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Abstract

In this tutorial, we give a fruitful introduction about concepts of
optimization in multiple aspects with mathematical rigorous. Chapter
one provides some fundamental knowledge of convex analysis, which
is mostly devoted when making mathematical derivations in chapter
three. Chapter two provides some fundamental knowledge of linear
algebra, which is mostly devoted to chapter four and five. In chapter
three, we introduce abundant algorithms for solving unstructured op-
timization problems. The paradigms of those algorithms can be seen
in some important viewpoints. The EM algorithm explained in the
last section is an important algorithm to deal with maximum likeli-
hood estimation problems, which can also be seen as a kind of un-
structured optimization problem. In chapter four, we focus on the £,
minimization problem with which the compressive sensing problems
and the sparse representation tasks have close relationship. £; min-
imization approaches, greedy algorithms and hard-thresholding-based
algorithms are covered. In chapter five, we elaborate a few crucial tech-
niques, e.g., the L-curve method, model order selection and dictionary
screening, which prove to be helpful when tackling optimization prob-
lems. Issues about standard procedures to conduct experiments and
evaluate performance for the compressive sensing problems are also

briefly discussed.



Notation

14.

15.

. N : the set of natural numbers
Rn
Re-

. the set of n-dimensional real vectors

. the operation of taking the real part of a complex scalar

(-,+) : the operation of taking the inner product of two complex

vectors

.inf - : the operation of taking the infimum of an objective function

.sup - : the operation of taking the supremum of an objective

CA*
ff
.V f : the gradient vector of a differentiable function f
10.
11.
12.
13.

Ts !

function

: the conjugate transpose of a matrix A

. the convex conjugate of a function f

V2 f : the Hessian matrix of a twice differentiable function f
Of : the subdifferential of a function f
[N] : the set {i e N|i < N}

ali] : If a € R™ and i is an integer less than or equal to m, then

ali] denotes the i-th entry of a

) - In an iterative algorithm, we use z(¥) to denote the iterate

at the k-th iteration

x is an n-dimensional vector and s is a positive integer. In

the context of compressive sensing or sparse representation,

we use x, to denote two possible vectors. One is an s-dimensional
vector whose entries are the s largest components of x in
modulus. The other one is an n-dimensional vector obtained
by holding the s largest components of x in modulus



unchanged and setting the remaining components of x to be
zero. It depends on the context to determine which vector we
denote.

16. z|p : x is an n-dimensional vector and 7" is a subset of [n]. In the

17.

18.
19.
20.
21.:
22.

23.
24.
20.
26.

context of compressive sensing or sparse representation, we
use x| to denote two possible vectors. One is obtained by
retaining all z[i], i« € T" and setting all the other components

xli) 1€T

to be zero. That is, x|p = . The other

0 otherwise
one is obtained by retaining all x[i], i € T and removing all
the other components. Thus, the resulting vector x|r has
dimension equal to the cardinality of T". It depends on the
context to determine which vector we denote.

Arp : Ais an m X n-dimensional matrix and T is a subset of [n].

In the context of compressive sensing or sparse representation,
we denote A7 as the column submatrix of A whose columns
are listed in the set T’

card(S) : the cardinality of a set S

L

1Y

=
D
=
2

. be equivalent to
- be defined as
- be defined as

. vector inequality or component-wise inequality. If a vector

a € R™ > another vector b € R, then ali| > b[i] Vi € [m]

. implies

convergence in distribution to

. convergence in probability to

N(pu, ) : the Gaussian probability density function with mean g

and covariance X. We will also use the notation N (y; i, )
if we want to point out the random variable y that
follows the Gaussian probability density function N (u, X2).

2



27. sgn(-) : the sign function. If z is a complex scalar,
= ,when z #0
sgn(z) =< I#
0 ,when z=0

If z € C", we denote sgn(z) as the vector with
components sgn(z[j]), j € [n].



Chapter 1

Fundamental Knowledge of Convex Anal-
ySis

1.1 Optimality Condition

Theorem 1.1.1 (optimality condition). Assume f : R" — (—o00, ]
is a conver and differentiable function. Let X C RP be a closed

and convex set. Then x* € arginf f(x) if and only if
reX

(Vf(x"),x—2"y>0 VeeX (1.1)
Proof. Assume [T holds. Because f is a convex function,

fly) = f(@7) +{Vfa7),y —a7) = f(a7)

Hence, z* € arginf f(x). Assume [T does not hold for some y € X
reX

Let ¢(a) == f(a" +aly — ")), a € [0,1]. ¢(0) = f(z") and ¢'(0) =
(Vf(x*),y —2*) <0. Hence, we have f(z*+ a(y — z*)) < f(x*) for
some small enough a. Therefore, we prove the "only if ” part. [

An important application of the optimality condition is the pro-
jection theorem.

Theorem 1.1.2 (projection theorem). Let X be a closed and convex
subset of R" and let z € R". There exists a unique vector x* € X
that minimizes ||z — x| over x € X, called the projection of z onto
X. Moreover, x* is the projection of z onto X if and only if

(z —2"x—2") <0, VrelX (1.2)

Proof. Minimizing ||z —x||2 is equivalent to minimizing f = 1|z—x||3.
Since f is a convex and differentiable function, by the optimality con-

4



dition, the necessary and sufficient condition for £* to be the projection
of z onto X is clearly 2. Assume there are such vectors z7 and 3.
To prove the uniqueness, we need to verify that 7 = x5 = *. Indeed,
since x7 is the projection of z onto X', (z — x7], 25 — x7) < 0 because
of 2. Similarly, (z — a3, 27 — 23) < 0. Adding these two inequalities,
we get ||23 — x%||3 < 0, which implies 2% = 23 = 0. O

Because of the projection theorem, we can verify the non-expansive
property of the projector.mAssume there are two vectors z; € R" and
29 € R". We want to prove that

|27 — 23]]2 < |21 — 22| (1.3)

where 7 € X and 25 € X are the projections of z; and 29 onto X.
Because of 2, we have

<Zl - CET, x; - CE>{>
T5)

Adding these two inequalities, we get (x5 — x] + 21 — 29, x5 — x7) < 0.

0
0

IA A

%
<22 — X9, Ly —

As a result,
|z} — 23|53 < (21 — 20,2} — 3)
< |lz1 — zol2||2] — 232
= |27 — 23)l2 < [z — 22]|2

The second inequality is due to the Holder’s inequality P.8.

1.2 Strong Convexity

Definition 1.2.1 (strong convexity). A function f: R" — (—o00, ]
is m-strongly convex for some m > 0 if one of the following equivalent
conditions holds

1. The function f is twice differentiable and satisfies

Vif(r)>mlI VxcR" (1.4)

1We will introduce the concept of non-expansive mapping in more detail in section 9.




2. The function f is differentiable and satisfies
(Vi) = Vf(x),y—a) >mly—al; VYo,yeR" (1.5)
3. The function f is differentiable and satisfies

Fly) = f@) + (Vf@)y =)+ Sy —all} Yoy eR" (16)

An important consequence of strong convexity is that a differentiable
strongly convex function has a unique minimizer on a closed convex set.
To prove this, we assume f : R" — (—o0, 00| is a m-strongly convex
function and X C R"” is a closed convex set. First, we need to prove
the existence of a minimizer. Assume y € X

Fla) = f) + (ViW)o —y) + o —yll} Voex

> [y) = IVf@)l2llz = yll2 + %HSE —yll3
2V ()l
m

> fly) if llo—yl2>

Hence, the set {x € X|f(z) < f(y)} is bounded. According to the
extreme value theorem, a continuous function attains its maximum and

minimum on a closed and bounded set. Next, assume a minimizer of
fis .

f(x) >

>

m
Fat) 4 (VFa). o 2+ D 2} Ve e X
Xx m *
Fat)+ D - a3 o
Hence, f(x) = f(x*) if and only if z = 2*, which indicates the unique-
ness of the minimizer.

1.3 Smoothness

Definition 1.3.1 (smoothness). A function f : R* — R is M-
smooth for some M > 0 if one of the following equivalent conditions

holds



1. The function f is twice differentiable and satisfies

Vif(x) < MI Yz eR" (1.7)

2. The function f is differentiable and satisfies
(Viy) = Vfa)y—z) <Mlly—z|3 Vo,yeR" (L8

3. The function f is differentiable and satisfies

f(9) < f(a) + (Vi) y— ) + 3y —all} Yoy €R" (19

Furthermore, if the gradient of f is M-Lipschitz with respect to the
{5 norm, i.e.,

IVi(y) =V (@)l < Mlly —zll; Vz,y e R (1.10)
then
(Vily) = Vf@),y— )
<|Vf(y) = Vi@lly -zl
<My — xll3
Hence, f is M-smooth.

1.4 Relative Smoothness

Definition 1.4.1 (Bregman divergence). Let h : R" — (—00, ]
be a convex function. The Bregman divergence associated with h is

defined as
Dy(y,x) = My) — h(z) — (Vh(z),y — z) (1.11)

Since h is convex, Dj,(y, z) is non-negative. If h(z) = 3||z|3, then

1

Di(y,) = 5y — 2 (112)



n

If h(x) = > xli]log z[i], which is called the negative entropy, then
i=1

Dify) = 3 olilos Y (113)
i=1
which is the relative entropy:.

Definition 1.4.2 (relative smoothness). A function is called M-smooth
relative to a convex function h for some M > 0 if and only if

fly) < ) +(Vf(x),y — ) + MDy(y,z) (1.14)

If h(x) = 3||z||3, then the relative smoothness coincides with smooth-
ness introduced in section 1.3. Furthermore, it can be easily verified
that a function f is M-smooth relative to a convex function h if and
only if the function Mh — f is convex.

1.5 Swubdifferential

Definition 1.5.1 (subdifferential). Assume f : R” — R is a convex
function. The subdifferential of f at x € R" is defined as

Of(x) ={veR": f(z) > f(z)+ (v,z —z) V2 € R"}  (1.15)
The elements of 0 f(x) are called the subgradients of f at x.

Theorem 1.5.1. A vector x* is a minimizer of a function f :
R" — R if and only if

0€af(z”) (1.16)
Proof. First, we prove the "if” part. Since 0 € df(z*), f(z) > f(x¥)
Vz € R". Hence x* is a minimizer of f. Next, we prove the "only it”

part. Since x* is a minimizer of f, f(z) > f(z*) Vz € R". 0 belongs
to df(z*) because f(z) > f(z*) + (0,2 — x*) Vz € R" N



Theorem 1.5.2. Assume f; : R" — R and f, : R - R. A
sufficient condition for x* to be a minimizer of fi + fo is

J* € df1(x") and — v* € Ofy(x™) (1.17)

Proof. If v* € Ofi(z*), f ( ) > filz®) + (v*,z —x*) Vz € R”
If —v* € 0fa(z7), fo(2) = fola®) + (=" 2 —a") V2 € R”
Hence, fi(z) + fo(z) > fi(z*) + fo(z*) V2 € R” O

Theorem 1.5.3. Given a function f : R — R and any x, 2", v,v" €
R™ such that v € df(x) andv' € df(x'), we have (x —x',v—0v") > 0

Proof. v e df(x) . f(a') > f(x) + (v,2' — x)
vl e df(d) o f(x) > f(al) + (v, x — 2y
= f(@) + fz) = f(z) + f(2') + (v =0, 2" — )

= (z—2',v—12") >0 []

Theorem 1.5.4. Suppose f : R" — R and g : R" — R are convex
functions and g s differentiable. Then Vx € R"

If +9)(x) = 0f(x) + Vg(z) = {y + Vg(z)ly € Of (x)}  (1.18)
Proof. See theorem 23.8 and 25.1 of [34]. [

This theorem conforms to the intuition that adding a differentiable
convex function g to the convex function f simply translates the set of
subgradients at each point x by Vg(x)

Theorem 1.5.5. Given any function f : R" — R, a vector z € R",
and a scalar ¢ > 0, there is at most one way to write z = x + cv,
where v € f(x). Furthermore, if f is proper, closed and comjelE
then there is exactly one way to write z = x + cv, where v € Jf(x)

Proof. See lemma 3 and proposition 6 of [10]. []

2A function is called proper if its domain is non-empty and its range does not include —oo.
A function is called closed if its epigraph is a closed set.




1.6 Convex Conjugate

Definition 1.6.1 (convex conjugate). Given a function F' : R" —
(—00, 00|, the convex conjugate function of F' is the function F* de-
fined as follows

F*(y) := sup {(z,y) — F(z)} (1.19)

reR"?

Assume 6 € [0,1],y; € R" and y, € R”

F*(0y1 + (1 — 0)ys)
= sup { (@, 0y1 + (1 — O)ya) — F(x)}

= xs;lﬂgn{[@, Oy1) — 0F (2)] + [(z, (1 — O)y) — (1 — 0)F(z)]}
< 5551{@’ Oy1) — 0F (x)} + 555{<x’ (1=0)y2) — (1 = 0)F(x)}

—0F*(y1) + (1 — 6) F* ()

Hence, although F' may not be convex, F™* is always a convex function.

1.7 Proximal Mapping

Definition 1.7.1 (proximal mapping). The proximal mapping asso-
ciated with a function F': R" — (—00, 00| is defined as

Pr(z) == arginf F(x) + %Hx — 2|5 (1.20)

zeR"?

We will illustrate in the following some examples which will be quite
helpful in the derivations of some optimization algorithms .

1. F(z) = 5||z[]3 , then Pp(z) = 32

2. F(x) is the characteristic function of a closed convex set X C R”,

then
1

Pp(2) = projx(z) = arginf Sl = 2|3 (1.21)
Tre

10



3. F(x) = Alz|, then

0 2| < A

(1.22)
z—sgn(z2)A |z| > A

Pr(z) = S5\(z) = {

where S)(z) is called the soft thresholding operator

4. F(x) = A||z||1, then Pp(z) is the entry-wise soft thresholding op-
erator operating on each entry of z

Assume x = Pp(z), then

0€dF(z)+z—=z

=z €x+ 0F(z) (1.23)
Hence, z € (I; + OF)(x), which means
Pr(-) = (I4+ 0F)7'(-) (1.24)

Besides, in the following chapters, we will adopt the notation Pg(o, -)
to denote P,p(+), i.e.,

Pr(o, ) = Pyp(") (1.25)

=]

Definition 1.8.1 (Moreau envelope). Let g : RY — (—00, 00] be a
proper closed convex function. The Moreau envelope of ¢ is defined as

1.8 Moreau Envelope

| 1
gn(x) == inf g(y) + %Hy — ;3 (1.26)

yeRD

As a comparison, the proximal mapping associated with the function
ng is Pyy(z) = arginfng(y) + 3lly — z||3. The Moreau envelope can

yeRD
be proved to be convex, differentiable and 1/n-smooth. Furthermore,
1 1 _
Vay(z) = ~(@ = Py(o) = £(s = (Li+n09) ) (120

Intuitively, we can approximate the operator (I;+ndg)~! by I;—ndg.
Hence, =(Iq— (Ia+10g) ") (@) = 1 (Ia— (Is—ndg))(x) = dg(x). Due

11
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註解
This section is relatively hard.


to this intuition, the operator %([d — (I;+ndg)"Y) is called the Yosida
approximation of dg. The reader can refer to [25] and [42] for detailed
and thorough introductions.

=
1.9 Non-expansive Mapping

Definition 1.9.1 (non-expansive mapping). A non-expansive map-
ping N : R" — R" is a mapping that satisfies

IN@) = N@)| < o o] Voo €R" (128)

Theorem 1.9.1. Given two closed, proper and convex functions
fi: R" = R and fo : R" — R and a scalar ¢ > 0, the mapping
N - R = R" s given by N,y (z) = x1 — cvy where z1,v; € R”
satisfy v; € 0f1(x1) and z = x1+cv; 5 the mapping Ny, - R" — R"
is given by Nes,(2) = xo— cvy where x9,v9 € R" satisfy vy € 0 fa(xo)
and z = x9 + cvy

1. N.y, and Ngg, are both everywhere uniquely defined and non-
expansive

2. The fized points of N.s, are precisely the minimizers of fi
8. The fized points of N.s, are precisely the minimizers of fo
4. The composite N, o Ny, is also non-expansive

5. The fized points of N.j, o Ny, are the set of points {x + cv|v €
Ofi(z), —v € dfa(x)}

Proof. For the first, second and third results, see proposition 7 of [10]
for the proof. For the fourth result, it can be verified as follows

HNCf1(NCf2(x>) - NCfl(Nsz(xl))H < HNCfQ(SU) - ch2<:13’)H
< |z — 2| Vo, 2’ € R

assuming the correctness of the first result. For the fifth result, see
lemma 14 of [10] for the proof. []

12
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Hence, according to the fifth result, finding a fixed point of N.f, o
Ny, is equivalent to finding x,v € R" satisfying v € 9fi(r) and
—v € Jfy(x). Such x is a minimizer of f; + f5 as have been proved in
theorem

Theorem 1.9.2. Let the sequence {p} satisfy i%f{pk} > 0 and
sup{pr} < 2. Starting from some arbitrary 0 € R™, if N has any
k

fized points and {x*)} follows the iteration rule that

2+ = %N(N)) (- %)M (1.29)
, then {2} converges to a fived point of N
Proof. See theorem 10 of [10] for details []

Note that if the Lipschitz modulus of NV is less than 1, then the
iterate sequence {2¥)} can converge to a fixed point by simply iterating
the non-expansive mapping recursively with the iteration rule z*+1) =
N (z*¥). However, if the Lipschitz modulus happens to be 1, then the
iterates could simply orbit at fixed distance from each other without

converging. Theorem states how we can avoid such situation.

13



Chapter 2

Fundamental Knowledge of Linear Al-
gebra

2.1 Vector and Matrix Norms

2.1.1 Metric, Norm and /,-Norm

Definition 2.1.1 (metric). Let X be a set. A functiond : X x X —
[0, 00) is called a metric if

l.d(z,y) =0if and only if x =y
2. d(ﬂl’,y) — d(y,ﬂl’) \V/LC,y cX
3.d(z,2) < d(z,y) +d(y,z) Vu,y,z € X

If only the second and the third conditions hold, then d is called a
pseudometric. The set X endowed with a metric d is called a metric
space.

Definition 2.1.2 (norm). Let X be a set. A function || - || : X —
0, 00) is called a norm if

1. ||z|| = 0 if and only if x = 0 (definiteness)

2. [[Az|| = |Al]|z]| for all scalars A and all vectors z € X (homogene-
ity)

3. |l +yl| < Jlz]| + ||y|| Yz, y € X (triangle inequality)

If the definiteness condition does not hold, then || - || is called a semi-
NoTrm.

If the triangle inequality does not hold but is replaced by the weaker
quasitriangle inequality

lz +yll < Cll ]l +lyll) (2.1)

14



for some constant C' > 1, then || - || is called a quasinorm. The smallest
constant C' is called its quasinorm constant.

The set X endowed with a norm || - || is called a normed space.

A norm || - || on X induces a metric on X by d(z,y) = ||z — y|| and a
seminorm induces a pseudometric in the same way.

Definition 2.1.3 ({,-norm). The ¢, norm (or p-norm) on R" is de-
fined for 1 < p < oo as

1/p

el = | D Il 22)

and for p = 0o as

[l = max]a[j] (23)
JEn]

For 0 < p < 1, the expression only defines a quasinorm with the
quasinorm constant C' = 21/7~1 This can be proved via the p-triangle

inequality

lz =yl < llll; -+ llyll; (24)
Hence, the £,-quasinorm induces a metric via d(z,y) = ||z — y||? for
0<p<l.

We want to verity that the £, norm 22 for p > 1 is indeed a norm
function. The definiteness condition and the homogeneity condition are
trivial. Our main concern is whether the £,-norm satisfies the triangle
inequality; that is, whether the following inequality is true or not.

Hl’ + y”p < qup + Hpr Jorp>1 (2-5)

Such inequality is called the Minkowski’s inequality. To prove the
Minkowski’s inequality, we need to introduce another important in-
equality - Holder’s inequality in advance. The Holder’s inequality is
expressed as follows.

[z, )| < lellpllylly v,y (2.6)
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for p,q € [1, 0] such that ]lj + % = 1. The proof for the Holder’s in-
equality relies on a simple generalized form of the arithmetic-geometric
mean inequality

A’BYY <9A+(1-60)B if AB>0,and0<0<1 (2.7

Proof. Assume B # 0, and replace A by AB, we see that it suffices
to prove that A < A + (1 — 0). Let f(x) = 2/ — 0z — (1 — 0).
It is simple to verify that f(x) attains a maximum at x = 1, where

f(1) =0. Hence, f(A) <0. [

With the generalized arithmetic-geometric mean inequality at hand,
we can prove the Holder’s inequality as follows.

Proof. 1f either ||z, or [|y||, is 0, then |(z,y)| = 0, which obviously
verifies the Holder’s inequality. Hence, we assume that neither of these
norms vanish, and after replacing x by x/||x||, and y by y/||y|l,, we
further assume that ||z||,=1 and ||y||,=1. Now it suffices to prove that
[(x,y)| < 1. We apply the generalized arithmetic-geometric mean
inequality by setting A to be (z[j])P, B to be (y[j])¢, and 8 to be 1/p
Vj € [n]. Therefore,

“lilyli] < %(m[y‘])p ¥ §<ym>q
= J2ljlylj]] < |}O< 2] + éaywr < }Om I gww
(z,y)| =1)> =ljlylj]|
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We make a remark that a useful inequality relating the £,-norm and
¢,-norm of an n-dimensional vector z :

|z, < 0P|, (2.8)
can be derived using the Holder’s inequality.

Proof. We replace the role of 2, 3, p, and g by [|z[1]|?, |z[2]|?, - - -, |z[n][]?,
[1,1,---, 1%, q/p and q/(q — p) respectively. Then we can come up
with the inequality : |z|[b < nla=p)/a |||?, which is equivalent to
PR, [

Specifically, we can get ||z||; < v/nllz||2 < nljz||s with 28, Let’s get
down to business to prove the Minkowski’s inequality as follows.

Proof. For p=1,
=[]+ yll < [zl + |yl Vi € [n]

= > il +ylill < D lelill + 3 Il
= ||z +ylli < [zl + [yl
When p>1,
@[] + ylilP = l2[] + yllll=l] + il V5 € [n)
< (lz[3) + lwlgD I ls] + i)~
= z[]l=[] + yl]I"" + lyli]lls] + yls]) !

= D lali] gl < 3 lalillal + ol + 3 lolillloli) + ol

J=1
1/q

< ([lzll, + llyllp) Z lz[j] + y[j”(z(p—l)

(by the Holder's inequality)

Hence, o+ y[[2 < (=], + lyll) |z + gl - L+ 1 =1

=z +yly < llzllp + [yl U
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Now we turn our attention to the case when 0 < p < 1. First, we
give a proof for the p-triangle inequality as follows.

Proof.
|+ yllh = >l + ol el = > L=l il = D lylill?
j=1 j=1 j=1

[t suffices to prove that |x[j] + y[j]|’ < |z[j]|” + |y[j]F for V5 € [n].
We prove by contradiction. If |z[7] + y[j]|P > |z[5]|" + |y[j]|?, then it
implies that |x[5] +y[5][172 > |2[5]]* P + |y[j]|} P since 0 < 1—p < 1.
In this way;,
i)+ 9131 > (P + L) + Il

= all| + ol + PP + ol

> |zlj]] + |yl
which contradicts with the triangle inequality for /1 norm. Hence,
z[7] + yUll" < [zl + [ylg]|P V) € [n] for 0 <p < 1. ]

Then, we can use the p-triangle inequality to prove that the quasinorm
constant for the £,-quasinorm is indeed 21/P=1 a5 follows

Proof.

1/p

e+ yllp = | 3_lel] + il

1/p

IA

Sl + 3 olilP
1/p

e, .. e, ..
=2 5D Ll 45 ) i)l
j=1 j=1
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[ 1/p 1/p]

1 [ — _ 1 [ — _
<2/ 2 pREarIK +3 > Iyl
j=1 j=1

= 2177 (||l + llyll,)

[]

The first inequality is due to the p-triangle inequality and the mono-
tonicity of the £;,-norm. The second inequality is due to the convexity
of the £;/,-norm and the application of the Jenson’s inequality.

2.1.2 Dual Norm

Definition 2.1.4 (dual norm). Let || - || be a norm on R". Its dual
norm || - ||, is defined by

o]l : = sup [(g,a)| xR
ly[[<1
_ o L2
y#0 HyH

(2.9)

From the definition of the dual norm, we can easily derive the
useful inequality

[y, 2)| < lyllll]l, v,y € R” (2.10)

Furthermore, we want to introduce two important properties of the
dual norm. The first one is that the dual of the dual norm is the norm
itself and the second one is that the dual of the £,-norm is the ¢,-norm
with }9 + é = 1. From the second one, we find that the fy-norm is
self-dual and the dual norm of the #;-norm is the f.-norm. In the
following, we give proofs for the two properties respectively.

Proof for the first property. Consider the problem :

min ||y|| subject to y ==
y
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[ts optimal value is obviously ||x||. Its Lagrangian is

Ly,v) = |yl +v'(z — y)
and the Lagrange dual function is
gv) = min [yl + 7 = o7y

— 0Tz — max Ty — [y
Yy

Assume z, = argmax v’ z, then ||v||, = vz, If |y, > 1, we can
I2]<1

select y = tz,, t > 0 so that vTy — |ly|| = t(||v||« — ||2«]|) approaches
oo as t approaches oo. If ||v]l, < 1, then v1y < |ly|| Vy € R”; that
is, vTy — ||y|]] <0 Vy € R" and we can obtain the maximum 0 when
y = 0. Therefore, the Lagrange dual function is

vie L when |Jv|, <1
g(v) =
—oo ,when ||v|, > 1

The dual problem will be

maxvix  subject to ||v|. < 1
14

Its optimal value is ||z|[«. By the strong duality, we have ||z|| =
2 [

Note that this proof involves the application of the duality theory. The
readers can refer to section BT

Proof for the second property. We want to show that ||z||, = sup (z, 2).

l]lg=<1
We may assume without generality that z # 0; otherwise, ||z||, =

sup (x, z) is trivially true. Let z € R" satisfy ||z||, < 1.
lllg=1

(2, 2) < [z, 2)| < []lq]| 2l < 2]l

by the Holder’s inequality. Hence, sup (x,z) < ||z]|,- In order to

lxlg=<1

show that sup (x,z) is exactly ||z||,, it suffices to find an y € R"

lllg=<1
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with ||y||, < 1 such that (y, z) = ||z]|,. Let z € R" be a vector with
each component z[j] = sgn(z[j])|z[j]|P~!.

n

Z 2117 = [I=115

and
\wl!q—Z\x \Q—Z!z “q—Z\ 117 = 1l=l17
Now choose y = g (172 # 0 2 |y = |2 W’/uo»
z =11 _ =l
(y,2) = (7= 2) = =l = |2
Il lzlly 2B/ !

Hence, we successfully find an y € R"” with ||y||, < 1such that (y, z) =
121l ]

2.1.3 Operator Norm
Definition 2.1.5 (operator norm). Let A : X — Y be a linear

mapping between two normed spaces (X, || - ||) and (Y, ||| - |||). The
operator norm of A is defined as
Ax
4= sup e = sup |22 2.1)
|21 <1 r0 |||

In particular, let A € R™*" X be the £, space and Y be the ¢, space,
1 < p,q < oo. We define the matrix norm (operator norm) between
¢, and £, as

Ax
|Al|)—q ;== sup ||[Azx||, = sup |Az||,

(2.12)
zflp<1 w0 |7

From P11, we can easily derive the inequality

I[Az[[| < | A[l[[z]] Vo e X (2.13)
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From P12, we easily derive the inequality
IAB|p- = sup [[ABzl],

lllp=<1

< sup [[ Al | Ball, (2.14)

z][p<1
- HA||<]—>7“HBHP—>CI

where A € R™" B € R™* and 1 < p,q,r < oo. Combining P12,
the definition of dual norm and the duality between /), and £,y norms

(¢4 and £, norms) where }9 + ]% - % + é = 1, we can derive a useful
inequality as follows
[Allp—q = A gy (2.15)

We verify it as follows

HAHp—>q: Sup HA:UHQ

l][p=<1

= sup sup (y, Az)

[2llp<1{lylly<1

= sup sup (x, A™y)
lzlp<1 Iyl /<1

= sup HA*pr’
lyll y<1

— HA*Hq’—m’

In the following, we excerpt some important results regarding the ma-

trix norm from lemma A.5, lemma A.7, lemma A.9 and remark A.10
of [13].

Theorem 2.1.1. Let A € R™*",
1.

where A\pa:(A*A) denotes the largest eigenvalue of A*A and
Omaz(A) the largest singular value of A. In particular, if B €
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R™ ™ 4s self-adjoint, then
|Bll252 = max [A;(B) (2.17)
JEIN

where \j(B), j € [n] denotes the eigenvalues of B.

2. For 1 <p < o0,

Al = s ], 219
€[n]

where ai represents the k-th columns of A. In particular,

[All151 = ﬁ?ﬁz | Aj il (2.19)
j=1
[A[[152 = max [|a[2 (2.20)
ke(n]
3. .
| Allso—s00 = Hé[a)ﬁz |[Ajik| (2.21)
IR

Theorem 2.1.2. Let A € R™*",
[Alla2 = sup sup [(Az,y)] (2.22)

yll2<1 [|z[[2<1
If B € R"™" 4s self-adjoint, then
|Bllzs2 = sup |(Bx, )] (2.23)

lz]l2<1

Theorem 2.1.3. The operator norm || - ||,—q (1 < p,qg < 00) of

a submatriz is bounded by the whole matriz. More precisely, if
A € R™" has the form

then || A9,y < [|A|lysq for € =1,2,3,4. In particular, any entry
of A satisfies |Aji| < || A|[p—q-
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Definition 2.1.6 (Frobenius norm). The Frobenius norm of a matrix
A € R"™" is defined as
1/2

A p = /tr(AA*) = \/tr(A*A) = > AP (2.24)

jelm],keln]

The Frobenius norm can give an upper bound on the operator norm

| - []2—2; that is,
[All2—2 < [|AllF (2.25)
Proof.
2
A= (Z Ayl )
j=1
<3 (o) ()
j=1 \k=1 (=1
(by the Holder's inequality)
= [|AlIE I3
Therefore, Va € RU\{0}, [|A]lr > g that is, [|4]Lr > sup 52 =
x#0
1] ]

2.2 The Singular Values and Eigenvalues

2.2.1 The Singular Value Decomposition

Theorem 2.2.1 (the singular value decomposition). For A € R"™*",
there exist unitary matrices U € R™™ 'V € R™"  and uniquely
defined non-negative numbers oy > g9 > -+ > Omin{m,n} = 0, called
singular values of A, such that

A=UXV" where ¥ = diagloy,- -+, Ominfmny) € R™" (2.26)
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The column vectors of U are called the left singular vectors while
those of V' are called right singular vectors.

The readers can refer to proposition A.13 of [13] for the proof of
this theorem. The equation is famous for being the singular value
decomposition of the matrix A. Assume A has r positive singular
values. Sometimes, it is more convenient to work with the reduced
singular value decomposition.

A= ﬁif/* = Z O']"LL]"U;< (227)

j=1
where ¥ = diag(oy,--- ,0,) € R U = [ug]---|u,] € R™" and
V =l |v,] € R are submatrices of U = [uq| - - - |u,,] € R™*™
and V = |vy|---|v,] € R™". We want to make an important con-

nection between the singular value decomposition of a matrix A and
its four fundamental subspaces, i.e., the row space, the null space, the
column space and the left null space. The row space of A is the set of
all z € R" such that Ax is nonzero. The null space of A is the set of
all x € R" such that Az = 0. The column space of A is the set of all
y € R such that A*y is nonzero. The left null space of A is the set of
all y € R such that A*y = 0. Hence, we see that the row space and
null space are orthogonal to each other and together span the whole
R"™. The column space and left null space are also orthogonal to each
other and together span the whole R™. From the relations and
P24, we know that

A’UZ':O'Z"LLZ' ,?;:1,2,“',7”
Av, =0 ,i=r+1,---.n
A*’LLJ':O'j’Uj ,j:1,2,-~,r

Auj=0 ,j=r+1,---,m
Hence,

L. [vy|vg| - - - |v,] € R™" forms an orthonormal basis of the row space.

2. [vps1| - Jva] € R™ ) forms an orthonormal basis of the null
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space.

3. [ut|ug| -« |u,] € R™ forms an orthonormal basis of the column
space.

4 [Upyr] -+ ] € R™U"T) forms an orthonormal basis of the left
null space.

In the following, we list some important properties about the sin-
gular values.

1.
Omaz(A) = [[All2-2 = max | Az]] (2.28)
x||o=
Omin(A) = Hn|‘|11n1 | Ax||2 (2.29)
T||o=
Proof. see proposition A.13 of [13]. O
2.
0;(A) =1/ (A*A) = \/Ni(AA*) j € [min{m,n}] (2.30)
Proof.
AA=VYV*
AA* =UXU"
[]
3. If A has rank r, then its r largest singular values o4 > --- > o, are
positive, while 0,.1 = 0,20 =+ = 0.

Proof. First we prove that rank(A) = rank(A*A) as follows. If
r € R" lies in the null space of A (i.e., Ax = 0), then it is also
in the null space of A*A since A*Ax = 0. On the other hand, if
r € R" lies in the null space of A*A (i.e., A*Ax = 0), then it
is also in the null space of A since z*A*Axr = 0, which implies
| Az||5 = 0 (hence, Ax = 0). Therefore, the nullity of A and A*A
are the same, which implies the rank of A and A* are also the

same. Now since A*A = VX*V* rank(A*A) = rank(VI?V*) =
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rank(X?). Since rank(A) = r, there are exactly r positive singular

values o1, -+ , 0,.

[]

. The largest and smallest singular values are 1-Lipschitz functions

with respect to the operator norm and the Frobenius norm. That

1S

)

|‘7max(A) - Umax(B)| < HA - BH2—>2 < ”A - BHF
|Omin(A) — Omin(B)| < [|A - BH2—>2 < HA - BHF

for all matrices A and B of equal dimensions.

