estimation error at steady state. This
is because a small number of data are taken into account in computing
an arithmetic average to estimate R and p and hence the estimates
tend to become inaccurate. Moreover, if the 7 value is too small, such
as v := 0.9, the algorithm tends to diverge.

To overcome the tradeoff issues mentioned above, a significant amount
of efforts has been devoted. In this series of lectures, we focus on a
direction of improving the LMS algorithm. The contents of the follow-
ing lecture, basics of vector spaces, enable us to get a nice geometric
interpretation of the improved algorithms, which greatly helps our un-
derstanding,.



LECTURE 2
Basics of Vector Space

2.1. Outline of Lecture 2

2.2. Introduction

2.3. Vector spaces

2.4. Subspaces

2.5. Limit of a sequence of real numbers
2.6. Metric space

2.7. Normed space

2.8. Inner product space

2.9. Hilbert space
2.10. Orthogonal projection theorem

2.2. Introduction

In Lecture 1, we have seen that an adaptive filtering algorithm gener-
ates a sequence of filters (hg)ren C RY in a recursive manner. The
fundamental question would naturally arise: does the sequence (hy)ren
converge, or under what conditions does the sequence (hy,)ren converge?
To discuss the convergence issue, the notion of vector spaces — or more
specifically Hilbert spaces — provides a convenient and reasonably gen-
eral stage [10—12].

Why do we need to learn such abstract mathematics? If we solely
want to discuss about a convergence property of a specific adaptive
filtering algorithm such as LMS, it would be sufficient to define a
‘distance’ between a := [a1,ag, -+ ,an]" and b := [by, ba,- -+ ,by]T in

RY as [|a — b| == />N, (a, — b,)?, and say that the filter sequence

13
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(hi)rew C RY converges to some h € RY when HhkffLH — 0 as

k — oo. However, is this a unique way to measure the closeness of
a and b? In fact, there are infinitely many ways to define a distance;

eg., [la—2b|:= \/ZnN:1 wy(a, — by,)? for an arbitrarily chosen w,, > 0,
n=1,2,---,N. The recent researches of adaptive filtering have shown
that appropriate designs of a distance function yield efficient adapta-
tion rules. If we perform an analysis for a specific distance function, we
need to perform again an analysis when a different distance function
is employed. An analysis based on Hilbert spaces eliminates such an
exhausting repetition, although it is only a ‘stone’ on the mountain of
benefits from the study of Hilbert spaces (cf. [10-13]).

Lecture 2 aims to present some definitions and basic results of vector
spaces.

2.3. Vector Spaces

We repeat that we solely consider the real-valued cases throughout
the lectures. Intuitively, a vector space is a set of elements enjoying
the following properties: (i) it contains a null (zero) vector, (ii) each
element is allowed to be multiplied by any scalar (i.e., any real number
in this lecture), and (iii) each pair of elements is allowed to be added
with each other. Accordingly, two operations are provided: addition
and scalar multiplication.

Definition 2.1. A set X is said to be a vector space (or a linear space)
if addition that associates any pair (x,y) € X x X withx +y € X
and scalar multiplication that associates any pair (o, ) € R x X with
ax € X satisfy the following conditions, respectively.
(a) For any z,y,z € X:
Al. z +y =y + « (commutative law)
A2, (x+y)+ 2z =z + (y+ 2) (associative law)
A3. There exists a null vector 0 such that x +0 = x, Va € X.
(b) For any @,y € X and any «, 3 € R:
Ml. a(z + y) = ax + ay (distributive law 1)
M2. (a+ B)x = azx + fz (distributive law 2)
M3. (afB)x = a(Bz) (associative law)
M4. 0z =0, lx =

We note that an element of a vector space is called a vector, or a
point, and denoted by a bold-face lower-case letters throughout Lecture
2. The vector (—1)x is denoted by —a for convenience, and we have
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z+ (—x) = (1—1)x =0 by (M2) and (M4): —a is called the additive
inverse of x.
Example 2.2.

(a) The simplest example of a vector space would be the set of
real numbers R. Both addition and scalar multiplication are
defined in an ordinary way. It is readily verified that these or-
dinary operations satisfy the conditions (A1)—(A3) and (M1)-
(M4). In other words, the concept of vector space is a gener-
alization of R with the ordinary operations.

A slight extension of R is the N dimensional Euclidean space
RY whose elements take the form of [x1, zy, - -, 2x]T with real
components z;. As usual, addition and scalar multiplication
are performed in a componentwise fashion. Thus, for any « :=

—
=

[z1, 29, ,an]T € RN, y := [y1, 40, ,un]" € RY, and o €
R, we have

(2.3) Ty =[r1+y,T2+y TN+ YN

(2.4) ax = [oxy, azy, -+, axy]

(¢) The set of all real-valued functions defined on R, X := {f :
R — R}, forms a vector space with the operations given as
follows. For any f,g € X and a € R, we have
(2.5) f+g9:R—=Raw f(z)+g(x)
(2.6) af R - Rz~ af(z).

See [10, 11] for other examples of vector spaces.

2.4. Subspaces

Definition 2.7. A subset M of a vector space X is said to be a subspace
(or a linear subspace) if M itself is a vector space under the same
operations of addition and scalar multiplication defined on X.

The following theorem provides a simple way to check whether a
given subset is a subspace.

Theorem 2.8. A nonempty subset M of a vector space X is a subspace
of X if and only if

(a) x+ye M,Ve,y € M, and

(b) ax € M,V € M, Va € R.

The necessary and sufficient condition to be a subspace can also be
expressed as follows: ax + Sy € M, Va,y € M, Vo, € R.
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Exercise 2. Show that the intersection of two subspaces of a vector
space X is a subspace of X.

We are now interested in how ‘large’ a vector space, or a subspace,
is. The ‘size’ of a space is related to the number of parameters that
we need for specifying each element of the space; if we just say ‘a
space’, it means either a vector space or a subspace. To discuss it
clearly, the fundamental concepts of bases and dimensionality should
be introduced. We need first to define linear dependency and span.

Definition 2.9. Given a space X, let S := {z1, @2, ,&,,} C X for
some m € N*. A vector expressed in the form > " a;z;, a; € R, is
called a linear combination of xy,xy, - , ;. The set S is said to be
linearly independent if > 1" oy = 0 & a; =g = -+ = o, = 0.
Otherwise S is said to be linearly dependent. The set span(S) :=
> ooy e Rfor i =1,2,--- ,m} is called the span of S. If
span(S) = X, it is said that S spans X.

Exercise 3. Suppose S := {xy, s, -, &} is linearly dependent.
Then show that there exists an element of S that can be expressed as
a linear combination of the other elements of S.

Exercise 4. Show that span(S) is a subspace of X.

Definition 2.10. A subset S of a vector space X is said to be a basis
of X if (i) it is linearly independent and (ii) it spans X. If a basis of
X has a finite number of elements, X is said to be finite dimensional,
otherwise, it is said to be infinite dimensional. For a finite dimensional
space X with its basis S, dim(X) := || is said to be the dimension of
X, where |S| denotes the cardinality of S.

Note that any vector space has a basis.

Exercise 5. Show that any two bases of a finite-dimensional space
have the same number of elements.

Definition 2.11. Let M be a subspace of a vector space X. Then, a
translation of M by some v € X, defined as V := M +v := {x +v:
x € M}, is called a linear variety.

Proposition 2.12. A subset V' of a vector space is a linear variety if
and only if ax + (1 —a)y € V, Vae,y €V, Va € R.

A vector expressed in the form )" o;@; with a; € R satisfying
Yo o = 1is called an affine combination of @y, @s,- -+ ,m. The
term ax + (1 — )y in Proposition 2.12 is an affine combination of x
and y, and linear variety is also called affine set.
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2.5. Limit of a Sequence of Real Numbers

Convergence of a sequence of vectors is defined based on convergence
of real-number sequence, which is defined as follows.

Definition 2.13. Let (a,)nen C R be a sequence of real numbers.
Then the sequence is said to converge to a € R if |a, —a] — 0 as
n — oo; we express this as lim, ... a, = a, or a, — a, n — oo. A
more rigorous definition is the following: the sequence (a,)nen C R is
said to converge to a € R if for any € > 0 there exists N(e) € N such
that |a, —a| < e for all n > N(e). If there exists a € R to which
(an)nen C R converges, then the sequence is said to be convergent;
otherwise it is said to diverge.

The limit presented above can only be defined for convergent se-
quences. In the case that we do not know whether a sequence is con-
vergent, we can use the notion of limit superior and limit inferior, both
of which can be defined for any real-number sequences.

Definition 2.14. A set S C R of real numbers is said to be bounded
above (or bounded below) if there exists o € R such that = < « for all
z €S (orz > aforall z €5). If Sis bounded above (or below),
such an « is called an upper bound (or lower bound) of S, and the
smallest upper bound (or the largest lower bound) is called supremum
(or infimum). We denote the supremum (or infimum) of S as sup,g(z)
(or inf,eg(x)).

Proposition 2.15. A real-number sequence (a,)nen C R is said to be
monotonically increasing (or decreasing) if an < api1 (07 Gpy1 < ap)
for any n € N. A monotonically increasing (or decreasing) sequence is
convergent if and only if it is bounded above (or below). In particular,
if (an)nen C R is monotonically increasing sequence bounded above,
then lim,, .o an = sup a,. If in contrast (an)nen C R is monotonically
decreasing sequence bounded below, then lim,, .. a, = inf a,.

Definition 2.16. Let (a,)nen C R be an arbitrary sequence of real
numbers. Then, the limit superior of (a,)nen is defined as follows.

(a) If (an)nen is not bounded above, limsup,,_, ., a, := +o0.
(b) If (an)nen is bounded above,

(2.17)  limsupa, =

n—oo

lim, oo @n  if (Gn)nen is bounded below
—00 otherwise,

where a, := sup{a; : i > n}. Note that (ad,)nen is monotoni-
cally decreasing with a reference to Proposition 2.15.
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The limit inferior of (@, )nen is defined as lim inf,, o a, := —limsup,,_,
Iflimsup,,_., . a, = liminf,,_, a, = a for some a € R, then lim,, o a,, =
a.

2.6. Metric Space

For a vector space X, an introduction of the following operations brings
us rich results.
o Metric distance d(zx,y): a distance (closeness) of two vectors

z,y < X.
e Norm ||z|: a length of a vector & € X. A distance of two
vectors ¢,y € X can be measured by d(z,y) = ||z —yl,

which is called the metric induced by the norm.

o Inner product (x,y): similarity of two vectors ¢,y € X. A
length of a vector € X can be measured by ||| := /(z, ),
which is called the norm induced by the inner product.

A vector space equipped with a metric, a norm, or an inner product
is called a metric space, a normed space, or an inner product space.
We can see that, if X is equipped with an inner product, a norm is
induced automatically, and accordingly a metric is induced. Hence, an
inner product space has more operations available than a normed space
or a metric space, and — more importantly — it has a nice geometric
property as will be seen later. Nevertheless, we start with discussing
about metric spaces because ‘metric’ is the minimum notion to define
convergence of a vector sequence formally.

Definition 2.18. Let X be a vector space. A mapping d: X x X —
[0, 00) is said to be a metric on X if the following conditions are satisfied
for any =, y,z € X.

(a) d(z,y) >0 and d(z,y) =0 x =y.

(b) d(z,y) = d(y, z) (symmetry).

(c) d(x, z) < d(x,y) + d(y, z) (triangle inequality).

Example 2.19.

(a) In the vector space R, the most natural distance between two
real values x and y would be an absolute value of ¢ — y.
Namely, d(x,y) == | — y|, «,y € R, satisfies the conditions
(a)—(c) of metric.

(b) In R, a metric distance between x := [z, 25, ,2y]" and
Y = [y1,¥2, - ,yn]' can be defined as follows.

(i) d(z,y) = \/S°"_ (¥, — yn)?. This s called the Fuclidean
distance.

—p,.
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(ii) d(z,y) == (Z;y:l |z, — yn\p) /p, where p € (0,00). This
is called the Minkowski distance. If in particular p = 1, it
is called the Manhattan distance etc.

(iii) d(z,y) := max_, |z, — y,|. This is called the Chebyshev
distance, and it can be obtained by taking a limit of the
Minkowski distance as p — 00.

(IV) d($7y) = |S($,y)| with S(w,y) = {n € {1727 e 7N} :
Zn # Yn}. This is called the Hamming distance.

Definition 2.20. Let X be a metric space. Then a sequence (@, )nen C
X is said to be convergent if there exists a point @ € X such that
lim,, . d(a,,a) = 0. This is denoted as lim,,_.., @, = a, or a,, — a as
n — oo.

It should be remarked that the convergence of (@, )ney C X is de-
fined through the convergence of the real-number sequence (d(a,, @))nen
to the real number 0.

Definition 2.21. Let X be a metric space, and S be a subset of X.

(a) & € S is said to be an interior point of S if there exists € > 0
such that S O B(x,¢) == {y € X :d(z,y) <e}. B(z,e€) is
called an open ball centered at & with the radius e.

(b) S is said to be open if the set of all interior points of S coincides
with S itself. The entire space X and ) are regarded to be open.

(c) S is said to be closed if the complement of S, i.e. X \ § :=
{x € X:a ¢S5}, is open. The entire space X and @ are re-
garded to be closed.

(d) The minimum closed set containing S is called the closure of

S and is denoted by S.

Proposition 2.22.
(a) The intersection of a finite number of open sets are open; the
union of an arbitrary collection of open sets are open.
(b) The intersection of an arbitrary collection of closed sets are
closed; the union of a finite number of open sets are open.

The notions of convergence and closedness are connected by the
following proposition.

Proposition 2.23. A nonempty subset S of a metric space X is closed
if and only if a convergent sequence (,)nen C S has its limit in S.

Definition 2.24. Let X and Y be metric spaces with dx and dy,
respectively. A mapping f: X — Y is said to be continuous if & — &
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implies f(z) — f(&). More precisely, the condition is replaced by the
following: if for any € > 0 there exists § > 0 such that dx(x, &) < 4,
x € X, implies dy (f(x), f(§)) <e.

We mention that in the general stage of metric spaces we can state
the Banach-Picard fixed-point theorem of contractive mappings, which
is the simplest results of fixed point theory. We would postpone this
topic to Lecture 5 for reaching the Hilbert spaces through a shortest
path.

2.7. Normed Space

Norm — which is a tool to measure a ‘length’ of a vector — is defined
as follows.

Definition 2.25. Let X be a vector space. A mapping ||| : X —
[0, 00) is said to be a norm on X if the following conditions are satisfied
for any «,y € X and any o € R.

(a) [|z]| >0 and ||z]| =0z =0.

(b) &+ yll < |2 + |yl (triangle inequality).

(©) lloz| = laf |||
Example 2.26.
(a) In the vector space R, ||| := |z|, € R, is a norm.
(b) In RY, we can defined a norm of any x := [z, s, ,7y]" as
follows.

@ llzll, = (237:1 |z,|?)/?, where p € [1,00). This is called
the £, norm. In particular, p = 2 gives the Fuclidean norm
(or the ¢, norm), and p = 1 gives the ¢; norm which has
been used as a regularization term to promote the parsity
of estimates.

(i) Nl = (2 wn leal)7, where p € [1,00) and w, €
(0,00), n = 1,2,---,N. This is called the weighted ¢,
norm.

(iii) lzllg :== (TQx)'/? for a symmetric positive definite ma-
trix Q € RY*N. This is called a quadratic norm, and
Q := I gives the Euclidean norm (or the ¢, norm).

(iv) ||lz||,, = max) , |z,|. This is called the Chebyshev norm
(or the £y norm).

(c) The £, norm for p € [1,00) in (b-i) and {5 norm in (b-iv)
can be extended to a sequence of infinitely-many real numbers
T = (Ty)nen with 2, € R, and the corresponding spaces are
respectively called the ¢, space and the {, space.
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(i) The ¢, space consists of all such sequences @ := (2,)nen Of
real numbers that satisfy Y, o |2a]” < 0o. The norm of
@ = (Tn)nen in £ is defined as ||z, == (3, e |7al")/2.

(ii) The o space consists of all bounded sequences x :=
(@ )nen; 1.e., sup,cy |2n| < 0o. The norm of & := (z;,)nen
in (o is defined as ||| := sup,ey @]

Remark. In Example 2.26.(b-1), p € (0,1) does not give a norm be-
cause it violates the triangle inequality, but the function d(x,y) =
lz — yll, defines a metric; cf. Example 2.19.(b-ii). Also [|z|, := [S(z)]
with S(x) :={n € {1,2,--- , N} : z, # 0} does not define a norm, but
the function d(x, y) := ||€ — y||, defines a metric; cf. Example 2.19.(b-
iv). The function |[|-||, has been used as a sparseness measure, for
example, in compressed sensing, and it is referred to as the ¢y norm for
convenience. The function |||, for p € (0,1) has been studied as an
alternative to the fy and ¢; norms, and it is referred to as the £, norm.

Exercise 6. Given a norm ||-|| defined on a vector space X, show that
d(z,y) = ||z — y||, z,y € X, is a metric; this means that a normed
space can be regarded as a metric space with d(z,y) := ||z — y||.

Theorem 2.27. Any finite dimensional subspace in a normed space is
closed.

Note that the closure of any subspace (of a possibly infinite dimen-
sion) in a normed space is a closed subspace.

Definition 2.28. Let X be a normed space. Then a sequence (@, )nen C
X is said to be strongly convergent (or convergent in the norm) if there
exists a point @ € X such that lim, ., ||a, — a|| = 0. This is denoted
as lim, ., a, = a, or @, — a as n — oo.

Exercise 7. Let X be a normed space.
(a) Show that ||z|| — |ly|| < ||z — y||, Y&,y € X.
(b) Show that ||-|| is a continuous function (hint: use Exercise
7(a)).

Definition 2.29. Let ||-||, and ||-||, be norms on a vector space X. The
norms ||-||, and ||-||, are said to be equivalent if there exist a, 3 € (0, 00)
such that o ||z|, < ||[, < 8 |,, Yz € X.

It is known for instance that for any norm |-|| on RY there exists
a quadratic norm |[|-[| such that ||z[|, < [[z]| < VN ||z [14]. The
following theorem is of particular importance.
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Theorem 2.30. On a finite-dimensional vector space, any norm is
equivalent to any other norm. (Note: this is not true for infinite-
dimensional vector spaces.)

Theorem 2.30 guarantees that in finite dimensional cases conver-
gence of a vector sequence in a certain norm implies convergence of the
sequence in any other norm.

2.8. Inner Product Space

Now we arrive at a stage which is closely related to our problem of
adaptive filtering, which is basically an estimation problem. To es-
timate (or approximate) something, the common principle behind a
significant amount of methods is orthogonal projection [15]; it will be
discussed in detail in Section 2.10. The reader should already have an
intuitive idea about the orthogonality by elementary geometry. How-
ever, how can we define the orthogonality in a general vector space?
In normed spaces, the important concept of orthogonality is not neces-
sarily available, but it is available in inner product spaces. (An inner
product space is also called a pre-Hilbert space.)

Inner product — which is a tool to measure ‘similarity’ of two vec-
tors — is defined as follows.

Definition 2.31. Let X be a vector space. A mapping (-,-) : X XX —
R is said to be an inner product on X if the following conditions are
satisfied for any x,y,z € X and any o, 8 € R.

(a) (x,y) = (y,x) (symmetry).

(b) (x,z) >0 and (x,z) =0 x =0.

() {ax + fy, z) = a (@, 2) + 5y, 2).

Example 2.32.

(a) In the vector space R, (x,y) := zy, =,y € R, is an inner
product.

(b) mRY, (z,y)q = ' Qy, =,y € RY, defines an inner product,
where Q € RY*VN is a symmetric positive definite matrix. In
particular, Q := I produces the standard inner product that
induces the Euclidean norm (or the {5 norm).

(c) The 5 space in Example 2.26.(c-1) becomes a pre-Hilbert space
with the inner product defined as follows: (x,y) == > .\ Tn¥n,
= (Tn)nens Y = (Yn)nen. The Cauchy-Schwarz inequality
ensures that the inner product takes a finite value (see Propo-
sition 2.33 below).
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Exercise 8. Given an inner product (-, -) defined on a vector space X,

show that ||z| := \/(x, x), © € X, is a norm; this means that an inner
product space can be regarded as a normed space with ||z| := /(z, x).
In the following, ||-|| employed in an inner product space stands for

the induced norm unless otherwise stated.

Proposition 2.33. Let X be an inner product space. Then, the fol-
lowing hold for any x,y € X.

(a) (z,y)| < ||| |yl (The Cauchy-Schwarz inequality); equality
holds if and only zf:c and y are linearly dependent.
() & +yl> + & —yl* =2 [|* + 2 |y|* (Paraliclogram law).

By Proposition 2.33(b), we see that induced norms satisfy the paral-
lelogram law. The following theorem tells us more: any norm satisfying
the parallelogram law can be induced by an inner product defined with
the norm.

Theorem 2.34. Suppose that the norm ||-|| equipped in a normed space
X satisfy the parallelogram law. Then the operator (-,-) : X x X — R
defined by

1 .
(2.35) (@)= (letyl’—llz—yl’), z.yeX,

satisfies the conditions of inner product, and ||x| = /(x,x), © € X.

Exercise 9. On an inner product space X, let (z,)nen € X and
(Y, )nen C X satisfy lim, @, = ¢ € X and lim,_y, =y € X.
Then, show that lim, . (€n, ¥,,) = (2, Y).

Definition 2.36. Let X be an inner product space. Then, € X and
y € X are said to be orthogonal if (z,y) = 0; this is symbolized by
x L y. If x is orthogonal to any vector in a set S C X, then « is said
to be orthogonal to S (written as ¢ L S).

The well-known Pythagorean theorem in elementary geometry holds
true in inner product spaces.

Lemma 2.37. Given x and y in an inner product space X, * L y
S 2 2 2
implies || + ylI” = [|=]” + |lyll"-

We are almost ready to discuss about the orthogonal projection
theorem, as we have formally defined the orthogonality. We however
need a final step — that is completeness of a space — to ensure existence
of orthogonal projection.
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2.9. Hilbert Space

For a while, we get back to metric spaces, which is more general than
normed spaces and inner product spaces.

Definition 2.38. In a metric space X, a sequence (,)n,eny C X is said
to be a Cauchy sequence if d(x,,, ;) — 0 as n,m — 0.

Lemma 2.39. In a metric space X, the following hold.

(a) A convergent sequence has its unique limit.
(b) A convergent sequence is a Cauchy sequence.
(¢) A Cauchy sequence is bounded.

Definition 2.40. A metric space X is said to be complete if every
Cauchy sequence (@,)nen C X has a limit in X; ie., there exists
x € X such that lim,, .., x, = x.

Example 2.41. The spaces R with the metric in Example 2.19(a) and
RY with the metric in Example 2.19(b-i), (b-ii), or (b-iii) are complete
metric spaces.

Because a normed space or an inner product space is a special kind
of metric space, the concepts of convergence, closedness, completeness,
etc., apply in these spaces.

Definition 2.42. A complete normed space is said to be a Banach
space.

Example 2.43. Each space with each norm in Example 2.26 (R, RY,
£, for p € [1,00), £s) is a Banach space. Indeed, RY is a Banach space
for any norm (cf. Theorem 2.30).

Definition 2.44. A complete inner product space is said to be a Hilbert
space. We use H to denote a Hilbert space.

Example 2.45. Each space with each inner product in Example 2.32
(R, RY, ¢) is a Hilbert space.

In an infinite dimensional Hilbert space, it is not always easy to
prove the strong convergence (see Definition 2.28). In the case that the
strong convergence is difficult (or not able) to prove, the weak conver-
gence is discussed as an intermediate step (or an alternative goal).

Definition 2.46. A sequence (&,)nen in a Hilbert space H is said to
weakly convergent if there exists & € H such that lim,_,« (€, — @, y) =
0 for every y € ‘H. This is denoted as x,, = x as n — oo; x is called
a weak limit.



LECTURE 2. BASICS OF VECTOR SPACE 25

Theorem 2.47. For a sequence (&, )nen in a Hilbert space H, the
following hold.
(a) If (@n)nen is weakly convergent, it has a unique limit.
(b) Strong convergence of (,)nen implies its weak convergence to
the same point.
(c) If H has a finite dimension, then weak convergence of (€,)nen
implies its strong convergence to the same point.

Theorem 2.47.(b) and (c) suggests that there is no need to distin-
guish the two notions of convergence in finite dimensional cases.

Exercise 10. Show examples of weakly convergent sequence that is
not strongly convergent,.

2.10. Orthogonal Projection Theorem

In a Hilbert space H, consider the following optimization problem: find
the best approrimating point of € H in a closed subspace M of H.
More particularly, find a vector m € M ‘closest’ to @ in the sense
of minimizing || — m||. The following theorem provides important
insight into the best approximation problem.

Theorem 2.48. Let X be a Hilbert space, M a closed subspace of
X, and x € X chosen arbitrarily. Then, there exists a unique point
my € M such that || —mg|| < ||&@ —m|, Vm € M. Moreover,
myg is the unique minimizer if and only if € — mo L M. The my
is called the orthogonal projection of & onto M, and we denote it as
Py(x) = argmin,,., [ — m]|.

Definition 2.49. Given a subset S of a Hilbert space H, S* := {x :
x 1 S} is said to be the orthogonal complement of S.

Definition 2.50. A vector space X is said to be the direct sum of two
subspaces M; and M, if every vector € X has a unique decomposition
in the form of * = my + my where m; € M; and my € M,. In this
case, we write X = M| & Ms.

Proposition 2.51. For any subset S of a Hilbert space, S* is a closed
subspace.

Theorem 2.52. If M is a closed subspace of a Hilbert space 'H, then
H=M&M* and M = M. In fact, any x € H can be decom-
posed uniquely as * = Py(x) + Pyo(x). This is called orthogonal
decomposition.
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Proposition 2.53. For any closed subspace M of a Hilbert space 'H,
the following statements hold.
(a) For any @,y € H,

(2.54) (z, Pu(y)) = (Pu(=), y) = (Pur(x), Pu(y)) -
(b) For any @,y € H and any o, € R,

Definition 2.56. A subset S of a Hilbert space is said to be orthogonal
if it does not contain the null vector and each pair of its elements is
orthogonal. If in addition each of its elements has unit norm, S is said
to be orthonormal.

Proposition 2.57. An orthogonal set is linearly independent.
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3.1. Outline of Lecture 3

3.2. Introduction

3.3. Projection onto one dimensional subspace

3.4. Projection onto multi-dimensional subspace

3.5. Projection onto infinite dimensional subspace

3.6. Projection onto linear variety

3.7. Methods of projections onto subspaces
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3.9. Projection based adaptive filtering algorithm: NLMS
3.10. Projection based adaptive filtering algorithm: APA

3.2. Introduction

In this lecture, we will see how the orthogonal projection theorem is
exploited for engineering problems including adaptive filtering. Indeed
the projection theorem plays a role to give a natural link the two no-
tions: algebra and geometry. To make the projection theorem useful
for real-world applications, we learn the calculus first. We start with
the projection onto a one-dimensional subspace. Despite its simplic-
ity, it provides a plane explanation of the Fourier series expansion and
the Gram-Schmidt orthonormalization procedure. We then proceed to
the projection onto a multi-dimensional subspace, a special type of
infinite-dimensional subspace, and a linear variety. Once we learn the
calculus, it is time to use it. We learn several types of projection meth-
ods which are classified into two categories: serial methods and parallel
methods. For instance, the methods of the projections onto subspaces
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(or linear varieties) can be applied to solve systems of linear equations
which we often encounter in engineering problems. We also learn the
known results about the rate of convergence for alternating projections
(i.e., serial methods), which is based on the “angle” between subspaces.
The contents of Sections 3.3-3.8 allow easy access to two projection-
based adaptive filtering algorithms: the Normalized Least Mean Square
(NLMS) algorithm and the Affine Projection Algorithm (APA). In par-
ticular, we learn the geometric properties of the algorithms.

3.3. Projection onto One Dimensional Subspace

Let us start by considering a simple approximation problem: given a
nonzero vector y and an arbitrary vector x € H in a Hilbert space
H, find a vector & € M, := span({y}) which is closest to . By the
definition of span, & can be expressed as & = ay for some o € R. By
Theorem 2.48, it should be satisfied that (x — &, Sy) = 0, V3 € R,
thus (x — &,y) = (x — ay,y) = 0. This implies a = (z,y) /|y’
hence it follows that

cale YN Y
(3.1) Pa, () = <’uyu>uyu

The following example shows that the projection onto a one-dimensional
subspace is the fundamental tool to construct the well-known Fourier
series.

Example 3.2. Let u; € H be a unit vector (i.e., a vector with its
norm equal to unity). Then, the projection onto M; := span({u;}) is
given by

(3.3) Py, (x) = (x,u1) uy.

Theorem 2.52 tells us that

(3.4) x = Py, (x) + Py (z) = (@, u) s + PMlL(ac),
hence
(3.5) Py (@) = — (@, u1) ug,

which expresses the approzimation error orthogonal to w; (and M).
Next, pick up another unit vector us € Mi (i.e., us L wu;). The
projection of the approximation error Py () onto Mj := span({u»})
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is given by

(36) Pas (P (@) = (P (@), w2 ) ws
(3.7) =(z — (2, u1) ur, us) Uz
(3.8) = (z, us) us.

In analogy with (3.4), we have

(3.9) Pra(®) =Pty (Poye () + Pryy (P ()
(3.10) = (x, u2) up + Py (P ()
(3.11) = (@, u2) us + Py (),

where Mo := span({u1, us}) (show that Py (Py(x)) = Py () by
using Lemma 2.37). By (3.4) and (3.11), it follows that

2
(3.12) T = (@, i) u; + Py ().

i=1

By continuing this procedure, we obtain
n
(3.13) T =Y (m,u)u+ Py (),
i=1
where M., := span({u;}{_;) with n € {1,2,--- N} if H has finite
(N € N*) dimension, otherwise n € N*. By Theorem 2.52, (3.13)
implies
n
(3-14) P, (:1:) = Z (:1:, ui> Ui,
i=1
from which immediate conclusion is the following.
e > " (@, u;)u; is a best approximation of  in the subspace
M., for any n.
e In a finite dimensional case with dimension N, we have M.y =
{0}, hence = = Zf\zl (@, u;) u; gives an expansion of = as a
series of the orthonormal vectors wy, s, -, uy.
In an infinite dimensional case, the following interesting result is known.
e There exists & € span({u;}22;) such that lim, oo >, (2, u;) u; =
&; in this case  — @ L span({w;}32;). This is a generalization
of the theory of Fourier series, and the coefficients (z, u;) are
called Fourier coefficients.
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Example 3.15. Let (v1,vs,:-+) be a countable or finite sequence of
linearly independent vectors in an inner product space X. Then, we
can construct an orthonormal sequence (wy, us, - -+ ) such that M., :=
span({u;}? ;) = span({v;};) for any n = 1,2, - as follows.

Step 1: Normalize the first vector vy by uq := v1/ ||v1]].

Step 2: Project the second vector vy onto M, by Py (v2) =
vy — Py, (V2) = va— (v2,u1) 1y [see Theorem 2.52 and (3.14)]
and then normalize it as

up 1= Pagy, (02)/ || Parg, (02)

Step 3: Project the third vector vz onto M, by Py (v3) =

2 .
vy — > (vs, u;) u; and then normalize it as

Us = PMl%Q(”B)/ HPMﬁQ(”S)H :

Step n: Project the third vector v,, onto Mi,_, by Py (vn) =

—1 . .
vV, — >y (U, u;) u; and then normalize it as

Up = PMI{WI('UTL)/ HPZ\Iﬁn,l('vn)

Exercise 11. Show in Example 3.15 that u; L u; for i # j, and
span({w;}?,) = span({v;},) for any n. The orthonormalization pro-
cedure in Example 3.15 is widely known as the Gram-Schmidt proce-
dure.

3.4. Projection onto Multi-Dimensional Subspace

Now consider a bit more general approximation problem: given nonzero
vectors Yy, Ys, -+, Y, (0 € N*) and an arbitrary vector ¢ € H in
a Hilbert space H, find a vector & € span({y;};) which is clos-
est to ®. By the definition of span, & can be expressed as & =
i oy, for some a; € R. By Theorem 2.48, it should be satisfied

that ® — & L span({y,;},), or equivalently <m — i,z;‘zl ﬁjyj> =
Z;”Zl B <m -z, y_7-> = 0, VB; € R, which is satisfied if and only if
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<m —x, y]> =0,Vj€{1,2,---,n}. Observe that

(316) (xz—@,y;) <$Zaiyi7yj>

(3.17) =(@y;) =D ei(voyy)

ay

(3.18) — (@)~ [(ynw) oy |

Qp

This implies that the condition <:c — fc,yj> =0,V € {1,2,---,n},
can be expressed in the following matrix form:

Wiy1) Yoou1) - YY) [ (®,y,)
(3.19) <’.’/17:y2> (Yo, Ya) <yn7:y2> 0(2 _ <‘13,-:y2>
Yi:¥n) Yoo ¥n) o (YY) an (z,y,)

(3.19) is called normal equations for the (norm) minimization problem.
The transpose of the n X n matrix appearing in the right hand side of
(3.19) is referred to as the Gram matrix of y,,y,, - ,y,; the Gram
matrix is symmetric as we consider the real-valued case. The projection
for n =1 given in (3.1) is readily reproduced as a special case.

Exercise 12. Show that the normal equations (3.19) are uniquely solv-
able if and only if y,,¥y,, - ,vy, are linearly independent. Note that
existence of a solution to the normal equations is guaranteed by The-
orem 2.48. Note also that, in the case that y,,y,,- - ,y, are linearly
dependent, the multiplicity of the solutions of the normal equations
corresponds to the multiplicity of the expressions of the (unique) pro-
jection & as a linear combination of y;,y,, -+, Y,,.

Example 3.20. Consider the case that H := RV with the stan-
dard inner product (i.e., {z,y) := xTy) and Y1, Yo, - ,y, (n < N)
are linearly independent. Let Y = [y,yy---y,] € RY*" and a0 :=
[a1,ag, -+, a,]T. Then, (3.19) becomes Y'Y a = Y a; the Gram
matrix can be expressed as Y'Y. The linear independency of y;s
surely implies the nonsingularity of YTY (cf. Exercise 12), thus we
obtain a = (YTY)~'Y Tx. The solution of the approximation prob-
lem is given by & = 3" quy; = Ya =Y (YY) 'Y .
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3.5. Projection onto Infinite Dimensional Subspace

In Section 3.4, we have seen that the projection onto a finite dimen-
sional subspace can be computed by solving a system of linear equa-
tions called normal equations. What about the case that a subspace
has infinite dimension? Fortunately, there is a certain important class
of such problems that can be solved in an analogous way. The relation
x = Py(x) + Pyre(z) for any closed subspace M (see Theorem 2.52)
implies the duality of the two problems: (i) compute Py (x) and (ii)
compute Py1(x). Namely, once we solve one of the problems, we can
immediately solve the other.

The simplest case that the projection onto an infinite dimensional
subspace can be computed as easy as finite dimensional cases would
be the following. Let H be an infinite-dimensional Hilbert space, and
define M := {& € H : (x,a) = 0} for a given nonzero vector a € H.
Since (x,a) =0 < = L span({a}), we have M = span'({a}) which is
a closed subspace. By M+ = span‘*({a}) = span({a}), the projection
of any € H onto M can be expressed as Py(€) = & — Pipan({a})(€),
which can be easily computed by using (3.1). Note that the closed
subspace M has infinite dimension, because assuming M has finite
dimension, say N € N*, implies H = M @ span({a}) also has finite
dimension N + 1, yielding contradiction.

A slightly more general case can be considered by giving M in
the following form: M = {& € H : (z,a;) = 0,Vi = 1,2,--- ,n}
for given nonzero vectors a; € H; n = 1 gives the previous case. In
this case, (x,a;) = 0,Vi € {1,2,--- ,n} & x L span({a;}},), hence
M = spant({a;}?,) which is a closed subspace. The projection of
any © € H onto M can be expressed as Py (x) =« — Pspan({a,},"zl)(w)v
where Pian({a,}2,)(®) can be obtained by solving the normal equations
presented in Section 3.4. In analogy with the previous case, we can
show that the closed subspace M has infinite dimension.