Proof. see proposition A.16 of [13].

|A*A — Idl||oso < for some § € [0, 1]
if and only if

Omar(A) < V1I+6 and opin > V1—10
Proof.
|A"A = Id|3—2 = max [Aj(ATA — 1d)]
= ?;%!Aj(A*A) — 1

= max ]a?(A) — 1]
j€ln]

= max{o? (A)—1,1—0c2. (A)}

max min

If HA*A — [dH2_>2 S 5, then
ol (A)—1<6

max

1—o2, (A)<§

min

(2.31)
(2.32)

(2.33)

(2.34)

which implies 234, If 0,0 (A) < V146 and 0., > V1 =0,

then
ol (A)—1<96

1—o02, (A) <6

min

which implies 2233,
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6. For two matrices X € R"™*" and Y € R™" any k € [{], where
¢ ;= min{m, n},

k k
Y oj(X)—a;,(V)[ <) oi(X =) (2.35)
j=1 j=1
Proof. see lemma A.18 of [13]. [

2.2.2 The Schatten p-norm

Definition 2.2.1 (Schatten p-norm). For a matrix A € R™*" and
all 1 < p < oo, the Schatten p-norm of A is defined as

min{m,n} 1p

IAls, = | > oA (2.36)

J=1

The Schatten p-norm is indeed a norm function; that is, it satis-
fies the definiteness condition, the homogeneity condition and the tri-
angle inequality. One can easily verify the definiteness condition and
the homogeneity condition. As for the triangle inequality, although we
do not give a proof here, we can use the inequality 2233 to verify the
Schatten 1-norm case as follows.

l

12 12
ZUJ(X) = ZUJ(Y) = |oi(X)] = |o(Y),

J=1

¢
< Z |0j(X) — 0; (V)]

l
<Y oi(X-Y)

Choose X = A+ B and Y = B, we can derive the triangle inequality
for the Schatten 1-norm. Specifically, we will denote the Schatten 1-
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norm as
min{m,n}

A= > i(4) (2.37)
j=1
and call it the nuclear norm. Further note that the Schatten p-norm
reduces to the Frobenius norm for p = 2 and to the operator norm
| - |lo2 for p = co. The reasons are simple. For p = 2

min{m,n}

ww&z\ DAY

j=1

min{m,n}

:\ ; Aj(A*A)
= /tr(A*A)

= [|AllF

For p = 00, | Alls, = minxo;(4) = 00(4) = [ 4}z
J

2.2.3 Moore-Penrose Pseudo-Inverse

Definition 2.2.2 (Moore-Penrose pseudo-inverse). Let A € R™*" of
rank r with reduced singular value decomposition

A=UXV" = Z oj(A)ujv;
j=1
then its Moore-Penrose pseudo-inverse AT € R™™ is defined as

Al =VylUr = Z aj_l(A)vju* (2.38)

J
j=1

We list some important properties of the Moore-Penrose pseudo-
inverse (or simply pseudo-inverse).

1. AT has the same rank r as A
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naa( AT) = [|AM|22 = 071 (A) (2.39)
3. If A is an invertible square matrix, then AT = A~!
4. If A*A is invertible (implying m > n), then
Al = (A*A) A (2.40)
If AA* is invertible (implying n > m), then
Al = A*(AA") (2.41)

The first and second property can be easily verified from the defini-
tion of the pseudo-inverse. For the third property, we can verify it by
checking that AAT = ATA = I,, (when m = n). As for the fourth

property, o o

(A*A) A = (V2vH) iy su®
— VY 2VVSU
= VYUt
— Al

A*(AAN T = VSUHURAU*) !
= VyiU
— Af

2.2.4 Gershgorin’s Disk Theorem

Theorem 2.2.2 (Gershgorin’s disk theorem). Let A be an eigenvalue
of a square matrix A € R™*". There exists an index j € [n] such
that

A=Al < Y 1A (2.42)
(e}

The readers can refer to theorem A.11 of [13] for the proof. The
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Gershgorin’s disk theorem states that for a given eigenvalue A, there
is at least one diagonal entry of A whose distance with A is within the
absolute sum of all the other off-diagonal entries of the same row.

2.3 Least-Squares Problems

In this section, we consider two kinds of least squares problems.
The first one has the following objective

minimize ||Ax — yl|o (2.43)

where y € R™ and A € R"™*" (m > n) has full rank n. We introduce
two methods to solve it. One method involves projection of y onto
the column space of A. Assume the orthogonal projection of y onto
the column space of A be Ax for some x € R". The residual vector
y — Az will be orthogonal to the column space of A (hence, to all the
n column vectors of A). Therefore, we can write

Ay —Az) =0 (2.44)
= A"Ax = Ay '

The equation .44 is called the normal equation and we can come up
with the solution z = (A*A)~'A*y = Aly from it. The other method
transforms the original problem to an equivalent quadratic problem.
Precisely speaking,

arginf || Az —y|l2
= arginf |[Az - yl|3
= arginf({A*Ax,x) — 2(Ax,y)
i
Take the first derivative of (A* Az, x) —2( Az, y) with respect to x and
we can exactly get the normal equation 2244, As a result, we derive that

the orthogonal projection of y onto the column space of A is AATy.
We can define the orthogonal projection matrix onto the column space
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of A as
Py = AAT (2.45)

If we compute the SVD of A as UXV*, where U € R"* and V €
R™ "™ are two orthonormal matrices, and > € R™*™ has rank r. In

section P22, we have verified that C' £ [uy]---|u,] € R™" forms a
basis for the column space of A, L £ [u,1| - - - [uy,] € R™") forms
a basis for the left null space of A, R £ [v1]---|v,] € R™ forms a
basis for the row space of A and N = [v,y1] - - [v,] R™"=") forms

a basis for the null space of A. If we plug the matrices C, L, R and
N into 2243, we can have the resulting important result : C'C*, LL*,
RR* and NN* are all orthogonal projection matrices onto the column
space, left null space, row space and null space of A, respectively.
The second kind of least-squares problem has the following objec-
tive
mz'm;)jmize |xz|l2  subject to Ax =y (2.46)
where y € R™ and A € R™*" (n > m) has full rank m. We can
solve it using the duality theory, which will be introduced in section

BT Note that we can transform the problem P48 to an equivalent
quadratic problem

minimize ||x||3  subject to Ax =y
T
We can construct the Lagrangian L(z,v) = ||z||3 + vT (Ax — y). The

gradient of the Lagrangian at the primal-dual optimal pair (x*, )
should be zero. That is,

22" + (A**) =0

Hence, x* = —%A*V*. Plugging it into the equality Az* = vy, we
can get —%AA*V* = y. Therefore, v* = —2(AA*) 1y and 2 =
A*(AA*) 1ty = Aly,
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2.4 The Generalized Singular Value Decompo-
sition (GSVD)

Assume P € R is an unitary matrix. We partition P as

B _P3 m Py Pia|m B B
b= []]:1 ]_;2} B [szp B [Pm PQJP b=krg=mip

ko q

PP, = PP + P3Py = Ij, where [}, € R¥** denotes the identity
matrix. Assume u; € R¥ is an eigenvalue of PjPj; corresponding to
the eigenvalue \;. Therefore,

Pl*lPllul- = )\ZUZ
= (Pl*Pl — P2*1P21>u2’ = )\zuz
= P2*1P21UZ' = (1 — )\z)uz

Hence, P;; and P»; have the same right singular vectors. Assume Piy
has singular values 1 of multiplicity r, a; (i = 1,2,--+ ,s, 1 > ay >
- > g > 0). It follows that Py has singular values 1 of multiplicity
k—r—s Bi(i=1,2---,50< B> ->pB,<landa?+3?=1).
Assume SVD of Pjy is WX U*, where W € R™ ™ U € R¥** and
r{l

Y = s| C c R™* C=diag(ay, -, ay),

m-—1r—s 0,

r s k—r—s

I denotes the identity matrix and 0. denotes the matrix with all en-
tries 0. Assume SVD of Py is ZX91U*, where Z € RP*P and Yo =
p—k-+1r|0

S S c RP*F S=diag(Si,--- , ;) and 0, also
k—r—s I

r s k—r—s
denotes the matrix with all entries 0.
PPy = P Pl + Po P, = I,,, where [,, € R™" denotes the

identity matrix. Similarly, we can derive that P;; and Pj5 have the
same left singular vectors and assume SVD of Py is WX1oV*, where
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212 = S S - Rqu and V c quq'
m-—r—s I
p—k+r s m—r—s
Finally, we can derive that Py and P, have the same left singular
vectors and Py and Pjo have the same right singular vectors. SVD of
P»y can be expressed as ZX90V*, where

p—k+r Q
Yoy = S T € RP*? () may be £1
k—r—s 07

p—k+7r s m—r—s
and T" may be +C'.
Hence, we can decompose P as P = DX E*, where

m|W 0
p=m [V 9 osn
m-p
rl I 0f ]
S C S
m-—1r—s 0. 1
)3 I
p—Fk+7r|0 Q
S S T
k—r—s I 0%
r s k—r—s p—k+r s m—r—s
(2.48)
., k|U" 0
E :q[O V*] (2.49)
ko q

Since P, W, Z, U,V are all unitary, X is also unitary. Therefore, C'S +
ST = 0, which means T should be —C. Furthermore, since Pjs =
WioV*, we know that Pppv; = 0fore=1,2,--- ,p — k + r, where
v; denotes the i-th column of V. Since Pyy = ZXYoV'*, Pyv; = —z;
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if () = —1I, where z; denotes the i-th column of Z. If this is the case,
we can simply change v; to —v; and then we can change Q) to I. As

a summary, we can decompose each block Py, Pio, Py1 and Py of an

unitary matrix P as

1. ] )
I
Py=WxX ur=wW C U*
- OC—
2. ) )
0;
Po=WXpV =W S V*
- I—
3.
0,
Py =7%U" =7 S U*
I
4,
1
Poo =730V =27 —C V*
O>I<

C

(2.50)

(2.51)

(2.52)

(2.53)

Given two matrices A € R™*" and B € RP*" in the following we
will demonstrate how to derive a generalized singular value decompo-

sition (GSVD) of A and B step by step.

1. Form F = [B

R 0

2. Compute SVD of F'. Assume it is P [ 0 0

A] c Rm+p)xn [t k denote the rank of F.

kmwmmpemewwm

and Q € R™" are two orthonormal matrices. R € R¥** is non-
singular with diagonal entries being the singular values of F'.

P Py

3. Partition P as P =
[P 1 Pao
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4. Compute SVD of Pj;. Assume it is WX 4U*, where W € R™*"™

and U € R¥** are two orthonormal matrices. Y4 € R™*F s
rl A

S Sa
m—1r—S 04
r s k—r—s
with all entries being the non-one singular values of A, 04 denotes

, where S, is a diagonal matrix

the matrix with all entries 0 and I4 denotes an identity matrix.

5. Let Sgp € R**° be [, — S,%p where I denotes an identity matrix.

p—/€—|-7“ Op
Form X5 € RP*F ag S Sp ., where Op also
k—r—s Ig

r s k—r—s
denotes the matrix with all entries 0 and Iz also denotes an identity
matrix.

6. Compute Z = Py 23U. Then SVD of P, can be expressed as
Z>gU*

Al [Py Pul[R O] .,

w7 [of = o [0 0]
L [A] g _ [PuR 0] _[WSaUR 0
B| ¥~ |PyR 0| | ZXpU'R 0

Therefore, we have the following two equations which denote a
GSVD of A and B.

W*AQ = X4 [U*R 0] (2.54)
Z*BQ =Xp |U*R 0] (2.55)

If p=mn and B is non-singular, then & = n. Hence,

SA SB

WAQ_[ 04 Ip

]U*R, Z*BQ = [ ]U*R
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We can derive that

Sp c 1 |SB Sa |,
[ [B] W*AQ = Ll ol U'R
S ] [Sa ] Sgl .
| Ip 04 [ Ip 2B
_ |5 | 2Bo
04
Therefore, we have
SpW*A =X ,7"B (2.56)

In this section, we make detailed explanations about the GSVD

and decomposition of an unitary matrix, which are introduced in [30].

2.5 Tikhonov Regularized Least-Squares Prob-
lems

Given L € RP*" and A € R™", m > n > p. Define F £ [j]

Assume rank L = p and rank F' = n. From the discussion of the last
section, we can construct a generalized singular value decomposition of
the matrices L and A as

W*LQ = Y, U*R
Z*AQ = S4U'R

wn T ]L 0 .
where X7 € RP ISS [ s, 0 ] = [Mp 0] (Mp = diag(u;))

r S MN—Tr—sS

m—mn-+1r|{0yh m-—n|0 0
and X4 € R™" is s Sa = >y 0
n—p [A 0 [n—p

ros n—p
(X, = diag(0;)). The pisand o7ssatisfy 0 < oy < -+ <0, 1 > g >
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>y >0, 07+ pf =1, I Hence, we can write A = YX X1 and
L=WX; X! whereY € R™ " is [Zm—nt1Zm—n+o " Zm], 2 € R
is F(])p ]O ] and X € R™" is (U*RQ*)"' = QR™'U.
n—p
Consider a least-squares problem with Tikhonov regularization as

follows.
min{ || Az — b||* + N*||Lz||*} (2.57)

where b € R™ and A is the regularization parameter that controls the
weight given to minimization of the seminorm || Lx|| relative to mini-
mization of the residual norm ||Ax — b|. Let x) denote the Tikhonov
regularized solution of the least-squares problem. We can analytically
solve the least-squares problem by assigning the gradient of the objec-
tive function to zero. That is,

2A*Azy) — 2A*b + 2\ L* Ly, = 0
As a result,

Ty = (A"A+ )\QL*L)_lA*b

+A2 5 (7 Scﬂrz yib)

i=p+1

Ml M’@

Define 8; = y#b and the generalized singular values 7; as v; = Z We
can derive that

0k BZ
gt Z Bi; (2.58)
1=p+1
2
We call ¢; £ : i 7 as the filter factors for Tikhonov regularization,

which can dampen or filter out the contributions to x) corresponding
to the generalized singular values ~; smaller than A. Note that if there
are indeed perturbation errors added on b, y;b will deviate from its
original correct value. The largest corresponding perturbation to the

Note that L corresponds to the matrix A and A corresponds to the matrix B of the last sec-
tion. Besides, we interchange the notation of p and m, that is, the p in this section corresponds
to the m of the last section and the m in this section corresponds to the p of the last section.
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ordinary least-squares solution is associated with the smallest o; (and
thus associated with the smallest 7;). The existence of the regulariza-
tion parameter \ effectively alleviates such error.

Define & = ||(1,, — YY*b)||. It can be derived that

) p 'Yz 5 2

La,|° = L 2.
p )\2 2

o == (eh) +8 o
1=1 t

The physical meaning of 9 is that it is the norm of the component of b
which is outside the range of A. The system Ax = b is consistent if 0y =
0; hence, dy is also viewed as the incompatibility measure. We further
define zy as the solution of the unregularized least-squares problem;

that is, 2y = limxy, = XETY*b and 65 = & + ||, Y,0]| where

A—=0
Y, = [y1,- -+ ,yp]. We observe that when there is no regularization,
i.e., A = 0, the residual norm ||Axy — b|| = Jp and the seminorm is

| Lxo||. When there is infinite regularization, i.e., A — 0o, the residual
norm is 0 and the seminorm is 0. Moreover, For 0 < A < o0, we
can verify that | Axy —b|| and || Lz, || simultaneously the following two
equations :

|Axy — b|| = min ||Ax — b|| subject to |[Lx| < || Lx)|| (2.61)
|Lxy|| = min ||[Lz|| subject to ||Ax —b|| < ||[Azy —b|| (2.62)

The reason is as follows. We know that x) = argmin{||Az — b||* +

MN2||Lz||?}. Assume there exists an 2y such that || Az, —bl|| < ||Azy—0||
and || Lxy|| < ||Lxy||. Then ||Axy — b]|? + N2||La1|)? < || Axy — b||* +
A\2||Lzy||?. This contradicts with the fact that z\ = argmin{||Ax —

b||?+ N\?||Lx||?}. Assume there exists an z9 such that || Las|| < || L, |
and ||Aze — b|| < ||Azy — 0||. Then |[Azy — b||* + N°||Las||* <
|Azy — b||* + A?||Lz,||*. This again contradicts with the fact that
xy = argmini{||Az — b||* + N?||Lz||*}.

X
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In this section, we introduce the Tikhonov regularization least-
squares problem and some properties regarding the seminorm || Lx)
and the residual norm ||Az) — b||. Actually, it is useful to plot the
seminorm || Lz, || versus the residual norm [|Az) — b|| to visualize the
compromise between the minimization of these two quantities. The
corresponding graph is called the L-curve, which consists of all points
(||Azr—D0||, || LzA||) for A € [0, 00). In section B, we will delve deeply
into the properties of the L-curve and present the L-curve method, as
well as other methods, e.g., the discrepancy principle, for determining
a good regularization parameter .

2.6 Sparsity and Compressiblity

The support of a vector x € R" is the index set of its nonzero
entries, which is defined as

Definition 2.6.1 (support).

supp(x) = {j € [N] : zj] # 0} (2.63)

x is called s-sparse if at most s of its entries are nonzero. We
quantify the concept of sparsity using the ¢y norm defined as follows.

Definition 2.6.2 (sparsity).
|z||o == card(supp(x)) (2.64)

Hence, if x is s-sparse, ||z]lo < s. The notation || - ||o comes
from the observation that the p-th power of the ¢,-quasinorm of x (i.e.,

n
z]|h = ; |z[j]|P approaches card(supp(x)) as p approaches zero.
Therefore, the notation || - ||§ is actually more appropriate but || - [|o is
customary to use in the literature. Furthermore, the term £y, norm is

actually a misuse since it is neither a norm nor a quasinorm but it is
also customary to call it £y "norm” in the literature. If z is not s-sparse,

40



we may want to "measure” how close it is to be s-sparse, which results
in the concept of best s-term approximation.

Definition 2.6.3 (best s-term approximation). For p > 0, the ¢,
error of best s-term approximation to a vector x € R" is defined by

os(x), = inf{||z — 2||,, 2 € R" is s — sparse} (2.65)

Clearly, the infimum is achieved by x4, which is an s-sparse vector
whose nonzero entries equal the s largest (in modulus) components of
x. We call x4 the best s-term approximation to x. Note that o4(x),
satisfies the following useful inequality:.

5@ < el 260
for any p > ¢ > 0 and any x € R". This inequality is the same
as that stated in the proposition 2.3 of [13]. Actually, we can easily
verify this inequality by the inequality ZZ8. We may also introduce the
notations Hg(x) for the best s-term approximation to x and Lg(z) for
the support of it. That is,

Ly(z) :=1index set of s largest absolute entries of x  (2.67)
HS(ZE) = x|L8(x) (268)

We call the nonlinear operator Hg(z) the hard thresholding operator
of order s.

The sparsity condition may somehow be too stringent for a signal
to satisfy. We may rather consider the compressibility condition. First,
we introduce the non-increasing rearrangement of a vector x.

Definition 2.6.4 (non-increasing rearrangement). The non-increasing
rearrangement of a vector x € R" is the vector * € R” for which

ol >x*2] > - >a2%n] >0
and z"[j] = [x[Z(5)]| V7 € [n]

where Z indexes the sorted components of x.

(2.69)
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Then we define the compressibility as follows.

Definition 2.6.5 (compressibility). An n-dimensional vector z is said
to be r-compressible with magnitude G if the sorted components of the
vector obey the power law :

i) < GimVr (2.70)
where £* € R" denotes the non-increasing rearrangement of x and

r e (0,1].

We can approximate an r-compressible vector with a sparse signal
and bound the approximation error as follows

n 1/p
os(x)p = (Z Ix[i]\p>

1=s+1

n 1/p
< (Z (Gz‘w)p>

1=s+1

n 1/p
<G ( / z'_p/rdz)
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2.7 Random Matrices

A random matrix has random variables as their entries. It plays an
important role in the field of compressive sensing since compared with a
deterministic matrix, a random matrix can satisfy the restricted isom-
etry property with asymptotically fewer number of rows, which in turn
leads to fewer number of measurements required for reconstruction of
a signal. We will cover the restricted isometry property in the next
section and also introduce how a random matrix behaves in the aspect
of it. In this section, we will introduce two important categories of ran-
dom matrices, which are subgaussian random matrices and structured
random matrices respectively.

2.7.1 Subgaussian Random Matrices

To introduce subgaussian random matrices, we need to introduce
what a subgaussian random variable is first.

Definition 2.7.1 (subgaussian random variable). A random variable
X is called subgaussian if 4 constants 3, k > 0 such that

P(|X| > t) < Be ™ ¥t >0 (2.71)

From the definition, we know that a random variable X is sub-
gaussian if its tail distribution is dominated by that of the standard
Gaussian random variable. A standard Gaussian random variable is
subgaussian with 8 = 1 and k = 1/2. We can prove it as follows. Let
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g be a standard Gaussian random variable.

2 —t2/2 = —tu_—u?/2
= ——¢ e e du

\ 2T 0

2 0
< et/2 e~ 2y e <1 fort,u >0
2T 0

A zero-mean and bounded random variable is also subgaussian. Indeed,

due to theorem 7.20 of [13], we know that it is subgaussian with g = 2
1
2B?
called symmetric Bernoulli variable) is an important example of a zero-

and Kk = if | X| < B. A Rademacher variable (sometimes also

mean and bounded random variable, which is defined as follows.

Definition 2.7.2 (Rademacher variable). A Rademacher variable is
a random variable € that takes the values +1 and -1 with equal prob-
ability, i.e.

Ple=+1)=Ple = —1) = (2.72)

1
2

Hence, a Rademacher variable is a subgaussian random variable with
B =2 and k = 1/2. Besides the definition 2271, the proposition 7.24
of [13] presents another equivalent condition related to the moment
generating function of a subgaussian random variable X.

Theorem 2.7.1. Let X be a random variable.

1. If X is subgaussian with mean zero, then there exists a constant
¢ (depending only on  and k) such that

E[exp(6X)] < exp(cf?) VO € R (2.73)

2. Conversely, if 2203 holds, then the mean of X is zero and X is
subgaussian with parameters 5 =2 and k = 1/(4c).
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Any valid constant ¢ in is called a subgaussian parameter of
X. Of course, it is preferable to choose the minimal possible c. It can
be derived that the moment generating function of a standard Gaussian
random variable is

Elexp(fg)] = exp(6°/2) (2.74)

where ¢ is a standard Gaussian random variable and 6 € R. Therefore,
¢ = 1/2 is a valid subgaussian parameter for a standard Gaussian
random variable. As for a zero-mean and bounded random variable,

its moment generating function has been derived in the theorem 7.20
of [13] to be
Elexp(6X)] < exp(6°B*/2) (2.75)

where X is a zero-mean and bounded random variable with | X| < B.
Therefore, ¢ = B?/2 is a valid subgaussian parameter for a zero-mean
and bounded random variable, which implies that ¢ = 1/2 is a valid
subgaussian parameter for a Rademacher variable.

Let’s pay our attention back to the subgaussian random matrices.

Definition 2.7.3 (subgaussian random matrices). Let A € R"™*"
be a random matrix. If the entries of A are independent zero-mean
subgaussian random variables with variance 1 and same subgaussian
parameters 3, k in P71, i.e.,

P(|A; .| > 1) < Be™™ Vt>0,5€[m],k € n] (2.76)
then A is called a subgaussian random matrix. Specifically,

1. If the entries of A are independent Rademacher variables, then A
is called a Bernoulli random matrix.

2. If the entries of A are independent standard Gaussian random vari-
able, then A is called a Gaussian random matrix.

Note that the entries of a subguassian random matrix do not nec-
essarily have to be identically distributed. They only need to satisfy
the equation 27G.
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2.7.2 Structured Random matrices

Structured random matrix is a structured matrix generated by a
random choice of parameters. Why do we need structured random
matrices? In some applications, the measurement matrices have certain
structures due to physical or other constraints and because of this fact,
fast matrix-vector algorithms, e.g. fast Fourier transform (FFT), are
allowed. Furthermore, since a structured matrix is generated by a
number of parameters much fewer than the matrix entries, so that
it consumes less space to store a structured random matrix than a
unstructured one. In this section, we will introduce an important kind
of structured random matrices - random sampling matrices, which are
associated with bounded orthonormal systems (BOSs).

Definition 2.7.4 (bounded orthonormal system). Let D C RY be
endowed with a probability measure v. ® = {¢y, -+, ¢, } is called a
bounded orthonormal system (BOS) of complex-valued functions on D
with constant K if

L [, ¢;(t)r(t)dv(t) = &, (orthonormal)
2. 191l = supl6y(0)] < K, ) € ] (bounced)

te
where K should be independent of n and be no less than one

(K >1).

Definition 2.7.5 (random sampling matrix). A random sampling
matrix A € R"™*" associated with a BOS with constant K is con-
structed by

A = oilte) L€ [m)k € n] (2.77)

where tq, - - - , t,,, are sampling points selected independently at random
according to the probability measure v.

Hence, A has stochastically independent rows, but the entries
within each row are not independent. Indeed, for fixed ¢, the entries
Ak, k € |n], all depend on the single random sampling point ¢y. In
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the following, we will introduce some important BOSs and random
sampling matrices associated with them.
Trigonometric Polynomials Systems

A trigonometric polynomials system is defined as
{pn(t) = *™ ke 7} (2.78)

The domain D of each element is [0, 1] and the probability measure is
chosen as the uniform distribution. Clearly, the boundedness condition
is satisfied with the constant K = 1. The orthonormal condition can
also be easily verified since fol or(t)g;(t)dt = &5y for j, k € Z. There-
fore, a trigonometric polynomials system is indeed a BOS. Random
sampling matrices associated with it can be constructed by

Agp=e*™ 1 (e m) kel CZof sizen (2.79)

The corresponding random sampling matrices are called non-equispaced
Fourier matrices and a common choice of I"is { —¢q, —q+1,--- ,q¢—1,q}
(n=2q+1).

Discrete Orthonormal Systems

A discrete orthonormal system is defined as

{Vnuy , k € [n]} (2.80)

where uy are columns of a unitary matrix U. The domain D of each
element is [n] and the probability measure is chosen as the uniform
distribution. The orthonormal condition is satisfied since

%Z Vg (E)mug(t) = (ug, ug) = gk, L € 0]

Therefore, a discrete orthonormal system is a BOS if the boundedness
condition is satisfied with a constant K; that is,

max |[v/nuy(t)] = max [vnU ;| < K
k,ten] k.te[n]
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Random sampling matrices associated with it can be constructed by
selecting rows of \/nU independently and uniformly at random, i.e.,

ar = v/nRruy , k € [n] (2.81)

where aj denotes the k-th column of A, T" = {t1, -+ ,t,} and Ry :
R" — R denotes the random subsampling operator

(Rpug)[l] = (ug)[td, € € Im)] (2.82)

Note that it may happen that a row of \/nU is selected more than
once. Hence, A may have repeated rows.

If we choose the unitary matrix U to be the discrete Fourier matrix
F with entries

Fyp= %ef 2r(E=Dk=D/n ¢ I e [n] (2.83)

then a BOS with the constant 1 can be established. The correspond-
ing random sampling matrix is famous for being the random par-
tial Fourier matrix. It can be viewed as a special case of the non-
equispaced Fourier matrix with the points £, chosen from the grid
Zpn :=A40,1/n,--- ,(n —1)/n} instead of the whole interval [0, 1].
Taking measurements Ax with a random partial Fourier matrix A
amounts to observing m random frequencies of the signal . A crucial
advantage of the random partial Fourier matrix is that it possesses a
fast matrix-vector multiplication, namely, the FFT.

Suppose we choose U to be

U=WV (2.84)

where W € R" and V' € R" are two unitary matrices. That is, their
columns form two orthonormal bases of R"™. Since

uu=0U"=1,
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U is indeed an unitary matrix. A BOS thus can be established if the
boundedness condition is satisfied with a constant K; that is,

EI?&X ‘\/7<Ug,’wk>’ < K (285)

where vy denotes the /-th column of V' and w;. denotes the k-th column
of W. The bases {vy, £ € [n]} and {wy, k € [n]} are called incoherent
if K can be chosen small. Note that the random partial Fourier matrix
falls into this setting by choosing one of the bases as the canonical
basis, say W = I, and we can observe that the Fourier basis and the
canonical basis are maximally incoherent since K = 1.

2.8 Restricted Isometry Property

The s-th restricted isometry constant of a sampling matrix A €
R™*" is the smallest number d, such that

(1= 0y)ll=ll2 < Az]l3 < (1+6.) 23 (2.86)

for any s-sparse vector x € R". The intuition is that we want the
geometry of sparse signals to be preserved under the action of the
sampling matrix. We can also view this inequality relation in another
aspect. Consider two vectors a; € R? and as € R? with unit norm.
Construct a vector y = a:lal + x9a9 = Ax, where A = [ay,as], x =
(21, 29)" and /2% + 23 = |Az||3 = 27 + 25 + 2(x1a9, T2a2) =
1 + 2x129(aq, as). Hence if the correlation of a; and ay are smaller,
the restricted isometry constant will be smaller. Intuitively speaking,
if vectors correlate with each other lesser, then they are "dissimilar” to
each other more. In this way, given a linear combination y = Ax, it
is more possible that = is the unique combination coeflicient that can
give rise to y (or at least, if there exists another vector z satisfying
y = Az, then ||z — z||o is small enough). Rigorously speaking, if
there is a subset of 2s (we denote such index set as €23) columns of
A with nonzero nullity, then there exists a nonzero 2s-sparse vector
x3 satisfying Axs = 0. Arbitrarily choose a subset of s entries of
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(3 and denote it as (1. In this way, x3 = (23)0; — (—3)qc. Let
(z3)0, be denoted as z1 and (—z3)q¢ be denoted as x2. Hence, Aws =
A(zy—x9) =0, 1e. Axy = Axy. If 23 happens to be an 1-sparse vector,
then we choose x1 = %3]3 and xy = —%:1:3. Therefore, to uniquely
recover an s-sparse signal, it is necessary that every subset of 2s columns
of A be independent (equivalently, do5 < 1), which in turn requires that
m > 2s.

In the following, we collect some important properties and results

relating to the restricted isometry constant.

1. For any two integers s < t, 05 < d;. That is, the restricted isometry
constant is monotonically increasing with the sparsity level.

Proof. This can be easily verified by the definition of the re-
stricted isometry constant. ]

2. Let ¢ and s be two positive integers. Then 0.5 < cdos.
Proof.  see corollary 3.4 of [20] O

This property states that do, can give an upper bound of higher-
order restricted isometry constants.

3. Suppose A has s-th restricted isometry constant d,. Let T be a set
of s indices or fewer. Then the singular values of A lie between

V1 — 05 and v/1 4+ 0,

o The singular values of A% is the same as those of Ar. Hence,

VI =0 lull < | Adulls < /1+ 0s|lulla Vu € R™ (2.87)

« The singular values of ATT is the reciprocal of those of Ap. Hence,
1 1

ﬁ”u\b < [|Afulls < ﬁ”u\b

o The singular values of A% Ar is the square of those of Ay. Hence,

(1=d)llullz < [A7Azulls < (1+0,)ulls  Vu e R (2.89)

Vu € R™ (2.88)
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o The singular values of (A%A7)~! is the reciprocal of those of
A% Ar. Hence,

1
1+ 9,

1

lullo < I(AFA) ulls < ——

lulls Vu€R™
(2.90)

4. Suppose ||Az|ls < 1+ d4|x||2 for any s-sparse vectors z € R”.
Then for every signal v € R",

1
lAv][2 < \/1+5s(\|sz+%Hle) (2.91)

Proof.  see proposition 3.5 of [26]. []

5. Suppose A has s-th restricted isometry constant d,. Let S and 1" be

disjoint sets of indices whose combined cardinality does not exceed
s. Then

[A5AT|[2-2 < s (2.92)
Proof.  see proposition 3.2 of [26]. ]

Assume a vector x has support supp(x) satisfying the cardi-
nality of the union of 7" and supp(zx) does not exceed s. Then

|ATAz|e||o = ||ATAx|s]|2, where S £ supp(x)\T
= |A7Asz|s]|2 < ||ATAs |22l 2]s]|2
< s |w|7e]|2

Let .S and T be disjoint sets of indices whose combined cardi-
nality does not exceed s and a € R®! and b € RI”| be two vectors.
It can be verified that

[{Asa, Arb)| < ds|all2[|b]2 (2.93)

6. Let y € R, A € R™" I J C [n] be two disjoint sets. Assume
y € span(Ay) and let the projection of y onto span(Ay) be y, =
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A AT 5y. Then

Y]l < Y]] (2.94)

1= Omax(r) )

Let y, = y — y,. We can further derive that

O\1)+]J
1=yl < Iyl < llyll: - (2.95)
mazx(|1],]J])
Proof.  see lemma 2 of [(]. O

In the following, we will introduce the restricted isometry property
of the subgaussian random matrices and the random sampling matrices.
We excerpt some theorems in section 9.1, 9.3 and 12.5 of [13].

Theorem 2.8.1. Let A € R"*" be a subgaussian random matriz.
Then there exists a constant C' > 0 (depending only on the subgaus-
sian parameters B, k) such that the restricted isometry constant

of \/—A satisfies 05 < 0 with probability at least 1 — € provided
m > C6* (sln(eN/s) + In(2¢ ")) (2.96)
Setting € = 2exp(—°m/(2C)) yields the condition
m > 206 *In(eN/s) (2.97)

In this way, 0, < & with probability at least 1 — 2 exp(—6°m/(2C)).

Theorem 2.8.2. Let A € R™" be a Gaussian random matriz.
Forn,e € (0,1), assume that

m > 2n~" (sln(eN/s) + In(2¢ ")) (2.98)
Then with probability at least 1 —e€, the restricted isometry constant
ds of \/—A satisfies

5S§2(1+ : >n+(1+ ! >2n2<0n
v/ 2In(eN/s) v/ 2In(eN/s)

(2.99)
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where C'=2(1 4 1/1/2) + (1 + 1/1/2)* =~ 6.3284.
Therefore, if

m > 20252 (sln(eN/s) + ln(2€—1))
~ 80.0985 2 (3 In(eN/s) + 111(26_1))

Then with probability at least 1 — €, the restricted isometry constant
d, of \/L—A satisfies
m

5y < C(%) =5

Theorem 2.8.3. Let A € R"™*" be a random sampling matrix
associated to a BOS with constant K > 1. For e,ni,me € (0,1), if
m

S (220 12 |
n(om) = Cin, “K*sIn"(4s) In(8n) (2.100)

m > Cony *K?sn(e™ ) (2.101)

then with probability at least 1 — €, the restricted isometry constant
0s of \/—%A satisfies 0, < m1 +n% +1n2. The constants may be chosen
as C1 ~ 5576 and Cy = 32/3.

Note that PT00 and 22107 can be implied by
m > C'K*5 %s max{In*(s)In(K*5 2sin(n))ln(n),In(e 1)} (2.102)

for some constant ¢’ > 0. If € is chosen to be n‘l”3(”), then 0, < 0
with probability at least 1 — p-in’m) if

m > C" K25 ?sln*(n) (2.103)
for some constant C” > 0.

Besides the common definition of the restricted isometry prop-
erty. Some authors adopt the alternative definition as follows, e.g., the
restricted isometry condition introduced in [27] and [28]. The s-th
restricted isometry constant is defined as the smallest number 6, (to
differentiate this definition from P86, we adopt the notation 9, here)
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such that
(1= 0y)[|fl2 < [[Azlls < (1 + d4)|]]2 (2.104)
for any s-sparse vector x € R"”. Assume a sampling matrix A € R"*"

satisfies do5 = €, then it has been proved in the proposition 3.2 of [27]
that

1. For every s-sparse vector z € R" and every set T' C [n], |T| < s,
the vector u = A* Ax satisfies

HU‘T — fE’THQ S 2036”56“2 (2105)

2. For any vector z € R™ and every set T' C [n], |T'| < 2s, we have
I(A™2)lz]l2 < (1 +€)][]l2 (2.106)

3. Consider two disjoint sets I, J C [n], |[I U J| < 2s. Let P and
Pj denote the orthogonal projections in R"” onto range(A;) and
range( A ), respectively. Then

HP]PJHQ_>2 S 2.2€ (2107)

Because of the restricted isometry property, for any set T' C [n]
with |T| < s, submatrices Ap are almost isometries. Therefore, u =
A*Ax approximates x locally when restricted to a set of cardinality
s. We thus call the first result the local approximation property. The
third result states that range(A;) and range( A ;) are almost orthogonal.
Hence, range(Ajy) is close to the orthogonal complement of range(A )
in range(Ajyy).
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Chapter 3

Unstructured Optimization

In this chapter, we focus on optimization problems that are un-
structured, which means they do not take specific problem formula-
tions. Instead, we only assume the objective functions and the con-
straint functions to possess particular mathematical properties. For
instance, the differentiability, the convexity or the smoothness. Based
on these mathematical assumptions, we manage to design effective al-
gorithms in order to meet the purpose of optimization and also ana-
lyze them with mathematical rigorous accordingly. On the contrary,
in chapter four, we study £y minimization problems, which take specific
problem formulations and thus do not fall in the category of unstruc-
tured optimization.