3.6. Projection onto Linear Variety

A linear variety V' in a Hilbert space H is a translation of a subspace
M C H (see Definition 2.11); i.e., V' = M + v for some v € H. When
the underlying subspace M is closed, V is said to be a closed linear vari-
ety. Existence and uniqueness of projection onto a closed linear variety
can be verified essentially by Theorem 2.48. To see this, let us consider
the following approximation problem: given any point & € H find its
closest point & € V, or more specifically, find & € argmin, |z -y,
if such & exists. Express € € V and y € V respectively as & = v+ s
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and y = v + y,,, where )y € M and y,; € M. Then, we can
verify that &y = argming, cy |l — (v +yy)ll = Pu(z — v), thus
& = Py(x — v) +v. Note that (x —v) —&y =z — 2 L M.

Proposition 3.21. Given a closed subspace M in a Hilbert space 'H,
define a linear variety as V := M + v for some v € H. Then, given
any x € H, there exists a unique point & € V such that |z — x| <
|z —y|, Vy € V. Moreover, & is the unique minimizer if and only if
x—x L M. The x €V is called the orthogonal projection of & onto
V, and we denote it as Py(x) := argmin,cy ||& — yl|. The projection
has the following expressions.

(a) Pv(z) = Py(x —v) +v.
(b) Py(z) = Pu(z) + Pv(0).

Proposition 3.21(a) can be exploited, for instance, when V' has the
form of V' := v + span({a;},) with v € H and ay,---,a, € H\
{0} given a priori. In practice M or M* should have reasonably low
dimension so that either Py, or Py, has affordable computational costs.
If however v is not given explicitly, we may use Proposition 3.21(b).
Finding Py(0) = argmin,cy ||y| is a minimum norm problem; i.e., find
a vector in V' that has minimum norm. This is an important problem,
but before discussing it, we give a proof of Proposition 3.21(b) below.

First of all, we prove the following lemma.

Lemma 3.22. For any x € V, it holds that Py (x) = Py(0). This
suggests that (i) any © € V' can be decomposed as x = Py (x) + Py/(0)
and (ii) M+ NV = {P(0)}.

Fix & € V arbitrarily. Then, any y € V can be expressed as
y = x + z for some z € M. Hence it follows that

(3.23) Py (0) =argmin ||y|| = « + argmin ||z + z||
yev zeEM
(3.24) = @ + argmin | Py () + Pyre(x) + 2|
zeM
(3.25) = @+ argmin (1Par (@) + 2|* + [| Pare (2)[1%)
zeM
(3.26) =z — Py(x) = Py (x).

Let us now prove Proposition 3.21(b). Fix @ € V arbitrarily. Since
any y € V can be decomposed as y = Py(y) + Py/(0) by Lemma 3.22,
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we can verify
(3.27)

Py(x) =argmin ||z — y||
yev

(3.28) = Py(0)+ gr%geiﬁ |z — [Pun(y) + Py (0)]]]
(3.29) = Py(0) + ar;ger]r&[in | Py () + Pore(x) — [z + Py (0)]|
(3.30) = Py(0) + ar;ggl}\llin (1Psr () — 2|1 + || Pase () — Pr(0)])%)

Proposition 3.21(b) implies that the computation of Py () is feasi-
ble if Py/(0) and Py () are computable. There are two such situations.
The first is the case that a linear variety in a Hilbert space H takes
the form of V' := a + span({a;}},), n € N*, for some a € H and a
linearly independent set {a1,- - ,a,} C H. In this case, the discussion
in Section 3.4 can directly be used to compute Py (x).

Exercise 13. Show that the problem of finding Py (0) for the first
situation above (V' := a+span({a;}?,)) can be reduced to the solution
of the normal equations presented in Section 3.4.

The second situation is that a linear variety in a Hilbert space H
takes the formof V:={x € H : (z,a;) = b;, Vi=1,2,--- ,n},n € N*,
for a linearly independent set {a1,--- ,a,} C H and by, by, -+ ,b, € R.
To see that the V is a closed linear variety, let us consider the case
of by = by = --- = b, = 0. In this particular case, it is clear that V'
is the closed subspace span™({a;}" ;) (see Proposition 2.51). Now let
us go back to the general case. As nonemptiness of V' is ensured by

the linear independency of {ay,- - ,a,}, pick up an arbitrary element
veV;ie, (v,a;) =b;, Vi=1,2,--- ,n. Hence V can be expressed as
(3.32) V={zxeH: (r,a;)=(v,a;), Vi=1,2,--- ,n}

(3.33) —{zeH: (x—v.a)=0V¥i=12 - n}

(3.34) ={y+veH:(y,a;)=0vi=1,2,--- ,n}

(3.35) = spant({a;}7,) + v

implying that V is a closed linear variety. The linear variety V' is said
to be of codimension n since its underlying subspace spant({a;}" ;)
has its orthogonal complement of dimension n. The projection Py (0)
can be computed based on the following theorem.
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Theorem 3.36. In a Hilbert space H, define V :={x € H : (x,a;) =
b, Vi =1,2,--- . n} for a linearly independent set {a1, -+ ,a,} CH
and by,by, -+ b, € R. Then, Py(0) = Y., Bia; with the unique
vector B := [By, Ba,- -, Bu|T € R" satisfying G'B3 = b, where b :=
[bhbz, s ,bn]T € R™ and

(@1,a1) (ai,a2) -+ (a1,an)
(3.37) G = <a27 a1> <a27 a2> o <a27 a"> c R™*™,
(@na) (@na) - (ana)

Exercise 14. Prove Theorem 3.36.

Definition 3.38. In a Hilbert space H, a closed linear variety H :=
{x € H: (x,a) = b} for some nonzero vector a € H and b € R is
specially called a hyperplane. a is called the normal vector of H.

Example 3.39. Consider the case in Theorem 3.36 that H := RY
with the standard inner product (i.e., (z,y) = 'y, =,y € H). Let
A = [a1ay---a,] € RV*". Then, we have 8 = (ATA)71 b, and
thus Py(0) = A3 = A(ATA)71 b. Letting M := span*({a;}!",),
Pyi(x) = A(ATA) T ATz for any = € H (see Example 3.20). Hence,
by Proposition 3.21(b), we can verify that
(3.40) Py(x)=x— A(ATA)}(ATz - b).

Let us consider the case of n = 1; in this case H == {x € H :
(z,a) = b} (@ # 0) is a hyperplane (its underlying subspace has
dimension N — 1). The projection is given by

-b
(3.41) Py(z) =x — 7«1’@ —a
lal
Remark. How should we do when {ai, - ,a,} C H(:=R") is lin-
early dependent? In such a case, V := {x € H : (z,a;) = b;, Vi =
1,2,---,n} could possibly be empty. As an alternative, we can define

a linear variety as V := argming,, |47z — b||,, where ||-||,, stands for
the Euclidean norm in R", and the projection is given by

(3.42) Py(x)=x— (AT (ATz - b).

Here, (-) is the Moore-Penrose pseudoinverse [10,16]. Substituting
x := 0 into (3.42) yields Py(0) = (AT)’b. This implies that (AT)'b
gives the minimum norm solution to the following least squares prob-
lem: minimize ||ATw - b||n over H. Suppose in particular that the

inverse (AT A)~! exists, which holds if and only if a1, as,--- ,a, are
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linearly independent. Then, (AT)f = A(ATA)~!, reproducing the re-
sult in (3.40), and (A")fb gives the minimum norm solution to the

system of linear equations ATz = b, @ € H.

3.7. Methods of Projections onto Subspaces

Orthogonal projection bridges the worlds of algebra and geometry.
More precisely, one can solve algebraic equations through a geometric
approach. Figure 3-1 describes the behavior of the alternating projec-
tion method in the two-dimensional case. The lines M; and M, stand
for linear subspaces in R?, and, starting from an initial point x, € R?,
the method operates the projections Py, and Py, alternately. It is
easily seen that the sequence (zy)reny C R? converges to the intersect-
ing point. J. von Neumann, one of the greatest mathematicians in the
twenty century, has proven that this applies in a general Hilbert space
[17] as shown below.!

Theorem 3.43 (von Neumann 1933). Let M; and M, be closed sub-
spaces in a Hilbert space H. Assume that My N My # 0. Then, for any
xEeH,

(3.44) ]}Elolo(PAbPMl)k(m) = Paryoas, ().

Theorem 3.43 can be rephrased as follows: for any x, € H, the
sequence (xy)reny generated recursively as @1 = P, Py (@r), n €
N, converges strongly to the projection Pysna, (o). In the case of
Euclidean spaces, algorithmic solutions based on projection have been
proposed by S. Kaczmarz in 1937 [19] and G. Cimmino in 1938 [20] for
solving systems of linear equations. Let Hy, Ho, - - - , H, be hyperplanes
in RY such that H := (_, H; # 0. Kaczmarz’s method, based on
cyclic projections onto each hyperplane, is given as follows (see Fig. 3-
1):2

(3.45) Ty = P, (@k), i :=k (mod n) + 1.

Proposition 3.46. Given any o € RY, the sequence (xy)ren gener-
ated by (3.45) converges to the projection Py ().

IThe first alternating projection algorithm seems to have been developed by
H. A. Schwarz around 1870 [18].

2The method in (3.45) was independently discovered in the field of image recon-
struction from projections where it was called Algebraic Reconstruction Technique
(ART) [21].
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Fig. 3-1. Illustration of alternating projection method.

Fig. 3-2. Illustration of Cimmino’s parallel projection method.

On the other hand, Cimmino’s method, based on parallel projections
onto each hyperplane, is given as follows (see Fig. 3-2):
n 1 2 n
3.47 = - 2P, ) — ] = —xp + — P , keN.
(347) @y ;n[ 1, () — k] w;ﬁ-n; 1, (1)
Here, the term 2Py, (x),) — . is called the reflection of ), with respect
to Hl

Proposition 3.48. Given any xy € RV, the sequence (x1)ren gener-
ated by (3.47) converges to a point in H(:= (., H;).

I. Halperin has proven the following result [22], which is a general-
ization of Theorem 3.43 and Proposition 3.46.

38 M. YUKAWA, ADAPTIVE FILTERING

Proposition 3.49. Let My, My, - -+ , M, be closed subspaces in a Hilbert
space H such that M := (;_, M; # 0. Then, for any x € H,

(3.50) Jim (Pag, Pag,, -+ Pary) () = Pu ().

Proposition 3.51. Let Vi, V5, -V, be closed linear varieties in a
Hilbert space H such that V := (\_, V; # 0. Then, for any x € H,
(3.52) Jim (Py, Py, - Py)"(x) = Py ().

Corresponding to Proposition 3.51, S. Reich has proven the follow-
ing result on a parallel algorithm [23].3

Proposition 3.53. Let Vi, Vs, -V, be closed linear varieties in a
Hilbert space H such that V := (\_,V; # 0. For any o € H, let
(zr)ren C H be a sequence generated by

n
(354) Lpy = ZwiPVi(zk), ke N,

=1
where w; > 0 denote the weights satisfying Y i, w; = 1. Then, (xy)ken
converges to the projection Py (xy).

There are several nonlinear extensions of the projection methods
presented above, which will be discussed in Lecture 4.

3.8. Rate of Convergence for Alternating Projec-
tions

Taking a fresh look at Fig. 3-1, we observe the following.

(a) If the “angle” between the two lines, M; and M, is 7/2 [rad],
the method needs to operate the consecutive projection Py, Py,
only once to reach the intersecting point.

(b) If in contrast the “angle” is close to 0 [rad], the method needs
to operate the consecutive projection Py, Py, many times to
approach the intersecting point.

This observation naturally suggests that the rate of convergence for
alternating projections onto subspaces depends on the “angle”. This
intuition can indeed be verified for a general Hilbert space. The ques-
tion is: how can we define the angle between two subspaces in o Hilbert
space?

3The case of w; = 1/n, Vi = 1,2,--- ,n, in (3.54) was proposed in 1972 for to-
mographic image reconstruction, and it is called the Simultaneous Iterative Recon-
struction Technique (SIRT) [24] (a parallel counterpart of ART).
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Definition 3.55. Let M; and M, be subspaces in a Hilbert space H.
We define the angle between M; and M, as a( My, Ms) € [0, 7/2] whose
cosine ¢(My, My) := cosa(My, Ms) is defined as follows:

e(My, My) :=sup{|[{z,y)| : ® € My N (M, N Mp)*, ||z < 1,
(3.56) y € My (M0 M)t ||y < 1}

Exercise 15. Given any hyperplanes expressed as H; := {x € H :
(a1,) = 0} and Hy := {& € H : (az,x) = 0} for some nonzero
(a1, as)|

vectors aq, az € H, show that c¢(Hy, Hy) = e Taall
1 2

Theorem 3.43 tells us that limy .o || (Par Par )" (%) — Panyeas, ()] =
0. The following proposition shows how fast the real-number sequence
(H(PMzPA,,] Ve(x) — PArff1r\1v72(w)|‘)kEN converges to zero.

Proposition 3.57. Let My and My be subspaces in a Hilbert space H
such that M := My N My # 0, and ¢ := ¢(My, My). Then for any
reH

(358)  |[(PayPar)* () — Pu()|| < ' [l — Py()||, k €N.

In the general case of multiple subspaces, the following theorem
holds.

Theorem 3.59. Let My, Ms,--- , M, be subspaces in a Hilbert space
H such that M := (;_, M; # 0, and
(3.60)

n—1 1/2 n
ci= {11‘[(1@?)} with ¢; :c(AL-, N M]-> Li=1,2,- ,n—1.
i=1

J=i+1
Then for any € € H
(3.61) | (Pat Pat_y -+ Par)¥ (@) — Pu(@)|| < ||, k€ N
Corollary 3.62. Let Vi, Vs, - -+, V,, be linear varieties in a Hilbert space
H such that V := ([, Vi # 0, and M; C H, i = 1,2,--- ,n, be the

underlying subspace of each V;. Also let c € |0, 1] be a constant defined
as in (3.60). Then for any x € H

(363) H(PV,LPan cee P\A)k(ib) — Pv(a?)H < Ck H$ — P\/(Zli)H 5 ke N.
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3.9. Projection Based Adaptive Filtering Algorithm:
NLMS

We consider the Hilbert space H := RV equipped with the standard
inner product. The LMS algorithm is then represented as follows:

(364) hk+1 =h;, — 2/\((uk, hk> — d;c)u;c, ke N.

As mentioned in Section 1.10, the step size parameter A should be
sufficiently small to stabilize the algorithm, and it results in slow con-
vergence. The reason for this is that, when the |u||® is large (i.e.,
when large inputs come), the amount of update ||hj11 — hi|| becomes
proportionally large. To avoid this, the following normalized algorithm
has been proposed [25, 26]:

(365) hk+1 = hk - A

where A € [0,2]. This is called the Normalized Least Mean Square
(NLMS) algorithm. At the first glance, NLMS looks no more than
a variant of the LMS algorithm. However, the following discussion
reveals its nice geometric property. Define a hyperplane at each k € N
as

(3.66) Hy:={x e RY : (uy,x) =di}, keN.

Then the projection of an arbitrary y € RN onto Hj, is given by (see
(3.41)):

(ur, y) — di

P Uy,
[l

(3.67) Pu(y) =y -

which implies that (3.65) can be rewritten as follows:
(3.68) hy1 = hy + X (Pg,(hi) — hy), k€N

A geometric interpretation of NLMS is given in Fig. 3-3. In the case
of A\ = 2, hyyy = 2Py, (hy) — hy, is the reflection of hy, with respect
to Hy. Let us consider the noiseless situation; i.e., ny = 0, k € N. In
this case, di, = (uy, h*) + n,, = (ug, h*) and the hyperplane becomes
Hy, = {& € RV : (uy, @) = (g, h*)}, implying h* € Hy. Therefore,
referring to Fig. 3-4, it is seen that Pythagorean theorem (see Lemma
2.37) ensures that ||hgyr —h*|| < ||y — B*|| for any X\ € [0,2]. In
words, (hg)ken monotonically approaches h™ at every iteration step.
Also it is seen that by for A =1 is closest to h™ over A € [0,2]. This
implies that the use of A = 1 provides the fastest convergence. (Note
here that in the presence of noise we cannot guarantee h* € Hy, thus
one needs to use A smaller than one, depending on SNR conditions.)
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hig =0
/ hk+3
@ )=1/2 hy,
Hy, f A=1
"
A=3/2 h
® A=2
Fig. 3-3. Illustration of the NLMS algorithm. Each dot along
the line orthogonal to the hyperplane Hj, stands for hj4 for each
H, Hy,
value of \. k—+2
h Hj, Hipa
k _
A=0 (a) uncorrelated input case (b) correlated input case
Fig. 3-5. Illustration of a few steps of NLMS in noiseless case.
Hy,
Hi
Fig. 3-4. Illustration of the NLMS algorithm in noiseless case. Hy, \J NLMS
The use of A = 1 reduces NLMS to hj4q := Py, (hy) which is similar to Vi h
the Kaczmarz’s alternating projection method (3.45). The difference is
that the Kaczmarz’s method utilizes each hyperplane infinitely many Fig. 3-6. Illustration of APA (r = 2) and NLMS for A = 1 in
times whereas NLMS utilizes each hyperplane only once. Because of noiseless case.

this difference, the analysis of NLMS becomes quite different from that
of the Kaczmarz’s method. Nevertheless the result about the rate
of convergence for the Kaczmarz’s method gives an insight into the

behavior of NLMS. Consider the two situations: (i) the input signals is nearly zero (meaning that the angle is nearly /2 [rad]), whereas for
are uncorrelated and (ii) the input signals are strongly correlated. The the case (ii) it is expected that c(Hy, H;) is nearly unity (meaning that
angle between two hyperplanes Hy, and H; (k # j) is determined by the angle is nearly 0 [rad]). Therefore, we can expect that the NLMS

(ur, uj) algorithm converges faster in the case (i) compared to the case (ii).

c(Hy, Hj) = -——=——. For the case (i) it is expected that c(Hy, H;)

[lr | flwsll This is clearly demonstrated in Fig. 3-5.
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Hiia

Vi hy,

Fig. 3-7. Illustration of APA (r = 2) and NLMS for A = 1 in the
presence of noise.

3.10. Projection Based Adaptive Filtering Algorithm:

APA

The slow convergence for strongly correlated input signals, such as
speech, is indeed the major drawback of the NLMS algorithm. To
alleviate the drawback, the Affine Projection Algorithm (APA) has
been proposed. The idea is the following. Since each hyperplane Hy,
k € N, contains h" in noiseless case, their intersection Vj := Hj N
Hy 1NN Hg_pryy for some r € N* should also contain h* with the
nonemptiness of Vj assumed. Substituting Vi for Hj in (3.68), we
obtain the following algorithm [27]:

(&69) hk+1Z::hk+-A(}%@(hk)—-hk)7kTE N.