3.1 ”Minorization-Maximization” Viewpoint

In this section, we will introduce the important duality theory
based on the concept of "minorization-maximization”. First, we find
a lower bound of the objective function. Then we try to maximize
the lower bound hoping that the maximizer can ideally be a solution
of the original optimization problem. This is the reason why such
design methodology is called "minorization-maximization”. Proceed-
ing with the duality theory, we introduce some algorithms, including
the Chambolle and Pock’s primal-dual algorithm, the augmented La-
grangian method and ADMM, that makes use of the theory of duality.
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3.1.1 Duality Theory

We consider a general optimization problem as follows.
inf fo(z)
x

subject to  fi(x) <0,i=1,--- . m (3.1)
hi(x)=0,i=1,---,p

The domain is D = (60 dom fz) N ((_%1 dom hi). Define

I (u):= {O us

oo L,u >0
and
0 ,u=0
[()(u) I—{
oo ,u#0

Then B is equivalent to

inf Jfol@) + Z I_(fiz)) + Z Ly(hi(x)) (3.2)

To lower-bound B2, we replace I_(u) with the linear functions \ju, i =

L,---,m, A\; > 0and Iy(u) with the linear functions v;u, i =1,--- ,p

(since I_(u) > A\, Ip(u) > vyu Vu). Hence we define a function called
Lagrangian as follows to be a lower bound of

Definition 3.1.1 (Lagrangian).

Lz, \v) = fo(x)+ Z Nfi(z) + Z vihi(z) (3.3)

Ai,2=1,--- mand v;,1 = 1,---,p are called Lagrange multipliers
and A\ and v are called dual variables or Lagrange multiplier vectors.

We further define the Lagrangian dual function as follows.
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Definition 3.1.2 (Lagrangian dual function).
g\, v) = inf L(xz,\,v) (3.4)
x€D

The domain of g is dom g :== {(\,v)|g(\,v) > —o0}.

Denoting the optimal value of B as p*, we observe that for any A > 0
and any v g(A,v) will always be smaller than or equal to p*, i.e.; the
dual function yields a lower bound on the optimal value of B1. Hence,
we are motivated to maximize the Lagrangian dual function over the
variables A and v hoping to achieve p*. This motivation gives rise to
defining the Lagrange dual problem associated with B0 as follows

Definition 3.1.3 (Lagrange dual problem).

supg(A\,v) subject to A = 0 (3.5)
W%

As a counterpart, B is called the primal problem.

Note that since the Lagrangian dual function will always be concave,
the Lagrange dual problem (or simply dual problem) is always a con-
vex optimization problem no matter whether the primal problem is a
convex optimization problem or not.

Suppose z satisfies f;(z) < 0, ¢ = 1,--- ,m and h(z), i =
1,---,p, then we call  primal feasible. As a counterpart, a pair
(\, D) is called dual feasible if A = 0 and (X, 7)) € dom ¢. Suppose z*
is optimal for the primal problem (hence, certainly primal feasible), we
call z* primal optimal (fy(z*) = p*). As a counterpart, if (A\*, ") is
optimal for the dual problem (hence, certainly dual feasible), we call
(A*, v*) dual optimal. Let d* denote the optimal value of the dual prob-
lem. Then g(\*,v*) = d*. As a summary, we can have the following
inequality equation.

g\ 0) < g\ v =d* < p* = fola®) < fol2)  (3.6)
We call the relation
d <p" (3.7)
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weak duality, which always holds. The corresponding difference
pr—d (3.8)

is called the optimal duality gap. Attractively, we say that strong
duality holds if
pr=d (3.9)

In such situation, the optimal duality gap is zero. Besides, if fo(Z) —
g(jx, V) = €, then we say that T is e-suboptimal for the primal problem
since fo(2) — p* < fo(&) — g(A\, D) = € and (A, D) is e-suboptimal for
the dual problem since d* — g(\, ) < fo() — g\, 0) =€

Let x* be primal optimal and (A", v*) be dual optimal. Suppose
the strong duality holds, then

fola) = g, v) = inf{ fol) + 3 NI fi (@) + D vihila)}

m p
< fola) + ) N fila) + ) vihi(at)
=1 1=1

< fo(z")
The first equality is established because of the strong duality. The
second equality is established because of the definition of the Lagrange
dual function. The first inequality is established clearly and holds with
equality if * minimizes the Lagrangian L(x, \*,v*) over x. The sec-
ond inequality is established because A* is feasible (hence, Af > 0)
and z* is feasible (hence, f;(z*) < 0 and h;(z*) = 0). The second

inequality holds with equality if > Aff;(z*) = 0. Since A > 0 and
i=1

filx*) <0, Xl fi(z*) = 0 Vi € [m], which is called the complementary

slackness condition. As a summary, we conclude that for any optimiza-

tion problem with differentiable objective and constraint functions for

which strong duality holds, any pair of primal and dual optimal points
(x*, A*, v*) should satisfy the following necessary conditions

fi(x™) <0,i € [m] and hi(x*) = 0,1 € [p] (3.10)
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A > 0,4 € [m] (3.11)
A fi(z®) = 0,0 € [m)] (3.12)

V folz +Z)\ Vfilz +ZVVh (3.13)

Condition B0 is the prlmal feasible Cond1t1on. Condition BT is the
dual feasible condition. Condition is the complementary slack-
ness condition. Condition is made because VL(x*, \*,v*) = 0.
As a whole, conditions B10, BTT, and are jointly called the
Karush-Kuhn-Tucker (KKT) conditions.

Two questions arise naturally. One is that when KK'T conditions
are sufficient conditions for primal and dual optimal points. The other
is that when the strong duality can hold. To answer these two ques-
tions, we consider the optimization problem to be convex in the subse-
quent discussion. That is, f;,¢ =0, 1,--- ,m are convex and h;, i € [p]
are affine. Assume a primal feasible point  and a pair of dual feasible
points (X, ©) satisfy the KKT conditions. That is,

fz(a?;) <0,i € |m

]

t) =0,i € [p|
Z € [m]

) =0,i € [m]

V fold +Z>\Vﬁ

0 M@ =
> >/>/—\

Since \; > 0, L(x, A, ) is convex in z. The last KKT condition states
that its gradient with respect to x vanishes at £ = , so £ minimizes
L(x,z,v) over x. Therefore

g\, D) = L(3,\, D)
= fo(# Z )+ D Dilul@)

= fo(2)
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The last equality holds because A f;(Z) = 0 and h;i(Z) = 0. Hence,
(7, 5\, v) is primal and dual optimal with zero duality gap. As a result,
for any convex optimization problem with differentiable objective and
constraint functions, any points that satisty the KK'T conditions are
primal and dual optimal, and have zero duality gap. KKT conditions
provide necessary and sufficient conditions for optimality. As for the
second question, we introduce the Slater’s condition first. A convex
optimization problem is said to satisfy the Slater’s condition if there
exists an x in the relative interior of D such that it is strictly feasible;
that is,

filz) < 0,i € [m]

hz(x) = 0,7 € [p}
The Slater’s theorem states that if the Slater’s condition holds for a
convex optimization problem, then the strong duality holds. Hence, the

(3.14)

Slater’s condition is a sufficient condition for the strong duality. Fur-
thermore, if the first k constraint functions fi, fo, - - - , fi are affine, we
can refine the Slater’s condition so that f;(z) can equal zero for these
k constraint functions. As a special case, refined Slater’s condition re-
duces to feasibility when all the constraints are affine functions.

Based on the concept of strong duality, we may consider solving
the primal problem Bl by dealing with the following alternative opti-
mization problem

sup inY{; folx) + Z Aifilz) + Z vihi(x) (3.15)
i=1 =1

AER™ ycRP TE

The reader can refer to [5] for references of more details of the theory
of duality:.

3.1.2 Chambolle and Pock’s Primal-Dual Algorithm

Assume A € R™" and F : R" — (—o0,00] and G : R" —
(—o00, 00| are two convex functions. Primal-dual algorithm deals with
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the following objective

ir%éf F(Ax) + G(z) (3.16)
reR™
= inf F(2)+G(z) subject to Ax =z (3.17)

reRM™ zeR™

We call B.17 the primal problem. The associated Lagrange function is
defined as

L(x,2,€) :=F(z2)+ G(z)+ (£, Ax — 2) (3.18)
The Lagrange dual function is defined as
H(E) = _inf  Llw,z,6) = —F'(6) - G(-A€)  (319)
reR" zeR™M

where F* and G* denote the convex conjugate of the function F' and
G respectively.
Then we can come up with the dual problem defined as

sup H(§) (3.20)

EeRM
x and z are called the primal variables and £ is called the dual variable.
By the strong duality, the optimal objective function values of the
primal and dual problem are the same, i.e., if £* and z* are a pair of
minimizers of the primal problem and £* is a minimizer of the dual
problem, then F(z*) + G(x*) = H(£*). Furthermore, as stated in
theorem B.30 of [13], (*, £*) is a solution to the following saddle-point
problem

inf sup (Az, &) + G(z) — F*(§) (3.21)
reRM £ERM

The objective function of the saddle-point problem B.21 is the funda-
mental concern of designing the primal-dual algorithm.

In the following, we will first explicitly describe the primal-dual
algorithm introduced in the chapter 15 of [13] and explain it using the
fixed-point iteration rules.

1An optimization algorithm can be abstractly interpreted as a mapping M : 2 — €, where (2
is the input domain and the output range of the mapping. A point §* € 2 is called a fixed point
of the algorithm if 8* = M(0*). Fixed point iteration is a method of designing an algorithm
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Algorithm 1 Primal-Dual Algorithm

Input: A € R™*™; convex functions F' : R™ — (—o0,00] and G : R" — (—00, 00]
Parameters : 0 € [0,1], 7,0 > 0 such that ||A||3_, <1

Initialization : z(© e R", ¢ ¢ R™, z(0) = (O

Iteration : repeat until a stopping criterion is met at k =k :

g(n-&-l) = Pp. (0_’ g(n) + O.Ai.(ﬂ)) (PDl)
2t . Pg(T,x(”) _ TA*f(n+1)) (PD5)
D) = (D) 4 gzt _ () (PDs3)

Output: §(E), 2 (k)

Assume (z*, &) is a solution pair of the saddle-point problem. On

one hand,
&= azgggpulx*, §) — ()
= arginf —(Ax*, &) + F*(§)
EeRM

On the other hand,
= arginf{Ax, &) + G(x)

reR"?

Because of B.22, we can make the following derivations
0 —Ax"+ 0F*(&Y)
= cAx" € g0F*(£Y)
=& +oAx* € &+ 00F* (&)

where ¢ is some positive constant

Because of B.23, we can make the following derivations
0e A" + 0G(x™)
= — TAE € T0G(2")
=" —TAE € 2" + 170G(27)

where 7 is some positive constant

(3.22)

(3.23)

(3.24)

(3.25)

The results of B.24 and B.25 indicate two equations that a minimizer

pair (z*,£*) should satisfy. Based on those two equations, we can

derive the following fixed-point iteration rules

¢ 4 o AZ™ € €Y 4 g F (D)

(3.26)

with the aim that the output of the algorithm will converge to a fixed point in the long run.
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a2 — 7 A g g0 4 2oG () (3.27)

Equation B.26 can be expressed as PD; (Pj. is a proximal mapping

associated with the function F™*) and equation B.27 can be expressed

as PDy (Pg is a proximal mapping associated with the function G),
whereas P Ds is trivially a fixed-point iteration

Finally, a practical stopping criterion can be based on the primal-
dual gap

E(z,€) = F(Az) + G(z) + G*(— A*¢) + F*(€) (3.28)

We can terminate the algorithm once E (CU(k), £y < p for some posi-

tive prescribed tolerance n with the iterates of the algorithm being x(*)
and &%)

3.1.3 The Augmented Lagrangian Method

Assume A € R™*" and f : R" — R s a closed, proper and convex
function. The augmented Lagrangian method deals with the following
convex optimization problem

inf f(z) subject to Az =10 (3.29)

zeR"?

We can construct the dual problem of the primal problem as fol-
lows

sup inf f(z)+ (A, Az —b)

AcR™ zeRM?

= — inf sup —f(z) — (A, Az —b) (3.30)

- g 4

where d(\) := sup —f(x)— (A, Ax—0b). According to lemma 8 of [10],
reR™
d(A) is proved to be closed and convex. Assume the primal problem

is feasible; that is, there exists an z € R" satisfying Ax = b. Then
by the strong duality, we can solve the primal problem by solving
its dual problem B30

Given any u € R™, suppose d is proper; that is, it is finite for
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at least one choice of A\ € R™, we can compute T = arginf{f(x) +
r€R"™

(1, Az—b)+5||Ax—b||3}. Let A = p+c(Az—b)andv = b— Az € R™
Then g = A+ cv and it is proved in the proposition 9 of [10] that v €
dd(\). We can define the mapping Nog(p) = A —cv = pu+2c(Az —b).
Since d(\) is proper, closed and convex, by theorem LI, N4 is non-
expansive and any fixed point of N,y is a minimizer of d, i.e., an optimal
solution to the dual problem B:30.

Suppose for some scalar sequence {py} satisfying igf{ prt > 0and
sup{pr} < 2. The sequences {z¥} € R" and {\*} c R™ follow the
k
iteration rules

(g arginf{f(x) + <)\(k’), Az —b) + gHAiﬂ - ng}

r€R?
— %w +2e(Az* D — b)) 4+ (1 — %)W

= AW 4+ pre(AxtD —p)

[f the dual problem possesses an optimal solution, then by theorem
92, we know that {A\*)} converges to one of them. Furthermore, as
have been proved in the proposition 11 of [10], all limit points of {x(*)}
are optimal solutions to the primal problem B29. We can describe the
augmented Lagrangian method as the following algorithm If we set py,

Algorithm 2 The Augmented Lagrangian Method

Input: beR™; A R™ ™ ; f:R™ = R : closed, proper and convex
Parameter : ¢ >0

Initialization : A\(©) € R™

Iteration : repeat until a stopping criterion is met at k =k :

2" = arginf{f(z) + (A\¥), Az — b) + g“Af —bl13}
z€RN

AEFD = XF) 4 pe(Az*HD) — ) where 0 < pj, < 2

Output: z®) and A(®)
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to be 1 at each iteration, then the iteration rules B31 will become

240 — arginf{f(w) + (Y, Az - b) + ]| Az — b3}

TR

ARFD = AB) oAz D — p)

In this case, the augmented Lagrangian method minimizes the aug-
mented Lagrangian L.(z, \) = f(z) + (X, Az — b) + || Az — b||5 with
respect to x followed by a maximization over the dual variable X. Note

(3.32)

that the iteration rule of X is called the dual ascent step, which can be
seen as a fixed point iteration.

3.1.4 Alternating Direction Method of Multipliers (ADMM)

Assume A € R™" f : R" — R and g : R™ — R are two
convex functions. ADMM deals with the following convex optimization
problem

inf f(z)+ g(Mz)
reR™

= inf f(x)+g(z) subjectto Mx =z

r€ER™ zeR™

(3.33)

We can construct the dual problem of the primal problem as fol-
lows

sup | inf {f(z) + (A, M)} + nf {g(2) + (A —2)}]

AeRm TERT
T 0 - M p ()~ =2
= — AielllR}Cm di(A) + da(N)
(3.34)
where dy(\) := xs;llé)n{—f(x) — (A, Mx)} and dy(\) == Zselﬁ&%{—g(z) —

(A, —2)}. According to lemma 8 of [10], di(A) and dy(\) are both
closed and convex. By the strong duality, we can solve the primal
problem by solving its dual problem B-34.

Given y© € R™, a scalar sequence {p;} satisfying i%f{pk} > ()

and sup{pr} < 2, we want to produce the iteration rule : y(k“) =

k
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25 Negy (Neay (y*)) + (1 — 2)y®) . In this way, by theorem 92, {y®™}
can converge to a fixed point y(oo) of N¢q,0Nq,. Then by theorem [Tl
we can find a minimizer A of dy +d5, where y(oo) — A\ () and

V() € 9dy (M), =) € 9dy(A>)). We can produce such iteration
rule as the following four steps
1. express y*) as y*) = AXB) 4 ¥ where v € 9dy( A )

2. apply the mapping N4,

(AP — ™y (1 — %)(AW + ')

3. express AP — cv®) ag AB) — ) = 100 4 ) where w®) €
adl(ﬂ(k))

4. apply the mapping N4,

k
y(k+1) — %NCdl

y D) = PRy 0y 41— PRy B o))

2 2
— e ® 4 (1= pA® 4 e

We can further organize the four steps into the following two steps.
Given A9, (0 € R™ such that y© = A 4+ ),
1. Find p® w® e R™ such that A®) — o) = ;) 4 cw®) and
w®) € ody (k)
2. Find A0 p0+D) ¢ R™ such that yF+t) = \EHD 4 ekt —
o™ + (1 = p) A+ cv®) and v € gdy(AFD)

By the proposition 9 of [10], we can implement step 1 as follows

o5 = arginf {f(x) + (N — v, Ma) + 5| Max3)
TeRM

1) = A 8 4 e pg i)

w® — _Afp k)
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and we can implement step 2 as follows

. C
2 = arginf{g(2) + (prp™ + (1 — p)A®) + e —2z) + 5” — )

zeRM
AR — 58 (1 = p) A8 4 ) plhtD)
V(k:+1) _ Z(k:Jrl)

We can summarize them as follows

2% = arginf {f(z) + (AP — c2® M) + gqu!]%}

zeRM?

= arginf{f(x) + (\W, Ma) + 5| M - 2|3}

zeR"?

Iu(k) — )\(k) — cz(k) + CMI’UC_H)
. C
540 = argin f{g(2) + (o) + (1= pA® + es, 2) + J]12[13)

zeRM

AFFD — o 1 (1 = pp)AE) 4 2B — 0D
Since p® = AF) — c2(F) 4 Mg F+1),

preit™ + (1 = pp)A®) + ¢z
= oA — W) MDY 4 (1 — p) AP 4 2B
=AM 4 (oM™ 4 (1 — pp)2™)

we can further summarize them as follows.

gD — arginf{f(zr)+ <)\<k>, Mzx) + gHMx — z<k>H%} (3.35)
zeRM?
0 = argin {g(z) — (A%, 2) + o2t 1 (1= p)e® — 2|2}
zeRM
(3.36)
AR = X®) (e MzW D 4 (1 = pp) 2™ — D) (3.37)

We describe ADMM as the following algorithm. If we set pi to be 1 at
each iteration and add some redundant terms, B33, and 837 will
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Algorithm 3 ADMM

Input: A:R™ "™ f:R"™ - R and ¢ : R™ — R are two convex functions
Parameter : ¢ >0

Initialization : \(9) € R™ and 2(9) € R™

Iteration : repeat until a stopping criterion is met at k = k :

254 = arginf{f(x) + AW, Ma) + 2| M - 2®|3}
zERn

25D = arginf{g(z) — AP 2) + ngkMx(kH) +(1—pr)z® — 2|2} where 0 < pp < 2
ZER’HL

AR — (k) 4 C(pkMz(kJrl) +(1— pk)z(k) _ Z(k+1))

Output: x(E), 2(®) and A®)

become
g = arginf{f(x) + g(z") + (AW, Mz — =) + gqu — 2™}
(3.39)
2 = a:glégf{f(x(kﬂ)) +g(2) + AW gt — 2 (3.39)
+ S| Mt — 2]3)
AR — A (MR — (D) (3.40)

In this case, ADMM minimizes the augmented Lagrangian L.(x, z, A) =
f@) +9(2) + (\, Mz — z) + §||Mz — z||5 with respect to = and z
sequentially followed by a maximization over the dual variable X. Note
that as we can see from algorithm B, ADMM has a merit that it de-
couples the composite of the functions f and ¢, which enables us to
exploit the individual structure of the two functions.

Up to now, we find that the derivation of the ADMM is mainly
an application of the fixed-point algorithm to the non-expansive map-
ping Neg, © Neg,. Proposition 15 of [10] gives a theoretical guarantee
as follows

Theorem 3.1.1. Suppose there exists some optimal primal-dual
solution pair ((x*, z*), \*) to the original problem such that

1. x* minimizes f(x)+ (A", Mx) with respect to x
2. z* minimizes g(z) — (\*, z) with respect to z
3. Mz* =2~
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Assume also that all subgradients of the function dy(\) = sup {—f(z)—
xeR"™

(A, Mx)} at each point A\ € R™ take the form —Mzx, where T at-
tains the stated supremum over x. Then if the sequences {:c(k)} C
R?, {z0) ¢ R™, {A®} c R™ follow the iteration rules, where
i%f{pk} > 0 and s%p{pk} < 2, then \¥) converges to A\, z(¥)

converges to 2, and Mz® converges to Mx(®) = 2() where
((2(%°), 2(2)) X)) s an optimal primal-dual solution pair to the
original problem.

3.2 ”Majorization-Minimization” Viewpoint

In this section, we will introduce the Bregman proximal gradi-
ent method and some methods that are special cases of it. Assume
f : R" = (—o00,00| is a convex and differentiable function and
g : R" = (—o00,0] is a convex function. The Bregman proximal
gradient method deals with the following objective

inf F(x)= f(x)+ g(z) (3.41)

zeR"

Algorithm 4 Bregman Proximal Gradient Method

Input: f:R"™ — (—o00,00] : a convex and differentiable function
g : R™ — (—o0, o0] :a convex function
h:R"™ — (—o00,00] : a convex and differentiable function
Parameters : n >0
Initialization : z(©) ¢ R”
Iteration : repeat until a stopping criterion is met at k = k-

X 1 )
ab ) = arginf F@®) +(Vf(@®), 2 —2®) + ;]Dh(a?, 2 ™) + g(x) (3.42)
TER™

Output: (k)

The Bregman proximal gradient method is described as algorithm M
as above (Djp(z,2™) is the Bregman divergence associated with h).
Assume f is M-smooth relative to h, then

F(z) = f(z)+g(z) < fE")+(V (W, -2+ M Dy (2, 2™ +g(x)
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Hence, if we choose the parameter 1 to be 1/M, then the iteration
is just to minimize the upper bound of the objective function
F(x). Such idea of designing an optimization algorithm is called ”
majorization-minimization”. In the following, we will introduce six spe-
cial cases of the Bregman proximal gradient method. Readers can refer

to [2],[22] and [36].

3.2.1 Proximal Gradient Method

This is a special case of the Bregman proximal gradient method

when h(z) = 1{|z||3. Hence, becomes
1

o5 = argin f(z%) +  F@) (@ - o) 4 Ll — 293 + gl
n

zeR"
= (I +19g)" (I =V f)(z")
= P,(n, s — nV f(zM))

The proximal gradient method is described as the following algorithm.

Algorithm 5 Proximal Gradient Method

Input: f:R"™ — (—o00,00] : a convex and differentiable function
g : R" — (=00, 00] :a convex function

Parameters : n >0

Initialization : z(©) ¢ R”

Iteration : repeat until a stopping criterion is met at k =k :

2* ) = P (n, 2™ — nv £ () (3.43)

Output: z®)

We make a remark that the proximal gradient method is the same
as the forward-backward splitting method. We can split into
a forward step and a backward step. The forward step is zF) =
e — pV f(2®). Tt is a gradient descent method which will be in-
troduced later. We can think of it as forwarding to z*) from the
current value (). The backward step is 2+ = P,(n, z®). Tt is

a proximal point method which will also be introduced later. Since
e ) = (I 4+ 10g)~ (™), 2% = (I +ndg)(x*+1). We can think of

it as backwarding to z*) from the next value z#*1).
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3.2.2 Proximal Point Method

The proximal point method is a special case of the Bregman prox-
imal gradient method when h(z) = 3||z[|3 and f(z) = 0 (or simply, a
special case of the proximal gradient method when f(z) = 0). Hence,
becomes

_ 1
o) = arginf g(w) + o — 23
reR? T
= (I +n9dg) " (z*))
— PQ(U? x(k))

The proximal point method is described as the following algorithm.

Algorithm 6 Proximal Point Method

Input: g: R" — (—o00, 0] : a convex function

Parameters : n >0

Initialization : z(9) ¢ R”

Iteration : repeat until a stopping criterion is met at k =k :

2 = Py (n,2V) (3.44)

Output: z(®)

3.2.3 Mirror Descent Method

Mirror descent method is a special case of the Bregman proximal
gradient method when g(z) is the characteristic function for a non-
empty, closed and convex set X C R". Therefore, the algorithm can
be described as follows

Algorithm 7 Mirror Descent Method

Input: f:R"™ — (—o0,00] : a convex and differentiable function
h:R" — (—00,00] : a convex and differentiable function
X CR" : a non-empty, closed and convex set

Parameters : n >0

Initialization : (9 ¢ X

Iteration : repeat until a stopping criterion is met at k =k :

1
2D = argi;zf f(x(k)) + (Vf(:c(k))@ — a:(k)> + %Dh(x,x(k)) (3.45)
xre

Output: (k)

3.2.4 Projected Gradient Descent Method

Projected gradient descent method is a special case of the Breg-
man proximal gradient method when h(z) = 1||z||3 and g(z) is the
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characteristic function for a non-empty, closed and convex set X C R"
(or simply, a special case of the mirror descent method when h(x) =
1||z|3). Hence, becomes

1
2 * D = argmin f(z) + (V (W), z — W) + — |z — 23
rekX 277
!
= argmin fllz — (2 — 4V )
reX 2

= projx(z™ — v f(z))

where projy(-) is the projection operator defined in 21, We can de-
scribe the projected gradient descent method as the following algorithm

Algorithm 8 Projected Gradient Descent Method

Input: f:R"™ — (—o00,00] : a convex and differentiable function
X CR" : a non-empty, closed and convex set

Parameters : n >0

Initialization : z(9) ¢ X

Iteration : repeat until a stopping criterion is met at k =k :

2® ) = projr (z®) — pv f(2®)) (3.46)

Output: z )

3.2.5 Entropy Mirror Descent Method

Entropy mirror descent method is a special case of the Bregman
proximal gradient method when h(x) is the negative entropy and g(x)
is the characteristic function for the probability simplex A (a vector
belonging to A has the sum of its values of entries equal to one). Hence,
becomes

n
2% = arginf f(z®) + (VW) 2 — 2F)) 4 ! zi]log
reA i—1

(z)[i]

N —n(V f (2 F)) i

Vi € [n]

i(w)) [i]e=n(V /M)

i=1
Therefore, we can describe the entropy mirror descent method as the
following algorithm
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Algorithm 9 Entropy Mirror Descent Method

Input: f:R"” — (—o00,00] : a convex and differentiable function
Parameters : n >0

Initialization : (9 € A

Iteration : repeat until a stopping criterion is met at k =k :

(200 [i]e=n(V S @)

(D[] = Vi € [n] (3.47)

(2®))[i]e=n(VF®)]

o8

=1

Output: z(*)

3.2.6 Gradient Descent Method

Gradient descent method is a special case of the Bregman proximal
gradient method when h(z) = i||z||3 and g(z) = 0. Hence,
becomes

. 1
o = arginf f() + (V£@).a = o) + 5 le V)
reRM

— 2 — v f(a®)

Hence, we can describe the gradient descent method as the following
algorithm

Algorithm 10 Gradient Descent Method

Input: f:R"” — (—o00,00] : a convex and differentiable function
Parameters : n >0

Initialization : z(©) ¢ R”

Iteration : repeat until a stopping criterion is met at k =k :

2D = 20 _ v £ (2R) (3.48)

Output: z )

We can make a connection between the gradient descent method and
the proximal point method. Let g be a convex function. Since g is
not necessarily differentiable, we cannot apply gradient descent method
directly to g. However, the Moreau envelope g, is convex, differentiable
and Vg, approximates dg (the reader can refer to section 1.8). We may
consider applying the gradient descent method to g, instead. In this
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way, becomes

20D — o) _ v (20)

_ k) _ 77[%([ — (I + n@g)_l)(m(k))]

= (I +1dg)~! (=)

which coincides with the iteration rule B44 of the proximal point
method.

3.3 ”Minimization of First/Second Order Ap-
proximation” Viewpoint

In this section, our main concern is the steepest descent method,
which is designed based on the methodology of minimizing the first-
order approximation of the objective function. Gradient descent method
and Newton’s method can both be viewed as special cases of the steep-
est descent method. Furthermore, Newton’s method can also be inter-
preted as a method of minimizing the second-order approximation of
the objective function. Before introducing the steepest descent method,
we need to go through the concept of a general descent algorithm and
the idea of line search. Finally, we close this section by discussing how
to solve an equality-constrained minimization problem, including an
extension of the Newton’s method to solve it. The readers can refer to
[5] for references.

3.3.1 General Descent Algorithm

Suppose the objective function f : R” — R of an unconstrained
minimization problem is convex and twice differentiable. Denote x*
as an optimal point (i.e., minimizer) of the minimization problem and
p* = fla*) as the optimal value. Let 2 20 ... € dom f be a
minimizing sequence; that is, f(x**V) < f(2®) vk = 0,1,--- and
f(z™) — p* as k — oo. For descent methods, minimizing sequences
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are chosen to be
2D = g0 B A (R) (3.49)

AzF) € R" is called a step or search direction and t*) > 0 is called a

step size. From convexity of f, we know that

fEHD) = fa)+9 ™) (2 =) = fa)+ OV f2) Az
Since f(z* D) < f(2®), Vf(z")TAz®) should be smaller than or

equal to zero. Such search direction is called a descent direction of f
at ™). A general descent algorithm can be described as follows.

Algorithm 11 General Descent Algorithm

Input: f: R™ — R : convex and twice differentiable

Initialization : 29 € dom f )

Iteration : repeat until a stopping criterion is met at k = k:
determine a descent direction Azx®
line search : choose a step size t*) >0

update : gD = 2(F) 4 () AL ()

Output: z(®)

Different ways of determining a descent direction correspond to differ-
ent descent algorithms. We cover this issue in the next subsection. In
the following, we introduce two line search methods. The first one is
called exact line search.

t®) = arginf f(z™ + sAz®) (3.50)

s>0

The second one is called backtracking line search. It can be described
as the following algorithm

Algorithm 12 Backtracking Line Search

Input: a € (0,0.5), 8 € (0,1)
Initialization : t*) = 1
while f(z®) +tFAz®)) > f(20)) 4 at®V f(2F)T Az*) do
t(k) .= g¢(k)
end while
Output: : t(*)

We can deduce from figure B that the output t*) will be 1 or be-
long to (ﬂto,to) Also note that f(z®) + tMAzW) ~ f(2®) +
BV f (NI Az®) < f(z®)) + aV f(2! )TA:E( ) for t small enough.
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Figure 3.1: backtracking line search

Hence, the backtracking line search is guaranteed to terminate eventu-
ally.

3.3.2 Steepest Descent Method

First, we introduce the normalized steepest descent method. It is
a descent algorithm whose descent direction is determined by

Az®) = arginf{ f(@®) + V@) To | |o]] = 1}

— arginf{V )Ty | o] = 1} 351

where ||-|| denotes some norm of a vector. Note that because V f (2*))Ty
is a linear function of v, we need to add some constraint on v (i.e.,
|v]| = 1) or there will be no inﬁmum By Taylor series expansion, we
can approximate f(x) as f(x™)+V f(z®)T (x — 2*)) when x is near
z®) . Hence, Axfi)d can be interpreted as a search direction that mini-
mizes the first order approximation of f(z) at %) Furthermore, it is
indeed a descent direction because V f(2)! Az, = —||V.f(2)|l+ <0
(|| - ||+ denotes the dual norm of a vector with respect to norm || - ||).
The descent direction of the steepest descent method is obtained by

multiplying Az, by HV f(a:“f))u*. That is,
2l = |V f (@), Azl (3.52)
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Once again, We can verify that Az _; is indeed a descent direction be-
cause V f(z )T Azyy = =V f(z)|2 <0

If we choose the norm to be Euclidean 5 norm, then the steep-
est descent coincides with the gradient descent method whose descent
direction is

Azl =~V f(2®) (3.53)

Suppose f is m-strongly convex, then as have been introduced in sec-
tion L2

m
fl@) + V) (y = 2)+ Sy — 2l < fl)
1 *
= fla) - V@) <p
If |V f(2)||2 < v/2me for some prescribed threshold € > 0, then f(x)—

p* < e. Hence, a natural stopping criterion can be set as |V f(x)]|s <
n for some prescribed threshold n > 0. Furthermore, if f is also M-
smooth, it can be proved that (see [5])

fa®) —p* < H(F - p) (3.54)
For exact line search, ¢ = 1 — §; < 1 and for backtracking line

search, ¢ = 1 —min{2ma, 2B8a4;} < 1. Hence, the convergence rate of
the gradient descent method depends greatly on the condition number

M /m of the Hessian matrix V2 f(z).
If we choose the norm to be the quadratic P norm defined as

|2llp = (27 P2)'2 = ||PY22 ], (3.55)

where z € R" is a vector and P € R" " is a positive definite ma-
trix. The descent direction of the normalized steepest descent for the
quadratic P norm can be derived as

Azl = =(V )PV ) 2PV ) (3.56)
and that of the steepest descent for the quadratic P norm is

Az'®) = — P17 f(a™) (3.57)
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The requirement of a search direction to be a descent direction ratio-
nalizes the positive definiteness of P ("." V f (ac(k))TAxiZ)

= —Vf(aMTP=IV f(2®) < 0 if and only if P is positive definite).
We want to make an important connection between the steepest de-
scent for the quadratic P norm and the gradient descent in the follow-
ing. Let = P2z and f(z) = f(P~Y2z) = f(x). Suppose we apply
the gradient descent method to f(z). The descent direction will be

Aa‘;;];) _ —Vf(.f(k)) _ —P_1/2Vf(P_1/2i“(k)) _ —P_l/QVf(I(k))

and the update step will become

20D = g0 4@ Az

= gt = ) B pig £ (2 M)
AL t(k)Aflf(Z)

S

Therefore, the steepest descent method in the quadratic P norm is
equivalent to the gradient descent method applied to the problem after
the change of coordinates & = P'2z. The Hessian matrix after the
associated change of coordinates is

sz(j:<k)) _ (P_l/Q)TVZf(p_l/%‘:(k’))P_l/Q
_ (P_l/Q)TVZf(x<k))P_1/2

Since the convergence rate of the gradient method depends on the
condition number of the Hessian matrix, the steepest descent method
in the quadratic P norm converges very rapidly when the condition
number of the Hessian matrix (P~Y/2)TV2 f(z®))P~1/2 is small.

The Newton’s method is a special case of the steepest descent for
the quadratic P norm; however, instead of using a fixed positive definite
matrix P for every iterations, the Newton’s method uses different P
matrices depending on x(¥) for every iterations. Concretely speaking,
the Newton’s method uses the matrix V2f(z*¥) for cach iteration.
Hence the descent direction of the Newton’s method is defined as

Azl = —(V2 (%)t f2®) (3.58)

nt —
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Az t) is also called the Newton step of f at (%), Note that the Hessian
matrix V2f(z) of f should be positive definite so that Az is indeed

nt
a descent direction. Also note that since the Hessian matrix of each

iteration, which is (V2f(z")~1/2)V2 f(aMNV2f ()12 = I, has
the smallest condition number one, we can expect the Newton’s method
converges very rapidly. Aside from interpreting the Newton’s method
as a special case of the steepest descent, there are two other important
interpretations of the Newton’s method. According to the optimality
condition introduced in section [T, we know that V f(z*) = 0 at the
optimal point z* (the equality holds because there are no constraints on
x,ie., x € RY). We hope that ") v, where v is a small perturbation
from x(k) can be an optimal point. Hence we set the gradient vector
of f at z®) +v to be zero; that is, V f(z®) +v) = 0. Since v is a small

perturbation from z¥), we can linearize the gradient vector so that

V™ +0) = V™) + V() =0

In this way, v = —V2f(2") 7V f(z®), which is just the Newton
step. The Newton step can also be verified as a vector that minimizes
the second-order approximation of f at z*). i.e.,

Axfw) = arginf f(z™) + V(") Tv + %UTV2f<$(k))U (3.59)

Denote the second-order approximation as

o) = £@®) + V)0 + TV (360)

We find that an estimate of the distance from f(z*)) to the optimal
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value p* based on the second-order approximation is

f@®) —p*
= f(a") — inf f(z)

~ f(z™) — inf Flz®) 4 V(™ Ty + %UTW Fla®)y
= f(=®) = fi(Axly)
= V(@) V() f @)
We define the Newton decrement at z(F) ag
Az™) = (Vf (@) f(aW) 1w f )2 (3.61)

Hence, f(z®)) — p* = IA(z™). A natural stopping criterion can be
set as %)\2(370“)) < € for some prescribed threshold € > 0. Besides, the
Newton decrement can also be verified as equivalent to

k k k
(A2 (@) Azi) Y2 = | Azl g2 0 (3.62)

nt

which is the quadratic V2f(2®) norm of Aazfﬁ). Finally, we present
some convergence results of the Newton’s method. Since the Hessian
matrix of f is required to be positive definite, f is m-strongly convex
for some m > 0. Suppose f is also M-smooth and the Hessian of f is
L-Lipschitz, i.e., ||V*f(z) = V*f(y)|l2 < L||x — yl|2. It can be proved
that (see [5]) there exist two constants 1 and ~ satisfying 0 < n < mTQ
and v > 0 such that

fa) = f@®) < =y af V@2 =n (363)
SV < (g VA2 if (VS <
(3.64)

If |V f(2®)|y > n, we call %) is at the damped Newton phase; oth-
erwise, we call (%) is at the quadratically convergent phase. Although
the Newton’s method converges fast, the cost of forming and storing
the Hessian matrix and that of computing the Newton step are high.
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3.3.3 Equality-Constrained Minimization Problems

In this subsection, we consider solving the following equality con-
strained minimization problem

inf f(z) subject to Az =b (3.65)

where f : R” — R is a convex and twice differentiable function and
A € RP*" with rank equal to p < n. In the following, we introduce two
methods of solving B.G4. The first method solves B.63 by converting it
to an unconstrained minimization problem. Concretely speaking, we
can express the constraint set {z|Az = b} as

{2+ Fz|z e R"?} (3.66)

where Az = b and F € R P) is any matrix whose range is the
nullspace of A. Therefore, we can solve the following unconstrained
minimization problem instead

inf f(2) = f(Fz+ %) (3.67)

The second method uses an extension of the Newton’s method to solve
BGH. Concretely speaking,

1
A:Ufﬁ) = argminf(z™) + V f(zF) Ty + évTVQf(x(k))v (368)

subject to A(z™ +v) = b
KKT conditions should be satisfied. They are listed as follows.
Alz® 4+ Akl = p (3.69)

V2 f (e Azl + v fa®) + ATw = 0 (3.70)
corresponds to the primal feasible condition. Since (¥ is feasible
(ic., Az =b), AAxU? = 0. Such search direction is called a feasible
direction Furthermore, it can be deduced that V f(z! )TA:U( ) =

(A:U )Tv2f( )Ax<t) < 0. Hence, the Newton step A:Ufn) is a
descent direction as desired. B0 corresponds to the condition that
the gradient of the Lagrangian should be zero (w is the associated dual
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variable for the primal problem BG8). We can combine conditions
and B70 into a KKT linear system as follows.

[W fﬁlx<k>) fﬂ _ [—Vf <~”’3(k))] (3.71)

0
220 (K)\ AT
) zglx ) jé(l) ] the KKT matrix. In the following, we also

define the second-order approximation fk( ) as . We also derive
an estimate of the distance from f(x®) to the optlmal value p* based
on the second-order approximation as follows

fla®) —p*
= f(a') — inf f(z)
~ flz®) — in}ff(CL‘(k)> + V(") Ty + %UTVQf(x(k))v
= ) = fudayy)
N - Al )l
V2 f (o )Aaz( )+ ATw — —Vf(z®)
.-.< Az )V (W) Axl) + (M) ATw = —(Axly)) TV f(a®)
AN = 0 = (AT AT = 0
ATV ) AR = —(Axl))TV fa®) = —V @) Azl
L Ha) = (Bl = ATV ) Al

n

k
Awét)

w

We call [

We also define the Newton decrement of f at () as
M) = (A ) V2 F @) Aay)) 2 = | Aay o0y (3.72)

A natural stopping criterion can also be set as %/\2(3’)( )) < e for some
prescribed threshold € > 0. Last, we prove that the Newton step of f
at 2¥) derived by method 1 (denoted as (Amfﬁ))l) is the same as that
derived by method 2 (denoted as (A:Ug?)g). The Newton step of f at
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2(%)denoted as (Azg?)l, is calculated as

Az = =V [NV FEW) = ~(FIV fD)F) TV ()
caW = W 4 g oand W+ (Aa:f,ﬁ))l = F(z™ + (Azﬁﬁ))l) +

o (A = F(AZD), = —F(FTV f(a")F) " FTV f (™)

As for method 2, since A(Axf;?)g =0, (Aa:g?)g = F(Az(?)g for some

n

vector (Az,(,f:) )2. Hence,
V2 (@ F(AZN)), + ATw = =V f(2®)
AR =0=F'A" =0
IR F(Az ) = —FTV f(al)
(A2, = —(FTV2f ()P FTV f ()
(B = F(A2))y = = F(FTV? £ (@) F) TV f ()

Therefore, we successfully verify that (Axg?)l = (Axg?)g. Further-
more, we can verify as follows that the Newton decrement of f at z(*)
(denoted as A2(2*))) is the same as the Newton decrement of f at 2(*)

(denoted as A2(z(M)).

For this subsection, the readers can refer to [5] for references.
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3.4 Barrier Method

Barrier method (also called log barrier method or interior point
method) focuses on the following constrained minimization problem

inf fo(x) subject to fi(x) <0,i=1,2,--- 'm

(3.73)
and Az = b

where fo, f1,---, fm : R — R are convex and twice differentiable
functions and A € RP*™ has rank p < n. is equivalent to

ilfgffo(x) + i I (fi(x)) subject to Ax =b (3.74)
i=1

0 <0
where I_(u) = { Y=" Since I _(u) is not differentiable, we con-
oo u>0

sider approximating it by a convex and differentiable function I (u) =
—%1og(—u), where ¢ > 0 is a parameter for the approximation ac-
curacy. As can be seen in figure B2, I_(u) can approximate I_(u)
more and more accurately as t increases. Note that in section BT,
we replace I_(u) with a lower bound function A;(u), which results in a
"minorization-maximization” method. However, I_(u) introduced in
this section is not a lower bound for I_(u) since I_(u) is over I_(u)
when u is in the interval of -1 and 0. Hence, we do not cover the barrier
method in section B.1.

As a result, the barrier method considers solving the following
alternative minimization problem instead of

inf fo(z) + Z_; _% log(—filx))  subject to Az =b (3.75)

= inftfo(z) + o(x) subject to Az =10
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—log(—u)

t=0.7 *

t=0.5*

u

Figure 3.2: —1 log(—u)

where ¢(x) = — ilog(—fi(a:)) with the domain dom¢ = {x €
i=1

R™| fi(x) < 0, = 1,--- ,m}E ¢(x) is called the logarithmic bar-
rier (or log barrier) for the original problem and the alternative
problem B73 is called the centering problem. A minimizer x*(¢) of the
centering problem is called a central point and a central path associated
with the original problem is defined as

C = {z*(t)|t > 0} (3.76)

Assume z*(t) is primal optimal and v*(¢) is dual optimal for the
centering problem. The following KK'T conditions should be satisfied.

Az (t) = b (3.77)

2gince f;(z) is constrained to be strictly smaller than zero, feasible solutions of always
lie in the interior of the constraint region of BZZ3. This is why the barrier method is also called
the interior point method.
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filz (1) < 0 (3.78)
tV fo(z™(t ))+V¢( "t )>+AT (1) =0

=tV fo(z +§: f Vﬁ@%ﬂ%ﬁﬂb%ﬂzo

Conditions B4 and correspond to the primal feasible conditions
and condition B9 corresponds to the requirement that the Lagrangian

(3.79)

of the centering problem be zero. Condition B79 is also called the cen-
trality condition.
Let \;(t) = W i =1,---,m and p(t) = v*(t)/t. Since
t > 0and fi(z*(t)) < 0, \i(t) > 0. Furthermore, from the central-
ity condition, V fo(z*(t)) + 3 M)V fi(z*(t)) + ATo(t) = 0. Hence
—1
x*(t) minimizes the Lagrangian associated with the primal problem

Lz, \v) = folx) + Z)\-fz-(:c) + VT (Az — b) for A = A(t)

and v = p(t), which 1mphes that g(A(t), #(t)) > —oo. Actually,
g\ (@), 2(1) = fola*(t) + ZA (&) filz*(t) + v(t)" (Az*(t) — b) =

fo(z*(t)) — 2. Therefore, (S\(t), v(t)) is dual feasible for the original
primal problem . Considering the KKT conditions for the origi-
nal primal problem B73, we have verified that z*(¢) is primal feasible,
(A(t), &(t)) is dual feasible and VL(z*(t), A(t), #(t)) = 0. However,
because X (t) f;(z*(t)) = —1 # 0,4 = 1,--- ,m, the complementary
slackness condition is not satisfied. Hence, x*(¢) is not primal optimal
and (A\(t), #(t)) is not dual optimal for the original problem B73. We
can conclude that

g(\(®), 9(t)) < d* < p*" < fola*(t))
= fola"(1)) — p" < fola* (1)) — g(A(1), 0(1)) = =

t

where p* represents the optimal value for the original problem and
d* represents the optimal value for the dual problem of B773. As a re-
sult, we find that x*(¢) is m/t-suboptimal and converges to an optimal
point as ¢ increases.
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Based on the above discussion, we can introduce the barrier method
as the following algorithm now.

Algorithm 13 Barrier Method

Input: f;(z):R® - R,i=0,1,---,m : convex and twice differentiable functions
A € RP*™ : g matrix with rank p < n

Parameters : > 1; tolerance € > 0

Initialization : () : strictly feasible (i.e., f;(z(®) < 0,i =1,2,---,m) ; t© >0

Tteration : repeat until m/t*) < e at k =k

centering step : compute x*(t(k)) by minimizing t(k)fo(:v) + ¢(x) subject to Az =b
starting at %) using the Newton's method
update : D =z (t#)

increase t : t*FtY) = ut(k)

Output: z(®)

The barrier method solves a convex optimization problem with lin-
ear equality constraints and inequality constraints by reducing it to a
sequence of linear equality constrained problems, with twice differen-
tiable objective. The barrier method then applies the Newton’s method
to solve them. As what we have introduced in section B33, The New-
ton’s method solves a linear equality constrained optimization problem
with twice differentiable objective by reducing it to a sequence of lin-
ear equality constrained quadratic optimization problems. Each linear
equality constrained quadratic optimization problem can be solved an-
alytically by solving the KKT systems. As a whole, the barrier method
solves a convex optimization with linear equality constraints and in-
equality constraints by tackling a hierarchy of optimization problems
iteratively and progressively. Note that at each iteration within the
Newton’s method, we have a primal feasible point for the original prob-
lem B73. However, we do not have a dual feasible point until the end
of the execution of the Newton’s method (i.e., the end of the centering
step). What’s more, if we do not compute an exact minimizer of each
centering problem (inexact centering), then we still cannot have a dual
feasible point even at the end of each centering step.

Finally, we give a short remark on the choice of parameter p. If we
choose a small 4, then a large number of centering steps are required to
meet the stopping criterion. But at each centering step, only a small
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number of iterations are required for the Newton’s method since we
start at the optimal point of last centering step and since the objective
does not change much due to small . Hence the iterates closely follow
the central path, which results in a path-following method. In contrast,
if we choose a large u, a small number of centering steps are required
while the number of iterations for each centering step are large. Hence,
the iterates veer away off the central path. Empirically, a good choice
of p is within 10 and 100. The readers can refer to [5] for materials of
the barrier method introduced in this section.

3.5 EM Algorithm

For signal processing, we often receive data from various sources. In
a parametric setting (or model-based setting), we assume the data to be
stochastic and generated from a probabilistic model. The probabilistic
model is governed by a probability density function which depends on
a set of unknown parameters. An important task is thus to estimate
the values of the parameters from the data (or called statistics) so
that we can have better understanding about the underlying generating
mechanism. Let the observation data vector y € R% be a realization of
the random vector Y € R%. Assume Y depends on a set of unknown
parameters 6y € €2, which is the parameter space. The density of y
given a random parameter 6 € o is denoted as

p(l|0) = p(Y =yl[0) (3.80)

which is also called the likelihood function of y. Clearly, our goal
is to estimate 6 given y, which is known as an estimation problem.
A famous approach called the maximum likelihood estimation (MLE)
approach resorts to solving the following optimization problem in order

sNote that in this tutorial, we may interchangeably use the notation 6 and 6, depending on
the context of usage. If we want to express the deterministic nature of the true underlying
parameter, then we use #y. On the other hand, if we are doing maximum likelihood estimation
or some other mathematical derivations, then we use # to denote the random nature of the
unknown parameter.
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to deal with the estimation problem.

Oripp = argsup L(0) = p(y|0) = argsup £(0) := log(p(y|d)) (3.81)
0eQ 0eQ
We call 6 v e the MLE estimator of the true parameter vector 6.
In some situations, y comes from the complete data z € R% which
is a realization of the random vector X € R%. The generation of X
also depends on the true parameter vector 6,. We cannot observe X
directly; however, we known the density function of x given a random
parameter 6 € €, which is

p(zl6) = p(X = z/6) (3.82)

The support of X, denoted as X', is thus the closure of the set of x
where p(z|0) > 0. Since y comes from x, we also call y the incomplete
data as a counterpart of the complete data . A full understanding
of x implies a full understanding of x. Hence, we can express the
conditional density of x given y and 6 as

_ p(x|0)
PO =

The support of X conditioned on g, denoted as X (y), is thus the clo-

(3.83)

sure of the set of x where p(z|y,0) > 0. We can incorporate the
information of z (i.e., p(x|0)) to deal with the maximum likelihood
estimation problem B:81. We will introduce an example in the follow-
ing section to illustrate such cases. In some situations, because it is
difficult to directly solve the optimization problem BE1 we are urged
to incorporate p(x|@) or even construct fictitious such z if actually y
does not come from a complete data . We will also introduce an ex-
ample in the following section to illustrate such cases. In either cases,
we can make use of the expectation-maximization (EM) algorithm to
fulfill the estimation task.

In the following sections, we first introduce the EM algorithm in
section B2A 0. In section B-h2, we define some notations about the score
statistics and information matrices and also point out some important
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properties and notions regarding them. Those definitions and concepts
are useful and required for the analysis of convergence. In section B-53,
we then present some convergence issues of the EM algorithm, includ-
ing the convergence of the likelihood function, the rate of convergence,
etc. In section B-Ad, we introduce some useful variants of the EM al-
gorithm. Lastly, in section B-b:H, we give some examples regarding the
use of the EM algorithm. The readers can refer to [8], [17], [20], [24]
and [29] for references of the EM algorithm.

3.5.1 The EM Algorithm
The EM algorithm is described as the following algorithm. As can

Algorithm 14 EM Algorithm

Input: p(y|f) : the likelihood function of y given
p(z|0) : the likelihood function of z given 6
Parameters : ¢ > 0 : prescribed tolerance threshold
Initialization : 0(°) € Q as an initial estimate for 6, )
Tteration : repeat until [§*) — 9=V | < ¢ or |[£(0P)) — (O*—1)| < ¢

1. E-step (Expectation)

(a) formulate the conditional probability density function p(z|y, 8)) for the complete data z
(b) form the conditional expected log-likelihood, which is called the Q-function

Q(60") = /X ( )log(p(x|9))p(x\y,9(k))dx — Ex, 000 log(p(X]0))] (3.84)
)
2. M-step (Maximization)
O+ = argsup Q(0]0™) (3.85)
e

Output: (k)

be seen, the EM algorithm solves for 6 that maximizes the expected
log-likelihood of X. And once we have an estimate for 6, we can make
a better guess about the complete data x.

3.5.2 Score Statistics and Information Matrices

First, we make a list of some definitions of score statistics and
information matrices

1. The incomplete-data score statistic :

S(y;0) := dlogp(yl6)/06 (3.86)

90



. The complete-data score statistic :

S(z;0) = dlogp(x|6)/006

. The incomplete-data observed information matrix :

I(y;0) = =0 log p(yl0)/ 006"

. The incomplete-data expected information matrix :

Iy (0) = EyplL(Y;0)]
. The complete-data observed information matrix :
I(z;0) = —0*log p(x|0) /0006

. The complete-data expected information matrix :

Tx(0) = Expl(X;0)]

(3.87)

(3.88)

(3.89)

(3.90)

(3.91)

. The complete-data conditional expected information matrix given

Y
Zx(0ly) = Exjp,[1(X;0)]

. The missing information matrix :

Zn(0ly) = Exjo[~0 log p(X1y,0)/0000"]
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We can make a connection between the incomplete-data score statis-
tic and the complete-data score statistic in the following derivation.

S(y;0) = dlogp(y|0)/00
= p'(y10)/p(y0)

_ /X Pl (o)
:/X( )((9logp(xlﬁ)/ae)(p(fl?’H)/p(y‘@))dm

- / S(a:0)p(ely, 0)dz
X(y)

- EX]y,@[S<X; 0)]

We can also make a connection among different information ma-

(3.94)

trices in the following derivation.

log p(y|0) = log p(x|0) — log p(zy, 0)
0*logp(yl0) 0 logp(x]d) 0 logp(x|y,0)

00007 8:928€T 00007
0°logp(x|y,0)
-0 = : 3.95
= 1(y;0) = 1(z;0) + 50007 (3.99)

0% log p(zy, 9)]
00067

= By olL(Y;0)] = Ex )y o[1(X;0)] + Exyy 0l
= 1(y;0) = Zx(0ly) — Z.(0y)

The final result of BX93 corresponds to the missing information princi-
ple, which states that the observed information equals the conditional
expected complete-data information minus the missing information.

3.5.3 Convergence Analysis

The EM algorithm serves as an iterative approach to solve the max-
imum likelihood estimation problem B&T so it is important to verify
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that the likelihood do increases iteratively. We prove it as follows
p(x]0) = p(zly, 0)p(y|0)
. log L(0) = log p(x|0) — log p(ly, 0)
:>]EX| ok [logL(@)] = ]EX| ok pllog p(z|0)] — EX|y,9(k) log p(zy, 0)]
= log L(0) = Q(6;0")) — H(6;6")
where H(0;0%)) .= =Ky, gwllogp(zly, 0)]
log L(0*+V) — log L")
= (Q(OT:0%) — (6% %) — (H(0%Y; %) — H(0; 1))
> H(g(k);g(k)) _ H(@(k‘ﬂ);g(k‘))

B p(x|y, ™)

>0

The first inequality is due to the operation of the M-step B.83. The
second inequality is due to the non-negativity of the KL divergence.
Hence, the likelihood indeed monotonically increases. If the likeli-
hood sequence {L(A*)} is a bounded sequence, then L(6*)) con-

verges monotonically to some L*. If L* = L(#*) for some point 6"

h —ag(90> = 0, or equivalently, 81%5(9) = 0, ie, S(y;0%) =

0, then L* is called a fixed value. Furthermore, we can prove that
0Q(0;60%)/00]|9=¢« = S(y;0%). Therefore [0Q(0;0%)/0)|9—g~ = O,
which implies that 6* is a fixed point of the EM algorithm. We can

at whic

prove it in two ways as follows. The first way of derivation is
log L(0) = Q(6;0") — H(0;0")
= S(y: 0°) = [0QU0:0)/00)|o—gr — [OH(0:07)/00)]|p—g = 0
= S(y; 0") = [0Q(6;6") /00]|g—p = 0

The last equality is due to the fact that H(0;60%) < H(0*;6%) VO €
(a result of the non-negativity of the KL divergence). The second way
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of derivation is

S(y; 0) = Exy,0[S(X;0)]
— /X( )(810gp(x]9)/39)p(x|yae)dx

9| /X  1omp(rlO)p(aly, 000

= [0Q(6;0)/00]|o—
= S(y, 9*) — [8@(@, 9*)/8@”@:9* = [aQ(e, 9*)/89”9:9* =0

A natural question that when L(Q(k)) converges to a fixed value
thus arises. To answer this question, we need to introduce the concept
of EM mapping and the regularity conditions established in [20]. The
EM algorithm implicitly defines a mapping 8 — M (#) from the pa-
rameter space €2 to itself such that 0%+1) = M (%)), The function M
is called the EM mapping. As for the regularity conditions, they are
the following three conditions

1. © is a subset in d-dimensional Euclidean space R?
2.y =1{0 € Q|L(0) > L(0)} is compact for any L(f) > —o0
3. L(#) is continuous in 2 and differentiable in the interior of (2

A consequence of the regularity conditions is that any sequence { L(0%*))}
is bounded above for any 89 € Q. Besides, If €); 1s in the interior of ()
for any 0 (), then in each M-step %Y is a solution of the equation
0Q(0;6%)) /06 = 0. An important result, proved in [20], about the
convergence of L(0™)) to a fixed value is described as the following
theorem

Theorem 3.5.1. If reqularity conditions hold and M (0™)) is closed

over the complement of S, the set of fixed points in the interior
of 2, then all the limit points of {0%)} are fized points and L(O™))
converges monotonically to L* = L(0*) for some fized point 0* € S

+A mapping is said to be closed at 6 = 6 if %) — 6y,0 € Q and ¢ — ¢, p*) € M (™))
implies that ¢g € M (6))
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Note that a sufficient condition for the closedness of the EM mapping
is that Q(O; ) is continuous in both © and #, which is easier to verify.
Hence, we can have the following corollary

Corollary 3.5.1.1. If reqularity conditions hold and Q(©;0) is
continuous in both © and 0, then all the limit point of {6*)} are
fized points and L(O™)) converges monotonically to L* = L(6*) for
some fixed point 6* € S

We need to make a remark that the convergence of L(6*)) to
some value L* does not automatically imply the convergence of the
corresponding sequence of iterates {9<k>} to the point 6%, where L* =
L(6*). Then when does %) also converge to a fixed point §*? First, we
define S(a) £ {6 € S : L(#) = a} to be the subset of S of fixed points
in the interior of (2 at which L() = a and L(a) = {0 € Q : L(0) = a}
to be the subset of Q at which L(0) = a. [20] and [24] give some results
regarding the convergence of %), We present them as follows.

Theorem 3.5.2. If regularity conditions hold, M(0%)) is closed
over the complement of S and S(L*) consists of the single point 6*
(that is, there cannot be two different fixed points with the same
value L*), where L* is the limit of L(%)), then %) converges to
9*

Theorem 3.5.3. If regularity conditions hold, M(0")) is closed
over the complement of S, S(L*) is discrete and ||§*+) —g®)|| — 0
as k — oo, then 0%) converges to some 6% in S(L*)

.ok
Theorem 3.5.4. If reqularity conditions hold, [8Q(gf( ))]]9:9(k+1) —

0 and 0Q(O;0)/00 is continuous in © and 0, then 8% converges
to a fized point 0° with L(6*) = L*, if either L(L*) = {6*} or
[0F+) — W) — 0 as k — oo and L(L*) is discrete
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From theorem B:54, we can come up with the following useful corol-
lary

Corollary 3.5.4.1. If reqularity conditions hold, [M] lg—gr1) =
0, 0Q(©;0)/00 is continuous in © and 0, and L(0) is unimodal in
Q with 0* being the only fized point, then any EM sequence {6%)}

converges to the unique maximizer 0% of L(0);that is, it converges
to the unique MLE of 0

Finally, we make a derivation of the rate of convergence r = kh_>m H@<k+1) —
o*11/ 10" — 67|
1. S(y; 0) ~ S(y; 0%)) — I(y: 6%)) (6 — %)) when 6 is near %)
Assume k — oo and %) converges to a fixed point 6*
then S(y; %) = 0 = S(y; 8%)) — I(y; §%))(6* — o0)
= 0" ~ %) 1+ [71(y; 05N S (y; 6F))

2.+ - QU+ ig near 0%) as k — oo

aQ(0:0k
0= [ Q(a@ ”9 g(k+1)
8@(0 (k)

oo +[%He oty (01 — 60))

= 0~ S(y;e(’“)) — Iy (W |y) (O — o)
= S(y; W) = Ty (0W]y) (8" — o)
Combining 1. and 2., we can get
0 — k) ~ Iy Q(k)>IX(9(k)‘y)<9(k‘+1) _ g(k))
= 00 — 0% ~ 1 — I (0W]y) I (y; 61 (0™ — 67)
~ Lo — Iy (0°[y)] (y'9*)](9(k> —0%)
= [Z3(0"[)Zn(0"])] (0" — 07)

Hence, the rate of convergence is the largest eigenvalue of the infor-

~ |

mation ratio matrix Zy'(0*y)Z,.(0%]y). A larger value of r implies
slower convergence, which may be somehow counter-intuitive. We can
alternatively define the speed of convergence s = 1 — r. In this way, a
larger value of s corresponds to faster convergence.
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3.5.4 Variants of The EM Algorithm

In this section, we will introduce three useful and important vari-
ants of the EM algorithm.

MAP EM

MAP EM takes into account or imposes some prior information on
6. The E-step remains the same and the M-step is modified to maxi-
mize the posterior rather than the likelihood. Concretely speaking, the
M-step becomes

0"+ — argmaz Q(A10"™)) + log(p(d)) (3.96)
0e

where p(6) is the prior probability density function of ¢

Monte Carlo EM (MCEM)

In E-step, we need to calculate Q(6; 0%)) = E, owlogp(X10)] =
| x(y 108 p(x]0)p(x|y, 0*))dx. If we cannot obtain a closed-form solu-

tion to the Q) function, then we might consider using the technique of

Markov Chain Monte Carlo (MCMC). First we make m independent

draws x'k, 2% .- 2™ from p(z|y, %) using MCMC. Then we ap-

proximate Q(6; 0X)) by Q,,(0;0%)) = L 3" log p(27+]6). Therefore, in
j=1

M-step, we take maximization on the function @,,(6;6*)) rather than
on Q(; 0. The readers can refer to [[14] for materials of the MCMC.

Expectation-Conditional Maximization (ECM) algorithm

One of major reasons for the popularity of the EM algorithm is
that the M-step involves only complete-data ML estimation, which is
often computationally simple. But if the complete-data ML estimation
is rather complicated, then the EM algorithm is less attractive. If this
is the case, then we may consider taking the maximization process of
the M-step conditionally on parts of the parameters under estimation,
which is often relatively simple. The ECM algorithm takes advantage
of the simplicity of complete-data conditional maximization by replac-
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ing a complicated M-step of the EM algorithm with several compu-
tationally simpler conditional maximization (CM) steps. Concretely
speaking, we partition @ into S parts, namely, 6 = (01,05, --- ,0g).
After the E-step, we perform the following S CM steps rather than the
original one M-step.

CM step1 : ngﬂ) = argmaz Q(01, 9§k), e ,Hgk>; Q(k))

61
CM step?2 : Hékﬂ) = argmax Q(@Ekﬂ), 0, Qék), e ,Hgk); o))
02

CM step s : 0%V = argmaz Q(9§k+1), .t 0, k) ,ng); 9<k))

s yVs—1 > s+1 "7
05

CM step S : QEqu) = argmax Q(@ikﬂ), e ,Hg{;jll), Og: Q(k))
Os

Hence, in the ECM algorithm, the s-th CM step requires the maximiza-
tion of () function with respect to 6, with the other S — 1 subvectors
held fixed at their current values. If we update the @) function after
each CM step; that is, perform one E-step before each CM step, then
the corresponding algorithm is called the multicycle ECM. We define
a cycle as one E-step followed by one CM step. Concretely speaking,
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we perform the multicycle ECM as follows
E step : Q(0; (9““))

CM step : ngﬂ) = argmazx Q(61, 9§k>7 e 7ggk); Q(k))
01

Estep: Q0,601 0 ... o)

C'M step HékH) = argmazr Q(Qikﬂ), 0, Qék), e ,Hfgk); ng“), Qg{), e ,Hgk))
)

E step: Q(6: 0 gD g™ .. gy

CM step : HékH) = argmax Q(Qikﬂ), 9§k+1), 03, Hflk), ce ,ng)
03

;QYH—D, eék—i—l)’ Qék), 6 )

An obvious disadvantage of using a multicycle ECM algorithm is the
extra computation at each iteration. However, as a tradeoft, one might
expect it to result in larger increases in the log likelihood function per
iteration since the Q-function is updated more often.

3.5.5 Examples
A Toy Example

This example was originally introduced in [8] and later elaborated
on with more details in [17]. Assume there are n kids asked to choose
a toy out of five choices. Let X = [X1, Xy, X3, Xy, X;]7 denote the
histogram of their n choices, i.e., X; denotes the number of the kids that
chose toy 7, 1 = 1,2,3,4,5. However, we cannot observe X directly:
instead, we observe Y = [Y1, Y5, Y3, Y4]T, where Y7 = X + X5 denote
the sum of the number of kids that chose toy 1 or 2, Y5 = X3, Y53 = X}
and Y, = Xj5. If the probability by which a kid chose toys is modeled
as p = [p1, P2, P3, P4, ps)t, then we can model the distribution of X
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and Y as multinomial distributions; namely,

- sz y y’p

(p1 + p2)' pPPp P pdt

5 4
Il U
If p is parameterized as 3,16, 1(1 — 6),1(1 — 6),10]7,0 € (0,1),6 €
(0,1), then
n!' 1.0 1—-6
plald) = () (St st
i=1
nl 1 6. 1—40 0
— o I\ (T \Y2tY3(Z\V4
p(916) = 1+ O Dy

4
H yz'!
i=1

To apply the EM algorithm, we need to calculate the Q) function and
maximize it; that is,

0"t = argmaz Q(0)6"™)

6€(0,1)

= argmar By 4o y[log(p(X10))]
0e(0,1)

= arg(mc;a: E ¢, om[(X2 + X5)log 0 + (X5 + X4) log(1 — 0)]
fe(0,1

We need to calculate the conditional probability p(x|y, ™), which is

p(x|y, o)

p(x]0"™)
p(ylotm™)
! ( 1 )xl ( ot )902 5
: 2 4
_ 1{x + 2o :yl}Hl{xi — i1}
F\1, om 1, plm
T1x9: 3 + 0 5 + S P
T xr 5
Y1! 2 L/ ogm) 2
B 1 = 1z = yi-
122! (2 + 9<m>) (2 g ) Hmtom=ug 11 (@i = yi-1}
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(m)

Hence, Ex, o [X] = [5om¥1s 3ogmr¥ts Yo, Uz, ya] . We can get

g(m)
pim+1) — argmax [(Wyl + y4) log 0 + (y2 + y3) log(1 — 0)

6€(0,1) 2+ 06
()
2—?—97” Y1+ Y4
@
Oy e + Y3+

In this simple illustrative example, we can simply perform maximum
likelihood estimation on p(y|#). However, in the following two exam-
ples, directly applying maximum likelihood estimation on the likelihood
functions becomes intractable, which in turn forces us to resort to the
EM algorithm instead.

Gaussian Mixtures

Assume there are two groups, one with p-dimensional Gaussian dis-
tribution density N (y; u1,2) and the other with p-dimensional Gaus-
sian distribution density N (y; po, ), where puq, o € RP is the mean
vectors and Y € RP*? is the common covariance matrix. We randomly
sample data y € RP from one of the two groups. The probability that
a sample is from the former group is 1 — 7 and from the latter group
is . Hence the probability density function of y follows the Gaussian
mixture density (1 — m)N(y; p1, 2) + 7N (y; p2, 2). Given n i.i.d. ob-
servations yi, ¥, - - - , Yy, from the Gaussian mixture density, we want
to estimate the unknown true parameters 6y = (m, 1, 2, 23, which is
a two-group discrimination problem or a statistical pattern recognition
problem. The likelihood function is

n

LOlyr,y2, -+ 5 ya) = | [I0 = 7N (s 11, 2) + 7N (gs; pa, X))
1=1

We find it difficult to analytically compute either argmax L(0|y1, yo, - - -
0

or argmazx log L(0|y1, Yo, -+ , yn) because of the bundle of two Gaus-
0

sian densities. If we can know which group each y; comes from, then the
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conditional probability density of each y; given this information will be
simply a single Gaussian density, whose related maximum likelihood
estimation is tractable. With this observation, we think of applying the
EM algorithm. We can fictitiously construct the missing data z;, which
is an indicator variable identifying the j-th observation y; as coming
from the first (2; = 0) or the second (z; = 1) group. Then we can
obtain the complete data X = (Z,Y), where Z = (21, 29, -+ , 2,) and
Y = (y1,y2, -+ ,yn). To calculate the Q function, we need to derive
the probability density function p(x;|0) and p(z;|y;, 8).
L p(X; = (0,95)10) = p(X; = (0,9;)|Z; = 0,0)p(Z; = 0[6)
= N(yj; p1, 2)(1 = 7)
2.p(X; = (Ly)l0) = p(X; = (1,y)|Z; = 1,0)p(Z; = 1]0)
= N(yj; p2, 2)7
= (0., = 1;.0)
( = (0,95)10)/p(Y; = y;0)
(L= RN (s B0 = MV (50,5 + 7N 40, )
Xj=(Ly)lY; =y;.0)
p(X; = (1,9,)[0)/p(Y; = y;10)
TN (yj; o, B) /(1 — m)N (g5 pa, 2) + 7N (y;5 p2, 2))]

Hence, in E-step, we can calculate the ) function as follows

Q(0;0™)
= EX| o [log p(X0)]

- Z [log (g0, Z)(1 = m))(1 = 7 +10g[N(yj;uz,Z)7r]Tfk)}

A

4.