The linear variety Vj, can be rewritten in a matrix form as Vj, = {x €
RY . Ulx = di} with Uy == [upug_y - ug_pr1] € RY*" and dj, :=
(di,di—1,- -+, dg—r1]" € R". The projection Py, (hy) has the following
closed form expression (see Example 3.39):

(3.70) Py (hy) = by = Up(UU )" (UL hy — dy).

Obviously the NLMS algorithm is a particular case of APA for r =
1, hence APA is a generalization of NLMS. Figure 3-6 illustrates the
behavior of APA (r = 2) and NLMS in the noiseless case. It is seen
that APA gets closer to h* than NLMS, suggesting that APA converges
faster than NLMS for strongly correlated input signals. Unfortunately,
this does not apply in the noisy case. Figure 3-7 illustrates the behavior
of APA (r = 2) and NLMS in the presence of noise. Since it is not
ensured that ™ € Vj (nor h* € Hy), we cannot say that APA gets
closer to h* than NLMS. This issue will further be discussed in Lecture
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4. In [28], APA has been slightly generalized into the following:
(3.71) hiyr = hy — NUDNUThy, — dy),

which covers the case that the columns of Uy are linearly dependent.
Referring to Remark 3.6, (3.71) can be expressed in the form of (3.69)
with

(3.72) Vi := argmin Uz — dy|
xeRN

where |[|-]|,. stands for the Euclidean norm in R”.



LECTURE 4
Set Theoretic Adaptive Filtering

4.1. Outline of Lecture 4

4.2. Introduction
4.3. Convex set and convex function
4.4. Convex projection theorem
4.5. Calculus : projections onto convex sets
4.6. Convex feasibility problem and set theoretic estimation
4.7. POCS — successive projection methods
4.8. Simultaneous projection methods
4.9. Subgradient projection
4.10. Set theoretic frame for adaptive estimation
4.11. Set theoretic adaptive filtering algorithm

4.2. Introduction

In the previous lectures, we have already presented the theory and
method of orthogonal projections. In this lecture, we present its non-
linear extension. The existence and uniqueness of the orthogonal pro-
jection (Theorem 2.48) can be extended to the more general class of
sets referred to as closed convex. The contents of the remainder of
the lectures stem highly on convex analysis [29-34] which is a well
established segment of nonlinear functional analysis.

The theme of this lecture is the set theoretic adaptive filtering
[35, 36], which is motivated by the set theoretic estimation [37]. An or-
dinary approach to estimation problems is to optimize a cost function
under possible constraints. In practical scenarios, the observed data
are corrupted by ambient noise, and therefore the cost function defined
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Convex Set Nonconvex Set

Fig. 4-1. Convex and nonconvex sets.

with the noisy data could be unrealistic or even unsolvable. Conse-
quently, the reliability of the solutions, if exist, becomes questionable.
The set theoretic estimation takes a significantly different approach
based on the notion of feasibility. Several iterative algorithms, includ-
ing the popular POCS method, to realize the set theoretic estimation
are presented; the algorithms are actually generalizations of the pro-

jection algorithms presented in Section 3.7. The set theoretic frame for

adaptive filtering provides a reason for the noise sensitivity of APA,
and it brings the set theoretic adaptive filtering. Some known results
about the convergence of a set theoretic adaptive filtering algorithm,
as well as the iterative algorithms for the set theoretic estimation, are
presented.

4.3. Convex Set and Convex Function

A set C is said to be convex if the line segment connecting any pair
of points ¢,y € C is a subset of C' (see Fig. 4-1). Its mathematical
definition is given below.

Definition 4.1. A subset C' of a vector space is said to be convex if
ar+ (1—-a)ye C,Va,y € C, Va € (0,1).

If a set is closed (with a metric equipped) and convex, we say that
it is closed convex. In the remainder of this lecture, we solely consider
a Hilbert space H (rather than other vector spaces such as a Banach
space) to avoid confusion, although it is not always necessary. Several
examples of closed convex sets are given below.



LECTURE 4. SET THEORETIC ADAPTIVE FILTERING 47

Example 4.2.

(a) Comparing the definition of convex set and the necessary and
sufficient condition for linear variety in Proposition 2.12, it is
seen that the condition for convex set is weaker than that for
linear variety; the difference is the range of . Therefore all
linear varieties (and obviously subspaces) are convex.

The set B[0,d] := {& € H : ||| < 6} for some § > 0 is
called a closed ball (centered at 0). More generally, a closed
ball centered at x. € H with the radius 6 > 0 is defined as
Blz., 0] :={x e H: ||z — x| <}

Given a nonzero vector a € H and b € R, the set H™ :=
{z e H: (x,a) <b}, or the set H™ := {x € H: (z,a) > b},
is called a closed halfspace. The boundary of a closed halfspace,
H = {x € H: (x,a) = b}, is called the boundary hyperplane
of H-, or HT.

Given a nonzero vector a € ‘H and b,c € R such that b < ¢,
the set S:={z € H:b< (x,a) <c}, is called a hyperslab.
Let H be of finite dimension and {u;}?;, n € N*, be its or-
thonormal basis. Then, C = {x € H : [(z,u;)| < b, Vi =
1,2,---,n} for some b > 0 is called a hypercube. A simplest ex-

—
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~
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O
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ampleis C := {[1, 3, -+, 2] €R": |y < b, Vi=1,2,--- ,n}.

See [14] for other popular examples of convex sets such as cone,
polyhedra, etc.

Proposition 4.3. For an arbitrary collection of convex sets {C;}iez,
the intersection (;.7 C; is convex.

Propositions 2.22 and 4.3 guarantee that the intersection of an ar-
bitrary collection of closed convex sets are closed convez.

Definition 4.4. A function f : H — R is said to be convez if af (x) +
(1=a)f(y) = flax+ (1 - a)y), Yo,y € C, Vo € (0,1).

Definition 4.5. Given a function f : H — R and a € R, the set
leveof i={x e H: f(x) <a}, orleve,f :={x € H: f(x) <a},is
said to be the (lower) level set, or the strict (lower) level set, of f at
height a.

Proposition 4.6. Let f : H — R be a continuous convex function.
Then, for any a € R, the level set lev, f is closed convez.?

IThe surface of a closed ball is called a hypersphere in general, and it is nonconvex.
2The necessary and sufficient condition for lev<,f to be closed for any a € R is
that f is lower-semicontinuous (which is more general than continuous).
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supporting hyperplane

Fig. 4-2. Metric projection.

Remark. In fact, any closed convex set C' C H can be characterized
as the level set of a continuous convex function (at height 0). For
instance, C' = lev<q d¢, where do : H — [0,00), € — mingee [|€ — y||
is a metric distance function; the existence of minimum is guaranteed
by the convex projection theorem presented in Section 4.4.

4.4. Convex Projection Theorem

Theorem 4.7. Let H be a Hilbert space, C' a closed convex subset of
H, and x € H chosen arbitrarily. Then, there exists a unique point
¢y € C such that ||x — co|| < || —cl|, Ve € C. Moreover, ¢, is the
unique minimizer if and only if (x — co,c — cg) <0, Ve € C. The ¢y
is called the convex projection, or the metric projection, of  onto C,
and we denote it as Po(x) := argmin . ||z — c||.

Figure 4-2 illustrates the geometric property of metric projection;
the characterization of projection (x — Po(x),c — Po(x)) <0, Ve € C,
means that ¢ > /2. Moreover, the characterization implies

(4.8) CCcH (x)={yeH: (x— Pe(x),y— Pc(x)) <0}.

The boundary hyperplane of H ™ (z), which is tangent to C' at Pc(x),
is called a supporting hyperplane of C' at Pc(x).

The orthogonal projection is a special example of metric projec-
tions; it is called so because of its geometric property. It should be
remarked that existence and uniqueness of the projection (i.e., best
approximation) is ensured for a general closed convex set. This does
not apply when the set is nonconvex. This suggests that one should
classify the world into convex and nonconvex, rather than linear and
nonlinear. Several properties of metric projection are given below.
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Proposition 4.9. Let C be a closed convex set in a Hilbert space H.
Then the following statements hold.
(a) For any @,y € H,

(4.10) [Po(®) = Pe(y)l < [le - yl|.

(b) For any @,y € H,
(4.11) |Po(@) = Po(y)|* < (z —y, Po(@) - Pe(y)).-

(¢c) For any x,y € H,
(4.12) |z = Po(@)|* < ll& - y|I” = | Pe(@) = Poly)|*-

The properties in (4.10) — (4.12) will be discussed in detail in Lec- Fig. 4-3. Relaxed projection Te := I + A(FPe — 1), A € [0,2].
ture 5. Obviously, (4.11) implies (4.10) due to the Cauchy-Schwarz
inequality. Example 4.17.

Define the operator T¢ := I+ AN(Po — 1), A € [0,2], where I : H — (a) See Lecture 3 for the projections onto certain types of closed
H,x — a is the identity operator (see Fig. 4-3). If A < 1, Te(x) does linear varieties or closed subspaces.
not reach C, namely it under-projects x toward C. In contrast, if A > 1, (b) The projection of y € H onto a closed ball Bz, d] := {x €
Tc(x) lies farther away from @ than Po(x), namely it over-projects @ H: ||l — x| <4} is given by
toward C. The operator T¢ is thus called the relazed projector for C ¥ i ly— @] <6
with the relazation parameter A € [0,2]. In the case of A = 2, Te(x) is _ - o=

: . . (4.18) Ppo.n(y) y-Ze :

said to be the reflection of & with respect to C. T+ 5Hy T otherwise.

Proposition 4.13. Let C be a closed convex set in a Hilbert space H. (c) The projection of y € H onto the closed halfspace H™ :=
Then the following statements hold. {xreH (x,a) < b} is given by
(a) For any x,y € H, y if (y,a)<b

(414) ITe(@) - To)l < 1z - yll. @10 Palw={ , law-b,
(b) For any .y € K, al?

(d) The projection of y € H onto the hyperslab S :={x € H:b < (x,a) < c}
is given by
(¢) Foranyx € H andy € C, y7<a’y>_ba it (y.a) < b

(116) A2 Nle~ Pe(@)|P < 1z~ gl ~ [Te(a) ~ 9l a0

(4.20) Ps(y) =< vy ifb<(y,a)<c

@15) 2o - Te@)I < o - g~ [Te@) - Tow)l

The relaxed projector T will play a main role in the theory of (a,y)—c

POCS presented in Section 4.7. Y- WG if c < (y,a).
4.5. Calculus : Projections onto Convex Sets (¢) In the case of M := R", the projection of [y1,ys, - ,yn]" €

RY onto the hypercube C := {[x1, 79, - ,an]T € RN : |z| <
This section presents closed-form formulae of the metric projections for b, Vi=1,2,--- ,n} is given by Po(y) = [p1,pa,- - ,pn|" with
several types of closed convex sets. .

yo i fyl <0
] by, ] P —
(4.21) Di: i iherwise 1,2,--+,N.

"!/i‘
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In Example 4.17(b)—(d), each projection is computable with O(N)
multiplications, where N stands for the number of multiplications re-
quired to evaluate the inner product. The same applies to the case
of hyperplane. Therefore, hyperplane, closed halfspace, and hyperslab
are often employed in signal processing applications as well as closed
ball and hypercube.

4.6. Convex Feasibility Problem and Set Theoretic
Estimation

Set theoretic estimation stems from a quite different concept from the
usual optimization. The concept is finding a feasible solution — which
is characterized as a vector consistent with all available information
arising from the observed data and a priori knowledge — instead of
finding an optimal solution, which is usually characterized as a min-
imizer of a certain cost function under possible constraints. The set
of all feasible solutions is called a feasible set (or a solution set), and
the problem of finding a feasible solution is called a feasibility problem.
Of course, a feasibility problem can be formulated as the optimization
problem of minimizing the distance to its associated feasible set. How-
ever, feasibility problems is distinguished from optimization problems,
as its concept and formulation is significantly different.

In general, the feasibility set is characterized as the intersection of
multiple sets as follows:

(4.22) S =8
ieT

Each set S; (¢ € ) accommodates each piece of information available;
it is referred to as a property set. The formal definition of set theoretic
estimation (the definition of ;) is accompanied by the notion of fuzzy
proposition and the interested reader may refer to [37]. In a large
number of applications, the property sets S; are closed convex (so S
is) and in this case the problem is called a convez feasibility problem
[38,39]. The problem is said to be consistent if S # ().> In consistent
cases, any point in .S is called set theoretic estimate.

A simplest example is the case that each S; is a hyperplane in R¥.
In this case, we have seen in Section 3.7 that the problem can be solved
by using the projection method of Kaczmarz, Cimmino, or Reich. An-
other example is the case that each S; is a closed subspace in a general
Hilbert space H. In this case, the Halperin’s result (an extension of von

31If we assume existence of “true” object (or estimandum) h € H, the problem is
said to be fair if h € S, and ideal if S = {h}.
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Neumann’ result for two subspaces) can be applied. From now on, we
consider the case of general convex sets, and assume that the problem
has no analytical solution. This situation frequently happens because
the number of property sets increases as our theoretical and practi-
cal understanding of the physical system under study becomes better,
which makes the problem more complicated. A popular approach in
such a situation is algorithmic. Metric projection is a powerful tool, as
like orthogonal projection in the case of subspaces. In Sections 4.7 and
4.8, we assume that every set S; is “simple” in the sense that the pro-
jection onto S; can be calculated explicitly. In Section 4.9, we discuss
the case that some of S;s are not simple.

4.7. POCS — Successive Projection Methods

We present the fundamental theory of Projections onto Convex Sets
(POCS) — which is also known as Successive Orthogonal Projections
(SOP). As the name suggests, it operates the projection onto each
individual closed convex set in a cyclic manner; it is an extension of
Kaczmarz’s method. The method is generically called successive, serial,
or sequential projection algorithm (see Fig. 3-1). In contrast, we will
present later a generalization of Cimmino’s method and it is called
parallel or simultaneous projection algorithm (see Fig. 3-2).

We formulate the convex feasibility problems in a Hilbert space H
as follows:

(4.23) find #* € C' == () i,
ieT

if such an a* exists. Here, C; C H, i € T := {1,2,--- ,n}, is closed
convex. Define the relaxed projectors as follows:
(4.24) Ti=1+N(Pe, —1I), i€l
where A; € (0,2). The following is a known fundamental result on the
convergence of POCS in the consistent case.
Theorem 4.25. Assume that C is nonempty. Then for any &y € H
and any X\; € (0,2), i € Z, the sequence (xy)ren generated by
(426) Tyl = T T 1-- -Tl(a:k), ke N,
converges weakly to a point in C.

Theorem 4.25 was first proved by L. G. Gubin, B. T. Polyak, and
E. V. Raik in 1967 [40]. Later, D. C. Youla provided an alternative

proof in 1982 [41] based on Opial’s lemma which is an important re-
sult in the fixed point theory of nonezpansive mappings. Lecture 5
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will provide a proof based on a more general result in the fixed point
theory. We emphasize that we cannot guarantee in general that the
weak limit point of the sequence in Theorem 4.25 is Po (o) unlike the
case of subspaces or linear varieties (see Propositions 3.49 and 3.51).
Nowadays, POCS is a quite popular technique in signal processing, but
its early application to signal processing appeared in 1981 [42]. See,
e.g., [43,44] for a slightly more general form of POCS.

Remark. The special case that C;s are closed halfspaces in the Eu-
clidean space RY has been proved in 1954 by S. Agmon [45] and
T. S. Motzkin and I. J. Schoenberg [46]. In the case of halfspaces,
Xi (i € 7) can take a value in (0,2]. In fact, their works are a gen-
eralization of Kaczmarz’s method in two senses (i.e., hyperplanes to
halfspaces, \; = 1 to A; € (0,2]). Finding a common point of halfs-
paces is equivalent to solving linear inequalities, thus in this case the
problem is specially called a linear feasibility problem.

In the inconsistent case (i.e., C = 0), the following result is known
for the case of \; =1, Vi € 7.

Theorem 4.27. Assume that one of the sets Cy,Cs, - -+, C,, is bounded;
i.e., there exists some p < 0o such that ||x|| < p, V& € C. Then, the
sequence generated by

(428) Lyl = PC,LPCH,1 . 'PC1 (Zlik), ke N7
converges weakly to a point «* € C,. Moreover, letting x} := Pc, (x*)
and i, = Po (x}), i=1,2,--- ,n—1, then x, = x*.

4.8. Simultaneous Projection Methods

We shall present a parallel projection algorithm derived by G. Pierra
in 1984 by formulating POCS in a product space [47]. Although the
derivation is interesting, we simply state the results. Define convex
combination coefficients (w;);cz as follows:

(4.29) w;>0, Vi€, and » w;=1

i€
The results in the consistent case is the following.
Theorem 4.30. Assume that C is nonempty. Then for any o € H,
any (w;)ier satisfying (4.29), and any A € (0,2), the sequence (xy)ren
generated by

(431) Tpy1 =T+ A <Z U),;Pcl(mk) — $k> , keN,

i€l
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converges weakly to a point in C'.

Theorem 4.32. Assume that C' is nonempty. Then for any xo € H,
any (w;)ier satisfying (4.29), and any A\ € [6,2 — ¢ C (0,2), the
sequence (xy)ren generated by

(4.33) Tpy1 =T+ A (Z w; Pe, () — fﬂk) , keN,
i€l
converges weakly to a point in C'.
Theorem 4.34. Assume that C is nonempty. Then for any &y € H
and any (w;)ier satisfying (4.29), the sequence (@) )ren generated by

(435) Tpy1 = X+ Ak <Z UJiPCL(IEk) — -’.lik> , keN,

€T

converges weakly to a point in C, where Ay € [e, L] C (0, Lg| with the
extrapolation coefficient

Ziel w; || Po, (m) — wkHQ

(4.36) Ly = |13 ez wiPe, () — mkHz
1

if ey & C
otherwise.

All the algorithms in Theorems 4.30, 4.32, and 4.34 take the fol-
lowing steps: (i) project the current estimate @, onto individual closed
convex sets C;, and then (ii) combine them by taking a weighted av-
erage. In contrast to POCS, one can operate all the projections si-
multaneously, thus it suits for parallel computing. The only difference
among the algorithms in Theorems 4.30, 4.32, and 4.34 is the relax-
ation parameter A or Az. Theorem 4.32 is a generalization of Theorem
4.30 as it allows the relaxation parameter A to vary from iteration to
iteration. We cannot however say that Theorem 4.34 is a generaliza-
tion of Theorem 4.30 because Lj, may become less than 2, although the
convexity of ||-||* ensures Ly > 1. In [44], it is discussed that, under a
certain condition, Ay is allowed to take a value in [¢,2L;] C (0, 2Ly].