=

k
(k) _ TN (y; 5", 50
whereT;" = G B
(L= 7" )N (i, B0) + 7N (5 57, 50)
In M-step, we apply four CM steps instead of one M-step. Each CM
step maximizes the Q) function over one of 7, 1, o and .
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1. pk+D) = argmaz Q(6;6"))

J

2. ™ = argmaz Q(6:6%) = S-(1 = 7}y f(n — -7

—_

241 ]:1
k n k n e
3.5 = argmaz Q0:0%) = 7y -7
:u2 j: ,]:

4. R+ = argmax Q(6;6™))

i[(l = = Ty )T

j:
1 k+1
7y — 1) (g — 1

Hence, we can view this example as an application of the ECM algo-
rithm.

Baum-Welch Algorithm

Baum-Welch algorithm is an application of EM algorithm to learn
model parameters of a hidden Markov model (HMM). Let X = {1,2,--- N}
denote the space of observation. Let X = (xgi), xéi), e ,xg)) de-
note an observation sequence with length T'. Suppose there are total
D observation sequences X = (XU, X®@ ... X)) and each ob-
servation is drawn independently and identically distributed (i.i.d.).

Let Z = {1,2,---, M} denote the space of hidden states. Let Z() =

(z%i), zéi), cee z(TZ)) denote a hidden state sequence with length T". Sup-

pose there are total D hidden state sequences Z = (Z(1>, AC Z(D>).
Assume an HMM is parameterized by 6 = (w, A, B), which represents
the initial state vector, the state transition matrix and the emission
matrix respectively. Concretely speaking,

l.ﬂi:P(lei),iE[M]
2. Az’j = P(Zt+1 :j‘zt — 7’)7 Z:] S [M]
3. Bi(j) = P(xy = jlzs = 1), i € [M], j € [N]
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The joint probability of X and Z conditioning on 6 is

D T
d d
Px, 210) =[] (W%@B%@ @] A @B w (} ))>
t=2

d=1
The learning problem is nontrivial because the hidden state sequences
Z is not available; otherwise, we can directly compute the MLE 6* =
argsup P(X, Z|0). Without Z. if we still want to compute the MLE,

then we need to deal with 6% = argsup P(X|0) = argsup Y P(X,z|0) =
0 2€Z

afrgsup > H ( X0 Z1 ( )H A @ Zt (azgd))),which is intractable

z€Z d=1
since there are DTV different Values of z to try and different parame-

ters are bundled together by the operation of multiplications. However,
if we view (X, Z) as the complete data, X the incomplete data and Z
the missing data, then we can apply the EM algorithm to estimate 6*.
The resulting iterative procedure is called the Baum-Welch algorithm.
[t is described as follows

1. E-step : compute Q(6,0%) = 3" [logp(X, Z|0)]p(Z|X, 0%)
2€Z

2. M-step : 0%+D = argsup Q(0, Q(k))
0

As we can see, the EM algorithm is powerful for the usage of the log
function can effectively disentangle the bundle of different parameters.
After some derivations (see [38] for details), we can come up with the
following iteration rules.




Note that p(z:| X, 0) and p(z;_1, 2¢| X, 0) are both quantities which can
be computed efficiently by the forward-backward algorithm.
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Chapter 4

¢o Minimization Problem

In this chapter, we will discuss a specific problem formulation re-
lated to the £y norm. Precisely, we consider the following problem

inf ||z|lg subject to Ax =y (4.1)

reR"?

where y € R™ and A € R"™*" (m < n). In the context of sparse rep-
resentation, we call y the signal, A the dictionary and x the coefficient
vector. The dictionary has n m-dimensional column vectors (called
atoms, denoted as a;,j € [n]), which leads to an underdetermined
linear system Az = y since m < n (more often m < n). Hence,
there may be infinite possible coefficient vectors = that are feasible for
the linear system. Among them, our interest is the sparsest ones (i.e.,
ones with smallest £y norm). That is, our aim is to use as few dictio-
nary atoms as possible to represent the signal y. Besides B0, we also
consider the following problem

inf ||z|lo subject to ||[Ax —ylls < e (4.2)
xeR"™

where € > 0. In this problem, we introduce a tolerance scalar € to relax
the strict constraint Az = y. We can tolerate some extent of mismatch
between Ax and y to gain some possible improvements of sparsity.

In the context of compressive sensing (compressive sampling), we
assume there is an s-sparse n-dimensional signal vector x. Since it
is sparse, we hope that we can compressively sample it with as few
samples (or called measurements) as possible using the sampling matrix
(or called the measurement matrix) A € R™*" (m < n). After the
sampling operation, we will get y = Ax. We call y the sample vector
(or called the measurement vector). We want y to contain sufficient
information of x so that we can recover x with y and A. Note that it has
been proved in [13] that the following three statements are equivalent.
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1. The vector x can be reconstructed as the unique solution of the
problem il"IlRf | z]|o subject to Az = Ax =y
z€R"™

2. The vector x is the unique s-sparse solution of Az = y with y = Ax;
that is, {z € R"|Az = Ax, ||z]|o < s} = {z}

3. Every set of 2s columns of A is linearly independent.

Hence, it is reasonable to consider the £, minimization problem ZEI]E] in
order to achieve reconstruction. Furthermore, because every set of 2s
columns of A should be linearly independent, the minimal number of
measurements to recover an s-sparse vector is 2s. To better understand
the properties of A in the context of compressive sensing, we will adopt
the notion of restricted isometry property. In a more general setting,
we will get y = Ax + e; that is, the sample vector y is contaminated
with a noise vector e € R™. Hence it is also reasonable to consider the
problem A Actually, the major algorithmic challenge in compressive
sampling is to recover a signal given a vector of noisy samples.
However, it has been proved that solving both B and B2 are NP-
hard (the readers can refer to section 2.3 of [13] for the NP-hardness
of £y minimization problem). Therefore, many algorithms are designed
to pursuit the objective of B and as close as possible while can
be implemented efficiently. Also note that in the context of sparse
representation, our major concern would be the difference between the
true signal y and the linear combination A:U(]%), where z(®) denotes the
output vector of some algorithm, while in the context of compressive
sensing, our major concern would be the difference between the true

k)

sparse signal z and the reconstruction vector ). However, we will

call the difference the residual vector in either case. As for the notation,
we use the capital R to denote ||y — Az™||5 and the lower case r(*)

to denote ||z —z®||5. In the following sections, we will introduce some

'We may change the notation of B in order to make clear of the concept. Precisely, we
consider the same problem of different notation : inf |z]lo subject to Az =y = Ax
z€R™

2We also change the notation of the problem EZ4 in order to make clear of the concept :
i%%f |zllo subject to ||[Az —y|la = ||Az — Az —e|z < €
zeR"™
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algorithms designed based on different methodologies respectively.

4.1 Minimization of Alternative Diversity Mea-
sures

We can view the £y norm as a sparsity measure. The smaller the
¢y norm of a vector, the greater the sparsity of the vector. Opposed
to sparsity, we can also view the £y norm as a diversity measure. The
larger the £y norm of a vector, the greater the diversity of the vec-
tor. However, the minimization of £y norm is an NP-hard problem.
Hence, a type of algorithms resort to alternative diversity measures.
Minimization of those diversity measures is computationally tractable
while it can be verified that the resulting coefficient vectors are sparse
enough.

4.1.1 TIteratively Reweighted Least Squares (IRLS)-Type
Algorithms

Let D(x), z € R" be some convex diversity measure other than
the £p norm. The minimization problem we consider now becomes the
following convex optimization problem.

inf D(x) subject to Ax =y (4.3)

zeR"

Assume x* is a minimizer of the problem and A\* is a dual optimal
point of the dual problem of E3. The following KKT conditions are
necessary to satisfy

V.D(z*) + ATX* =0
Ar* =y
Assume the gradient of the diversity measure has a factored represen-

tation, which is

V.D(x) = a(x)l(x)x (4.4)
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where a(z) is a scalar and II(z) is a diagonal matrix. In this way, the
KK'T conditions become

() (z")a* + ATN =0
Ax* =y
We can in turn come up with the following two fixed-point equations
vt = I (") AT (AT (2 AT) 1y
M= —a(z*)(Al Nz ATty

From the first equation, we can design a algorithm based on the fol-
lowing fixed-point iteration rule

e * ) = T () AT (AT () AT) "Ly (4.5)

With such iteration rule, the KK'T conditions of the minimization prob-
lem of each iteration become

a(z T (2 W)W 4 AT AR — @
Ax(k+1) —y

Hence, the algorithm equivalently solves the following minimization
problem at each iteration

Oé(x(k)) T

D) arginf T H(x(k))x subject to Ax =y
reRM
= arginf :CTH(:C(k))ZU subject to Az =y
g (4.6)
= arginf |W, 'z||5 subject to Ax =y
reR™M

where W, = H(aj(kj))_l/2

We call such algorithm a reweighted minimum norm algorithm or a
iteratively reweighted least squares (IRLS) algorithm. The term ”
reweighted” refers to the fact that x is reweighted by W, L. The term
"minimum norm” and ”least squares” refer to the minimization of /5

norm. Let ¢ := W~ 2. The minimization problem B8 is equivalent to

(k+1) _ arginf ||q||5  subject to AWyq =y (4.7)

qeR”

q
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Since ¢ is an affine scaling transformation (AST) of z using the matrix
Wi, we also call such algorithm an AST-based algorithm. Note that
we can analytically solve the problem B-7; namely, ¢"*+Y) = (AW;)1y,
where the symbol { denotes the Moore-Penrose pseudoinverse of a vec-
tor. In the following, we will introduce three kinds of diversity measures
and the corresponding IRLS algorithms based on minimizing them.
The three diversity measures are the p-norm like diversity measure
EP(x), the Gaussian entropy diversity measure Hg(z) and the Shan-
non entropy diversity measure Hg(x). The readers can refer to [32] for
details.

The p-norm Like Diversity Measure E?(x)

The p-norm like diversity measure E?(x) is defined as

Definition 4.1.1 (p-norm like diversity measure).

EP(x) = sgn(p Z\x [P,p <1

Z | [4]|P 0<p<l1 (4.8)
_ < 7=1 "

— > |zl p<O

L i=1,3[i]#£0

The gradient vector of EP(x) can be expressed as a factored rep-
resentation; namely, V,EP(x) = a(x)ll(x)x, where a(x) = |p| and
[I(x) = diag(|z[i][’~*). Hence, based on minimizing the p-norm like
diversity measure, we can design an algorithm as follows

Algorithm 15 IRLS Based on EP(x)

Input: y e R™ ; A € R™*™
Initialization : z(°) ¢ R® -
Iteration : repeat until a stopping criterion is met at k = k

1. Let Wy = diag(|x®[]|}—2/2)
2. q(k+1 (AWk)
3. 2+ = W gD

Output: z(F)
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The Gaussian Entropy Diversity Measure Hg(x)

The Gaussian entropy diversity measure Hg(x) is defined as

Definition 4.1.2 (Gaussian entropy diversity measure).

Ha(z) = Zzn\xmy? -~ QZln\x[iH (4.9)

The gradient vector of Hg(x) can be expressed as a factored rep-

resentation; namely, V,Hg(z) = a(x)ll(x)x, where a(z) = 2 and
[I(z) = diag(ﬁ). Hence, based on minimizing the Gaussian entropy
diversity measure, we design an algorithm as follows

Algorithm 16 IRLS Based on Hg(z)

Input: y € R™ ; A € R™*™
Initialization : z(©) ¢ R™ -
Iteration : repeat until a stopping criterion is met at k = k
1. Let Wy = diag(|=®[i]))
2. ¢ = (AWp)ty
3. 21 = gk +D)

Output: z(®)

Note that it is equivalent to the p-norm-like case when p is set to be
zero (although the gradient of EP(x) is not defined for p = 0). Hence,
there must be some close relationships between Hg(z) and EP(x) when
p approaches zero. Indeed, we can present two relationships as follows.
The first one is based on the arithmetic-geometric inequality.

n 1/n n
(H \x[zup> <=3 Jalll

1/p_
— (lEp(x)> < (eHc;(:v))l/?n < (lEp+<x))1/p+

n nmn

where p_ <0 and p. > 0

We have equality as p approaches zero. Hence ezi/6(@) = hH(l) (LEP(x))'/P.
p—

The second one is based on the first-order Taylor approximation of
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EP(x) when p approaches zero.

1
= B(x) + §Hg(x) p— 0

Hence, as p gets smaller, EP(x) begins to behave like Hg(x) except
at sparsity points where the diversity measure E°(x) jumps discon-
tinuously. Finally, we make a remark that the IRLS algorithm based
on the Gaussian entropy diversity measure is equivalent to the basic
FOCUSS algorithm introduced in [16]. We will delve deeply into the
FOCUSS algorithm in the subsequent section.

The Shannon Entropy Diversity Measure Hg(x)

The Shannon entropy diversity measure Hg(x) is defined as

Definition 4.1.3 (Shannon entropy diversity measure).

wfi]”

Hg(z) = — Z Z[i]In(z[i]) , where Z[i] = (4.10)

=03

The gradient vector of Hg(x) can be expressed as a factored rep-
resentation; namely, V,Hg(z) = a(x)ll(x)z, where a(z) = ﬁ and
[I(z) = —diag(Hs(x) + In(Z[i])). Note that since II(z) is indefinite,
simply mimicking the way we construct algorithms I3 and I@ cannot
ensure us a provably convergent algorithm. If we still mimic the way
we construct algorithms I3 and [G, we will get the following iteration
rules

1. Let Wy, = —diag((Hg(x™) + In(zW[i]))~1/?)
9 q(k+1) _ (AWk)Ty
3. ) = Wy gk +D)
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In order to ensure Hg(z**+D) < Hg(x®), we change the notation of
the output of step 3 to 2D — Wi ) and let z*+1) = £k 4
() — xfakﬂ)). It has been proved in [32] that it is sufficient to

choose . such that
(:U(k+1))TH($(k))x(k+1) _ —Mk(ﬂk + 2)(:Ufakﬂ))TH(x(k))(xfnkH)) <0

If (:UfnkH))TH(x(k))(:U?(nkH)) < 0, then we need to choose py, such that

pr( e + 2) < 0. Since pg(py + 2) attains its minimum at pp = —1,

k+1) k) (x(k) . (k+1>) _ (k1)

we can construct z = gzl Ty T, accord-

ingly. If (a:,(nHl))TH(az(k))(a:,(nkH)) > 0, then any positive value of
is acceptable. If we choose ur = 1, then we can construct gkt —
) 4 (CC(k) — x§k+1>) = 2¢(k) — x&kﬂ) accordingly. As a summary, we
establish an extra step 4 as follows

k+1 k+1
+1) {x$ W (NI (20 (25) < 0
X = (k1) (k1 1

T x(k—l—l
))TH(:):( ))(a;,(»kﬂ)) > ()
We can describe the IRLS algorithm based on Hg(x) as follows

2% — zy (

Algorithm 17 IRLS Based on Hg(z)

Input: y € R™ ; A € R™*™
Initialization : z(©) ¢ R™ -
Iteration : repeat until a stopping criterion is met at k = k

=M [i)?

1. Let Wy = —diag((Hs(x™) + in(z®[i]))~1/2), where 2(F)[i] = ™z
2

C gD = (AWp)ty

3. 2F Y — kD)

LR+ {x$k+1> (@ N T (®) (@) < 0

22 (k) — x$k+1) (mSkH))TH(x(k))(xng)) ; 0

[\)

e~

, where II(z(*)) = W2

Output: (k)

Note that the fixed points of algorithm [ cannot generally be com-
pletely sparse; however, they do tend to have a large number of entries
with very small (albeit nonzero) amplitudes.

Lastly, we relax the strict constraint Ax = y so that we can tol-
erate some differences between Ax and y just as problem does.
However, here we consider adding a Tikhonov regularization term in-

113



stead of imposing an inequality constraint and we limit our discussion
to the p-norm like diversity measure. Concretely speaking, we consider
the following optimization problem

inf J(x) = yEP(z) + || Az — b||3 (4.11)

where 7y is a positive regularization parameter and [|Ax — b||3 is the
Tikhonov regularization term. v controls the tradeoff between quality
of fit ||Ax — b|| and the degree of sparsity. Larger values of 7 lead to
sparser solutions while smaller values of v lead to better fit, i.e., smaller
error ||Axz—0||. Besides the regularization viewpoint, we can also adopt
a maximum a posteriori (MAP) interpretation of ETT. Assume the
signal model to be y = Ax + e, where y € R™, x € R" and e € R™
are all considered to be random. We model the noise vector v as a
Gaussian random vector with i.i.d. elements, i.e.,

Pleli] = u) = ——¢ 52

\2To

where o2 is the noise variance. We assume the coefficient vector z

to be independent of e and to be sparse. Hence, probability density
functions that are concentrated near zero but also have heavy tails are
appropriate to model x. Specifically, x is modeled as a random vec-
tor with i.i.d. elements that have a generalized Gaussian distribution,
which is defined as

Definition 4.1.4 (generalized Gaussian distribution).

| =u) = ——— exp(—sgn M
P(x[z]_u)_Q\’/iﬁF(%) p( g(p)%p

where p € R, 8 > 0, ['(+) is the gamma function and sgn(-) is the sign
function.

i ) (4.12)

[ is the generalized variance and p controls the shape of the gen-
eralized Gaussian distribution. When p = 1, the generalized Gaus-
sian distribution reduces to the Laplacian distribution while when p =
2, 8 =1, it reduces to the standard normal distribution. As we can see
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from figure @1, the generalized Gaussian distribution moves towards
a uniform distribution as p — oo and towards a very peaky distribu-
tion as p — 0. Given the vector y € R™, we want to perform MAP

25

0.5 o\ pet

Figure 4.1: generalized Gaussian distribution

estimation of the vector 2 € R" as follows

Tarap = argsup In(p(z|y))
TERM

= argsup{ln(p(y|z)) + In(p(x))}

zeR"?

— argsup{ln(pv(y — Ax)) + ln(p(:c))}

zeR"?

0.2

= arginf J(z) = yEP(z) + || Az — b||5  with v = —
reRM Bp
which is equivalent to our objective EI1. p = 2, which corresponds
to the Gaussian prior for z, gives rise to a regularized least squares
problem. With p < 1, it can be shown that the local minima of J(x)
Is sparse.
Then how can we solve the problem ETT? The gradient vector of

J(x) evaluated at a fixed point z* can be computed as follows

Vo J(x*) = 24T Az* — 24y + 20I(z")a* = 0
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__ Inl
-2
a fixed point, we can come up with the following fixed-point iteration

where A v and II(z) = diag(|z[i][~2). From such equation for

rule.
2AT Az — 24Ty 4 oI (M) zF+D) = @ (4.13)

Hence, an algorithm designed based on is equivalent as solving the
following optimization problem for each iteration

p ) — arginf QU (x) = AW |l + [ Az — g} (4.14)

reR"

where W (zx) = H(x)~"? = diag(|z[i]|'~7/?) and W}, = W (2*)). Note
that E14 is just the same as replacing the strict equality constraint of
-6 with the Tikhonov regularization term || Az —y/||3. For this relation,
we call the resulting algorithm a regularized IRLS algorithm. Indeed,
as A approaches zero, the algorithm reduces to the IRLS algorithm.
From equation T3, we can analytically compute 214 as

e * ) = Wi (AT A, + M) TATy (4.15)
where Ay, = AW,.. Since AL (AL AT + XI)™t = (AT Ay + M) tAT
e * ) = WL AT(ALAT A1)y (4.16)

We can describe the regularized IRLS algorithm based on the p-norm
like diversity measure as follows. The readers can refer to [33] for
details.

Algorithm 18 Regularized IRLS Based on E?(z)

Input: y € R™ ; A € R™*™
Initialization : z(©) ¢ R™ -
Iteration : repeat until a stopping criterion is met at k = k

1. Let Wy = diag(|z®[i]|'=P/2) and A}, = AW,
2. o+ = Wi (AT Ay + M) 7L ATy = W AT (A AF + M)ty
Output: z(®)

116



4.1.2 FOCal Underdetermined System Solver (FOCUSS)
Algorithm

[t is easier to deal with minimization of £» norm compared with
minimization of ¢ and ¢y norm; however, simply minimizing ||z||-
subject to Axr = y cannot produce sparse solutions. To deal with
problem BT, the FOCUSS algorithm considers the following objective
function at each iteration instead.

e * ) = argmin Z ( x[z] )* subject to Az =1y (4.17)
reR i=1,2(F) [i]£0

The intuition is that the relatively large entries in z®) reduce the con-

k+1)

tribution of the corresponding elements of ! to the objective func-

tion. In this way, larger entries in z® result in larger corresponding

entries in ¢+

if the respective columns in A are significant in fitting
b as compared to the rest of the columns of A. Hence, minimizing
such objective function at each iteration gradually reinforces some of
the already prominent entries in x while suppressing the rest. As we
have mentioned in the last section, FOCUSS algorithm is just the same
as the IRLS algorithm based on the Gaussian entropy diversity mea-
sure. We can verify this fact by observing equation &8 and algorithm
0G. In [16], it generalizes the basic FOCUSS algorithm to a generalized
FOCUSS algorithm. The generalized FOCUSS algorithm is described

as follows

Algorithm 19 Generalized FOCUSS Algorithm

Input: y € R™ ; A € R™*™ ; a positive integer £ ; W, € R™ "™ : the scaling matrix
Initialization : z(©) ¢ R” -
Iteration : repeat until a stopping criterion is met at k = k

1. Let Wy, = diag((z™)%)

2. Let Wi, = Wakka

3. ¢ D = (AW Ty

4. pk+1) — qu(kﬂ)
Output: z )

We introduce an additional parameter ¢ so that the original affine scal-
ing transformation matrix can be more flexible (which becomes the W,
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matrix). We also introduce an additional scaling matrix W, which
is independent of W, and can carry a priori information. We can

k
make the algorithm be more general by letting W, be diag([] (z™)%),
i=1
where ¢;,72 =1, --- , k are all positive integers. In the following, we will

discuss some convergence issues regarding the FOCUSS algorithm.

Convergence Issues

We need to introduce some terms in advance.

1. Fixed points : We have introduce the concept of fixed points in foot-
note M. We can further classify fixed points into three categories,
which are stable fixed points, saddle fixed points and unstable fixed
points respectively.

(a) Stable fixed points : fixed points to which the algorithm con-
verges from anywhere within some closed neighborhood around
such points

(b) Saddle fixed points : fixed points to which the algorithm con-
verges only along some special trajectories

(c) Unstable fixed points : fixed points from which an algorithm
moves away given any perturbation

2. Basin of attraction : the largest neighborhood of points from which
an algorithm converges to a given stable fixed point

3. Phase space : a collection of trajectories that trace the temporal
evolution of an algorithm from different initial points

4. Fixed point convergence / Absolute convergence / Absolute stabil-
ity : these terms mean that an algorithm converges to a fixed point
from any starting point

For a fixed-point convergent algorithm, its entire phase space is
divided up by the basins of attraction containing stable fixed points.
The borders separating individual basins do not belong to any of the
basins. These borders can consist of trajectories leading to saddle fixed
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Figure 4.2: Visualization of a phase space of FOCUSS

points or to infinity, or they can be a dense set of unstable fixed points,
or they can be a combination of those. As a result, an absolutely con-
vergent algorithm is not guaranteed to converge to a stable fixed point
from any initialization point; that is, it may converge to a saddle fixed
point or get stuck at an unstable fixed point. However, since the sad-
dle fixed points are reached only along special trajectories whose total
number has measure zero, an algorithm converges to these solutions
with probability 0 . The unstable fixed points also have measure zero;
therefore, an algorithm returns these points with probability 0. Hence,
an absolutely convergent algorithm converges to stable fixed points
with probability 1. We can refer to a figure in [16] (i.e., figure B2)
for a visualization of a phase space of FOCUSS. The phase space is
divided up by basins of attraction. The dots represent the stable fixed
points of the algorithm and the lines indicate the boundaries of the
basins. The FOCUSS algorithm is proved to be absolutely convergent.
Furthermore, sparse solutions in R", » < m, are proved to be the sta-
ble fixed points of the FOCUSS algorithm. Non sparse solutions in
R", m < r < n, are saddle fixed points of the FOCUSS algorithm.
Non sparse solutions in R" are unstable fixed points of the FOCUSS
algorithm. Therefore, the FOCUSS algorithm converges to a sparse so-
lution with probability 1. Besides, since the entries of z*) converges to
zero or nonzero values and £+ = WY where W), = diag(z™)
(assuming the basic FOCUSS algorithm), the entries of ¢'*) converge to
zeros or ones. Hence ¢®) can serve as an indicator when & approaches
the infinity, which indicates the support of a sparse solution. As we
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expect, the basins of attraction play an important role in the conver-
gence issues. In the following, we discuss some factors that affect the
basins of attraction.

Factors That Affect The Basins of Attraction

First, we discuss the effect of the dictionary A on the basins. Let
A = A, N, where A, is normalized version of A (i.e., {5 norm of each
column of A,, is normalized to 1) and N is a diagonal matrix whose
diagonal entries are the corresponding normalizing factors. Hence, A,
affects the solution only through the degree of correlation of individual
columns with the vector y. Note that
igf HWp_kl:cH% subject to Ax =y

4.18
= inf||q||3 subject to A,NW,q = (4.18)
q

where W, is the same as the matrix defined in algorithm T9. As a
result, we can view as the generalized FOCUSS algorithm applied
to the system A,xr = y with Wy, being N. Originally, the size of each
basin is equal due to the characteristic of A,,. However, with such W,
stable fixed points whose support containing locations of large entries
of N are favored, which in turn makes the corresponding basins larger.
Therefore, to alleviate such intrinsic bias of the dictionary A, we had
better normalize the ¢5 norm of each column of A in advance before
applying the FOCUSS algorithm.

Second, we discuss the effect of the number of sparse solutions on
the basins. If the number of sparse solutions to a given problem is
larger, the greater the fragmentation of the phase space of the FO-
CUSS algorithm is greater, which leads to smaller basins. Therefore,
in the context of compressive sensing, as the sizes of individual basins
diminish, the algorithm must start closer to the real sparse signal in
order to converge to it.

Lastly, we discuss the effect of the dimensions of stable fixed points
on the basins. If all stable fixed points are m-dimensional, each m-
dimensional subspace has an equal probability of being the solution
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(if the intrinsic bias has been removed); that is, all basins are equal.
However, if a stable fixed point x of r-dimension (r < m) exists, those
solutions of m-dimension, whose support contains the support of x,
will no longer be present and an initialization that would have led to
one of those solutions now leads to x. Hence, the basin of x is larger
than any basins of m-dimensional sparse solution. We can conclude
that the smaller the dimension of a stable fixed point, the larger the
size of the corresponding basin. Therefore, the maximally sparse solu-
tion has the largest basin, which implies that the FOCUSS algorithm
favors the maximally sparse solution and the smaller the dimension of
the maximally sparse solution, the greater the likelihood of convergence
to it. On the other hand, if the dimension of the sparse solutions are
larger, the sizes of the corresponding basins are smaller. As a result, as
the dimension of the sparse solution increases, the FOCUSS algorithm
gradually starts to favor the solution near its initialization and it must
start closer to the real sparse signal in order to lie in the right basin.

Finally, we list three useful tips when performing the FOCUSS al-
gorithm. The first tip is that we can initialize (9 as the solution of the
minimum ¢, norm problem (i.e., ir% |z||3 subject to Az = y). In this

TreR"™

way, £\ = Afy. The second tip is that we can eliminate diminishing
entries of 2" that are indicated by ¢'*) at each iteration. The third
tip is to implement a hard thresholding operation to obtain the final
result once the convergence pattern becomes clear. The readers can
refer to [16] for details.

4.1.3 /¢; Convex Relaxation

In section 11, we have introduced IRLS-type algorithms with
D(z) being the p-norm like diversity measure EP(x). In particular,

if we choose p = 1, we will obtain F'(z) = ||z||; and problem
becomes
inf ||z||1 subject to Ax =y (4.19)

reR"?
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In the field of sparse representation and compressive sensing, this prob-
lem, known as the basis pursuit, gains much attention for it can be an
adequate surrogate of the fy-minimization problem. Indeed, if the ba-
sis pursuit has an unique solution x*, then theorem 3.1 of [13] proves
that the system {a;,j € supp(z*)} is linearly independent, which im-
plies ¥ must be m-sparse. Another reason to consider B19 is due to
the convexity of the ¢; norm. It can be verified that £, quasinorm for
0 < p < 1 1is non-convex and ¢, norm for p > 1 is convex. Solving a
non-convex £,-minimization problem for 0 < p < 1 is NP-hard in gen-
eral. Hence, it is natural to consider the £;-minimization problem ET9
for it is the "closest” convex problem to the non-convex £y-minimization
problem. For this reason, we call the £;-minimization problem the con-
vex relaxation of the fy-minimization problem.

Parallel to the extension of the problem BT to the problem E2,
it is also natural to extend the problem A.19 to the following problem
20.

g;lgann x|t subject to ||Ax — y||2 < € (4.20)

We call it the quadratically-constrained basis pursuit. Note that the
quadratically-constrained basis pursuit has strong connections with an-
other two famous problems, which are the basis pursuit denoising &1l
and the least absolute shrinkage and selection operator (LASSO) B2,
respectively.

1
inf \||z||; + =|| Az —y||5 ,A >0 (4.21)
reRM 2
inf ||Az —yllo  subject to ||z|; <7 ,7>0 (4.22)

reR"?

Indeed, proposition 3.2 of [13] manifests some links among the three
problems.

Theorem 3.1 of [13] gives an intuition of why we want to consider
the basis pursuit. In the following, we will continue to delve into more
involved mathematical discussion about the behavior of the basis pur-
suit and the quadractically-constrained basis pursuit. First, we define
the ¢,-robust null space property of a matrix A as follows.
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Definition 4.1.5 (¢,-robust null space property). Given ¢ > 1, the
matrix A € R™*" is said to satisfy the £,-robust null space property
of order s with respect to the norm || - || with constants 0 < p < 1 and
7 > 0 if, for any set S C [n]| with card(S) < s,

p n
lvlslly < =7llvlsl + 7llAvl Vo € R (4.23)

In particular, if ¢ = 1, then the ¢;,-robust null space property
reduces to the robust null space property.

Definition 4.1.6 (robust null space property). The matrix A €
R™*" is said to satisfy the robust null space property of order s with
respect to the norm || - || with constants 0 < p < 1 and 7 > 0 if, for
any set S C [n] with card(S) < s,

llslly < pllvlslh + 7]|Av]| - Vo € R” (4.24)

If holds only for all v that belongs to the null space of A
(ker A), then the robust null space property reduces to the stable null
space property.

Definition 4.1.7 (stable null space property). The matrix A € R™*"
is said to satisfy the stable null space property of order s with constant
0 < p < 1if, for any set S C |[n] with card(S) < s,

lolslly < pllvlslh Vo € ker A (4.25)

[f we further choose p to be infinitely close to 1, then the stable
null space property reduces to the null space property:.

Definition 4.1.8 (null space property). The matrix A € R"™*" is

said to satisfy the null space property of order s if, for any set S C [n]
with card(S) < s,

lvlslle < llvlsll Vo € ker A\{O} (4.26)

If we add ||v|g||1 on the both sides of E28, we will get an equivalent
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condition

2|lvls]li < ||v|i Vv € ker A\{0} (4.27)

If we add ||v|g]|; on the both sides of and choose S to be Lg(v)
as defined in P68, we will get another equivalent condition

ol < 204(v); Vo € ker A\{0} (4.28)

Those properties have a lot to do with the effectiveness of the basis
pursuit and quadratically-constrained basis pursuit as being the sur-
rogate problems of B and EE2. We excerpt some important results
introduced in chapter 4 of [13] in the following. Once again, as have
been remarked in footnotes M and 2, to make clear of the concept and

to avoid conflicts of use of notations, we modify the notations in 19
and to

HIlgn |z]|1  subject to Az =y

1r11Rf |z]lo subject to ||Az —yllo = [|A(z —x) —e||a < €
ze

First, we excerpt the theorem 4.25 of [13] as follows.

Theorem 4.1.1. Given 1 < p < q, suppose that the matric A €
R™" satisfies the {,-robust null space property of order s with

respect to the norm || - || with constants 0 < p < 1 and T > 0.
Then, for any x,z € R",

C _
2 = 2llp < =7, (=l = [l + 205(2) )+ Ds'P I A(z — )|

(4.29)
where C := (1 + p)*/(1 —p) and D = (3+ p)7/(1 — p)

If we let ¢ to be 2 and z to be a solution 2 of the quadractically-
constrained basis pursuit problem, we can have the following corollary:.

Corollary 4.1.1.1. Suppose that the matrix A € R"™*" satisfies
the ly-robust null space property of order s with respect to the {o
norm with constants 0 < p <1 and 7 > 0. Then, for any z € R",
a solution x* of the quadractically-constrained basis pursuit, y =
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Az +e, and |le||2 < € approzimates the vector x with {,-error

|z — 2, < () +Ds/P V2% 1<p<2 (430

— 0
gl—1/p §

where C := 2(1+ p)?/(1 — p) and D :=27(3+ p)/(1 — p)

We excerpt another theorem related to the robust null space prop-
erty as follows.

Theorem 4.1.2. The matriz A € R™*" satisfies the robust null
space property of order s with respect to the norm ||-|| with constants
0<p<1andT >0 if and only if, for any set S C [n| with
card(S) < s,

IL+p 2T
—z|y < —— — [|z[]1 + 2||2|5]]2) +
|2 ﬂh_l_pﬂvm ]l + 2[|]5]2) -

[A(z==)[| (4.31)

for all vectors x, z € R".

If we choose S to be Ly(x) and z to be a solution x* of the
quadractically-constrained basis pursuit problem, we can have the fol-
lowing corollary.

Corollary 4.1.2.1. Suppose that a matric A € R™*" satisfies the
robust null space property of order s with respect to the {5 norm with
constants 0 < p < 1 and 7 > 0. Then, for any v € R", a solution
2t of the quadractically-constrained basis pursuit, y = Az +e, and
lell2 < € approximates the vector x with {y-error

2(1 4
o — 2l < 22520 gy, 4 AT
(1—=p) L—p

€ (4.32)

If we restrict the x and z in theorem to satisfy Az = Ax,
then we can come up with the following corollary.

Corollary 4.1.2.2. The matriz A € R"™*" satisfies the stable null
space property of order s with constant 0 < p < 1 if and only if,
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for any set S C [n] with card(S) < s,

L+p
Iz — 2]l < ﬂ(llz!h— ]l + 2l z[5l[1) (4.33)

for all vectors x,z € R" with Az = Ax.

If we choose S to be Ly(x) and z to be a solution z* of the basis
pursuit problem, we can have the following corollary.

Corollary 4.1.2.3. Suppose that a matriz A € R™*" satisfies the
stable null space property of order s with constant 0 < p < 1.
Then, for any x € R", a solution x* of the basis pursuit with
y = Ax approzimates the vector x with ¢1-error

2(1+ p)

|z — 2|1 <
(2—p)

os(z)1 (4.34)

Finally we excerpt theorem 4.5 of [13] as follows.

Theorem 4.1.3. Given a matrix A € R"*", every s-sparse vector
x € R" is the unique solution of the basis pursuit with y = Ax,
i.e., ot = x, if and only if A satisfies the null space property of
order s.