Finally, we present a known result for the inconsistent case.

Theorem 4.37. Assume that one of the sets Cy,Co, - -+, C,, is bounded.
Then for any xy € H, any (w;)ier satisfying (4.29), and any A\, €
[€,2 — €] C (0,2), the sequence (xy)ren generated by

(4.38) Tpiy =T+ A <Z w; Pe, (xx) — IEk) , keN,

i€l
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converges weakly to a point €* € H achieving weighted least squares;
i.e., ©* € argmingey oy wid*(x, Cy).

In short, Theorem 4.37 tells us that the simultaneous projection
method generates a vector sequence convergent to a weighted least
squares solution. Due to this property, it has been reported that SIRT
(a simultaneous projection method) gives better behavior than ART
(a successive projection method) in noisy tomographic reconstruction
problems, because noisy data tend to make the hyperplanes noninter-
secting.

4.9. Subgradient Projection

It has been assumed so far that the projection onto each C; can be
calculated explicitly. In this section, we consider the case that some of
the sets are not simple.

Definition 4.39. Let f : H — R be continuous and convex. Then, for
any € H, there always exists & € H satisfying

(4.40) (y—=,) + f(z) < f(y), Yy € H.

The vector & is called a subgradient of f at . The set of all such vectors
is called the subdifferential of f at @, and it is denoted as Jf (x).

Remark. Subgradient is a generalization of gradient, since it can al-
ways be defined for any continuous convex functions. If in particular f
is differentiable,’ then the gradient V f(z) is the unique subgradient;
Le, 0f(®) ={V f(z)}.

The following proposition can readily be verified.

Proposition 4.41. Let f : H — R be continuous and convex.
(a) Assume that f(xz) > infyey f(y), Vo € H. Then 0 & 9f(x)
for any x € H.
(b) Assume that there exists & such that f(x) = infyey f(y). Then
0 € df(x) if and only if f(x) = minyey f(y).

Let C' C 'H be a nonempty closed convex set, and f : H — R a con-
tinuous convex function such that C' = lev<gf. When the projection
onto C'is not simple, a possible strategy is to employ its outer approz-
imation, say S(D C). Fortunately, the separation theorem, which is
one of the fundamental results in convex analysis [29—34], guarantees
4To be precise, a continuous convex function f has a unique subgradient at * € H

if it is Gateauz differentiable at = [30]. The unique subgradient is identical to its
Gateaux differential at .
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separating hyperplane

(a) in H

C ZZICVSO‘f

T (T

tangent plane

(b) in H xR

Fig. 4-4. Illustrations of subgradient projection. (a) Tspp) () is
the metric projection of & onto a hyperplane separating = and C.
(b) The separating hyperplane is the intersection, in the product
space H x R, of H x {0} and the tangent plane at (z, f(x)).

the existence of a hyperplane separating any closed convex set from a
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point in its complement (see Fig. 4-4.a); such a hyperplane is partic-
ularly called a separating hyperplane. Hence, a natural choice of the
outer approximation of C' would be the closed halfspace whose bound-
ary is the separating hyperplane, since the projection can be computed
easily. How can we construct such a closed halfspace systematically?
If x € leveof(= C), then the metric projection of & onto C' is
obviously given by Po(x) = . Assume now x ¢ lev<of(= C), that is
f(z) > 0. In this case, Proposition 4.41 implies 0 ¢ f (), thus for an
arbitrary f'(z) € 8f(x) we can define a closed halfspace as follows:

(4.42) H(z) :={yeH: (y—= f(x)) + f(xr) <0}

We can readily verify @ ¢ H ™ (x). Moreover, we can show that lev<of C
H~(z) as follows: letting z € lev<qf, the definition of subgradient sug-
gests that

(4.43) (z—, f'(x)) + f(z) < f(z) <0,
which means z € H (x). Therefore the boundary hyperplane of
H~(x) separates x and lev<of (see Fig. 4-4). As ¢ ¢ H (x), the
projection of x onto H~(x) is given as follows (see Example 4.17.c):
__f=@
11 ()I”
A subgradient projection is an operator that maps = & lev<of to
Py-(z)(z) and @ € lev<f to @ itself.

(4.44) Py-w(@) = f'(=).

Definition 4.45. Let f : H — R be a continuous convex function such
that lev<of # (0. We can then define

flx) .,
r— ———f'(x
(446) Ty H—H, z— TZEE (@)
x otherwise,

if f(z) >0,

where f'(x) € 0f(x). The mapping Ty is called a subgradient pro-
jection relative to f.

Remark. Given any closed convex set C' C H, a subgradient pro-
jection relative to the distance function d¢ coincides with the metric
projection onto Cf i.e., Typ(ae) = Po (see Remark in Section 4.3).

Theorem 4.47. Let f; : RN — R, i € Z := {1,2,---,n}, be a con-
tinuous convex function such that C' := (\,.rleveofi # 0. Assume the
uniform boundedness of the subgradients: i.e., for some & € C there
exists K(&) € R such that | f/(z)|| < K(&) for all the subgradients
fi(xz) € Ofi(x), for any i € T and any such € RY that satisfies
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|z — || < ||z — Z||, where xy € RN s an arbitrary initial vector.
Then, the sequence generated by

(448) Tpyl = T T 1Ty (I}C), ke N,

converges to a point in C, where Ty := I 4+ X\j(Typ(sy — 1), i € Z, for an
arbitrary \; € (0,2).

A remarkable advantage of the algorithm in (4.48) over POCS is
that only the computation of a subgradient is required (instead of the
computation of the projection which is obtained by solving a best ap-
proximation problem).

Theorem 4.49. Let fi - H — R, i € T :={1,2,---,n}, be a contin-
uous convex function such that C' := (\,czleveof; # 0. Assume that
the subdifferentials of (f;)iez are locally uniformly bounded (cf. [44]).
Then, for any Ty € H and any (w;)icr satisfying (4.29), the sequence
(zk)ken generated by

(4.50) Tiq1 i= T + Ap (Z wi T (Tn) — f”'«) , keN,

=
converges weakly to a point in C, where \x € [e, (2 — €)Ly] C (0,2Ly)
with the extrapolation coefficient

Dier Wi || oo (@) — @]
2

if e, & C
3 iez wiTup(y (k) — 4 *
1

otherwise.

(451) Lk =

Remark. The key property that is common to the iterative algorithms
in Theorems 4.47 and 4.49 is the following:

(4.52) |k — x| < ||z, — ||, V&* € C, Yk e N.

The sequence (xy)ren satisfying (4.52) is said to be Fejér monotone
with respect to C.° Tt is clear that any Fejér monotone sequence is
bounded. The Fejér monotonicity comes from the following property
of subgradient projection:

(4.53) HTSp(f)(m) — :B*H <|lx—=x"|, Ve € H, Va* € levyf.

The property in (4.53) is called quasi-nonezpansivity, which plays an
important role in Lecture 5.

5The notion of Fejér monotonicity seems to be coined by T. S. Motzkin and
1. J. Schoenberg [46].
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4.10. Set Theoretic Frame for Adaptive Estimation

Recalling the discussion in Section 3.10, APA is based on the projection
onto the following set:

(4.54) Vii={zeRY: |lex(a)|’ =},

where ey(x) == Uz —dp €R", & € RN, Uy, = [upug_y - Up_rp1] €
RV*" dy = [dy, dj—1, -+, dj—rs1) T € R", and

(4.55) S == min |lex(y)|?, k € N.
yeRN

As we know that h* ¢ V) in the presence of noise, V) should be “fat-
tened” somehow to cover h*. The linear variety Vj is shaped like a
“line” in RN, and we can “fatten” it with a constant p > 0, > 0 as
follows:

(4.56) Ci(p) == {z e RV : lew(z)|? < P},

which is shaped like a “tube” whose “center core” is Vi(= Cj(dx)). The
set Ck(p) quantitatively formulates the probability theoretic property
of the noise process (ny)ren, and it is called a stochastic property set.
Moreover, the convexity of ||||* suggests Cy(p) # 0 if and only if p > 8.
Since we typically have r < N, it tends to be satisfied that R(U}) =
R, implying & = minyezn |Ufy — dkHi = 0. Therefore, Ci(p) # 0
for any p > 0 in practice.

It is clear that the parameter p governs the membership probabil-
ity that h* € Ci(p). By er(h*) = —ny, the membership probability
is identical to the probability of & := S>7_ n3_,,, = |ni|? < p. As-
sume that (ny)ken is the noise process of i.i.d. (independent, identically
distributed) Gaussian random variables NV'(0, 0?); i.e., the normal dis-
tribution with the mean 0 and the variance o2. Then, the sum of its
squares ¢ is well known to follow the x? statistic with 7 degrees of
freedom whose probability density function is given by (see Fig. 4-5)°

1 r/2—1,-€/20%
(4.57) 1O =2 warept © e>0
0 if £ <0.

The membership probability is evaluated as follows:
P

(58 Pr(h e Culp) = Pric<p) = [ £Ode e 1)
0

where Pr(-) stands for the probability that an event (e.g., h™ € Cy(p))
happens. As seen from Fig. 4-5, f, is a strictly monotonically decreasing

ST represents the gamma function defined as T(a) = jom 2 le™%dz, a > 0.
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Fig. 4-5. x? density function (02 = 1).

function over £ > 0 for r = 1,2. For r > 3, f, has its unique maximum
at £ = (r—2)o?. The mean and the variance of ¢ are given by mg = ro?
and o7 = 2ra*, respectively.”

Looking at the curve of v = 5 in Fig. 4-5, it is seen that [’ f,(£)d¢
remains to be nearly zero if we slide slightly the value of p from zero in
the positive direction. This implies that the membership probability
that h* € Cy(p) is nearly zero for a small value of p > 0. In other
words, the probability that h* stays in the vicinity of Vi(= Ci(dy)) is
nearly zero. This observation applies to all » > 3, which explains the
noise sensitivity of APA for r > 3. For r = 1, on the other hand, it is
seen that fop fr(€)d€ becomes large if the value of p is increased slightly
from zero. This implies that A stays in the vicinity of Hy(= Cx(0) for
r = 1) with high probability (see (3.66)), which agrees with the noise
robustness of NLMS.

4.11. Set Theoretic Adaptive Filtering Algorithm

How can we design the parameter p to design the stochastic property
set Ci(p) in (4.56)7 How should we construct an efficient adaptive
filtering algorithm? We discuss these topics in this section. Regarding
the choice of p, there are two perspectives:
(a) the membership probability that h* € Cy(p) can be enhanced
by increasing the value of p, contributing to the stability of
algorithm;

"The case that the noise process (ng)ken is Gaussian but not necessarily i.i.d. was
discussed in [35]. The case that (ny)gen is non-Gaussian was discussed in [44] with
the well-known central limit theorem.
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(b) increasing the value of p too much results in losing the informa-
tion (In a extreme case, Cy(0c0) = R contains no information).

Therefore, the value of p should be chosen adequately. Under the
assumption that (ny)rey is i.i.d. Gaussian random variables A (0, 02),
the following have been proposed in [35].
Example 4.59.

(a) p1 := (r +v/2r)o? (mean + standard deviation)

(b) py :=rc? (mean)

(¢) p3 :=max{0, (r — 2)o?} (peak, i.e., the value of ¢ giving f,(&)

its unique maximum)

It holds that 0 < p3 < p2 < p;. Another possible choice is py(@) :=
ps + av2ra?, a > 0 (peak + standard deviation xa).

We now explain how to construct an efficient algorithm. In the
following, we assume Ci(p) # 0 (& p > ;). It is readily verified that
Cr(p) is closed convex. Since h™ can be characterized as a common
point of the closed convex sets (Ci(p))res for J = {i e N: h™ €
Ci(p)}, we can reformulate the adaptive filtering problem as a sort of
convex feasibility problem. However, there are essential differences.
First, data arrive sequentially, hence each set Ci(p) accommodating
the information carried by each datum becomes available one by one.
Second, the number of sets C(p) increases as time goes by, but finite
memory storage implies that old data need to be discarded for storing
newer data. This suggests that each set Ci(p) can be exploited only
a finite number of times, whereas the convergence theorems of the
existing algorithms for the convex feasibility problems have been proved
under the assumption that each set is exploited infinitely many times.
This is important in practice because of the nature of the adaptive
filtering problem as, e.g., in rapidly changing environments.

Since the metric projection onto Cy(p) is computationally expen-
sive, the subgradient projection is employed. It has been reported that
the simultaneous projection algorithm as in Theorem 4.49 converges
faster, than successive projection algorithms such as POCS, thanks to
the extrapolation coefficient. Hence we present a simultaneous subgra-
dient projection algorithm below.

Let 7, := {L§"’),L§’“),~~ ,Ll(lk)} c {0,1,2,---,k} for some ¢ € N*,
which indicates the sets to be processed at each iteration k and is called
control sequence. In the case of parallel computing, g corresponds to
the number of parallel processors to be engaged. A simple example is
Ty = {k,k—1,---  k — g+ 1} indicating the use of the ¢ newest data.

In addition, let (u;,(,k))/,ezH k € N, be the set of weights assigned to
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(Cu(p)) ez, satisfying
(4.60) w® >0, Vi € T, and Z’w}k) =1.
(€T,
The stochastic property set in (4.56) can be expressed as
(4.61) Ci(p) :=leveogr = {z € RV : gy(z) < 0},
where
(4.62) g RY SR, z— Hek(x)Hf —p= HUZ:AU - dka —p.
Since gy, is differentiable with its gradient given by
(4.63) V(@) = 2U(Ujz — dy),

the subdifferential of gy, is a singleton: dgi(z) = {Vgr(z)}, Vo € RV,
The subgradient projection relative to g, is given as follows:
(4.64)
9.(x) .
r— ————=Vg,(x) ifg(x)>0,
Tipgy - H—=H, ©+— V. ()|*
x otherwise.

In particular, if ||e (k)| > p, ¢ € Zy, then Tip(g,) maps the current
estimate hy, as follows:

L h -
MUL(ULT;% _ d}/)_’
2| U(Uhi — d)|
which is the metric projection onto the closed halfspace
(4.66)

H, (hy) == {x € RV : (x — hy, Vg (b)) + g.(hi) <0} D Cu(p).

(4.65) Tipg) (hi) = by, —

Theorem 4.67. For an arbitrary hy € RN, the sequence (hy)ren gen-
erated by

(4.68) hpyr o= Py + (Z WP Ty (B) — hk) ,

LET,

where . € (0,2My) with the extrapolation coefficient
(4.69)

k 2
ez, W || Topgon () = |
2
= k
M HE,,ezk W T, () — th
1

if b & Nz, Culp)

otherwise

satisfies the following.
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(a) (Monotone approzimation) Define Ty, := {t € Ij, : by & C.(p)}. problem is difficult in general to solve with low computational costs.
Suppose that Cék) =Ny Hy (hi) # 0 and hy, & Cék). Then, In [36], a practical weight designing technique with O(N) complexity

has been proposed. The technique inductively utilizes a simple closed-

(4.70) Hhk+1 - ﬁz” < ‘ hy, — ﬁzH , Vﬁz € C(()k), form formula to compute the projection onto the intersection of two
closed halfspaces that are defined by a triplet of vectors. The result-

(b) (Fejér monotonicity) Suppose that there exists rg € N such ing weights have been shown to be optimal in a pairwise manner in
that Co := iz, C(()k) # (. Then, the sense of certain worst-case (min-maz) optimization. Another tech-

. o o nique that realizes exponentially decaying weights has been proposed

(4.71) Hhk+1 —h H < Hhk —h H . Vh € Co. for hyperplanes in [48] and for linear varieties in [49]. See [48,50—

57] and Lecture 6 for further developments and applications of the

(c) (Convergence) In addition to the condition in Theorem 4.67.D, set-theoretic adaptive filtering algorithms.

assume that
(i) there exist €1, €9 € (0,2) such that py, € [t My, (2—ea) My,
Vk > kg, and
(ii) Cy has an interior point.

Let (wfk>)L€Ik, k € N, be the weights satisfying infy> ., min,e g, w®

> 0. Then, (hy)ken converges to a point h € liminf,_ Cék),
where im infy,_. Cék) = Uizo Mz Cén).

The method in (4.68) is called the adaptive parallel subgradient pro-
jection (APSP) algorithm. The advantages of the APSP algorithm
include the following.

(a) It converges faster than NLMS or APA even for colored inputs
thanks to the simultaneous use of multiple pieces of informa-
tion by means of parallel projection with the extrapolation
coefficient (which enlarges the step size).

(b) It enjoys stable convergence/tracking even in noisy environ-
ments thanks to the use of reasonably designed stochastic prop-
erty sets. The stability is implied by Theorem 4.67.a and The-
orem 4.67.b.

(¢) It enjoys low computational complexity and suits for parallel
computing. If ¢ concurrent processors are engaged, the com-
putational complexity imposed on each processor at each iter-
ation is O(N). We emphasize that an algorithm with O(N)
complexity is strongly desired for real-time implementation of
adaptive filters with large filter length.

Remark. Theorem 4.67 suggests that the sequence (hy)ren converges
under certain conditions no matter how we choose the weights w®,
The simplest example is the uniform weights: w® =1 /q, Vi € Iy,
k € N. Note however that the weights govern the direction of update
and thus affect the rate of convergence. The optimal weight designing
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5.1. Outline of Lecture 5

5.2. Introduction
5.3. Projected gradient method and projected subgradient method
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5.9. Useful mappings
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5.2. Introduction

In practical scenarios where signal processing is required, enough in-
formation is hardly available to identify the ideal solution without any
ambiguity. The reasons for that include (i) the presence of ambient
noise, distortion, etc., occurring in measurement process and (ii) pos-
sible loss of acquired information. In addition, the limitation of time
and computational resources spent for signal processing makes it fur-
ther unrealistic to accomplish the perfect identification of the ideal
solution.

A realistic approach is thus to define a set of solution candidates
from each piece of available information, and find a common point of
the sets of candidates. This approach is undoubtedly the set theoretic
estimation or set theoretic adaptive filtering that we learned in Lecture
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4. What is desired for iterative algorithms? Let S C H be the set
of all common points (i.e., the intersection of the sets of candidates)
and T : H — 'H the mapping that shifts the current estimate xj to
its following estimate @1, k € N; ie., @p1 = T(ax). The desired
properties should be as follows.