This theorem shows that exact sparse recovery can be achieved if
the sampling matrix A satisfies the null space property.

Section 6.2 of [13] presents some theorems that use constraints on
the restricted isometry constant as sufficient conditions for satisfaction
of those null space properties so that some error bounds are guaranteed.
Precisely, theorem 6.9 of [13] states that if dos < 1/3, then the null
space property of order s is satisfied. Hence, combining the theorem
I T3, we can have the following result.

Theorem 4.1.4. Suppose that the 2s-th restricted isometry con-
stant of the matriz A € R™*" satisfies
1

025 < 3 (4.35)
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Then every s-sparse vector x € R" s the unique solution of the
basis pursuit.

Theorem 6.13 of [13] states that if do5 < \/% ~ 0.6246, then the
¢o-robust null space property of order s with constants 0 < p < 1 and
7 > 0 depending only on 9o, is satisfied. Combining with the corollary
AT T, we can have the following result.

Theorem 4.1.5. Suppose that the 2s-th restricted isometry con-
stant of the matrix A € R™*" satisfies

1
0oy < ——= = 0.6246 4.36
"< (430

Then, for any x € R" and y € R™ with ||Ax — yll2 < €, a solution
2t of the quadractically-constrained basis pursuit approximates the
vector x with £,-error

C
|z — qup < 1_—1/]905(@1 +Ds'1%e 1<p<2
s

where the constants C, D > 0 depend only on 0s;.

Up to now, we have provided solid mathematical foundation on ¢;-
minimization problems. We can solve the basis pursuit, the quadractically-
constrained basis pursuit, the basis pursuit denoising and the LASSO
by resorting to various algorithms we have introduced, e.g. the Cham-
bolle and Pock’s primal-dual algorithm, the ADMM and the proximal
gradient method, in chapter 3 or the IRLS-type algorithms and FO-
CUSS algorithm in chapter 4. In particular, we want to introduce
the use of the proximal gradient method to solve the basis pursuit de-
noising problem because it results in a famous algorithm called the
iterative shrinkage-thresholding algorithm (ISTA) or the iterative soft-
thresholding.

We apply algorithm B to the basis pursuit denoising problem 211,
Let f(x) = YAz — y|? and g(z) = M|z|;. The gradient of f(x)

2
is Vf(x) = A*(Ax — y). The proximal mapping for g(x) is the soft
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thresholding operator .S introduced in and is applied entry-wise.
Therefore, the iteration rule becomes

2 WD = S\ (W 4 nA*(y — Az™)) (4.37)
The resulting algorithm is called the ISTA or the iterative soft-thresholding.

4.2 Greedy Algorithms

For a sparse representation or compressive sensing problem, an im-
portant and challenging task is to identify the support of the sparse
representation coefficient vector (or the sparse signal). Greedy Algo-
rithms attempt to identify indices of some nonzero components at each
iteration based on some greedy rules (typically involving the calculation
of the correlations of the residual vector with columns of the dictionary
(or sampling matrices) or equivalently involving the formation of the
correlation vector) . During the progress of iterations, our aim is to
obtain residual vectors with gradually decreasing norms. Many effec-
tive greedy algorithms have been proved to achieve such goal. In this
section, we will introduce various such effective greedy algorithms.

4.2.1 Matching Pursuit (MP)

Let y € R™ be the signal vector and A € R™ " (m < n) be
the dictionary. Let a; € R™ represent the j-th column vector of A
and |la;||5 = (aj,a;) = 1 Vj € [n]. As have been mentioned in
the introduction of this chapter, our objective is to achieve a sparse
representation of y so that we can use as few atoms as possible to ap-
proximate it. That is, we want to decompose the signal y into a linear
expansion of atoms that are selected from the redundant dictionary A
and these atoms are chosen in order to best match the signal structure.

In the following, we will first introduce the matching pursuit algo-
rithm and then we will provide a theoretical analysis of it.
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Algorithm 20 Matching Pursuit

Input: y € R™ ; A € R™*™ ; a prescribed threshold parameter 0 < e < 1
Initialization :

1. Compute (a;,ay) for j, k € [n]

2. Compute (y, a;) for j € [n]
3. RO =y

k _
Iterations : from k=0 until > [(R®), a;e1)]? > (1—€)[|y[3 at k=Fk
k=0

= argmaz [(R®) a;)|
Jj€ln]

1. jk+1

2. R® = (R®, ajiiyazen + REFD = REFD = RO _ (RE) 4 i)asues
3. Compute (R**D a;) = (R, a;) — (R®) ajus1)(ajrs1,a5) for j € [n]
k _ k ~
y= S (RK — R+ 4 R+ — S~ (R(k),ajk+1>ajk+1 + R+D)
k=0 k=0
Perform back-projection

L Let X = [zW],k =1, ,k+1:V = [(RFV api), k=0, ,k: G e RFDXED where Gy =
(ajryaje), r,b=1,--- k+1

2. Compute the linear system ¥ = GX to get X

Output: (j**1, (R® ajuia) +2*k+D)) for k=0,1,--- ,k

Hence, the matching pursuit chooses at each iteration an atom that
best matches the residue R*® and subdecomposes R*) by projecting

it on such best atom. We analyze the matching pursuit in details as
follows. First, from the algorithm PO, we know that

R™) <R(k), ijk:+1>@jk:+1 + RUFHY (4.38)
k
Yy = Z<R(k), Cij;+1>Cij;+1 + R<k+1) (4.39)
k=0

We want to derive similar relations but in the form of energy. We make
some derivations as follows.

R = (R™ a)anm + RV

= (RY, ajen) = (RY, ajen) (@, apn) + (R, a

jk+1>
= <R(k), Cij+1> + <R(k+1), a

jk+1>

Hence, (R, a k1) = 0, which means R* 1) is orthogonal to sy
Therefore, we can come up with the following equation.

IRW3 = (R™, ajpa) P + [REH|S (4.40)

129



2
Furthermore, since we can express ||y||3 as [|y]|3 = Z(HR(k)H% —
k=0

[RE+D)12) 4+ |[R*D |2, we can derive another relation below from
A0,

lyll> = Z [(RY, ajen) P+ |RED)3 (4.41)
If we define \(y) = sup K‘Z@H‘; | as the correlation ratio of the signal y
j€ln]
with respect to the dictionary. Since [(R™), aui1)| = sup (R, a;)|
j€ln]
and B40, we can derive that
IRV = (1= AR™M)?)|IR®3 (4.42)
We can further derive that
k
IR Do = Jlylla | [(1 = AR™)?) (4.43)
k=0

Therefore, the norm of R+1) depends on the correlation between the
residues and the dictionary atoms. If the signal y is the sum of several
high energy components that belong to the dictionary, the correlation
ratios of y and its residues is large so that the norm of residues decay
quickly. These components can be viewed as "coherent structures”
with respect to the dictionary. On the other hand, if the residues of y
have low correlation ratios, then their norms decay slowly. In such sit-
uation, y must be expanded over many atoms in order to approximate
y well, which means the information of y is spread over the dictionary.
Let V; denote the space spanned by the vectors a ki1, k = 0,1, -, k
and Py, denote the orthogonal projector on Vi.. Let W denote the or-
thogonal complement of Vj and Py, denote the orthogonal projector
1+1, the closest vector to y is

J
Pyy. Hence, we perform an additional back projection step. Because

on Wy. After we choose k + 1 vectors a
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of B39, we can derive

k
Pyy = Z @)@ + Py RV (4.44)

> " a0, a,) = (P, R a0

= (Py, R Py ay)
= (R*D ) 0=1,--- k+1

Hence, we can derive the back projection step as what is described in
the algorithm P0. The resulting approximation error is y — Pyy =
Py = PW R™Y and its energy is || Py, RFV||3 = |[REFD|3 —
| Py, RED|I2. Note that before performing the back projection, the
approximation error is || R**+V||2. Therefore, the reduction of the ap-

S F+1) |12
proximation error depends on HPV%R( |2.

Finally, we make a remark on the stopping criterion. The num-
ber of times we subdecompose the residues, i.e., k + 1 depends on a
prescribed precision threshold e. We require that

k

IRE D = lly = SR, ap)apnl S ellyle (445)
k=0

, equivalently, we require that || R*+D|12 = ||y||2— Z (R™) a ) [P <

e?||yl|3. Hence, the stopping criterion would be

;
> HRM apa) P > (1 =) yll3 (4.46)

k=0
at k= k.

The readers can refer to [23] for materials introduced in this sec-
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tion.

4.2.2 Orthogonal Matching Pursuit (OMP)

In the context of sparse representation, let y € R™ be the signal
vector and A € R"™"(m < n) be the dictionary. Let a; € R™
represent the j-th column vector of A and ||a;||5 = (a;,a;) = 1Vj €
[n]. The same as we have been mentioned in the last section, we hope
to achieve compact signal coding so that we can use as few dictionary
atoms as possible to approximate y. These atoms are chosen in order to
best match the signal structure. Assume at the k-th iteration, we have
chosen k atoms {a]q, a2y ,Cljk}. Let V). denote the space spanned
by the set of vectors {a;1,a,- -+, ij} and Py, denote the orthogonal
projector on V. Let W) denote the orthogonal complement of V} and
Py, denote the orthogonal projector on Wj. The best approximation
of y using the set of vectors is Py, y. That is,

k
y=Puy+Puy=> zhajp+ R" (4.47)
n=1
with (R™ am) = 0 for n = 1,--- k. ¥ denotes the coefficient
for a;» at the k-th iteration and R®*) denotes the residue at the k-th

iteration. Assume at the k+1-th iteration, we choose the atom a 1.
Then the best approximation of y using {a;1, a2, -+, a1} is Py, y.
Similarly, we can get
k+1
y= Py, y+ Py, y= Z " g + RO (4.48)
n=1

with (R¥ am) =0forn=1,---  k+ 1.

How can we update the coefficient for a;» from x* to x

also obtain the coefficient for a k1, ie., xiﬁ ? We can expand a;r1

k+1

" and

as

k
a1 = Py aen + Py ajre = Z biajn + ~F (4.49)
n=1
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with (v%,am) =0 for n=1,--- k. In this way,

k+1

Zx an —I—R Zxkj'f—l k+1) —0

= Z(CEZ — 2" g n — a:Zﬂaij + RW) — D —
= 3 - 1 et — a1 R o

:»Zx — i = bl ajen) = oE O ) + (RY, ) = 0

ko ghtl _ plghtl
{xn — by, =0

—a:’,jﬂ(v Jag) + (RW ai) =0

k1 <R(k)’ajk+1>

_ k+1 _ ok pko k1 1
Hence, x| = o) and ;" = xp — byw, ) forn =1, k.
J
How can we compute the coefficients b* for n = 1,--- |k ? From EZ9,

we can get

k

(@pe1, ;i E br{am, a;i)+(7", a;) = g bilam az) i=1--k
n=1

Let By = [bm, no=1,,k Y = [<ajk+1,aﬂ>], P= 1,k

Gr € RM* (G = <ajr,a o), r,l = 1,--- k. Then we form a
linear system Y, = G Bj;. Since the set {a 1, G2, ,ajk} forms a
je+1 onto Vi is unique,
there is exactly one solution for By, ie., Bp = G,;lYk. Note that

basis for V. and the orthogonal projection of a

1 Yi_
G = [Gli : kl 1]. Using the block matrix inversion formula, we
k—1

G+ Be1Be1By | —Br-1Br

—Br-1B;_4 Br-1
. Hence, G,;l can be obtained using G,;_ll s Br_qand Y._1.

can get G,;l = [ ., where 1 =

1
1-Y] By 1

After getting By, we can determine v* via B249.
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In the following, we summarize our discussion and present the
resulting OMP algorithm.

Algorithm 21 Orthogonal Matching Pursuit

Input: y € R™; A € R™*":a prescribed threshold parameter 0 < § < 1
Initialization :

1. compute (a;, a) for j,¢ € [n]
2. RO = Y

3. compute (R a;) for j € [n]
4

. compute j' = argsup(R©®, a;)
Jj€ln]

5. 2} = (y,ap) s y' = zfay s RV =y —y' 5 D' = {j'}
6. compute (R, a;) for j = [n]\D* = (RW a;) = (y — y*,a;) = (y,a;) — v (a1, a;)
7. compute j2 = argsup <R(1),aj>
JEMN\D?
If (RM), a;2) < 6, then stops; otherwise
8. Y1 =[{aj2,a;1)] + G1 = [(aj1,a;1)] = [1] ; By = [b1] = [{a;2,a;1)]
9. aj2 =blaj + ' = ! = a;2 — blaj

(R(l),ajz)

1025 = e

v af =af — b3 s y? = xiap + 2daje R® =y —y?; D? = {j*, %}

11. compute (R(Q),aj> for j = [n]\D? = <R(2),aj> =(y— y2,aj> = (y,a;) —

n

x%(ajn ,aj)

2
=1

Iteration : from k = 2 until <R(E),aj;;+1) <datk==k

1. compute 551 = argsup (R a;)

JE[n]\D*
1[Gyt 4 Be—1Br-1Bj_y  —PBr—1Bi—
1 _ k—1 k—1Dk—-1Dp_q k—1Dk—1 _ 1
S IR A7 By ) Vhere Bt = T
3. Yk = [<ajk+1,aji>]7 1= 1,--- ,k
4. By =G;'Y%
k
5. aji+1 = 21 brajn +~% = Bilaji, a2, au]T + 9% = 4% = ajen — Bilaji,aze, -+ ap]T
=
(B®)aii1) : : (S : :
6. Ti1 = ey ont = an —Waply forn =1 kgt = 50 aptlap s REHD =y — g
DR = {51, jMH1} '
k1
7. compute (R*FY, a;) for j = [n]\D**! = (R¥TD) a;) = (y — "™, a5) = (y,a;) — 35« (a;n,a;)
n=1

Output: (jk,:vﬁﬂ) fork=1,---,k+1

At the k-th iteration, we have the best approximation we can get using
the k vectors we have selected from the dictionary. Therefore if the
dictionary has finite number of atoms (e.g. M atoms), OMP converges
in no more than M iterations to the projection of y onto the span of
the dictionary atoms.

Note that before performing the back-projection step, at each
iteration, MP possesses the following energy conservation formula for
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the residues [|[RW[3 = [(RM), ar1)]* + |[RFTV|3. We also want to
derive similar formula for the OMP. We make a derivation as follows.

k k+1
Z .flfiajn + R(k) — Z a:iﬂajn — R(]H_l) =0
n=1 n=1
k
=RW — R+ — Z(xﬁ“ — @y )amn + T Ak
n=1

k k

n=1 n=1
k

=S = ok ko + bk = okl
n=1
- R% = RpU+D 4 xlgj[}fyk
SRR = (RO 4 gty R 4 b
k k k
= |R* V)3 + |23y + 2Re((RMHY, 2t y"))

For the [lz}T17*|13 term, we can get

L <R(k)7ajk+1> - <R<k)7ajk+1> _ <R(k>aajk+1>
E+1 — koq. - L _ k12
(" jk+1> <’7k,ajk+1 _ Zl b n) 17" 13
*)_q. 2
il = )

17*113

As for the (RF+D), xiih’ﬂ term, we can get
k
(R iy = (R gt (ajen — ) bragn)) = 0
n=1

Hence, we derive that

‘ <R(k), a/jk+1> ‘2
I7¥113

The reduce of energy of the residues for MP is [|R¥)]|3 — || R*+D||2 =

IRME = [R* V)3 + (4.50)
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[(R™ @ 11)|? while the reduce of energy of the residues for OMP

J
(BW.a 1)
is [|RO|3 — |IR*D|3 = ——dz— Note that Ha~k+1H%:HVk+

Z bpagnll3 = 713+ Z bpagn||3. Asaresult, [[7*]3 = 1| Z bpanll3,

Wthh is not larger than 1 Hence, OMP reduces more energy of the

residues, which in turn leads to convergence in fewer iterations. How-
ever, the computational effort required may not be smaller either. It
should depend on both the signals and the dictionary. The readers can
see [31] for references of materials we introduce so far.

In [[7], the author introduces another way to compute OMP based
on the Gram-Schmidt process. We call it "orthogonal matching pursuit
version 2”7 in the following algorithm.

Algorithm 22 Orthogonal Matching Pursuit Version 2

Input: y € R™; A € R"™*"
Initialization :

1. RO =y
2. compute (R a;) for j € [n]

3. j —argsup(R(O),aj>

4. up = aj
5. D' = {j'}
6. y' = Tﬂ;?”lg ur = (Y, u1)u1

7. RO =y —y!
Iteration : from k = 1 until a stopping criterion is met at k =k
1. compute (R*) a;) for j € [n]\D*

2. j** = argsup (R a;)
j€[n]\D*

lljk+1 ’Un>
llun i3

k
3. Gram-Schmidt Process : ugi11 = ajre1 — > <
n=1

Un

4. Dk+1 — {j17"' ,jk—i-l}

PR <= R <=
5.y => s ﬁz Un 2 Y cptin

n=1

6. R+ =g — gt
Output: (cp,uy) fork=1,--- k+1

In the following, we want to derive the energy conservation formula
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similar to

k
7u’l’L

o !unHz
k+1

7un
RUk+1) —y— —y Z (y .
a3

<y7uk—|—1>

(Kesy

<ykauk+1> =0

- R _ pk+1) — (y — 3/ Uk:+1>uk+l _ <R(k)>uk+1>
[ [l

ARW ) =0 forn=1,--- ,k

<R(k) a k+1>

)
[k
<R(k)7 Cij+1>

||Uk+1H2

— RK) _ R+l

5 Uk+1

Uk+1

LR _ Rl U

= RW|3 = |R* + w113

<R(l€—|—1) uk+1> —0
< <k)7ajk+1>

ugal3
|<R<k> a k+1>|2

7
lursa 3

UlcﬂH%

SNREIE = 1RSI+ |

= |REVIZ +

Note that the span of {uy,us, -+ ,ux} in [7] is the same as the span
of {a;1,a2,--+ ,a;} in [B1]. Hence, the orthogonal projection onto
{u1,ug, -+ ;ug} is the same as that onto {a;,a;2, -+, a;}, which
implies w41 = +*. Therefore, the energy conservation formulas of the
two different ways are identical as expected. We make a comparison
with the matching pursuit (MP) algorithm in the last section. In MP,

k
y - Z<R(n), ajn+1>a/jn+1 + R(k+1)

n=0
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while in OMP,

k+1

y = Z <y7 Un2> w, + R(k+1)

a5

n=1

~ ()
=N M RO

n— O ||un+1H2

_ Z CL n—l—l o n R<k+1)
\un+1Hz
In MP,
Hy\b—Z! S+ [[RVFDS

while in OMP,
L (R™, ) 2

Iyl =

= lunnllz

+ [ R

Finally, we introduce some important sparse recovery results of OMP
applied in the context of compressive sensing. The proposition 3.5 of
[13] presents a result regarding the condition of exact sparse recovery.
We excerpt it as follows.

Theorem 4.2.1. Given a matric A € R™*", every nonzero vector
x € R" supported on a set S of size s is recovered from y = Ax
after at most s iterations of OMP if and only if the matrixz Ag is

immjective and

A* A* 4.51
max |(A'7);| > max|(A°r) (451

for all nonzero r € {Az, supp(z) C S}

[t is proved that the condition E-5T can be equivalently expressed as
the following more concise condition.

1Ak Agllion < 1 (4.52)

Theorem 6.25 of [13] presents another result regarding the restricted
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isometry condition of robust sparse recovery (that is, with a sparsity
defect and measurement noise). We also excerpt it as follows.

Theorem 4.2.2. Suppose that A € R"™*™ has restricted isometry

constant !
0265 < (4.53)

then there are constants C, D > 0 depending Only on 0y Such
that, for all z € R" and e € R™, the iterates {z'¥),k = 1,2,---}
which can be derived from the output of the OMP algorithm Pl
with y = Ax + e satisfies, for any 1 < p < 2,

243

lz = os(z)1+ Ds'P ey (4.54)

Hp_l—l/

4.2.3 Regularized Orthogonal Matching Pursuit (ROMP)

In [27] and [2§], an algorithm called the regularized orthogonal
matching pursuit (ROMP) is presented and analyzed. In the follow-
ing, we will first describe the algorithm and then make a thorough
mathematical analysis of it. The ROMP algorithm is described as fol-
lows.
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Algorithm 23 ROMP

Input: y € R™ ; A € R™*™ ; gparsity level s
Initialization : Let the index set I(®) = () and the residual vector R() =y
Repeat the following iteration steps until one of three possible stopping criteria is triggered :

1. R® =0 at some iteration k

2. the algorithm has run for k = s iterations

3. the cardinality of the index set [I®)| > 25 at some iteration k
Iterations :

1. Identification : choose a set J*) of the s biggest coordinates in magnitude of the correlation vector
u® = A*R® (4.55)

or all of its nonzero coordinates, whichever set is smaller.

2. Regularization : Among all subsets J' € J*) with comparable coordinates :
W] < 2P| Vije (4.56)
choose Jék) with the maximal energy; that is,

Jg") = argmaz |[ul |2 (4:57)
J'cJ®)

3. Update : Add the set Jék) to the index set

T+ = 1R) y g(o) (4.58)
and update the residual :
) = argmin |y — Azl (4.59)
ZGRIUC+1)
R*HD — g Ag®) (4.60)

Output: index set I k) ¢ [n] and reconstructed signal z®)

Assume the restricted isometry constant d,¢ of the sampling ma-
trix A satisfies 045 = € and the measurement vector y = Ax + e, where
x is an s-sparse signal vector and e is a noise vector. At the start of
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each iteration, we define

H® = range(Ag,, o) (4.61)
P = range(A;w) (4.62)
E®) = (FENLn gk) (4.63)
Eék) = range(Ag,, 0 ®) (4.64)
2 = ]y 0 (4.65)
y(()k> = Aajék> € Eék> (4.66)
u(()k) = A*yék) (4.67)

Note that R = P( FENLY, where P gL denotes the orthogonal pro-
jector on (F®)L. Since Ar € H® RW® = P, g (Az) + P pwyLe.
However, what we actually want is a vector in the range of Asupp(x)\ 1)

(i.e., E(gk)) so that we may successfully identify indices belonging to

supp(x)\I*¥) from that vector. Luckily, due to the almost orthogonal-

ity property 2107, the subspaces F*) and Eék> are almost orthogonal,

which implies the subspaces E®) and E(é)k) may be close to each other.
k

Indeed, we can derive that R and Yy~ are close to each other with
the inequality
1R® — 52 < 2.2€lly" 1o + [lell (4.68)

k)

What’s more, we can derive that the correlation vector u*) is close to

u(()k) with the inequality
1w — w7l < 24€l|zi)ls + 1+ e)llels (469

where T' € [n] is any set with |T| < 3s.
At the identification step, we can show that the energy of u*) when
restricted to J* is not too small. Indeed,

k
1] 0olla > (1= 4.43€)[|24” | = (1 + €)le]l (4.70)
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At the regularization step, we can derive that
2

>
ol = 5v/1og s

with the help of the lemma 3.7 of [27] that guarantees us to obtain a

) (1= 4430) |2y o — (1 + €)llell2)  (4.71)

subset with sufficient energy after the regularization operation. Pre-
cisely, the lemma is described as follows.

Lemma 4.2.3. Let y be any vector in R™, m > 1. Then there
exists a subset A € [m] with comparable coordinates :

yle]] < 2lyljl| Vi,je A

and with sufficient energy :

2
Hy‘A”2 > WHQW

Besides, we give an intuition about why it is good to perform regu-
larization. Because of the comparability property and the maximal
()

energy property of Jék), the minimum components of J;" will not be
too small (at least only be half smaller than the maximum components
of Jék)), which in turn may filters out some indices of J*) that do not
belong to the support of . Therefore, after the identification step, J*)
collects some indices that are possible to lie in the support of x while
after the regularization step, some possibly outliers (indices that do not

belong to the support of ) may be filtered out and Jék)

is obtained.
We make a remark on the implementation issue of the regularization
step. Note that although it seems like a combinatorial problem to get
Jék) c J® it can actually be done fast if one observes that Jék) is an
interval in the non-increasing rearrangement of J*). Indeed, it can be
done in O(s) time.

First, we assume e # 0. Since R*) € (F®)L the correlation
vector ulf) = A*RW) restricted to I™ will be zero (i.e., u®| ) = 0).
Because the set J*) contains only nonzero coordinates of ul®), we have

JE A TR = 9. Since J ¢ J®, JM A 18 = . Furthermore, uti-
(k)

lizing the comparability property of the coordinates in J;"’, assuming
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e < 0.01/4/log s and incorporating E71, we can prove that if H:UO |2 >
100]|e]|2y/Tog s, then ]Jék) N supp(zx)| > |JO )| must be true: on the
other hand, if H:Uék)Hz < 100|e]|2y/Tog s, \JO ﬂsupp( )| > §\JO | may
be true or not. Hence, at every iteration of ROMP, at least one of the
two conditions ]Jék)ﬂsupp(:vﬂ > %|Jék)\ and Hxék)Hg < 100]|e||2v/10g s
will hold true. The condition \Jék> N supp(x)| > %]Jék)\ means that at
least half of the newly selected coordinates are from the support of the
signal x.

Next, we consider the case when e = 0. Using the same argument
of the case when e # 0, we can also have Jék) NI% = 0. Fur-
thermore, since e = 0, Hxék)Hg > 100||e||2v/Tog s = 0 always holds,
]Jék) N supp(z)| > %\Jék)] must be true at every iteration. What’s
more, the condition that dgy = € < 0.01/4/logs can actually be
relaxed to the condition d9s = € < 0.03/4/logs in the case when

— 0. Finally, at the regularization step, we have ||u®| Jék)Hz >

—((1 —4. 43e)||x0 o — (1 + e)|| |l2). When e = 0, then we have
(1—4. 436)”370 2. If R%) =£ 0 at the start of each

5\/1 g

Hu ’ 2 > 5\/m

iteratlon, then supp(z)\I*¥) # 0. Hence, :CO 7é 0, which implies that

|| (6 |2 # 0. Then, Jék) won't be an empty set at the regularization
0

step. In contrast, if e # 0, then (1 — 4.436)\\a:ék)\|2 — (14 €)]le]|o may
be smaller than zero. Hence, we cannot deduce that ||u(®)| w2 # 0.
0

We summarize our discussion in the following theorems.

Theorem 4.2.4. Assume a sampling matrix A satisfies dos =
0.03/y/logs. Let x be an s-sparse vector in R" and y € R™ a
sample vector satisfying y = Ax. Then at any iteration of ROMP,
after the reqularization step, we have

gy (4.72)
I AT =g (4.73)

1
5" 0 supp(a)] > 2| 3" (4.74)
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Theorem 4.2.5. Assume a sampling matrix A satisfies 045 =
0.01/+/logs. Let x be an s-sparse vector in R™ and y € R™ a
sample vector satisfying y = Az + e, where e € R™ is a noise vec-
tor. Then at any iteration of ROMP, after the reqularization step,

we have Jék) NI®) =0 and at least one of the following conditions

hold
1. 1J8 0 supp(x)] > LI

2. 1207|1, < 100||e]|2v/10g 5

Based on theorem 24 we know that at every iteration, ROMP
finds at least one coordinate in the support of the signal = since Jék) £ ()
and ]Jék> N supp(z)| > %\Jék)]. Furthermore, since Jék) NIk =@,
ROMP can outputs a set [ (}) such that supp(x) C I () in at most s
iterations when the stopping criterion that R® =0 is triggered and
due to \Jék) N supp(x)| > %|Jék)| again, [I™] < 2s. Hence, as a
consequence of theorem 24, we can have the following theorem.

Theorem 4.2.6. Assume a sampling matrix A satisfies dos =
0.03/y/logs. Let x be an s-sparse vector in R" and y € R™ a
sample vector satisfying y = Ax. Then ROMP outputs a set I
such that supp(x) C I and |I| < 2s in at most s iterations.

such result guarantees exact sparse recovery of a signal. Indeed, since
Ay has full rank due to the restricted isometry property of A, we
can compute the signal x from its measurement y and the set I by
x = (Ap)Ty and actually the output z*) is exactly (A;)ty. Moreover,
such recovery is uniform because it holds for any s-sparse vector. In
contrast, uniform recovery has been shown to be impossible for OMP.
Also note that it has been unknown whether OMP gives sparse recovery
for partial Fourier measurements (even with nonuniform guarantees).
However, since partial Fourier matrices satisfy restricted isometry prop-
erty, ROMP gives sparse recovery for these measurements, and even
with uniform guarantees.
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For the case when e # 0, we can derive that
I+e€

(4.75)

|z — =¥, < ||370 2 +

Due to theorem E23, there are three p0881ble cases. The first case is
that H:z:ék |2 < 1OOH |2v/log s occurs at some iteration. Since ||z —

k)HQ < HEH:UO |2 + EeHeHg, we can derive that ||z — x(k)Hg <

104+/Tog s||e||2. Also note that since |I*)] is non-decreasing, if H:cék) |2 <
100]|e]|2v/log s occurs at some iteration, then it will hold for all sub-
sequent iterations. Hence, when one of the three stopping criteria is
triggered, ||z ||, < 100||e]|2v/Iog s still holds and thus ||z — z®]|, <
104+4/log s]|e]|2 also holds. The second case is that |Jék> N supp(z)| >

%|Jék)\ occurs at every iteration and Jo(k) = () for some iteration. Since

k) = 0, u®) = A*R®) = 0. It can be derived that the inequality
H:Uék)‘b < 100]|e]|2v/log s also holds. Hence, the second case will re-
duce to the first case. The third case is that \Jék) Nsupp(x)| > %\Jék)]

occurs at every iteration and Jék)

is always nonempty. In this way,
ROMP identifies at least one coordinate in the support of the signal x

at each iteration. Thus, if ROMP runs s iterations or until |/ (%) | > 2s,

it must be that supp(z) € I® which means wék) = ] 10 = 0-
Hence, the inequality H:U(()k)Hg < 100[|e||2y/1og s holds, which reduces
the third case to the first case. Nonetheless, if the stopping criterion
that R*) = 0 is triggered, then we have uf) = A*RF) = 0. Hence,
the third case will reduce to the second case. As a result, both the sec-
ond and the third cases will reduce to the first case and the first case
results in the inequality ||z — 2® ||, < 104y/Tog s||e||2. Summarizing
this discussion, we can come up with the following theorem.

Theorem 4.2.7. Assume a sampling matrix A satisfies 045 =
0.01/y/logs. Let x be an s-sparse vector in R" and y € R™ a
sample vector satisfying y = Az + e, where e € R™ is a noise vec-
tor. Then when one of the stopping criteria is triggered, ROMP
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outputs %) that satisfies

|z — 2|y < 1041/log s]e]l2 (4.76)

Note that if e = 0, then h) = x, which implies exact recovery. This
result is consistent with that of the theorem E2G.

Finally, we can extend theorem B2 to the most general case -
the signal = is not exactly s-sparse but a general vector in R”. We
can partition y = Ax + e to y = Awgs + (A(x — x95) + €). Suppose
we tighten the restricted isometry property of A to dgs = 0.01/4/log s.
Since xg, is 2s-sparse and dg, = 0.01/4y/log s, we can apply theorem
E270, if we input the sparsity level as 2s to the ROMP algorithm, and
obtain

2% — 2o4]l> < 1044/10g 25| A(z — 295) + €]|
< 104+/log 2s(|| A(x — 2242 + [le]|2)

By property @ of the restricted isometry constant introduced in section
.8, we can derive that

Al — a2)lle < (1+¢ (Hx oo 12 —fgjsul)

< (1+¢) (Hx — Xos||2 + %)

By the following lemma :
Lemma 4.2.8. Let w € R". Then

(KR
e

HSU_J/'SHl

We can derive that ||z — |2 < 77+ by letting w to be z — .

[ = w2 < (4.77)
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Hence, ||A(z — 295)||2 < 1.5(1 + e)l2=2l1  Therefore,

NG
|2 — 294]l2 < 1044/l0g 25

151+e”—5‘7——5‘ﬂ‘—1 HH)

< 1594/log 2s <M + HeHg)

we can derive that

; |z — 241
Hﬂ“—ﬂbg%@l%%(————— le]|s
NG

Corollary 3.2 of [28] presents the third error bound

T — Tg
H(x(k>)25 — ZEQSHQ S 477\/ 10g 28 (% + H@HQ)

Due to this inequality, we can further derive that

12 ®)ag — lla < |(20)ag — asla + |2 — 2]

2 = [l lz = [l
< 477/log 2s | —F—F— —
< 0g s( 7 + |lell2 ) + NG

< 478+/log 2s (@ + H6H2>
S

Ultimately, the most general theorem can be presented as follows.

Theorem 4.2.9. Assume a sampling matrix A satisfies dgs =
0.01/4/logs. Let x € R™ be a signal vector and y € R™ a sampling
vector satisfying y = Ax+e, where e € R™ s a noise vector. Then
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ROMP outputs x'* k) that satisfies

] o

2% — 2o4]|2 < 1594/log 2s (H 7 Hl + [le]|o ) (4.78)
] o

|2 — 2, < 160 1og25(” 7% It + e HQ) (4.79)

I Xr— Ty
H(.I<k))23 — l’gSHQ < 477\/ 10g28 (% + H€||2) (480)

— T
H( ) — x||p < 478+/log2s (H I - H6H2>

/N

4.81)

Hence, both 2®) and its best 2s-term approximation (2(F)9, are close
to the true signal x or its best 2s-term approximation xos within an

distance proportional to v/log2s (% + H6H2>.

The f1-minimization method has strong uniform guarantees of
sparse recovery. However, the running time is not only polynomial in
n but also in certain condition numbers of the objective, which may
consume much time. On the other hand, OMP runs fast both theoreti-
cally and empirically, and is easier to implement than ¢;-minimization.
However, OMP has weaker guarantees of sparse recovery. ROMP is
good for possessing the advantages of both methods, i.e., strong uni-
form guarantees of sparse recovery, fast speed and transparency of the
methodology. Furthermore, in the aspect of implementation, although
ROMP requires the estimation about the sparsity level s, it does not
require the knowledge of the error e as the ¢;-minimization methods
requires. In some applications, it seems more natural to impose a spar-
sity requirement than an error constraint.

4.2.4 Compressive Sampling Matching Pursuit (CoSaMP)

In [26], it introduces a novel greedy algorithm called the compres-
sive sampling matching pursuit (CoSaMP). In this section, we will first
describe the algorithm, then analyze it theoretically, present some im-
portant results, and finally discuss some practical issues. The algorithm
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is described as the following algorithm 24.