(a) If @, is outside of S, then T should push it closer to S. Mathe-
matically speaking: if @y & S, then it is desired to be satisfied
that ||@p — x*|| < ||xp —x*||, V&* € S. Note that the in-
equality is strict unlike the case of Fejér monotonicity.

(b) If @y is inside of S, then T should keep it staying there. Math-
ematically speaking: if ) € S, then it is desired to be satisfied
that T'(xx) = @y; in this case @y is called a fized point of T

In fact, metric projection and subgradient projection realize the
properties (a) and (b) if S is closed convex. So, why should we learn
more than that? The reasons are the following. There are many prob-
lems that cannot be solved solely with metric projection and/or subgra-
dient projection. There exist other mappings, satisfying the properties
(a) and (b), which can be used to solve such challenging problems.
The topic of this lecture, the fized point theory, considers the family of
mappings that satisfy certain properties such as the ones (a) and (b)
mentioned above, and it greatly helps our understanding of the conver-
gence mechanism of iterative algorithms. In a nutshell, the fized point
theory is sufficiently simple and very powerful. This is important more
than anything for us engineers.

If T satisfies the properties (a) and (b) above, S is obviously the set
of all fixed points, which is called the fixed point set of 7. Importantly,
in this case, the fixed point theory ensures that S is closed convex. In
other words, unless S is closed convex, we can never realize the desired
properties (a) and (b). The point is how to construct T whose fized
point set is identical to S. The applicability of metric projection is
governed by the shape of S (see Section 4.5 for the examples of “sim-
ple” closed convex sets). In the case that S is not simple, subgradient
projection is a reasonable alternative, as we have already seen in Lec-
ture 4. To enhance the accuracy of estimation, we may incorporate
more and more information about the estimandum, thereby focusing
the intersection in which we believe our target stays.

We start with two simple algorithms for convex optimization, the
projected gradient method and the projected subgradient method, fol-
lowed by an adaptive extension of the projected subgradient method.
Then we proceed to the fixed point theory of nonexpansive mapping.
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We conclude this lecture by providing links between the fixed point
theory and some of the iterative methods that we have presented.

5.3. Projected Gradient Method and Projected Sub-
gradient Method

Consider the following convexly constrained optimization:
1 i
(5.1) min o ()

where K C H is a closed convex set and ¢ : H — R a continuous
convex function. For differentiable convex functions, A. A. Goldstein
has invented the projected gradient method in 1964 [58, 59:

(5.2) i1 = Py [, — AVop(x)], k€N, for some zy € H,

where A > 0 is the step size and V(x,) is the gradient of ¢ at xy.
If K := H (i.e., there is no constraint), then the projected gradient
method is reduced to the standard gradient method (the steepest de-
scent method), thus the projected gradient method is a generalization
of the gradient method.

In 1969, B. T. Polyak has shown that one can employ a subgradient,
rather than the gradient, for nondifferentiable convex functions under
certain conditions [60]. Specifically, he has invented the Projected Sub-
gradient Method (PSM):

_ \D(Ek) ’ if o
Py (m Ry (m)) /() #0

x), otherwise

(5.3)  @pgr =

k € N, where g € K, A\, € (0,2), and ¢'(x;) € 9p(xy). The conver-
gence of the projected gradient method and PSM will be discussed in
Section 5.10.

5.4. Adaptive Projected Subgradient Method
We repeat the NLMS update equation:
(ug, hy) — di

(54) hk+1 = hk - )\ 3
[l

U, keN.

Comparing (5.3) and (5.4), we find NLMS having a similar structure to
PSM. Indeed, Fig. 3-4 suggests that NLMS attempts to minimize the
metric distance to the hyperplane Hy. Unlike the case of PSM, however,
the cost function dg, seems to change from iteration to iteration. How
can we do with this time-varying cost function?
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In [61,62], I. Yamada has formulated the problem as follows. Let
¢r: H — [0,00), k € N, be a continuous convex function and K C H a
nonempty closed convex set. Then, the problem is formulated as min-
imizing the sequence of cost functions (¢r)ren over K asymptotically.
We present the Adaptive Projected Subgradient Method (APSM) for the
asymptotic minimization problem and its convergence analysis below.

Theorem 5.5. Given an arbitrary initial vector hy € K, APSM gen-
erates the sequence (hy)ken as follows:

hu ,
(5.6) hpy={ 1K <hk - Ak%%@ﬁ) if P (i) # 0
' (ha

hy, otherwise

where ¢} (hy) € Opr(hg) and N, € [0,2]. Assume the existence of
minimizer of gr over K; i.e., there exists &* € K such that pi(x*) =
;= infyex pi(y). Then, the following statements hold.

(a) (Monotone approzimation) Suppose that pi(hi) > @5, or equiv-

alently
(5.7) hy € Q== argmin ¢, () # 0.
xzeK
@i
Then, for any A\, € <07 2 (1 — ))
or(hu)
(5.8) i = ]| < [ i v €

Note that Q. is the set of minimizers of ¢ over K. If in
particular the minimum is zero (i.e., ¢ = 0), then (5.8) holds
for any X\ € (0,2).

(b) (Boundedness, asymptotic optimality) Assume the existence of
ko € N such that there exists * € K satisfying op(z*) = 0,
Vk > ko, or in other words

(5.9) ©r =0, Yk > ko, and Q:= | U #0.
k>ko

Then, the sequence (hy)ren is bounded. Assume in addition

that the sequence of subgradients (¢}, (hy,))ken is bounded. Then,
for any \; € [e1,2 — 2] C (0,2), k €N,

(5.10) k]im wr(hi) = 0.
(¢c) (Strong convergence, asymptotic optimality of the limit point)

Assume the existence of kg € N such that (5.9) holds and the set
Q has a relative interior with respect to a hyperplane 11 C H;
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(5.11)

(5.12)

—
=

(5.13)

(5.14)

i.e., there exist h clINQ and eri. > 0 such that BH(E, €ri) 1=
{x ell: H:c - EH < &} = B(E,Er_i.) NII c Q. Then, for
any A\, € [e1,2 — €] C (0,2), k € N, the sequence (Ry)ken

converges strongly to a point h € K ; i.e.,

lim ‘hk — fLH =0.

k—o0
Assume in addition (i) the boundedness of the sequence of
subgradients (p).(hi.))ren and (i) the existence of a bounded
sequence of subgradients (2}, (h))ken, where @ (h) € dpp(h).
Then,

lim ¢ (h) = 0.
k—oo

(Characterization of the limit point fl) Assume that all the con-
ditions in Theorem 5.5.c are satisfied. Assume in addition that
(i) the set Q has an interior point h (which is a slightly stronger
condition than the existence of a relative interior) and (i) for
any € > 0 and any r > 0, there exists 0 > 0 such that
inf or(hy) > 0.
d(hk,lev<opr) > ¢,
[
k> ko

Then, for any M\ € [€1,2 — €] C (0,2), k € N, the limit point
h = limy,_,o hy € K is characterized as

h € lim nf O,

where liminfj,_.. Q== Upe, ﬂnzk Q.

5.5. Examples of APSM

To apply APSM to real-world problems, we only need to design the
sequence of cost functions (¢x)ren. We present some examples below.

Example 5.15.
(a) (NLMS/APA) Define ¢y, k € N, as the metric distance to the

(5.16)

linear variety Vj, defined in (3.72):
or(x) == dy, () := min ||z —y|, ke N.
yeVE

IThe norm ||-|| can be arbitrary due to the norm equivalence for finite-dimensional
vector Spaces.

70

—
=2
=

(5.18)

(5.19)
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Then, we have

z— Py (x) .
dpn@) s (@) ={ dnlw) T CEVE
0

otherwise.

Substituting @ := hy, in (5.16) and (5.17), plugging the resul-
tant or(hi) and ¢} (hy) into (5.6), and letting Ay := A and
K = H (i.e., Px = I), we reproduce APA given in (3.69).
In particular, if » = 1, Vj is reduced to the hyperplane Hj in
(3.66), thus NLMS is reproduced. We remark that for the ¢
in (5.16) the assumption of the existence of (relative) interior
is hardly satisfied, hence the convergence is not guaranteed in
general. A simple demonstration that shows NLMS not con-
verging is provided in [62].

Let (C’fk))l,ezk, I C N, be a finite number of nonempty closed
convex sets to be processed at each iteration k£ € N. Define ¢y,
k € N, as a weighted squared distance as follows:

or(x) = Z’U}f"')dé(k)(m), k€N,

LETy,

where w" > 0 satisfies >t w® =1, k € N. In this case, ¢
is differentiable over H, thus dpi(z) = {Veir(x)}, V& € H,
with the derivative

Vor(x) =2 Z w® (a: - Pw (w)) .

LETY,

Then, we can deduce the following algorithm:

hy, + g (Z wfk)chkJ(hk) - hk>:| )

€Ty,

hiy1 = Py

where 1 € [0, M,(cl)] with the extrapolation coefficient

(*) ’
ZLeIk wy HP(jL(k)<hk) - th

(k) :
ZLEI}C w, PCL(k)(hk) - hk
1

if by & Mg,

otherwise.
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(c) Let Zy C N, (C’fk))fzk7 and (wfk))bgk be given as in Example
5.15.b. Define ¢y, k € N, as a weighted distance as follows:

(5.22)
wd 0 (hi) _ ®
Wk(w) — ; Tdcfk)(w) if V= ZLEIk w, ch(k) (hk) 75 0
LEL
0 otherwise.

In this case, ¢ is nonsmooth. We can show that applying
APSM to the ¢y, in (5.22) yields the same algorithm as in (5.20)
with the range of step size extended as yy € [0, QMS)]. The
APSP algorithm in Section 4.11 is obtained by letting K := H
and CM = H ~(hy). Theorem 4.67 is a direct consequence of
Theorem 5.5 with the ¢y, defined as in (5.22). It can be verified
that the boundedness assumptions and the assumption (d)-(ii)
in Theorem 5.5 are automatically satisfied in this specific case.

5.6. Fixed Point and Classification of Mappings

APSM (Theorem 5.5) is motivated by the fized point theory of nonez-
pansive mapping ; most of the results in the following can be founded
in [62-64] and the references therein. Studying the theory helps our
understanding of APSM as well as various iterative methods such as
POCS, the simultaneous projection methods, the projected gradient
method, PSM, etc.

Definition 5.23. Given a mapping T : H — H, a point x such that
T(x) = « is called a fized point of T. The set of all fixed points is
called the fized point set of T and denoted by

(5.24) Fix(T):={zx e H:T(x) = z}.
The following classification of mappings is employed.
Definition 5.25.
(a) A mapping T': H — H is said to be Lipschitz continuous over
H if there exists v > 0 such that?
(5.26) 1T(x) - Tl < viz—yll, Vo,y € H.
The minimum v satisfying (5.26) is called the Lipschitz con-
stant of T'. A Lipschitz continuous mapping with its Lipschitz
constant v is referred to shortly as v-Lipschitzian. In particu-
lar, T is said to be

2The definition of Lipschitz continuity can be given in a general complete metric
space by replacing the norm of the difference between two points by their distance.
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(i) (strictly) contractive if (5.26) holds for v < 1;
(i) nonezpansive if (5.26) holds for v = 1.
Contractive mapping is widely referred to as contraction map-
ping, and it is a subclass of nonexpansive mapping.
(b) Suppose that a mapping 7' : H — H has a fixed point; i.e.,
Fix(T) # 0. Then, T is said to be quasi-nonezpansive (or
Fejér) it

(5.27) |T(x) - z|| < ||z — z||, Y& € H, ¥z € Fix (T).

The Lipschitz continuity is a sufficient condition for a function
to be continuous; note for any Lipschitz continuous mapping 7' that
||z — y|| — 0 implies ||T'(x) — T(y)|| — 0. The following proposition
supports the applicability of quasi-nonexpansive mapping.

Proposition 5.28 ([62,65]). Let T : H — H be a quasi-nonezpansive
mapping. Then, Fix (T) has the following characterization:

(5.20) Fix(T) = (| H(y)
yeH

with
(5:30)  H(y)— {m en: <y ~T(y),a - %T(% < o} 4

Proposition 5.28 implies that the fized point set of any quasi-nonexpansive
mapping is closed convez, because the intersection of arbitrary collec-
tion of closed convex sets is closed convex (see Propositions 2.22 and
4.3). More precise classification of nonexpansive and quasi-nonexpansive
mappings is given below.
Definition 5.31.
(a) A mapping T : H — H is said to be averaged (or specifically a-
averaged) if there exists o € (0,1) and a (quasi-)nonexpansive
mapping Ty : H — H such that

(5.32) T=(01-a)l +alx.

It holds that Fix (T') = Fix (Tx) since T'(z) = & < Tn(z) = @.
(b) A mapping T' : H — H such that Fix (T) # 0 is said to be
attracting if
(6.33) || T(x) —z| < ||z —z|, Yo € H\Fix(T),Vz € Fix(T).

In particular, an attracting mapping 7" is said to be strongly
attracting (or specifically n-attracting) if there exists an n > 0
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such that
|z —z|* = |T(@) — 2| > n | — T()|,
(5.34) Ve € H,z € Fix(T).

Exercise 16. Show that 7' defined in (5.32) is automatically (quasi-
Jnonexpansive if Ty is (quasi-)nonexpansive.

The class of strongly attracting mappings (or averaged mappings)
is of significant importance as seen later. The relation between strongly
attracting mapping and averaged mapping is given below.

Proposition 5.35. For a € (0,1) and T : H — H, the following two
statements are equivalent [62].

(a) T is a-averaged with Fix (T) # 0.
(b) T is (1 — a)/«a-attracting.

Definition 5.36. A mapping T : H — H is said to be firmly (quasi-
)nonexpansive if it is 1/2-averaged (quasi-)nonexpansive.®

Proposition 5.37. Given a mapping T : H — H, the following three
statements are equivalent.

(a) T is firmly (quasi-)nonezpansive.

(b) 2T — I is (quasi-)Jnonexpansive.

(¢) I =T is firmly (quasi-)nonezpansive.

By Proposition 5.35, a mapping 7" is 1-attracting if and only if it is
firmly (quasi-)nonexpansive with Fix (T') # (). Some remarks are given
below (see Fig. 5-1).

Remark.

(a) A nonexpansive mapping T is quasi-nonexpansive provided
that Fix (T') # 0.

(b) An attracting mapping is quasi-nonexpansive but not necessar-
ily nonexpansive.

(¢) A metric projection mapping Pe : H — C for a nonempty
closed convex set C' C H is firmly nonexpansive with Fix (T') =
C' (see Proposition 4.9).

(d) A subgradient projection mapping Tiy(s) relative to a contin-
uous convex function f : H — R with levof # 0 is firmly
quasi-nonexpansive with Fix (Tsp(f)) = lev<of. However, it is
not nonerpansive.

3An equivalent definition of firmly nonexpansive mapping is as follows: a map-
ping T : H — H is said to be firmly nonexpansive if |7'(z) —T(y)HQ <
-y, T(x) -T(y)), Yo,y € H.
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—— quasi-nonexpansive ——

~ nonexpansive ——

attracting

strongly attracting

metric subgradient .
projection projection Fix (‘T) #0
AN A bomene
i
T:R->R:x—z+1 Fix(T)=10
(. J

Fig. 5-1. A classification of nonlinear mappings. The dashed line
classifies mappings according to whether having a fixed point.

Definition 5.38. A mapping T : H — H is said to be n-inverse
strongly monotone (or firmly monotone) over H if there exists n > 0
such that

(5:39)  IT(x) - TWI* < (@ -y, Tw) - T(y)), Yoy € 1.
Proposition 5.40.
(a) Let ¢ : H — RU{oo} be a differentiable conver function with
derivative V¢ : H — H. Then, the following three statements
are equivalent [66, 67).
(i) V¢ is v-Lipschitzian over H.
(if) V¢ is 1/v-inverse strongly monotone over H.
(iii) I — 2V ¢ is nonezpansive over H.
(b) Givena € (0,1), T : H — H is a-averaged nonezpansive if and

only if its complement I — T is i—inverse strongly monotone
(68].

5.7. Fixed Point Theorems
The following theorem is one of the simplest results in the fixed point

theory.

4Theorem 5.41 holds for a general complete metric space.
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Theorem 5.41 (Banach-Picard Fixed Point Theorem). Let T : H —
H be contractive (i.e., v-Lipschitzian for v < 1). Then

(a) T has a unique fized point x* € H.

(b) For any x € H, limy_o, T*(z) = *.

k
(c) For any x € H, ||T*(z) — z*|| < 11171/ |z —x*||, k € N.

Remark. Theorem 5.41 guarantees (a) the existence of the unique
fixed point of contraction mapping, and provides (b) an iterative method
to compute the fixed point and (c) its rate of convergence. Note that
the condition || T(x) — T(y)|| < || —y||, Y&,y € H, which is a nec-
essary condition to be contractive, is not sufficient to guarantee the
existence of a fixed point.

To present an extension of Theorem 5.41 to a more general class of
mappings, we prove the following.

Proposition 5.42. A contraction mapping T : H — H is averaged
nonexpansive. To be specific, if T is v-Lipschitzian for v < 1, then it
is a-averaged nonexpansive for any o € [1%, 1).

Proof: In general, T is a-averaged nonexpansive for a € (0,1) if and
only if Ty := %T — I’T‘II is nonexpansive. By the Cauchy-Schwarz in-
equality and the definition of v-Lipschitzian, we can verify the following
inequality for any @,y € H:
2

643 @) - Tl < T ey
Noting that 1 —a + v > 0 and a > 0, we can verify that Ty is nonex-
pansive if and only if o > HT” hence T is a-averaged nonexpansive for
any a € [H21). O

We mention that a contraction mapping 7 is also averaged (or
equivalently strongly attracting) quasi-nonexpansive as Fix (T') # (). In
contrast to contraction mapping, existence of a fixed point is not guar-
anteed in general for nonexpansive mapping (see Fig. 5-1). However,
under the assumption of the existence, Theorem 5.41 can be extended
as follows.