Algorithm 24 CoSaMP

Input: y € R™ ; A € R™*™ ; gparsity level s
Initialization :

1. 20 =0
2. RO =y

Iteration : repeat until a stopping criterion is met at k =k
k

1. compute (R*) a;) for j € [n] (equivalently, compute ¢ = A*(R*)) )
2. Identification : Q = supp(cas)
3. Merge support : T = QU supp(z®)
4. Estimation : b|p = ATTy , blpe =0
5. Pruning : 2D = p
6. RUHD — 5 — Ag(+D)
Output: z++1)

First, we consider the case when the signal x € R" is actually s-
sparse. Assume the sampling matrix A € R™*" satisfies the restricted
isometry property dss < 0.1 and let the sample vector y € R™ equals
Az + e, where e € R is a noise vector. For the identification step, let
r*) = 2 — 2®) We can have the inequality

178 qel]2 < 0.2223|75)|15 + 2.34]|e]|» (4.82)

The physical meaning of this inequality is that the energy of the dif-
ference between the true signal = and the current estimate #*) on the
set €2° is small compared with the total energy of such difference. For
the support-merging step, we can have the inequality

lzlzellz < 17 e (4.83)

Hence, by the identification and the support-merging, we can come up
with an index set outside which the components of the signal x have
little energy. The estimation step solves a least-squares problem to
obtain values for the coefficients in the set T. We can have a bound on
the error of this approximation by the inequality

|z — bl < 1.112]|z|7¢||2 + 1.06]e]|o (4.84)

Finally, for the pruning step, we can bound the distance between x and
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bs by the inequality

[z = bsll2 < 2|z — bl|2 (4.85)
Therefore, combining those inequalities, we can make the following
derivation.
lz = 2" o = |z = byl

< 2|z — bl

< 2(1.112|| 2| 7e||2 + 1.06] e]]2)

< 2.2241r® e |2 + 2.12| ]|

< 2.224(0.2223||r ") ||y + 2.34]|e[|2) + 2.12] €]l
< 0.5||7 "]y + 7.5] ]|

= 0.5]|x — 2™ |5 + 7.5]le]|s

Note that in the estimation step, we ideally assume we can precisely
compute the least-squares approximation. However, in practice, we
will apply some iterative least-squares solver to solve the least-squares
problem. In this way, there must be some difference between the pre-
cise least-squares approximation and the computed solution. Hence,
the inequality we have presented needs to be modified. We consider
two iterative least-squares solvers, which are the Richardson’s iteration
method and the conjugate gradient method respectively. Richardson’s
iteration produces a sequence {29} of iterates that satisfy

|29 = Abylla < (33) 112 = Apylla < 02020~ Abylly fort =012,
(4.86)
Conjugate gradient produces a sequence {z@)} of iterates that satisfy

12— Alylly < 20" — Alylla for£=0,1,2,---  (487)

where p < 1 — 2 <1 - % ~ 0.05. It is natural to
L0354 o+l
1—535

k)

assign the current signal approximation z®) as the initial iterate for

the least-squares solver; that is, 2(® = z®  We can bound the
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norm of ||z — Alylls = |z® — Aly|l, by the inequality
|25 — ALy, < 2.112)|z — 2#]|5 + 1.06] ¢l (4.88)

Hence, ||2(?) — Ai_fyHZ is controlled by the current signal approximation
error. Assume we run the iterative least-squares solver (Richardson’s
iteration or conjugate gradient) for three iterations, then

128 — ALyl < 0.002112||z — 2®)||5 + 0.00106][e]l,  (4.89)
Let b|p = 23, We can derive that

|z = blls = ||(z — Aly) + (ALy — b)]l2
<|lz = ALyl + Iblr — ALyll>
< (1.112]| 2| 7|2 + 1.06][e]|2) + (0.00212[|a — =™, + 0.00106]|e||2)

< 1.112||z| 7el|2 + 0.0022[|z — ¥ |5 + 1.062| ]|,
(4.90)
After taking into account the practical iterative least-squares issue, we
can bound the signal approximation error ||z — x|, as follows,

lz — 2]y = [ = byl
< 2[|z — b2
< 2(1.112|z| 7|2 + 0.0022[|r#)[|5 + 1.062][e]|2)
< 2.22417 8 | e |5 + 0.0044|rP)]|5 4 2.124][e]|
< 2.224(0.2223||r™ |15 + 2.34||e]|2) + 0.0044]]r®) ||, + 2.124]le]|s
< 0.5]|r® | + 7.5]le|l
= 0.5]|z — 2™ ||, + 7.5]le||

Therefore, either in the ideal case or the practical case, the inequality
that

|z — 2 * V|, < 0.5)|2 — 2™ |2 + 7.5]je]| (4.91)
holds true.
Finally, we consider the case when the signal = is general. We

also assume the restricted isometry constant of the sampling matrix
A satisfies 045 < 0.1. The key point is that we can express the noisy
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sample vector y of a general signal x as the sample vector of a sparse
signal z contaminated with a different noise vector. That is, y =
Ar + e = Axs+ é, where ¢ = A(x — x4) + e. Applying the triangle
inequality and 2291, we can derive

_ 1
leflz < 105 [lz = zsll2 + —=llo — 2]l + llell2 (4.92)

f

Hence, using the result 291 we have proved for the sparse case, we
have ||z, — 2* ||y < 0.5]|zs — 2®)|| +7.5]|€]]2. We can further make
the following derivation

lz = 2"V = [[(z = 25) + (&g — 2"V
< o — alla + [lzs — 2V

<l — 24)|2 + 0.5]|zs — 2™ |5 + 7.5][€]|

< & = alla + 0.5(]|zs — ]l + [l — 2P]l2) + 7.5 el

= 0.5]|z — ™o 4+ 7.5||€|l2 + 1.5]|x — 2|2

< 0.5]|x — 2™y + 100

(4.93)
where we define the unrecoverable energy in the signal as
1
v & IIQZ‘—IstJrﬁIIx—%HHrH6H2 (4.94)

In the following, we will present some results based on the main
iteration invariant inequality 293,
1.
|z — ™|l < 27¥)| 2|2 + 200 (4.95)

Proof.
|z — 2™, <27z — 2% Yy + 100
<27'27 Yz — 22|y + 10v) 4 100
=272z — 2% Y|y 4+ (1 4+ 27H) 10w
<27z — 2O+ 1+ 27 4 -+ 27 D) 100
< 27M|x|g + 20v
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[]
2. Define the signal-to-noise ratio (SNR) as SNR= 10log,,(1212) and

the reconstruction SNR after k iterations as R-SNR (k)= 10 logy( HIEU% ||2>'
We can prove that R-SNR(k)> min{3k, SNR—13} — 3

Proof. R-SNR(k)= 101log,,( [E )

lz—a ")l
> 101ogg [|z]|2 — 101og;o(2~*|[|2 + 20v)
If 27%||z]|2 > 20v, then R-SNR(k)> 10logy |||z — 101og;(2 *
27F||x|]2) = 3k — 3.
If 27%||z]]s < 20w, then R-SNR(k)> 10logyq [|z]|2 — 101log;o(2 *
20v) =(SNR—13)—3,
Hence, R-SNR(k)> min{3k, SNR—13} — 3 O

From this inequality, we know that CoSaMP increases the re-
construction SNR by about 3 decibels at each iteration before k
exceeds the ceiling of (SNR—13)/3, which means to reduce the
error to its minimal value, the number of iterations required is pro-
portional to the SNR.

3. Suppose that A is an m x n sampling matrix with restricted isom-
etry constant 0o, < c¢. Let y = Ax + e be a sample vector of
an arbitrary signal, contaminated with an arbitrary noise vector.
For a given precision parameter 1, CoSaMP produces an s-sparse

approximation z*) that satisfies
o — 22 < Cln+v)

1
=Cn+ |z =zl + —=llz = zalls + lle]l2)

7

where k = O(log(||z||2/n)). Hence, in the absence of noise, CoSaMP
can recover an s-sparse signal to arbitrarily high precision. How-
ever, if the signal is not s-sparse but only compressible or if there
is noise, the performance of it will degrade. Furthermore, let £

denote the cost of a multiplication with the sampling matrix A or
A*. Tt has been calculated in [26] that each iteration of CoSaMP
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requires O(L) time and O(N) storage. Hence, totally it requires
O(L *log(||z]|2/n)) time and O(N) storage to run the algorithm.
As a result, the algorithm can run substantially fast if there is fast
multiplication of the sampling matrix.

Finally, we discuss some practical issues. The first one is about
how to determine the input sparsity level. It is suggested that one
can choose s to be m/(2logn). One can also run CoSaMP for several
sparsity levels and select the one with smallest approximation error
ly — Az®)||,. Next, we talk about other stopping criteria. We have
proved that if we stop the algorithm after a fixed number of iterations
(ie., k = O(og(||z||2/n))), then ||z — ™|y < C(n + v). In [26],
two possible alternative stopping criteria are suggested (The signal x
is assumed to be s-sparse. If it is not s-sparse, we can simply use the
same technique we have applied to analyze the general case.)

1. If we stop the algorithm when

IR, < e (4.96)
then _
|z — ™|y < 1.06(e + ||e]|2) (4.97)
2. If we stop the algorithm when
| A(R®)||c < n/V2s (4.98)
then )
lz — 2%||o < 1.127 + 1.17| €]l (4.99)

However, can the stopping criteria indeed be triggered 7 It is also
proved in [26] that

L If ||z — 2™y < 0.95(e — ||e]|2), then |[RW||; < e.

2.1f ||l — 2P < 05 — B then | A*(RW)|| < /25
Since ||z — x|y < 27F||z||s + 20v, the inequality ||z — z®||, <

0.95(¢ — ||e]|2) is desired to be satisfied after some k iterations. Hence,

[RM)||y < € can indeed be triggered at least when ||z — 2z, <
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0.95(¢ — |le]|2), which means it is an effective stopping criterion. Simi-
larly, also because ||z —2®)||; < 27F||z ||z +20v (hence, ||z —2W) |5 <
|z — 2®|]y < 27F||z||2 + 20v), the inequality ||z — z®)||, < D0
% is desired to be satisfied after some k iterations. Hence, || A*(R*))||5 <
n/v/2s can also be triggered at least when ||z —z®)|| o
which means it is an effective stopping criterion.

)

0.45n _ 0.68|le|l2
< = s

Lastly, we describe a simple effective variant of CoSaMP intro-
duced in [26].

Algorithm 25 A Variant of CoSaMP

Input: y € R™ ; A € R™*™ ; the sparsity level s
Initialization :

1L 20 =0
2. RO =y

Iteration : repeat until a stopping criterion is met at k =k
k

—_

. compute (R™*), a;) for j € [n] (equivalently, compute ¢ = A*(R*)) )
2. Identification : Q = supp(cas)
3. Estimation : b|q = A;[)(R(k)), bloe =0
4. Approximation Merging : ¢ = 2*) +b
5. Pruning : z*+1) = ¢,
6. RUHD = 4y — Agp(+1)
Output: z(++1)

When performing the estimation step, one can initialize the iterative
least-squares solver with the zero vector to take advantage of the fact
that R is becoming smaller and smaller.

4.2.5 Subspace Pursuit (SP)

In this section, we will introduce an algorithm called the subspace
pursuit. The readers can refer to [6]. First, we will present this al-
gorithm, and then make a thorough mathematical analysis of it. The
subspace pursuit algorithm is described as follows.
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Algorithm 26 Subspace Pursuit

Input: y € R™ ; A € R™*™ ; the sparsity level s
Initialization :

1. T = L (A*y)
2. RO =4 — AT«J)ATT(U)y
Iteration : repeat until |[R*+D |, > |[R®)||, at k =k + 1
1. compute (R*), a;) for j € [n] (equivalently, compute ¢ = A*(R*)))
2. Identification 1 : Q = Lg(c)
3. Merge Support : T¢++1) =7k yQ
4. Projection 1 : (zp)|5us1) = ATT(kH)y, (@p)l(Fer1)e =0
5. Identification 2 : T*+1) = [ ()
6

. Projection 2 : 2+ V)| 1y = A;(Hl)y, x(’“+1)|(T(k+1>)c =0
7. R(k‘+1) =y — Ax(k"'l)
Output: 2k

As we can see, the subspace pursuit algorithm iteratively refines the
candidate support set of s indices in order to pursue the correct sub-
space y lies in. First, given T™", s additional candidate indices are
selected to form T* Y. Then given T*+1 s most promising indices

are chosen out from it so that we will get T*+). We make a com-

parison between the OMP, the stagewise OMP and the ROMP with
the subspace pursuit. An important difference between them lies in
the way they construct the candidate support set. At each iteration,
the former ones (OMP, stagewise OMP and ROMP) select one or sev-
eral indices that are deemed to be possible to lie in the support set.
Once an index is selected, it remains in the candidate set throughout
the remainder of the reconstruction process. However, on the side of
the subspace pursuit, an index is considered good at some iteration
but deemed bad at a later iteration, or vise versa, can be removed
from or added to the candidate support set. Such flexibility of the
subspace pursuit may provide it with better performance. We also
make a comparison between the subspace pursuit and the compressive
sampling matching pursuit (CoSaMP). One of the differences is that
at the first identification step, the subspace pursuit chooses s indices
with the largest correlation magnitudes while the CoSaMP chooses 2s
ones. The other difference is that after the estimation step of CoSaMP
(which corresponds to what we call the first projection step of the sub-
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space pursuit), the CoSaMP performs a pruning step which amounts
to an identification step followed by a hard thresholding step while the
subspace pursuit performs an identification step followed by another
projection step.

In the following, we analyze the subspace pursuit algorithm math-
ematically. Let z € R" be an s-sparse signal and the measurement
vector y € R™ be y = Ax + e, where e € R™ is the noise vector. It
can be verified that we can express R% as

R™ = Ap e @|p gy + Apmv + €
, where v £ —A;(k) (AT\T(k)x’T\T(’“)) and e, = e — A AT pne- Define
v 2y — ATT(k)G. We can prove that
1 025
1|2 = ——===llells < ——llzl 7002
V1—=194, 1 — g A

Hence, among all columns that jointly compose R*) those indexed

(4.100)

by T\T (}) have energies that are not too small. As a consequence,
after step 1 and 2 (which, combined together, are called a correlation
maximization step), it is confident that {2 contains sufficient number of
indices that belong to T\T(k). Therefore, if we merge the two sets T'*)
and €, it is hopeful that TW+1 contains sufficient number of indices
that belong to T'. Indeed, it is proved that

203
Hx‘T\T(’fH)HQ < (1_—£>2Hx‘T\T(k)H2

DSl (a0

After the first projection step, we get x,. Note that (z,)|7x+1) =
A;(k 1Y, we can further express it as

_ f f
(xp)‘f(kﬂ) = Z|pk+1) T AT(k+1)AT\T(k+1)x’T\T(k"i'l) + Af(kﬂ)e

Let € = (@p)|70641) — :z:]T (+1)- 1t is proved that

€]z < el (4.102)

_5 “x‘T\Tk+1 H2+ m
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Hence, we see that (xp)|#ur1) is close to |7pr1). Thus it is hopeful
that T®+) = [ (x,) also contains sufficient number of indices that
belong to T'. Indeed, it is proved that

144
|zl el € 2l el + 2 el
1 - 535 1 i 528

Combining the two inequalities 101 and ET03, we can come up with
the inequality

(4.103)

2034(1 + O35 1+ 03
Il given 2 < <§<_5 )3)\! Tlryron 2 + (< 3>)H o (4104

Suppose that d3; < 0.083. If [le[ls < d3s]|@[7 0|2, one can prove

that [|[R**+D|ly < ||R™)]|5 using inequality BI04. Lastly, lemma 3 of

6] guarantees that the distance between the true signal x and the result

(k+1)

after the second projection step, i.e. x , is not too large. Precisely,

1 1+0
(k—|—1) < _l_ 38
2 < 1 — 53£”$‘T\T(k+1)u2 1 — 05,

|z —x el (4.105)

When the stopping criterion is triggered (ie., [|[RFD|y > [[R®)]],),
lefl2 = d3sllz]p 7@ l2- Therefore,

11 1+@5

]. _|_ 535 —l_ 538
————lell2 + el
1 535 533

035(1 — 035)
(4.106)
We can summarize our discussion as the following theorem.

lello =

o — 2M|l; <

Theorem 4.2.10. Let x € R" be an s-sparse signal and the mea-
surement vector y € R™ be y = Ax + e, where e € R 1is the noise

vector. Suppose that the Samplz'ng matriz A satisfies 635 < 0.083,
035(1—035) 2

then ||z — 2W||, <

When e = 0, the theorem implies that zF) = x, which means we can
achieve exact reconstruction when the algorithm terminates. Further-
more, theorem 6 of [6] states that the number of iterations need for the
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algorithm (denoted as n;;) satisfies

log ppmin 1.5s
——}

n; < minq1l + ;
L= { log ¢, log ¢,

(4.107)

min |x[i]|
A i€]n]

A A 2034(14035)
where puin = =, =

and ¢, = (1557

log s : : .
TToe(1/cs): For compressible sparse signals, n; <

. Specifically, for zero-one

sparse signals, n; <

—rlolgoﬁjcs)(l + o(1)), where o(1) — 0 when s — oo. For exponentially
I+ ol 1 0<p <15
decaying sgmals, ny < {log;;gs>< W) FO<PELS e
log(1/cs) Zf p>1.5

ni = O(log s) for zero-one sparse signals and compressible sparse sig-
nals, and n; = O(s) for exponentially decaying signals. If x is not ex-
actly s-sparse and e # 0, we can express y as y = Axos+ A(r—x95) +e.
Assume dg, < 0.083. By the theorem E2.T0, we can get

1 + &6 + 0,
563(1 - 565)
if we set the input sparsity level as 2s. By 22911, we can derive that

T — Tog
[A@ = @29)lls < v/TF Sgs((J — sl + 1Z= 22l
VAL

By lemma BEZR, we can get ||z — xa4|s < szij1 Therefore, we can
derive that

; 1+5S+5S 5
a2 = e < 57 %”\\+v1+%ﬂx 2l 0s)

([ Az = w2)l[2 + [le[l2)

|75 — W[5 <

Furthermore,

|z — 2™y < [|wes — 2W||a + || — 2242

1—|—5S—|—5S 1’5
< (g Do Oy, g I el

563(1 - 563)
1 + 2d¢s 335
= S EEE (e, + T ”1
565(1 — 565)

(4.109)
We can summarize our discussion in the following corollary.
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Corollary 4.2.10.1. Let x € R" be the approrimately s-sparse
signal and let the measurement vector y = Ax + e, where e € R™
s the noise vector. Suppose that the sampling matriz A satisfies
J6s < 0.083. Then

14+dg5 (53 s
1 sy — 2@y < 5855 ([lelo + v/T+ 0, o)
2 |lz — 2@y < 228 (|lela + T+ pl—)

4.3 Hard-Thresholding-Based Algorithms

Throughout this whole chapter, our main focus is the rectangular
system y = Ax. Solving y = Ax is equivalent to solving A*Ax =
A*y. With such normal equation, we can come up with the fixed-point
equation T fized = T fized + A*(Y — A fizeq) and derive the fixed-point
iteration

* ) = 2 4 A% (y — Az

Similar to greedy algorithms, it also involves the computation of corre-
lation vector A*(y — Az ). However, the underlying mechanisms are
different. For the greedy algorithms, they compute the correlation vec-
tor in order to capture additional atoms that would be highly possible
to compose the signal vector y. On the other hand, thresholding-based
algorithms add the correlation vector and the current estimate coeffi-
cient vector £®) together to form a surrogate coefficient vector for z.
In section EET.3, we have introduced the ISTA algorithm B34, It ap-
plies the soft thresholding operator on the surrogate coefficient vector
to obtain the new estimate coefficient vector z**1). As for this sec-
tion, hard-thresholding-based algorithms apply the hard thresholding
operator on the surrogate coefficient vector. The difference of adding
¢1 norm or £y norm of x in the objective functions lead to the difference
of thresholding operators to be soft or hard.
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4.3.1 Iterative Hard Thresholding (IHT)

In [3] and [4], two main problems are discussed.

min{[| Az — y|l3 + M2 lo} (4.110)
min{||Az — y||3} subject to ||z|lo < s (4.111)

Clearly, these two problems are quite related to problem E2. The first
problem is called the ¢, regularized minimization problem, which can
be viewed as the fyp-norm counterpart of the basis pursuit denoising
problem A Z1. The second problem is called the s-sparse minimiza-
tion problem, which can be viewed as the fy-norm counterpart of the
LASSO problem Z22. The authors proposed two algorithms, which
we call the I HT) algorithm and the I HT) algorithm respectively, to
deal with these two problems. In the following, we introduce these two
algorithms thoroughly.

For the first problem, if we directly deal with the objective function

Cr(z) £ || Az — yll3 + M|zllo (4.112)

we need to calculate the derivative of C,.(x) with respect to x. It is
easily derived that

oC.(x) )0 if xli] =0

Ox|i] —2(a;,y) + A+ 2(a;, Az) if x[i] #0
For z[i] # 0, we need to let —2(a;, y) + A + 2(a;, Ax) be 0. However,
all entries of x are coupled, which hinders us from deriving the value of

x[i]. Tt is the | Az||5 term that causes the problem. Thus, it motivates
us to consider a surrogate objective function

Cr(@,2) & [|[Az — yl3 + Mzflo — Az — Az[3 + [l — 2[5 (4.113)

The reason why we add an additional argument z is that we can assign
x as the next iterate and z as the current iterate in an iterative algo-
rithm. Such trick will be made clear soon. If ||A||s—2 < 1, then this
surrogate objective function is a majorization of the objective function
and minimization of the surrogate function thus leads to a majorization
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minimization (MM) algorithm. Similarly, we also calculate the partial
derivative of the surrogate objective function with respect to x;. In this
case,

oC%(z) |0 if z[i] =0
Ox|i]

T\ 20fi] — 220i] — (a5, y) — (a5, AZ) if [i] #0

Now all entries of x are decoupled and we can derive that x[i| = z[i] +
(a;,y) —(a;, Az) when x[i] # 0. The corresponding cost is 0 if z[i] = 0
and —(z2[1] + (a;, y) — {a;, Az))* + X if z[i] = 2[i] + (a;, y) — (a;, Az).
As a result, if z[i] + (a;,y) — (a;, Az) < A%, then we set z[i] = 0,
the resulting cost being 0. If z[i] + {(a;, y) — (a;, Az) > A2, then we
set x[i] = z[i] + (a;,y) — (a;, Az), the resulting cost being —(z[i] +
(a;,y) — {a;, Az))* + X T 2[i] + (ai, y) — (a;, Az) = A2 z[i] can be
set as either 0 or z[i] 4+ {(a;,y) — {a;, Az), the resulting cost being 0.
To produce unique update, we let ©x = Hyos(z + A*(y — Az)), where
H o5 is the element wise hard thresholding operator defined as

. 0 if |ofi]] <X
Hyos(x[i]) = o ' 05 (4.114)
xli] iof |zfi]] > A
Hence, we can derive the I HT'\ algorithm as follows.
Algorithm 27 THT)
Input: y € R™; A € R™*"™; the regularization parameter \
Initialization : z(©) ¢ R”
Iteration : repeat until a stopping criterion is met at k =k :
2 ) = Hyos(2® + A (y — Az)) (4.115)

Output: z(®)

As for the second problem, similar to the first problem, instead of
directly dealing with the objective function

Cy(z) = || Az — I3 (4.116)
we consider the surrogate objective function

Ci(r,2) £ Az =yl = Az — Azl + o — 2} (4.117)
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Likewise, ||A|l2—2 should be smaller than 1 so that we can derive an
MM algorithm. After some calculations, we can derive the I HT algo-
rithm as follows.

Algorithm 28 THT;

Input: y € R™; A € R™*"; the sparsity level s
Initialization : z(©) ¢ R” -
Iteration : repeat until a stopping criterion is met at £k =k :

2 ® D = 7 (2® 4+ A*(y — Az®)Y) (4.118)

Output: z®)

Note that Hy, which has been defined in 2268, is the hard thresholding
operator which only retains the s entries with the largest magnitude.

In the following, we list important results that have been proved
in 3] about the two algorithms.

1. Assume [|Al|os < 1 and let 2D = H\o5(2®) 4 A*(y — Az™))),
then the sequences {C,.(z™)} and {CF (z*+Y), 2M))} are non-increasing.
Assume [|Allsm2 < 1 and let ) = H(a® + A*(y — Az¥))),
then the sequences {Cy(z*))} and {C?(z*+1 2*}))} are non-increasing.

« This bullet states that the cost does not increase from iteration
to iteration, which implies that using the algorithms will only
produce better results than not applying them.

2. Define two sets as follows
Lo ={?: fizeat| = 0} (4.119)
Fl = {Z . xfixedm 7é O} (4120)

A necessary and sufficient condition for a point @ f;,.q4 to be a fixed
point of the I HT) algorithm is that for each column a; of A,

=0 ifiel

4.121
S )\0'5 Zf 1€ FO ( )

|<ai7 Yy — AxfixedH {

A necessary and sufficient condition for a point x fi.q to be a fixed

163



point of the I HT algorithm is that for each column a; of A,

=0 if i€l

I (4.122)
< x}imed[s] if 1ely

‘<ai> Yy — Amfia:ed>| {

where x}imd denotes the non-increasing rearrangement of  fjyeq.
Note that a fixed point of the THT) satisfies |T fizeqli]] > A"
for ¢ € I'; and that of the IHT} algorithm satisfies |z fizeql]| >
T}izeals) for i € T

« This bullet states the necessary and sufficient condition of a
fixed point, which facilitates the following analysis about the
local minima, the optimal solution and the convergence issues
about the two problems and algorithms.

3. Assume || Alja—2 < 1, then a fixed point  fizeq of the IHT) / THT;
algorithm is a local minimum of the first / second problem.

« This bullet makes a connection between a fixed point of the
algorithms and a local minimum of the problems. Note that if
a point is referred to as a local minimum, then perturbing it by
an infinitesimal amount (in any direction) will not decrease the
cost function. Mathematically, we want to show that

CT(CL'fZ'Q;ed + 8h) > Cr(xfixed) (4123)
C ($fixed + (9h) > Cs(xfmd) (4.124)

for any small perturbation |Oh[i]| < €, where € is some positive
constant.

4. Let the optimal solution to the first problem (i.e., the global mini-
mum) be .
(a) Vi € Ty, |zop[i]| > A0
(b) Vi € Ty, {a;,y — Axgp) < AP
(c) Vi e I', (ai,y — Azop) =0

« The third condition points out that the residual 12, = Y— Ao
is orthogonal to all used atoms and forms small angles with all
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unused atoms. Thus, the optimal solution corresponds to the
situation when the signal is projected as orthogonally as possible
onto the space spanned by the atoms of A while restricting the
number of used atoms.

5. Assume || A||2—2 < 1, then the optimal solution to the first problem
belongs to the fixed points of the I HT) algorithm.

« Combining the second and fourth bullets, we can come up with
this result.

6. Ve > 0, 3K such that Vk > K, ||z*1) — 2|2 < ¢; that is,
lim [[z*+D — 2®)|2 =0 (4.125)

k—o00

where {z(™} is the iterate sequence of either the ITHT) or IHT,
algorithm.

« This bullet is an important result for the proof of convergence.

7.1f C(2®) < oo, and if ||A|sm2 < 1, then the sequence {z™}
produced by the I HT) algorithm converges to a fixed point of it
(thus a local minimum of the first problem).
If Cy(2")) < 00, {a;} contains a basis for the signal space, ||a;||s >
0 and ||A||2—2 < 1, then the sequence {*)} produced by the T HT
algorithm converges to a fixed point of it (thus a local minimum of
the second problem).

« With the help of the sixth bullet, we can prove the convergence
of both algorithms and thus lead to this result.

8. Assume that {a;} contains a basis for the signal space and that
|la;|lo > ¢ > 0, then there exists a constant S(A) > 0 such that
sup; [(a;, y)| > B(A)||y||2 holds for all y. If ||Al|2—2 < 1, then

)\0.5
B(A)

Hy - AxfixedHZ S (4126)
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when @ rizeq is a fixed point of the IHT) algorithm and

x;med [S]
B(A)
when  fi,cq 1s a fixed point of the I HT algorithm.

1y — Az fizedll2 < (4.127)

 This bullet gives an upper bound on the approximation error,
i.e., the norm of the residual R y.cq 2y — Az Fized-

2 = Zivealls < 1= A7, Ary 15537 1) = 2 gizealls - (4128)

where @ fizeq 1s the fixed point of either the THT) or IHT} algo-
rithm.

« This bullet shows that the asymptotic convergence speed of both
algorithms is linear.

There are two common usages of both the ITHT)\ and IHT; al-
gorithms. One is to randomly initialize (¥ and start the algorithms
directly. The other one is to use them to refine the solutions found
with other methods. Concretely speaking, we first use methods like
the MP to find a solution, then initialize (¥ with this solution and ex-
ecute the algorithms. Since the cost is guaranteed not to increase from
iteration to iteration, we are confident to get a better solution. More-
over, for I HT), we can adaptively change the threshold depending on
the current residual norm. As for T HT, we can adaptively change the
parameter s from iteration to iteration. A suggested way is that we
start from s = 1 and increase s by 1 every ¢ iterations. If £ = 1, the
corresponding algorithm functions like the MP. As ¢ gets larger, it be-
comes gradually more and more like the OMP. Note that an advantage
of the I HT algorithm over the OMP is that the set of selected atoms
is allowed to change from iteration to iteration. Another advantage is
that its computational cost is so low that it is comparable to the MP.

In [4], the authors proposed to apply the I HT; algorithm in the
field of compressive sensing and analyzed its performance mathemati-
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cally. We list the main result as follows.

Theorem 4.3.1. Given a noisy observationy = Ax+e. Assume A
has the restricted isometry property with dss < 1/v/32. Initializing

0)

20 as the zero vector, then at iteration k, the iterate %) satisfies

2™ — 2]y < 27¥||2]|s + v (4.129)

where v = H.:L'—Q?Ab-i-%—i— le||2 s the unrecoverable energy the
same as what has already been defined in [26]. ¢ is equal to 6 for
any arbitrary signal and can be improved to be 5 if x is s-sparse.
Also note that v reduces to ||e||s if © is s-sparse.

From this result, we can derive that after at most k = ﬂogg(”ﬂbﬂ
iterations, I HT, can produce the output =" satisfying ||z — z||; <
(¢ + 1)v. Thus, the overall number of iterations required to achieve
a desirable accuracy depends on the logarithm of the signal-to-noise
ratio (note that the "noise” here not only accounts for the measure-
ment error but also the sparsity defect). From this result, it can also
be proved that the output () satisfies ||2®) — ||, < 1.11e + 2.41v if
the stopping criterion is set as ||y — Az® ||, < € for some € > 0.

Finally, the authors pointed out that such uniform performance
guarantees regarding the restricted isometry property are suitable for
analyzing the worst-case scenario but not for average performance. In-
deed, numerical experiments which can only analyze the average be-
havior demonstrates that algorithms with similar uniform guarantees
have discernible performance (i.e., some perform better while others
perform worse). Furthermore, in the regime when the restricted isom-
etry constant is too large, some algorithms still perform well on average,
while others do not.

4.3.2 Hard Thresholding Pursuit (HTP)

Inspired by the IHT algorithm, in [12], the author proposed the
hard thresholding pursuit (HTP) algorithm, described as follows.
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Algorithm 29 HTP

Input: y € R™; A € R™*"; the sparsity level s
Initialization : z(©) ¢ R” -
Iteration : repeat until a stopping criterion is met at £k =k :

(HTP) S*D = L (2™ + A*(y — AzM)) (4.130)
(HTPy) %Y = argmin{||ly — Az||2, supp(z) € SE+DY (4.131)

Output: z(®)

Note that Ly is the operator defined in E2674. The author also general-
ized the HTP algorithm and proposed some variants of it; namely, the
hard thresholding pursuit g (HT P*) algorithm, the normalized hard
thresholding pursuit (NHTP) algorithm, and the fast hard threshold-
ing pursuit p (FHT P") algorithm. We describe them respectively as
follows.

Algorithm 30 HT P*

Input: y € R™; A € R™*"; the sparsity level s
Initialization : z(”) € R" )
Iteration : repeat until a stopping criterion is met at k = k :

(HTP!)  S*FTD = [ (2% 4 pA*(y — AzD)) (4.132)
(HTPY) 2 = argmin{||ly — Az||2, supp(z) € S*+Y (4.133)

Output: z(®

Algorithm 31 NHTP

Input: y € R™; A € R™*"; the sparsity level s
Initialization : z(®) € R" )
Iteration : repeat until a stopping criterion is met at k = k :

(A" (y — Az™)) 500 |13

NHTP)) S*D = L (2™ + pupA*(y — Az™)), where uy = 4.134
) Ay = AT where i = T e Ay 1Y
(NHTP,) 25V = argmin{|ly — Az||s, supp(z) C S*+1)} (4.135)
Output: z®)
Algorithm 32 FHTP#
Input: y € R™; A € R™*"™; the sparsity level s
Initialization : z(©) ¢ R” -
Iteration : repeat until a stopping criterion is met at £k =k :
(FHTP")  S* D) = supp(uF+1Dy o E+H1D = H () 4 A% (y — AzP)) (4.136)

(FHTPQ#) I(k+1) — u(k+1,é+1), u(k+17n+1) — (u(kJrl,n) +tk+1,nA*(y - Au(k+1’n)))|5(k,+1)

A (v — A (k+1,n) 2 4137)
(A" (y U - )1)S(k+1)H2 . andn=1,2,--- (+1. (
[Agasn (A*(y — Aut+1m)) goeen )13

where tyy1,pn 1=

Output: z®)
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For the NHTP algorithm, we can prove that ,uk is chosen such that

wir = argmin [ly — Agu[(z® + pA*(y — Az™))] 4] |13
1

Let RM 2 ¢ — Ax™ = ¢ — Az™|
ur, = argmin | R% — A ooy (A*R¥) | g |13

1

= argmin[—2u(R™, Ay (A*R¥) | g + 12| A g (A*RE) | g [|3]
1

= argmin[—2p| (A*R™)| w13 + ]| Agim (A*R™) | g0 [13]
I

DAty = Al
[ Ao (A*(y — Ax)) g0

For the F"HT P* algorithm, we can prove that ¢ 5 is chosen such that
tistn = argmin [ly — Aguon[(wH + A% (y — A1) g ][5
t

The derivation is similar as above. Hence, as we can see, what we
do in FHTP) is actually applying the gradient descent with exact
line search to solve the orthogonal projection minimization problem.
Note that if ;4 = 1, the corresponding algorithm is called the FHTP
algorithm. Furthermore, if k£ = 0, it reduces to the IHT algorithm and
if & = o0, it approaches the HTP algorithm.

In the following, we present some results about these algorithms.

1. The iterates {x®)} produced by HTP, HT P* or NHTP are even-
tually periodic since there is only a finite number of subsets of [n]
with size s and the result of orthogonal projection is fixed given the
same support set.

« Because of this fact, once we can prove the convergence of any of
these algorithms, we can certify that the limit is exactly achieved
within a finite number of iterations.

2. Applying the HT P* algorithm, we can deduce that

ly = Az®VN3 — fly = AeP[5 < (14 625 — 1/ — w3
(4.138)

3.If pu(1 + 6a) < 1, then {#™} produced by the HT P* algorithm
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converges in a finite number of iterations.

Proof. Since (1 + 6y5) < 1, [ly — AzHV[[5 — Jly — AzW|3 <
(1+ 6o5 — 1/p)l|2™ — u® V|5 < 0. Hence, {[ly — Az™[3} is
a non-increasing sequence with lower bound 0, which implies it is
convergent. Because {x("} is eventually periodic, |ly — Az™||3
must be a constant eventually. For the inequality of the second
bullet to hold, ||2*) —4*+D |2 must be zero eventually. When this
happens, u*t1) = £(*) which implies 1) = z*). ]

. Forany k > 0, if u(14-62,) < 1 and g > 1/2, then {2®} produced
by the FFHT P" converges.