Theorem 5.44 ([69]). Let T : H — H be nonezpansive with Fix (T') #
0. Also let (ou)ren C [0,1] e a real-number sequence such that 3.7
ap(l — ax) = co. Then, for any initial point xy € H, the sequence
(zk)ken C H generated by

(5.45) T = (1 — o)y, + o T(xy), k€N,

converges weakly to a point in Fix (T').
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Corollary 5.46. Let T : 'H — H be averaged nonexpansive with
Fix(T) # 0. Then, for any initial point ¢y € H, the sequence (zy)ren C
‘H generated by

(547) Lyl = T(-’Ek) ke N,

converges weakly to a point in Fix (T').

Proof: Since T is averaged nonexpansive, there exists a nonexpan-
sive mapping Ty : H — H and « € (0, 1) such that T = (1 —a)i+aTx.
Since Y 77, (1 — ) = o0, Theorem 5.44 implies the weak convergence
of (zy)ren to a point in Fix (Tx) = Fix (T'), which completes the proof.

O

The formula in (5.45) is commonly referred to as Mann iteration
or Krasnosel’skii-Mann iteration [70,71]. There exist several types of
theorems on the Mann iteration. Another version which is for quasi-
nonexpansive mappings is based on the following definition.

Definition 5.48. A mapping 7" : H — H is said to be demiclosed at
y e Hif

(a) weak convergence of (@) )reny C H to € H and

(b) strong convergence of (T'(x)))ken C H to y
implies T'(z) = y.

To show that a mapping is demiclosed, the following propositions
are useful.

Proposition 5.49. Let T : H — H be nonexpansive. Then I — T is
demiclosed at every point in H.

Proposition 5.50. Given a continuous convez function f : H — R,
suppose that lev<of # 0 and the set-valued mapping Of : H — 2%
is bounded in the sense that it maps bounded sets to bounded sets; 2™
stands for the collection of all subsets of H. Then I — Tg,py is demi-
closed at 0 € 'H.

Theorem 5.51 ([72]). Let T : H — H be quasi-nonezpansive with
I — T demiclosed at 0 € H. Also let (au)ken C [€1,1 — €3] for some
€1,62 > 0. Then, for any initial point ¢y € H, the sequence (xr)ken
generated by (5.45) converges weakly to a point in Fix (T).

5.8. Algebraic Properties of Quasi-Nonexpansive Map-

ping
The following proposition is quite useful to incorporate multiple pieces
of information in applications.
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Proposition 5.52. Let 177 : H — H and Ty : H — H be quasi-
nonezpansive mappings such that C' = Fix (T1) N Fix (Ty) # 0. Then
a quasi-nonezpansive mapping T such that Fix (T) = C can be con-
structed as follows.

(a) The mapping
(5.53) T, :=wl + (1 —w)Ts, we (0,1)

is quasi-nonexpansive with Fix (T,) = C.
(b) If T is attracting, then

(554) Tb = T2T1

is quasi-nonezpansive with Fix (Ty,) = C. In this case, T, de-
fined in (5.53) is attracting quasi-nonexpansive.
(¢) If Ty is ni-attracting and Ty is na-attracting for some ny,ne > 0,
then
(i) Ty defined in (5.53) is (M -
(1—w)na +wm +1
hne2
+ 2

1) -attracting;

(i) Ty, defined in (5.54) is -attracting.

(d) If Ty is ar-averaged and Ty is az-averaged for some ay,an €

(0,1), then®

(i) Ty defined in (5.53) is ((1 — w)ay + was)-averaged;

-2

(ii) Ty, defined in (5.54) is Ml(izima;m—avemged
(e) If Ty and Ty are nonexpansive, T, and Ty, defined in (5.53) and
(5.54), respectively, are nonezpansive with Fix (T,) = Fix (T;,) =

6

C

Remark. Suppose for instance that we are given two (not necessarily
attracting) quasi-nonexpansive mappings Ty : H — Hand Ty : H — H
such that C' := Fix(T}) N Fix (T3) # 0. Then, an averaged quasi-
nonexpansive mapping 7' such that Fix(T) = C can be constructed
as

(5.55) T:=(1-a)+aT, ac(0,1),

with 7, defined as in (5.53). More specific examples will be given in
the following section.

5Proposition 5.52.d holds for general averaged (quasi-)nonexpansive mappings with-
out any assumption about fized points [73].

SFor any nonexpansive mappings T) and Ty without any assumption about fized
points, T, and Tj, are nonexpansive.
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5.9. Useful Mappings

The following design-tool mappings are useful to construct fixed point
iterations for practical applications.

Example 5.56.

(a) (Metric projection) Given a nonempty closed convex set C' C
H, Pc : H — C is firmly nonexpansive with Fix (T) = C;
equivalently Pr is 1/2-averaged, and also 1-attracting (see Propo-
sition 5.35). Therefore, 2P- — I is nonexpansive, and 7T :=
(I-a)+a2Pc—1I) =1+2a(Pc—1), a €(0,1), is a-
averaged nonexpansive.

(b) (Subgradient projection) Given a continuous convex function
f : H — R such that leveof # 0, Ty is firmly quasi-
nonexpansive with Fix (Tsp( f)) = leveof. Therefore, 2Ty, s —1
is quasi-nonexpansive, and T := I + 2a(Typp) — 1), a € (0,1),
is a-averaged quasi-nonexpansive.

(c) (Steepest descent) Let f : H — R be a differentiable con-
vex function with its derivative Vf : H — H v-Lipschitzian,
v > 0, over H. Then AV f, X > 0, is Av-Lipschitzian, thus
1

so-inverse strongly monotone by Proposition 5.40.a. There-

fore, by Proposition 5.40.b, the complement I — AV f is %-
averaged nonexpansive, provided that Az—” < 1.7 Namely, for
any a € (0,1), [ — 2TQVf is a-averaged nonexpansive. Assum-
ing that there exists @ € H such that f(x) = infyen f(y),
Fix (I — 22V f) = argmin, ., f(x); see Proposition 4.41.
For instance, consider the convex feasibility problem with nonempty
closed convex sets (Ci)iez € H, Z := {1,2,---,n}, such that C' :=
iz Ci # 0. Define the proximity function

1
(5.57) p:H—[0,00), 3 Zu!idé (x),
ieT
where w; > 0 satisfies Zig w; = 1. Then its derivative
(5.58) Vp:H—H, ©— ZM(JJ — Pg,(x))
ieT
is known to be 1-Lipschitzian. Therefore, for any o € (0,1),
(5.59) T:=1-2aVp
is a-averaged nonexpansive with Fix (T') = C.

"This can also be verified by Proposition 5.40.a with the following observation:
T-AVf=(1-3)T+23(I-2Vf).



LECTURE 5. FIXED POINT THEORY OF NONEXPANSIVE MAPPING79

5.10. Iterative Methods from Fixed Point Theoretic
Perspective

Example 5.60 (Methods Based on Mann Iteration).

(a) (Projected gradient method) Let K C be a nonempty closed
convex set and ¢ : H — R a differentiable convex function
with its derivative V¢ : ‘H — H v-Lipschitzian, v > 0, over
‘H. Then, by the discussion in Example 5.56.c, it can read-
ily verified I — AV, X € (0,%)7 is %—averaged nonexpan-
sive. Since Py is 1/2-averaged nonexpansive, the composition
P (I — AV ) is 72—-averaged nonexpansive (see Proposition
5.52.d). Assume that the problem in (5.1) has a solution; i.e.,
argmin,. . ¢ # 0. In this case, for any A € (0,2) [74]

(5.61) Fix (Px (I — AV)) = argmin ¢.
zeK

Therefore Corollary 5.46 implies that, for any @y € ‘H and any
A € (0,2), the sequence (@4 )gen generated by (5.2) converges
weakly to a solution * that minimizes ¢ over K.

(b) (POCS) Let (Ci)ier € H, T := {1,2,---,n}, be nonempty
closed convex sets such that C':= (,.; C; # (). Then, for each
i € Z, T; defined in (4.24) can be expressed as

(562)  To= I+ \(Pe, — 1) = (1 - %) I+ % (2Po, — ).

Here the firm nonexpansivity of P¢, suggests nonexpansivity
of 2Pz, — I (see Proposition 5.37), implying that 7; is %-
averaged nonexpansive for any \; € (0,2). It is readily verified
that Fix (T;) = Fix (2Pc, — I) = Fix(Pg,) = C;. Therefore
the mapping T := T,,T,,_; - - - T} is averaged nonexpansive with
Fix (T') = C (see Proposition 5.52.d). Corollary 5.46 thus re-
produces the result in Theorem 4.25.

(c) (Parallel projection method [37, 75]) Let K C H and (C})iezr C
H, T :={1,2,---,n}, be nonempty closed convex sets. We
consider the following hardly-constrained inconsistent convex
feasibility problem: find a point in K that least violates the
“feasibility” in the sense of being closest to all C;s. To be spe-
cific, the problem is to find a point that minimizes the prox-
imity function p defined in (5.57) over K. Assume that the
problem has a solution; i.e., argminge, p(z) # 0. Recall the
discussion in Example 5.60.a. Noting that the gradient Vp is
1-Lipschitzian, it can easily be seen that, for any xy € H and
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any A € (0,2), the sequence (zy)ren generated by

(5.63) Ty = Py <wk +A <Z w; Po, (k) — a:k>>
i€l
converges weakly to a solution * € Fix(Px(I — AVp)) =
argminge ;- p(x). In particular, letting K := H and assuming
C = ez Ci # 0, it follows that argmingc, p(z) = C, thus
reproducing the result in Theorem 4.30. Theorem 4.32, which
is the case that the step size A is replaced by Az € [6,2 — €] C
(0,2), can be addressed as follows. Let K = H, and observe
i Ak

(5.64) I—\Vp= <17 5) I+ (1-2Vp).

Because I — 2Vp is nonexpansive (see Proposition 5.40.a) and

k=1
Theorem 5.44 can be applied to reproduce Theorem 4.32.

Now we present the convergence theorem of PSM proved by B. T. Polyak
(60] below.

Theorem 5.66. Let ¢ : H — [0,00) be a continuous convex function
and K C'H a nonempty closed convez set. Assume that

(a) Q= {w € K : p(a) = 0} £ 0;

(b) for an arbitrarily fized xy € K, there exist a constant ¢ > 0
and z* € Q such that ||¢'(x)| < ¢ for any © € K satisfying
lz — | < [l — ="

Then, for any Ay € [e1,2 — €2] C (0,2), Vk € N, the sequence (xy)ren
generated by (5.3) converges weakly to a point x* € Q (i.e., p(x*) =0)
and it satisfies limg_ ©(xx) = 0.

Remark (Fixed point characterization of PSM). As lev<op # 0, (5.3)
can be rewritten as follows:

(5.67) @1 = P [+ M (Tope) (20) — 1) ]
(568) = PK |:<1 — %) I+ % (QTgp(k’,) - [) (il}k)

Because Ty, is firmly quasi-nonexpansive with Fix (Tsp(w)) = lev<op,
2T,y — I is quasi-nonexpansive, thus
Ak Ak

(569) Tk = <1_7)]+?(27—;P(¥’)_I)7 keN,
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2=\
Ak
lev<gp. Since Py is l-attracting nonexpansive with Fix (Px) = K,
Py is a composition of strongly attracting mappings (see Propo-
sition 5.52.c). Therefore, the assumption (a) in Theorem 5.66 can

s\ ) .
is F-averaged (i.e.,

-attracting) quasi-nonexpansive with Fix (Tk) =

be interpreted as assuming Fix (Px) N Fix (Tk) = K Nlevegp # 0,

which actually coincides with €2. Hence, PyTy is Z’ZAk—attracting quasi-

nonexpansive with Fix (PKTk> = K Nlev<gp = 2. This suggests that
the sequence (xx)ren generated by PSM has the following monotone
approximation property:

. . 2-A .
(5.70) ||xx — H2 — leps — H2 > Tk [l — leHQ, V" € Q.

Remark (Fixed point characterization of APSM). Assume lev<opy, #
0, k € N. Then, the APSM recursion in (5.6) can be expressed as
follows:

(5.71) hk+1 = PKT\k(hk)
where
~ Ak Ak
(5.72) Ti=(1-75)1+5 (2T — 1), kEN.

Since Fix (Tk> = Fix (Tsp(%)) = lev<oypy and Fix (Px) = K, we have

(5.73) Fix (Tk) A Fix (Px) = leveopr N K.

Moreover, it is readily verified that lev<oprNK # 0 if and only if Q. # 0
and ¢} = 0 (see (5.7) and (5.9)). Assuming lev<opr N K # 0, we have
Qp = leveopr N K. Since PgTy, is 2’;"' -attracting quasi-nonexpansive

with Fix (Pka> = K Nleveopr, = Q, the sequence (hy,)ren generated
by APSM satisfies
(5.74)

" 22—
hi — hy, k

>
-2

If in addition Q := (5, Q& # 0 for some xo € N (see (5.9)), then for
k > Ko -

2 A x ~x
] - Hh,m —h, i — s, Yy € Q.

Ak

(575) e~ &° i (> > % h — By, VR €0,

which implies that (hg)k>x, is Fejér monotone with respect to . The
property in (5.75) was used to prove the strong convergence of (hy)ken
in Theorem 5.5.c.
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6.1. Outline of Lecture 6

6.2. Introduction

6.3. Advances of APSM

6.4. Sparse adaptive filters

6.5. Variable-metric APSM

6.6. Nonlinear adaptive filters based on kernels
6.7. Adaptive learning over networks

6.8. Multi-domain adaptive filtering

6.2. Introduction

In this lecture, we provide several topics in adaptive filtering. First
we discuss about the advances of APSM, and then introduce sparse
adaptive filters. The variable-metric APSM is presented as a unified
framework encompassing the proportionate adaptive filtering algorithms
for the sparse adaptive filters. Adaptive learning with kernels is pre-
sented as a nonlinear extension of linear adaptive filters; some basics
of reproducing kernels are provided. We finally give brief discussions
about two other topics: distributed adaptive filtering and multi-domain
adaptive filtering.

6.3. Advances of APSM

As seen in Lecture 5, APSM minimizes a sequence of continuous convex
cost functions over a given closed convex set. How should we do however
if multiple conver constraints are imposed on our estimator? To be
specific, suppose that we have multiple closed convex sets K; € H, i =
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1,2,---,m, to which the estimator hj; € H is required to belong. If the
constraints are consistent, i.e. K := (-, K; # 0, then the composition
T =T, T T of the mappings T;s defined as in (5.62) is strongly
attracting nonexpansive with Fix (7') = K. Therefore in such a case it
is desired to minimize a sequence of cost functions over Fix (T') that is
the set of all points satisfying every constraint. In [76], APSM in (5.6)
has been extended to the following form:

or(h) o
(6.1)  hpyr = T (hk - /\kWWk(hkO if ¢ (he) #0

T (hy) otherwise,

where 7" : 'H — 'H is strongly attracting nonexpansive. It has been
proven that Theorem 5.5 can be extended to (6.1) essentially with the
replacement of K by Fix (7). We repeat that the metric projection
Py is strongly attracting (specifically 1-attracting) nonexpansive with
Fix (Px) = K. The above strategy is efficient when Pk, for each i can
be calculated explicitly but Px cannot.

How about the case that each projection P, cannot be calculated
explicitly? In such a case, the use of subgradient projection would
be an alternative. Since subgradient projection is strongly attracting
quasi-nonexpansive but not nonezpansive, the results in [76] are not
applicable directly. It has been proven that the results in [76] can
further be extended to the case that T is strongly attracting quasi-
nonexpansive [77).

Finally we give a remark on the case that the constraint set K of
APSM is a linear variety; this arises in a variety of applications such as
adaptive beamforming, blind multiple access interference suppression
in wireless communication systems, etc [78-80]. One may think that
Theorem 5.5 does not apply to this case, because the set €2 is a subset
of K hence does not have an interior point. However, in this case, we
can regard the underlying subspace of K as a Hilbert space; this has
been discussed in [81].

6.4. Sparse Adaptive Filters

In the first decade of the twenty first century, a significant amount
of attention has been paid to developing adaptive filtering algorithms
exploiting sparseness of the estimandum. Here, the estimandum h* is
said to be sparse when it has only a few coefficients different signifi-
cantly from zero (in other words it has many coefficients equal to, either
approximately or exactly, zero). There are basically two streams. One
is based on the proportionate adaptive filtering developed originally by
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D. L. Duttweiler in the year of 2000 [82]. Thereafter, a variety of
its improved versions have been proposed [83—88]. The other one is
motivated by compressed sensing [89—93]. A connection between the
proportionate adaptive filtering and compressed sensing has been dis-
cussed in [94]. Let us present the idea of those two steams one by one
below.

The original work of the proportionate adaptive filtering [82] is
based on the following idea. Consider the situation that we have no
a priori knowledge about the estimandum except that it is sparse. In
such a situation, a natural choice of the initial point would be the null
vector (i.e., hg = 0). The sparseness of the estimandum suggests that
some coefficients of the filter should be corrected to a larger extent than
the other ones. This implies that it makes sense to assign an individual
step size to each coefficient of the filter in such a way that the step size
is proportional to the magnitude of the corresponding coefficient of
the estimandum. It has been reported that this idea results in faster
convergence with a slight increase of computational complexity. The
algorithm is given as follows:

(62) hk+1 = hy — /\Aek(hk)Gkuk ke N,

where G}, € RY is a diagonal matrix whose diagonal entries are pro-
portional roughly to the magnitude of each coefficient of hy. To realize
the proportionality, h* is approximated by its instantaneous estimate
hy,. Tt should be mentioned that a certain heuristic approach was used
to avoid each diagonal entry of G}, from becoming zero. Its normalized
version has been presented in [83]:

ek(hk)

6.3 Ry = hy — \p—5——
(6.3) k+1 k ku{Gkuk

Grug, k€N,

which is called the Proportionate Normalized Least Mean Square (PNLMS)

algorithm. It has been pointed out in [52] that PNLMS can be inter-
preted as an iterative projection method onto the same hyperplane Hj,
as NLMS (see (3.66)) with respect to the time-variable metric induced
by the following inner product:

(6.4) {@y}cgl =2 'Gyly, ¢,y € RY.

More details about this topic will be provided in Section 6.5.

The second stream is based on the minimization of cost functions
penalized by the ¢y-norm (or a weighted ¢1-norm), inspired by the
fact that the ¢;-norm promotes the sparsity of the solution unlike the
ly-norm. These methods basically involve another operation to pro-
mote the sparsity combined with the conventional adaptive filtering
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algorithms such as NLMS, APA, APSP, etc. Such additional opera-
tion includes the soft-thresholding (originally proposed for denoising by
D. L. Donoho in 1995 [95]) and the metric projection onto the weighted
£1-ball. The soft-thresholding operator is given as follows:
N
(6.5) Ty :RY - RY s ngn((w, e;)) max{0, |(z, e;)| —w}e;,
i=1
where w > 0, the inner product is the standard one, e; € RY denotes
the unit vector having only one nonzero element at the ith position,
and sgn : R — {—1,0,1} stands for the signum function that maps
a positive- and negative- valued number to 1 and —1, respectively,
and zero to zero itself. The metric projection onto the weighted ¢;-
ball requires O(N log,(N)) complexity, and its low complexity version
based on the subgradient projection has been presented in [96].

6.5. Variable-Metric APSM

A metric can be induced by an inner product (-, ), (see (6.4)). Note
here that @ € RNV must be positive definite in order that (z,y),, :=
x'Qy, =,y € R, defines an inner product; see Lecture 2. In this
section, we refer to such @ as a metric for convenience. We explicitly
express the metric employed in defining the metric projection by the
superscript ()@ such as PéQ). Likewise, we express the metric em-
ployed in defining a subgradient projection by the superscript such as

Ts(pq(?}). We define the variable-metric APSM as follows:

(6.6) Ay =P [hk + (T (hy) — hk)] . keN,

where \j, € [0,2], V& € N, and Q, € R¥*V is a positive definite matrix.
Here, as in the setup of APSM in Section 5.4, K C H is a closed convex
set and gy, : H — [0,00), k € N, is a continuous convex function which
we assume to satisfy K Nlev<opy, # 0. We repeat that K Nlev<opy, # 0
if and only if ¢} = 0 and Q # 0, and in this case (see Section 5.10)

sp(ek

67 Fix (P [T+ 0T - 1)]) = K Nlevaopr.

min

For any positive definite matrix A € RV*Y we denote by o3 and
0% the minimum and maximum eigenvalues of A, respectively.

Assumption 6.8.
(a) There exist dmin, Omax € (0, 00) such that dp, < 0’81_" <o <
Omax, Vk € N.
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(b) Let A\x € [£1,2 — &2] C (0,2), k > K, for €1,e9 > 0. Under
Assumption 6.8.a, there exist a positive definite matrix Q €
RV*N K, > Ky, 7 > 0, and a closed convex subset I' C Q
such that the fluctuation matriz Ey, := Q) — Q satisfies

s + By = 21, | Bull, 10080
[|Pgi1 — hk‘“z (2- 52)203m6max '
(6.9) (Vk > K, such that hy & Qy),Vz* € T

Here, for any matrix A € RV*V

Az, _
(6.10) ||A]l, := sup =, /omax
2 ey 2l ata

denotes the spectral norm of A [8].

O

Intuitively, Assumption 6.8 requires small fluctuations of the metric
Q,. around some fized one Q. It has been proven in [97] that, if T" has
an interior point under Assumption 6.8, we can extend Theorem 5.5
to the variable-metric scheme in (6.6). The key in the proof is that
Assumption 6.8 ensures the following for any z* € I':

Ty = Ryl VE > K.

max
9qQ

(6.11) [[hy — 2*|3 — llhesr — 2*|p >

—1
Letting Q), := G* and ¢y () := dﬁ* )(;L‘) = mingep, ||® — yHG;1 in
(6.6), we can reproduce PNLMS in (6.3).
Interestingly, the classical RLS algorithm can also be seen as a
variable-metric projection method, as shown below. If we manipulate
(1.22), we obtain

. < ew(hn)
(612) hk+1 = hk. - /\kak Ug,
where
N TR—l
(6.13) M= ] Ry, = kS U ),

ungfluk +
The algorithm (6.12) can be reproduced by letting Qy, := Ry, pr(x) :=

(Ry) . . o ulR‘uy
di ' (x) = mingep, |z — Yl g, , and A, := 15;:{;7% in (6.6).

In addition to the above two algorithms, it has been shown in [97]
that the variable-metric APSM includes as its special examples the fol-
lowing four algorithms: (i) the LMS-Newton adaptive filter (LNAF)
[98-100], (ii) the quasi-Newton adaptive filter (QNAF) [101,102],
(iii) the transform-domain adaptive filtering algorithm [103, 104], and
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(iv) the Krylov-proportionate adaptive filtering algorithm [105, 106].
The LNAF and QNAF algorithms are based on a similar spirit to RLS.
The transform-domain algorithm decorrelates colored inputs to attain
faster convergence. The Krylov-proportionate adaptive filtering algo-
rithm is based on the spirit of sparsifying the estimandum that is not
necessarily sparse, and it is an extension of the proportionate adaptive
filtering to nonsparse estimandum.

6.6. Nonlinear Adaptive Filters Based on Kernels

Nonlinear adaptive filters based on kernels have potentials to outper-
form linear ones. This section provides its rough idea together with
some basics of reproducing kernels.

6.6.1. Short Historical-Introduction to Reproducing Kernel
Hilbert Space

Positive definite kernels [107] have been proven a powerful tool in a
wide range of applications when a system of interest involves “nonlin-
earity” [108,109]. The kernels are widely referred to also as Mercer
kernels (named after J. Mercer), reproducing kernels [110] etc.; unless
otherwise stated, we mean by kernels the positive definite kernels. The
key findings of particular importance is the so-called reproducing prop-
erty [110—114] together with the discovery of the existence of a Hilbert
space associated with each kernel, credited to E. H. Moore [112-114]
and N. Aronszajn [110]." The space, of which the elements and the
inner product are both characterized by a kernel, is specially called
reproducing kernel Hilbert space (RKHS).

A remarkable feature of RKHS is that, although it may become of
infinite dimension, inner products can always be computed by simple
evaluations of the kernel function; this is known as kernel trick. An-
other one is the so-called representer theorem [115,116] allowing us
to operate solely in a finite-dimensional subspace spanned by vectors
that are parametrized by patterns (data samples). This is of great im-
portance for engineering applications in which the computation time
is strictly limited, thus having motivated a considerable amount of re-
searches. Typical examples exploiting the RKHS theory include the
popular support vector machine, the Gaussian process regression, the
kernel principal component analysis, and the kernel Fisher discriminant
analysis, among others.

IThe widely used term “metric projection” was firstly used by N. Aronszajn (and
K. T. Smith) in 1954 [15, p. 87].
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6.6.2. Kernels — Definition, Examples, Properties

Given nonempty set X, a mapping? (-, -) : X2(:= X xX) — R is called
a positive definite kernel if, for any m € N* and any (z;, ;) € X2, the

m x m Gram matrix K with its (¢,7) element K;; = r(z;,z;) is
positive semidefinite; i.e.,
(6.14) a'Ka >0, Ya € R™,

where ()7 denotes transpose.

Example 6.15. (Positive definite kernels) We present celebrated ex-
amples of positive definite kernels when X := RY for some N € N*.

(a) Linear kernel:

(6.16) K(x1, 29) 1= @] o, V&, X € X.
(b) Polynomial kernel:

(6.17) k(X1 ) 1= (o + @] 25)P, V& , 20 € X,

where a > 0 and p € N*,
(c) Gaussian (or radial basis function) kernel:

(6.18)  r(ay, xz) == exp <7

where o > 0.
(d) Laplacian kernel:

292 >7 Vi, zy € X,

() — 2)T (21 — 2)

(6.19) K(x1,x2) := exp <— ) , Vo, xo € X,

where o > 0.

Lemma 6.20 (Properties of positive definite kernels).
(a) Nonnegativity: k(z,z) >0 Vz e X.
(b) Symmetry: r(x1,x2) = k(z9, 1), V(21,72) € X2
(c) Cauchy-Schwarz Inequality:
|k(zy, 2)|* < k(xy, 21)k(x2, T2).

One may think that kernels have similar properties to inner prod-
ucts. From this point of view, kernels are considered as similarity
measures to quantify how close two vectors are to each other. A re-
markable difference is however that linearity does no longer hold. It
should be mentioned that X is not necessarily a vector space, thus the
existence of a null vector in X is not guaranteed [10]. Moreover, even

2Most part of the paper can easily be extended to complex-valued kernels k()
X% — C; cf. [108].
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if there exists a null vector 0 € X, k(z,z) = 0 ¢ x = 0; for instance,
k(0,0) = 11if s is a Gaussian (or Laplacian) kernel for a Euclidean
space X.

6.6.3. Reproducing Kernel Hilbert Space

‘We shall shortly describe a recipe for constructing a Hilbert space with
only the ingredients &(-,-) and X [110,112-114]. The first step is to
define a mapping ¢ that associates x € X with (-, ), which can now
be considered as a function with a single argument (because the second
argument is already specified as ). In other words, 9 is a mapping
from X to the space of functions RY := {f : X — R};i.e,

(6.21) VX = RY, v k().

In the context of learning, X stands for the input space from which
the patterns (data samples) are taken. Every possible pattern € X is
mapped to its corresponding function ¢ (z)(-) = k(-, ). The goal of this
section is to construct a Hilbert space that contains all such functions;
the resulting space is widely called the feature space associated with ).

The second step is to construct a pre-Hilbert space (i.e., a vector
space equipped with an inner product). Taking the linear span of the
image of ¢, we can construct a vector space span {¢(z) : z € X'}. Given
any pair of vectors in the space

f) = Zai/{('yxi)v meN, a; €R, 7, € X
i=1

n
g():=>_Bi(y), €N, B ER, y; € X,
j=1
we can define an inner product as follows:

(6.22) (f,g) = Z Z ;i Bik(x;,y;5)-

i=1 j=1

The operator (-, -) satisfies the conditions of inner product, and it is
well-defined although the expansion coefficients of f and g could be
non-unique [108].

The final step is to turn the space into a Hilbert space. Defining
the induced norm as ||f|| := /(f, f) for any f in the space, we can
complete the space by adding all its limit points. The resultant space H
is called reproducing kernel Hilbert space (RKHS) due to the following
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properties.®> Given any f € H, it is readily verified that
(6.23) F@) = (f.x(2)), Vo€,

which is called the reproducing property.* In particular, for any z,
Ty € X,

(6.24) (W(x1), V(@) = (K(, 1), 5(-, 72)) = K(21,72).

This implies that inner products of elements in the high (possibly in-
finite) dimensional space H can be obtained through simple computa-
tion, which is called kernel trick. The following fact is of particular
importance for kernel learning.

Theorem 6.25 (Representer Theorem [115, 116]). An empirical loss

function is generally a function of a collection of triplets { (i, yi, f(x:)) YL,

C X xR x R, where f(x;) is an estimate/hypothesis of the ith output
y; based on the ith input x; (f € H). It is well-known that learning
based on minimization of a loss function often causes over fitting. A
common strategy to overcome the over fitting problem is to minimize a
loss function penalized with a regularization term,% which can usually
be written as Q|| f||) with a strictly monotonically increasing function
Q:[0,00) = R. Namely, a widely used cost function to be minimized
is the reqularized risk functional

P(f) = (2,00, f(21), -+ (20, Yg, [ (20))) + QDD

where £ : (X x R x R)? — RU{oo} is an arbitrary loss function.

It is clear that f can be decomposed as f = fu + fur, where
fu € M = span(k(-, 1), ,k(,z,)) and fyo € M+ (M* de-
notes the orthogonal complement of M; H = M © M*). Since f .
is orthogonal to all k(-,z;)s, frr(xi) = (Fare,6(,3)) = 0, thus
flxi) = Fulz), Yi = 1,2,---,q. This means that f,;. does not
affect the loss function. Moreover, as § is strictly monotonically in-
creasing, f o should be chosen in such a way that || f|| is minimized.
Noticing that fy; = Py(f) and f o = Py (f), the Pythagorean the-
orem tells us || F||* = || Farll® + | Fare |, which is minimized by letting
far = 0. This indicates the important consequence: the minimizer f*

31t is interesting to see that Volterra and Wiener series can be represented implicitly
as elements of a RKHS by using polynomial kernels (see, e.g., [117]).

4In [110], RKHS is characterized by the properties (6.23) and (-, x) € H, Yz € X.
5The learner tends to fit a training data set well but not to be generalized to a test
data set.

5The underlying philosophy is to constrain f to be chosen from a subclass of H,
based on the Vapnik-Chervonenkis theory [118].
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of (f) satisfies f* € span(k(-, 1), ,k(-, xq)), which is known as
the representer theorem in the machine learning community.

6.6.4. Online Learning with Kernels

The success of the kernel methods in batch settings has motivated
the study of online learning with kernels [53,54,119-123]. A linear
adaptive filter h;, € RV is expressed as a linear combination of past
input vectors (u;);<x—1 and an initial estimate ho; i.e.,

k-1
(6.26) b= au; +ho, kN,

i=0

where agk) € R is updated by an adaptive algorithm. The filter h; €

R processes a new input vector uy linearly as
k-1
(6.27) (P u) =Y a; (wi, we) + (ho,wr) , k €N,
i=0
where (-, ) denotes the standard inner product. A nonlinear adaptive
filter based on kernels takes the following form:
k-1

(6.28) F20) =3 0kl w) + fo) kEN,

i=0

where agk) € Ris updated by an adaptive algorithm. The filter f, € H,
where H denotes the RKHS associated with the kernel (-, ), processes
a new input vector uy nonlinearly as

k-1

(6.29) Frl(ur) = (FronCoun)) =Y ot s, w) + Foluy), k€N

i=0

Compare the linear and nonlinear processing in (6.27) and (6.29) from
the computational viewpoint. In (6.27), the left hand side can be
directly evaluated by N multiplications since the N components of
h, € RY are available. The computational costs and the memory
requirements for the processing are therefore constant; note that the
memory requirements to update the filter coeflicients depend on algo-
rithms. On the other hand, f, is a function and one needs to evaluate
the right hand side of (6.29). Namely, one needs to (i) store the coeffi-
5“)?;(} C R and input vectors (u;)i=) € RN and (ii) compute
K(ug, w;) multiplied by agk) for every ¢ € {0,1,---,k — 1} as well as
fo(ug). Both the computational costs and the memory requirements

cients («



LECTURE 6. TOPICS IN ADAPTIVE FILTERING 93

for the processing may thus grow linearly as time goes by. This ob-
viously conflicts with the limitations of memory and computational
resource/time. Several sparsification techniques have been proposed
and investigated for dynamically updating the dictionary, a subset of
input vectors (or basis vectors), in such a way that only dominant ones
remain among all the input vectors (u;) =) < RN. A simplest spar-
sification strategy exploited in [119] is to use a fixed number, say g,
of the newest data (ul)fz’klf o~ More sophisticated strategies have been
proposed in [53,54,120-123]. In the following, we do not consider
sparsification for simplicity.

As H is a (possibly infinite dimensional) Hilbert space, the adap-
tive filtering algorithms developed for linear filters can naturally be
extended to nonlinear filters. For instance, the NLMS algorithm in H
is given by

(6.30) Fror = Fe + A (Pu(Fr) — f1), FEN,
where

(6.31) Hy=A{f e H: (f,r(-,w)) = flur) = di}.
(k)

Since the normal vector of Hy is (-, uy), each coefficient ;" corre-
sponding to each (-, u;), i € N, is updated only once at time ¢ by the
algorithm (6.35). In [53, 54], APSM (which is formulated in a general
Hilbert space) has been applied to the adaptive learning in RKHS.

There is another possibility to construct a nonlinear adaptive filter-
ing algorithm based on NLMS. From (6.29), the coefficients (agk))ffzo
should be updated in such a way that

(6.32) aj k= dy — folur),

where

(6.33) Ay =[al oF T L QT ¢ R

(6.34) Ky i=[w(ug, wo), K(ug, wr), - -, (g, uy)]T € RFFL
Thus, the coefficient vector a;, can be updated as follows:

(6.35) Qi = G+ A (Pﬁk(ak) - ak) , keN,

where &, := [a] ,0]T € R¥! and

(6.36) Hy = {a e R aTky = dy — folu)}.

We finally mention that the kernelized adaptive filters looks more com-
plex than the linear ones, but it is simpler in the sense that the filter

can be expressed with a smaller number of data samples. Linear and
nonlinear adaptive learning with projections is reviewed in [124].
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6.7. Adaptive Learning over Networks

‘We consider the situation where multiple sensors are employed to col-
lect data, and the sensors are linked partially and are able to communi-
cate with each other according to some prescribed mode of cooperation.
The modes of cooperation are classified into two categories: the incre-
mental mode and the diffusion mode. In the incremental mode, the
sensors (i.e., the nodes in a network) are activated in a cyclic pat-
tern; each node processes its local information with the information
transferred from the previous node, and transfers the processed data
to the next node [125,126]. This mode consumes a small amount of
power and suits for a small network. In the diffusion mode, on the
other hand, each node processes its local information with the infor-
mation transferred from its neighboring nodes in parallel, and transfers
the processed data to a subset of its neighbors [127-130]. This mode
is suitable for a large network and it can easily deal with changing
topologies, node failures, etc. In [56], APSM has been extended to
the adaptive learning in diffusion networks. Probabilistic diffusion is
one of the interesting topics in this research area, changing the net-
work topologies randomly for attaining significant gain with the lowest
possible communication costs [131].

6.8. Multi-Domain Adaptive Filtering

Consider the following scenarios.

(a) The amount of data observable at a measuring equipment (such
as a sensor) is strictly limited due to practical reasons. In
such a case, one may need to gather and process a priori and
measurable information in all the possible domains (e.g. time,
frequency, space by means of multiple sensors, etc.) to com-
pensate for the lack of information.

(b) There are many requirements from a variety of aspects such as
high-performance, low power-consumption, harmless to human
bodies, desirable specification in frequency domain, etc.

In such scenarios as above, each piece of information is associated with
a closed convex set in each individual domain and, if we consider feasi-
bility solely in a specific domain (let us call it basic domain), the closed
convex sets in other domains should be pulled into the basic domain.
Metric projection is a useful tool in the set-theoretic adaptive filtering
and, for computing the projections onto the sets efficiently, the ‘shapes’
of the sets should be significantly simple. Each set usually has a sim-
ple ‘shape’ in the individual domain, but once pulled into the basic
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domain, there is no guarantee that its shape remains simple. If we
stick to the conventional one-domain feasibility approach, the projec-
tion methods lose its computational efficiency. The idea of feasibility
splitting —dealing with feasibility in each individual domain— is quite
useful to preserve the computational efficiency. Its original notion has
been presented in [132—135], and it has been successfully extended to
adaptive scenarios with the framework of APSM in [57,136].
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