« Note that convergence "in a finite number of iterations” is not
guaranteed because F'HT P" does not satisty the first bullet.

. Suppose the 3s-th restricted isometry constant of A satisfies d35 <
% ~ 0.57735. Then for any s-sparse € R", the iterates {(¥)}
produced by HTP with y = Az converges toward x at a linear rate
given by

| 262
[z®) — 2|y < pF|2Y — ||, where p = ﬁ <1 (4.139)
- Y25

Furthermore, since HTP satisfies the first bullet, {z®)} is guaran-

teed to converge in a finite number of iterations. Indeed, it can
In(1/2/3)|2'") —z]12/€)

converge in at most | (/7] | iterations, where ¢ is the

smallest nonzero entry of  in modulus.

. Suppose the 3s-th restricted isometry constant of A satisfies 035 <
% ~ 0.57735. Then for any s-sparse x € R”, the iterates {(¥)}
produced by FHTP (#5411, is set as 1 instead of the optimal one

in this analysis) with y = Ax converges toward x at a linear rate
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given by
2™ — z|s < oMz — 2|5

§2H2(1 — 362 ) + 252 (4.140)
whe,re D= \/ 3s ( . 5?)25)+ 3s <1
— Y3s

« Note that the restricted isometry condition d3, < % is indepen-
dent of the number ¢ of descent iterations used in FHT Ps.

« When k£ = 0, the FHTP algorithm reduces to the IHT algo-

rithm. Thus, this bullet also implies the IHT algorithm allows

s-sparse recovery once dsg < %

. Although {z®} produced by the FHTP algorithm is not guar-
anteed to converge in a finite number of iterations, it can be

verified that the norm o(fo )the residual r® 2 2® _ 2 does not
In([|z"" —z||2/€)
In(1/p) I

7. Suppose the 3s-th restricted isometry constant of A satisfies d34 <

% ~ 0.57735. Then for any x € R" and any e € R™, if S denotes

an index set of s largest (in modulus) entries of z, the iterates
{z™)} produced by HTP with y = Ax + e satisfies

exceed € once k > [

1 — k
2 = lly < P — o+ 7= Al + el
203,
where p = =02 < land
. V2(1 — ba5) + /1 + 05 <15
o 1 — bag

(4.141)

8. Suppose the 6s-th restricted isometry constant of A satisfies dgs <

%. Then for any x € R" and any e € R™, every cluster point

z* of the iterates {#®} produced by HTP with s replaced with 2s
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and with y = Ax + e satisfies

o — 2|, < (£)1 + D7 eflp, 1< p <2

—— 0
31_1/]9 s

where C' and D depend only on dg;s.
(4.142)

o This bullet is derived based on the results of the seventh bullet,
the inequalities 28 and and the following lemma excerpted
from the lemma 6.10 of [13].

Lemma 4.3.2. Given ¢ > p > 0, if u € R® and v € R!

satisfy max |u;| < min |v;|, then
i€ls] JElt]

Sl/q
Jull < 2 ol (1143

9. Suppose the 3s-th restricted isometry constant of A and p satisfy
1:@? <p <3 +1535' Then the iterates {z®)} produced by HT P*
with y = Ax + e converges eventually and satisfies the same in-

equality as EET4T with Jg, 095 and d3, in the expressions of p and 7
be replaced with d,(y/fA), d2s(\/1A) and d34(1/pA).

Proof. Due to the third bullet, we know that a sufficient condi-
tion for {z¥)} to converge is p(1 + da5) < 1. As for the sparse

recovery result with sparsity defect and measurement error, we ob-
serve that applying HT P* with input y € R™ and A € R™*"
is the same as applying HTP with input ¢ = /py € R™ and
A" = /pA € R™"  Hence, a sufficient condition would be
J35(\/HA) < 1/V/3.

Note that (1 + d35) > p(1 + da5). Thus the condition that
< %533 would imply p(1 + d95) < 1. On the other hand, ac-
cording to the definition of ds,, we know that (1 — d3,)[|z||3 <
|Az||3 < (1 + &34)]|z||3 for any s-sparse x € R™. As a result,
pl(1 = 823 < IEAIE < p(l + 8o 2ll3. Let ds.(y/iA)
denote the 3s-th restricted isometry constant of \/uA. We know

that (1—=03:(vEA)l2llz < llV/EAz|3 < (1+d35(/pA)) 5. Let
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l—cy = p(l—d35), 1.6, cp = 1—p(l —d35) and 1+ ¢y = pu(1+ds5),
i.e., ca = pu(1l 4 d35) — 1. According to the definition of d3,(/1A),
035(y/1t-A) would be smaller than max{c;, co}. Thus if we enforce

the condition that 1/4/3 > max{c;, e}, i.e., 11__1{5?:? <pu< 11+i(/5f7

then we can ensure that ds4(,/A) < 1/v/3. Hence, combining the

1-1/3
1—035 < H <
L []

14035 "

two conditions, we can get a sufficient condition that

In summary, for the HTP algorithm, the fifth bullet states a re-
sult about the exact sparse recovery (and thus convergence in a finite
number of iterations) while the seventh and eighth bullet state results
about the sparse recovery with sparsity defect and measurement error.
For the HT'P" algorithm, the third bullet states the condition for con-
vergence in a finite number of iterations while the ninth bullet states
the condition for both convergence in a finite number of iterations
and sparse recovery with sparsity defect and measurement error. For
the FHTP algorithm, the sixth bullet states a result about the exact
sparse recovery (and thus convergence). For the FFHT PH algorithm,
the fourth bullet states the condition for convergence.
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Chapter 5

Some Important Issues and Techniques

5.1 The L-Curve Method

In section P23, we introduce the Tikhonov regularization least-
squares problem and also mention the L-curve. In this section, we
will delve deeply into the properties and applications of the L-curve.
As far as we have discussed in section 23, we can have the following
theorem (which is the theorem 1 of [18§]).

Theorem 5.1.1. Let x), denote the reqularized solution. ||Lx || is a
monotonically decreasing function of || Axzy—b||, and any point (9, n)
on the L-curve (||Axy — bl|, || Lxy||) is a solution to the following
two inequality-constrained least-squares problems :

0 = min ||Ax — b|| subject to ||[Lz| < n,0 <n < |[Lzo|| (5.1)
n = min || Lz|| subject to ||Ax —b|| < 6,5 < § < (5.2)

According to this theorem, we know that the L-curve divides the first
quadrant into two regions, one above the curve and the other below
the curve. It is impossible to construct any other regularized solution
Treq (Obtained by other regularization method, e.g., truncated GSVD
method) that lies below the L-curve. Hence, the Tikhonov regularized
solution x) is optimal in the sense that given ¢ (or n), there does
not exist a solution with a smaller residual norm (or seminorm) than
|Axy — b|| (or ||[Lzy]|). Therefore, it is reasonable to measure the
distance between x,., and xy. The smaller the distance (or the smaller
the difference of the residual norm and seminorm), the better the x,,
in the "Tikhonov” sense. Theorem 3 of 18] states that given any two
vectors 1 and xy satisfying || Lz;|| < n and ||Az; —b|| < 6,1 = 1,2,
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the following three inequalities are satisfied

|21 — zof| < 2|| X ][22/ 0% + 72 (5.3)
)

| L(z1 — x2)|| < Qmm{%m} (5.4)

|A(21 — 2)|| < 2min{d, n7y,} (5.5)

{ If we set 1 and xy as z) and z,.4, this theorem gives an upper
bound of ||y — Zyegl|, ||L(xxn — Zreg)|| and || A(xy — 21eq)|| Suppose
the seminorm and residual norm of x) and x,., are bounded. Besides
theorem 1, [18] further presents characterization 2 to delve more deeply
into the characteristics of a L-curve. We excerpt it as follows.

Theorem 5.1.2. Assume b can be written as b = b+ e, where e is
the perturbation error. Suppose

1. lyrb| on average decay to zero faster than -;

2. e has zero mean and covariance matriz o3l
3 lell < ol

Then the L-curve (||Axy —bl|, || Lx\||) exhibits a “corner” behavior
as a function of A\, and the corner appears approrimately at

(Voi(m —n+p)+ 63, || LTo||) . Here Ty denotes the unreqularized
solution to the unperturbed problem (i.e., e = 0), and 0y is the
incompatibility measure. The faster |yfb| decay to zero, the sharper
the L-shaped corner. For small X the behavior of the L-curve is

entirely dominated by contributions from e, while for large X\ it is
completely dominated by those from b. In between, there is a small
region where both b and e contribute, and this region defines the
L-shaped “corner” of the L-curve.

The first assumption is called the discrete Picard condition, which is
necessary to ensure that a reasonable regularized solution exists. The
second assumption is to ensure that x), has a reasonable covariance
matrix. The third assumption is to ensure a reasonable signal-to-noise

Note that A =YX X tand L = WX; X! are described in section 23
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ratio. It is sensible to choose A that corresponds to a regularized solu-
tion near the corner because it can achieve small residual norm while
keeping the seminorm reasonably small. That is, it strikes a good bal-
ance between the residual norm and the seminorm.

Finally, we introduce various methods for determining a good reg-
ularization parameter so that we can attain a good regularized solution
which corresponds to a point near the corner of the L-curve.

1. The discrepancy principle
Suppose the system is consistent, i.e., dg = 0, we select the
regularization parameter A\ so that the residual norm is equal to an
a priori upper bound d.. That is, ||[Axy — b|| = J., where ||e|| < de.
If e satisfies the second assumption, then the expected value of
lell is v/maoy. Since the corner of the L-curve is approximately

at (\/o2(m —n +p), ||LZ||), the chosen regularization parameter
corresponds to a point a little to the right of the corner.

Now we consider the most general case. We will take into ac-
count the error £ in the matrix A and the incompatibility measure
do. Assume |le]| < 9, and || E||a—2 < 6. We select the regulariza-
tion parameter A so that

HALE/\—bH :50+56+AE,LHLCU)\H (56)

where Ap; £ glz%{HExH /|| Lx||}, the largest generalized sin-

gular value of the matrix pair (F,L). Particularly, if L = I,,,
then Ap; = dp. Hence, the chosen parameter corresponds to
the point which is the intersection of the L-curve and the line
|Azy — b|| = 0o + 6 + Ap || Lyl

Overall, the discrepancy principle tends to select the regular-
ized solution appearing to the right of the corner, which means
slightly larger A than the "best” one is chosen. Hence, the discrep-
ancy principle over-regularizes the solution.

2. The quasi-optimality criterion
We select the regularization parameter A\ so that it is a mini-
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mizer of the function
()—IIA2

We can derive that
:E:kﬁz]-_'¢z (ﬁ%>
/62 /BZ
~So-ar(7) « 2 (2)

Vi A Vi <A
~ || L(@0 — @) [P + [ L@y — @) |

Hence, the quasi-optimality criterion attempts to strike a good bal-

dxA dxA

d(X?)

I'= %M v (5.7)

ance between the minimization of the regularization error oy — )
and the perturbation error &), — x).

. The generalized cross-validation (GCV) method
We select the regularization parameter A\ so that it is a mini-
mizer of the function

o Az b
RGPV

Where T()\) 2 trace(l,, — A(A*A + NL*L)'A*) = m —n +

Z o /\2 It has been verified that G(A) has a minimum corre-

(5.8)

spondmg to a point near the corner. Hence, the GCV method is
effective to find a good regularization parameter.

. The L-curve method

As stated in [19], the L-curve consists of a near vertical part
and an adjacent part with smaller slope. The intersection of these
two parts is the corner. The more horizontal part corresponds to
solutions where the regularization parameter is larger while the
more vertical part corresponds to solutions where the regularization
parameter is smaller. Based on these characteristics, we can select
the regularization parameter using two possible ways.
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(a) seek the point on the curve closest to the origin. That is, we
can compute ||Azy — b||3 + A?||Lx,||5 and choose A with the
smallest such value.

(b) choose the point on the curve where the curvature is maximum.
Let p(A\) 2 ||Azy — b, and n(\) £ ||Lay|lo. We can compute
the curvature k() by the formula :

PN = pN) (V)
R(A) = 3/2
((p(A))? + (n(A))?)

where ’ denotes differentiation with respect to the regularization

(5.9)

parameter A. Then we choose A with the largest curvature.

Note that we can actually generalize the choices of p(A) and n(A).
p(\) represents the main function wished to be minimized, e.g., the
residual. n(\) represents the norm or function associated with the
regularized solution vector xy, e.g. the seminorm. Different choices
of p(A) and n(A) correspond to different regularization methods.
The L-curve is just a parametric plot of (p(\), n(\)).

If we encounter the functions p(A) or n(\) that are not dif-
ferentiable, we cannot directly use the curvature formula. If this is
the case, we can only use discrete points corresponding to different
values of the regularization parameter at which we have evaluated
p and . In [19], the authors proposed to fit a cubic spline curve to
these discrete points of the L-curve. The resulting approximating
curve is good for being twice differentiable and can be differentiated
in a numerically stable way. An algorithm called "FITCURVE” is
proposed. It consists of two steps.

(a) Perform a local smoothing of the L-curve points, in which each
point is replaced by a new point obtained by fitting a low-degree
polynomial to a few neighboring points. This step controls the
extent of fine-grained details to be retained.

(b) Use the new smoothed points as control points for a cubic spline
curve with knots 1,..., N 4+ 4, where N is the number of L-curve
points.
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Empirically, fitting a straight line in the least squares sense to five
points centered at the point to be smoothed is good. With this ”
FITCURVE” algorithm, an algorithm called "FINDCORNER” was
proposed to compute a sequence of new regularized solutions whose
associated points on the L-curve hopefully approaches the corner.
The algorithm is described as follows.

(a) Start with a few points (p;, ;) on each side of the corner.

(b) Use the "FITCURVE” algorithm to find an approximating three-
dimensional cubic spline curve S for the points (p;, n;, \;), where
A; 1s the regularization parameter that corresponds to (p;, ;).

(c) Let Sy denote the first two coordinates of S, such that So ap-
proximates the L-curve.

(d) Compute the point on Sy with maximum curvature, and find
the corresponding Ay from the third coordinate of S.

(e) Solve the regularization problem for Ay and add the new point
(p(No),m( X)) to the L-curve.

(f) Repeat from step 2 until convergence.

Note that it is suggested that in step 1, the initial points can be
generated by choosing very large and very small regularization pa-
rameters , for instance, A equal to oy, 1—1001, 100, and o,. In this
way, we can have points that lie on each side of the corner. In step
2, it is necessary to introduce A; as a third coordinate of .S so that
we can associate a regularization parameter with computed point
on Sy in step 4.

Although we have these numerically stable methods, it is good to

plot the L-curve so that we can have a basic understanding of the be-

havior of the problem and where the corner may locate. It is suggested

that plotting the L-curve in a log-log scale is advantageous because the

log-log scale can emphasize the corner. Furthermore, the L-curves for

pure signal and pure noise are both steep in lin-lin scale as A — 0 while

only the noise curve is steep in log-log scale. The following curve is an

example of L-curve for Tikhonov regularization in [19]. The numbers
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are the regularization parameters that correspond to the points on the
L-curve.

103: T FrTT 1T T T ¥ T T TTFTTY T lIIIIrE
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102} 725e-06 .
g :
10 L __________________ 0.0004116 0.04548 e
: | Kz = yll> |
I T

Figure 5.1: An example of L-curve

5.2 Model Order Selection

In a parametric (or model-based) approach, we assume the vec-
tor of available data Y = (y1,42, -+ ,yn) € RY has entries drawn
identically and independently distributed (i.i.d.) from a model. The
probability density function (pdf) of the model depends on some pa-
rameter vector. Assume there are i possible models with pdf p,,(y|67),
n=12--,n 6] €R"is the model parameter which is unknown
and has size n. n is called the model order. An order selection rule
is a method that determines which model most fits the data vector
Y (hence, also determines the model order n). This is as important as
the task of estimating the parameter vector 6 from the data vector Y,
which is often related to the maximum likelihood estimation (MLE)
or the EM algorithm introduced in section B3. We concentrate on
order selection rules that are associated with the maximum likelihood
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method of parameter estimation.

Let the maximum likelihood estimator of 6 be 0" £ argsup In p,(Y'[6"),
‘gn

N .
where p,(Y]0") := [ pn(y:]0"). As N — oo, the pdf of 8" converges
i=1
to the Gaussian pdf with mean 6 and covariance equal to the recip-
rocal of the total expected information matrix (or called the Fisher

information matrix or the Cramér-Rao bound matrix) defined as fol-
lows

Definition 5.2.1 (unit observed information matrix).

_02 Inp,(y|6")

i(0") = 90m00" T (5.10)

Definition 5.2.2 (unit expected information matrix).

i0") = [ 6" o)y
- [ Zntr) o1y
WG| a0ma(6m)T

Definition 5.2.3 (total observed information matrix).
J(O") == Ni(0") (5.12)

Definition 5.2.4 (total expected information matrix).
J(0") = Ni(6") (5.13)

We call such convergence phenomenon as the asymptotic normality of
MLE and we denote it as 87 = N7, (JM0)~1). By the weak law of
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large number, we can derive that

N
1 07 lnpn(YW”)| oL 0? lnpn(yi\ﬁn)‘ -
SN agraemT TN TN & agna(emT

5 In p, (y]6") (5.14)
p n .
1) — n_gn
— y!%[ 90m0(0m)T o —90}
1 n n
= )
Furthermore, since MLE is consistent (i.e., on Ly 93),
J RS 1 9*Inp,(Y]6")
—J"(0") = n—gn
N (67) = N 89”8(9”) ‘9 =0
2 n

N 90m0(6m)T on=ay
T ()
In the following discussion, we assume that +.J"(6]) = O(1), where O
denotes the big-O notation.

Let po(Y') denote the true pdf of Y. We want to measure the dis-
crepancy between pO(Y) and the pdf of each model p, (Y'|6y) using the
KL divergence D(py, pn) := [ po(Y p%%%)]dy = Ey/[In[; (Y,Qn)“ =
Ey[Inpy(Y)] — Ey[ln p,(Y|67)]. The KL divergence can be Vlewed as
showing the loss of information induced by the use of the model pdf
pn(Y]07) in lieu of the true pdf po(Y). Hence, the KL divergence is

sometimes called the information function, and the order selection rules

derived from it are called information criteria. Our aim is to minimize
D(py, pn) with respect to the model order n; that is, to maximize the
function I(pg, pn) = Ey[Inp,(Y|6))], which is sometimes called the
relative KL information. However, because the model parameter 6
and the true pdf py are unknown, we cannot directly calculate the ex-
pectation. In the following, we will introduce four approaches to deal
with these two obstacles, which are the naive approach, the no-name
rule, the Akaike information criterion (AIC) and the general informa-
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tion criterion (GIC). The readers can refer to [35] for materials we are
going to introduce below.

5.2.1 The Naive Approach

The first obstacle is that we do not know the model parameter 6.
A naive approach is to replace Inp,(Y|6;) with In pn(Y]é”); hence,
we replace I(po, pn) with I(po, pa(Y]0™)). The second obstacle is that
we do not know the true pdf py. A naive approach is thus to replace
I(po, pn(Y']0™)) with an unbiased estimate In p,,(Y]0") of it. Therefore,
we come up with a totally naive approach, which is just to maximize
In pn(Y\é”) However, this approach is not feasible. Since a model
with more parameters reasonably has stronger power to fit the data,
the likelihood of the data will monotonically increase with increasing
model order. Hence, the order selection rule always chooses the largest
model order n.

5.2.2 The No-Name Rule

For the first obstacle, we approximate Inp,(Y'|6j) by the Taylor
series expansion as follows.

Inp,(Y60)
Olnp,(Y]0")

g o=l
0?In p, (Y |6") 0 An
aen8<9n)T ‘«9":@”](80 o (9 )

_ n 1 n AnT821npn(Y|6m)
=tnpu (Y1) + 5005 — 0 [~

(65 — ") T"(6)(65 — 6")

~Inp,(Y]0") + (07 — ™)

1 n m
+ 5(90 — "'

| gn_in) (65 — 6")

A 1
LN Inp,(Y]0") — 5
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Hence,

By [ pu (Y 16)] > Bylinp, (¥ |6)] — SEv[(6 — 67)7.7"(65) 6 — )
— By llnpa (Y16")] — 5tr(Br (85 - 6)7.7(65)(65 — ")
— Eyllnpu(Y16")] - 3Br[tr((6] — 67 76565 — ")
By flnp, (Y [67)] %Ey[tr(J”(Hg)(Qg — M) — 6m)")
= By lup (V16")] — Str(7"(65)Ex (65 — 67)(65 — 6)")

If po is a special case of p, or pg = pn, then Ey [(07 — 07)(07 — 6™)T] =
B0 — 67)(65 — 6)7] = (J*(6g)). In this way

Ey{Inp(¥163)] = By llnp,(Y16")] — tr(L,)
= Eyup,(V]9)] — 2n

Even if p, is just a good approximating model of py, it is widely ac-
cepted that the best estimator of tr(J™(01)Ey [(672 — 0™)(672 — 07)T]) is
n. If p, is really a poor approximating model of py, then In pn(Y\é”)
will also be poor. Hence, we also do not choose this model. For the
second obstacle, we will use an unbiased estimator of Ey [In p, (Y'6") —
5(6) — O™ T (0708 — ™)], which is Inp,(Y]0") — sn. As a result,
we come up with an order selection rule that chooses the model with
the minimum value of

NN(n) = =2Inp,(Y]0") +n (5.16)

over n possible models. Although, compared to the naive approach,
the no name rule has an additional penalty term n, it turns out that
it does not penalize enough so that it tends to overfit (that is, selects
a larger model than the true generating model).
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5.2.3 The Akaike Information Criterion (AIC)

Let X denote a fictitious data vector with the same size /N and the
same pdf as Y but which is independent of Y. Let 87 = argsup p,(X|0")
gn

and 95 = argsup p,(Y'|6™). For the first obstacle, we replace the model
977/

pdf In p, (Y]02) with Ex[In p,(Y'|07)]. That is to say, we want to max-
imize Ey[Ex[In p,(Y[07)]]. It has an interesting cross-validation inter-
pretation : we use the samples X for estimation and the independent
samples Y for validation of the resulting model’s pdf. We approximate
In p,(Y']67) using the Taylor series expansion as follows.

In pn(Y\ég)
81npn(Y\6”)‘ ) ]
oon 0=y

~ Inp,(Y]0)) + (62 — 01

92 1n pa(Y]07) N
ooy =50z = 0y)

1 n n

m 1 " " n/an\ ([ An m
ﬁ> linL(Y‘Qy) o 5(9:5 o Qy)T‘] (90)(695 - Qy)
Hence,

Ey [Ex[Inp,(Y]0})]

n 1 n n n/an\/An n
We also assume py is a special case of p,, po = pn or p, is at least a
good approximating model of py. In this way,

1 n m n/any/n m
]EY[]EX[é(ex o Hy)TJ (90)(0x o ey)”

= B [Exltr((O) (6 — 6§) — (6] — 6165 — 65) — (65 — 6]

_ %tr(J”(@Q)((J”(@Q))_l + (e Y)

1

=N
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For the second obstacle, we will use an unbiased estimator of

Ey [Ex [Inp, (Y |0) =3 (02 —07)7J" (05 (02—0; )]], which is In p,(Y[0")—
n. As a result, we come up with an order selection rule that chooses
the model with the minimum value of

AIC(n) = —2Inp,(Y]0") + 2n (5.17)
over n possible models. We make a remark that in [21] a corrected
AIC rule, AIC., is suggested

2N
N —n — 1n
As N approaches oo, AIC, will approach AIC"; for finite values of

N, the penalty term of AIC. is larger than that of AIC so that AIC,
performs better than AIC with smaller risk of overfitting.

AIC, = —21Inp,(Y|0") + (5.18)

Besides the AIC order selection rule, we also want to introduce a
useful quantity called the AIC difference which is defined below.

Definition 5.2.5 (AIC difference).
A; = AIC; — AIC (5.19)

where AIC; is the AIC of the ith model, and AIC,,;, is the lowest
AIC value one obtains among all the candidate models.

From the definition, we know that the best candidate model has the
AIC difference A,,;, = 0. Note that it is not the absolute value of
the AIC value that matters but the relative value, that is, the AIC
difference that matters. A useful rule of thumb is listed as follows

« 0 < A; < 2: there is substantial support for the ith model
o 2 < A; <4 : there is strong support for the ith model
« 4 < A; <7 : there is considerably less support for the ith model

« A; > 10 : there is essentially no support for the ith model

[t is reasonable to think of exp(—%Ai) as the relative likelihood of the
ith model. We can normalize it and come up with the Akaike weight
of the ith model defined as follows
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Definition 5.2.6 (Akaike weight).
GXP<—lAz’)

ZZ: exp(—34A,)

(5.20)

w; =

[t is considered as the weight of evidence in favor of model i being the
best model or simply can be considered as the model probability. We
can also compute the evidence ratio between the ith model and the
jth model defined as w;/w;, which is the ratio of the Akaike weight
of the ith model and the jth model. In particular, we are interested
in w;/w;, where we label the best candidate model as the first model.
Since Ay = Ay = 0, wi/w; = exp(34;). We list some values of §;
and the corresponding evidence ratio wy /w; below.

« Aj = 2 : the evidence ratio is 2.7

« Aj =4 : the evidence ratio is 7.4

« A; =8 : the evidence ratio is 54.6

« Aj =10 : the evidence ratio is 148.4

Thus, the concept of evidence ratio somehow justifies the rule of thumb.
The readers can refer to [1] for materials regarding the AIC difference,
the Akaike weight and the evidence ratio.

5.2.4 The General Information Criterion (GIC)

GIC is a generalization of AIC. Both order selection rules adopt the
notion of cross-validation. However, GIC uses a validation data vector
Y longer than an estimation data vector X since the risk of overfitting
will decrease in this way. We assume Y is p times the length of X,
where p > 1. We also approximate In p,(Y']6") using the Taylor series
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expansion as follows
In p,(Y]07)

Olnp,(Y6")
oo ‘9”2@27}}

~ Inp, (Y|07) + (07 — )

0?In p, (Y |6™) N
agn(agn>T len:ég](gx - Qy)

1 .~ .
o8 0|
P n 1 n A"N\T Tn(an\/An n
We add a subscript y to the total expected information matrix to high-
light that we take expectation over the random vector Y. Hence,

Ey [Ex[Inp,(Y[0})]

n 1 n n n/an\/An n
We also assume py is a special case of p,, po = pn or p, is at least a
good approximating model of py. In this way,

Ex[Ex[5 (6] — 63)773(65)(6; — )]
= B [Exlrr (T (650 — ) — @ — o0 — o) — (@) — )]

_ %tr(J;(eg)((Jg(eg))‘l + (J;(65))71)

From the definition of the total expected information matrix, we know

that J;(0y) = pJ;(0f). Therefore,

By [Exl (6 — 67 T3 6)(0 — 0]
= (T ) o Ty 6) ™+ (6 )
_1tp,

2

For the second obstacle, we will use an unbiased estimator of

Ey [Ex[In pa(Y]65) =502 —6:)" (05 (62 —6:)]], which is In p, (Y]0")
_1+p

5tn. As a result, we come up with an order selection rule that
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chooses the model with the minimum value of
GIC(n) = —2Inp,(Y|0") + (1 + p)n (5.21)

over 1 possible models. GIC has smaller risk of overfitting than that
of AIC. Values of p in the interval [1, 5] is suggested to perform well.

So far, the four approaches introduced are derived based on min-
imizing the KL divergence. In the following we will introduce an ap-
proach that is based on the Bayesian setting. The resulting model
order selection rule is called the Bayesian information criterion (BIC)
rule.

5.2.5 The Bayesian Information Criterion (BIC)

In the Bayesian setting, the model parameter is considered to be
random but depends on different models. Let the prior probability of
the model parameter be p,(0]|M,), where M, represents the model.
We make three assumptions of p, (6| M,,) as follows

1. p, (03| M,,) is approximately constant around 0", where
0" = argsup p,(Y'0", M,)
en
2. pn(03|M,) is independent of N
3. pu(07| M) > p, (02| M,,) for 67 outside the neighborhood of 9"

Our aim is to maximize the model evidence, which is p,(Y|M,) =

[ pu(Y105, M,,)p, (05| M,,)d0§. We approximate In p, (Y'|0;, M,) using

the Taylor series expansion as follows and get an approximation of
N 1 " A A N

n po (V|05 M) ~ Inpu(Y10", M) = (05 — 0" T (0") (65 — 0"

= (Y01, M) ~ po(Y0", M,,)e 206 —0"" 7" (0")(05—0")
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Hence,

pn(Y‘Mn)
~ pn(Y!é", Mn) / e—%(Gg_én)Tjn(én)(Qg—én)pn(68|Mn)deg

~ pulY10", M, )pa (6" M,) / R Iy
07 near o1
pa(Y'[0", M,,)p, (07| M) (27)"/2 o 465 —mT I (6 (6 —6m)
|jn(é")\1/2 / (27‘()”/2|jn(én)‘—1/2

n

i

Q

06‘ near On
pn(Y‘QA”, Mn)pn(én’Mn)(zﬂ)n/Q
|jn(9n)‘1/2

The second approximation holds because of the second and the third as-

Q

sumptions. The last approximation holds since the exponential decays
very fast away from 0" ( the integral is roughly equal to 1). Maximizing

the model evidence over n possible models is equivalent to maximize
Inp,(Y]0", M,) + Inp,(6"|M,) + 2In27 — $1n|J"(0")|. For the last
term,

A A 1/\ A
In [J7(6")| = In [N - = J"(9"
0 J(0")] = In N - - J"(0")

1 ~ 4
— In N"|—J" (6"
N )
—nlnN +In|—J"(0"
nln +n]N (60™)]
=nln N+ O(1)

Since py, (01| M,,) is independent of N, In p,(Y'[6", M,,)+1In p,, (0" M)+
2In2r — 3In |J(0™)] &~ Inp,(Y|0", M,) — 5InN. As a result, we
come up with an order selection rule that chooses the model with the
minimum value of

BIC(n) = —2Inp,(Y|0") + nln N (5.22)

over n possible models. Note that if p,(67|M,) is dependent of N,
then we cannot eliminate the In p,,(6"|M,,) term when performing the
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maximization, which results in a prior-dependent rule. Also note that
the assumption that %jn(é”) = O(1) does not always hold true. For
some models, a different normalization of J(6") is required to get a
constant matrix as N approaches the infinity.

As a summary, all the model order selection rules have a common
form, which is —21np,(Y'|6") + n(n, N)n.

1. The naive approach : n(n, N) =0
2. The no-name rule : n(n, N) =1
3. AIC :n(n,N) =2

4. AIC, - n(n, N) = 22—

5.GIC :n(n,N)=p+1,p>1
6. BIC :n(n,N)=InN

Order selection rules with smaller penalty term tend to choose larger
model, which may results in overfitting. Hence, putting aside the first
two poor order selection rules (i.e., the naive approach and the no-name
rule), a crude ranking of the other four model selection rules may be :
BIC > GIC > AIC, > AIC (note that AIC. performs better than
AIC' in small samples whereas in medium or large samples the two
selection rules perform almost the same). However, if the true model
is more complex than all the candidate models, then AIC" performs
better instead for its tendency to select relatively larger models.

5.3 Experiments and Performance Evaluations
for The Compressive Sensing Problem

In chapter four, we introduce the compressive sensing problem and
various reconstruction algorithms to solve it. In this section, we will
introduce standard experiment procedures, established in [6], to test
the performance of a specific reconstruction algorithm. We described
as follows.
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1. Choose the dimension m and n of the sampling matrix A and a
signal sparsity level s such that m > 2s

2. Randomly generate an m x n random matrix A (It may be a Gaus-
sian random matrix, a Bernoulli random matrix or a random sam-
pling matrix).

3. Select a support set T of size |T'| = s uniformly at random, and
generate the sparse signal vector x by one of the following methods

(a) A Gaussian signal : draw the elements of x restricted to T' from
the standard Gaussian distribution

(b) A zero-one signal : set all entries of & supported on T' to onesE

(c) A sparse signal with power-law decaying entries (also known as
compressible sparse signal) : the non-increasing rearrangement
z* of x satisfies 2*[i] < Gi™V/" for some G > 0, r € [0, 1] and
i € [s]

(d) A sparse signal with exponentially decaying entries : the non-
increasing rearrangement z* of z satisfies z*[i] < Ge "' for some
G >0,p>0andi € [s]

4. For the case when the signal is sparse and there are no measurement
errors : compute y = Ax
For the case when the signal is approximately sparse or there are
measurement, errors :

(a) An approximately sparse signal : the signal entries in T" remain
unchanged but the signal entries outside of T" are perturbed by
i.i.d. Gaussian N(0,02) samples. compute y = Az

(b) A measurement vector corrupted with errors : the error vec-
tor e is generated using a Gaussian distribution A(0, 021,,) .
compute y = Ax + e

5. Apply a reconstruction algorithm to obtain x@'), the output of the
algorithm, and compute %) to

2[t is claimed that zero-one sparse signals are a particularly challenging case for OMP-type
algorithms.
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(a) For the case when the signal is sparse and there is no mea-
surement errors, the algorithms are expected to provide exact
reconstruction. Hence, we calculate the empirical frequency of
exact reconstruction, i.e., the fraction of exactly recovered test
signals. Note that the sparsity level at which the recovery rate
drops below 100% is of particular interest. Such sparsity level is
called the critical sparsity. If the sparsity level of the signal ex-
ceeds the critical sparsity, the reconstruction algorithm cannot
exactly recover all sparse test signals.

(b) For the case when the signal is approximately sparse or there are
measurement errors, we compute the reconstruction distortion
|z —2®)|

X i 9.

6. Repeat the process 500 times for each s , and then simulate the
same algorithm for different values of m, n, o5 and o.. Note that
the performance of the algorithm is better when the empirical fre-
quency of exact reconstruction is larger, the critical sparsity is larger
and the reconstruction distortion is smaller.

In [9], a special performance evaluation method called the phase
transition analysis is described. We consider the phase diagram, which
is a two-dimensional graph with y-coordinates being the relative spar-
sity of  (number of non-zeros in = /number of rows in A, i.e., p £ s/m)
and x-coordinates being the indeterminacy of the system y = Ax + e
(number of rows in A/number of columns in A, i.e., § = m/n). p and
d are within [0, 1]. Hence, the phase diagram occupies the unit square.
The value of each point at the phase diagram can be various perfor-
mance evaluation metrics, e.g., the fraction of exact reconstruction, the
averaged relative reconstruction errors or the fraction of reconstruction
with errors within 10~*. There are two phases in the phase diagram,
the success phase and the failure phase. For small p, it is more possible
to have high-accuracy reconstruction while for large p, reconstruction
may fail more easily. The phase transition from success to failure oc-
curs at different p for different values of 6. Asymptotically for large
m, the transition gets perfectly sharp since for each 9, if p is smaller
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than the threshold p,.(d), the probability of perfect reconstruction ap-
proaches 1 while it approaches 0 if p > py,.(9). The following figure is a
phase diagram depicted in [9]. The variable k corresponds to our s, n

1

0.9 700

600
500
400
+4300

1200

1100

01 0.2 03 0.4 a5 0.6 0.7 0.8 08 1
d=n/N

Figure 5.2: phase diagram

corresponds to our m and N corresponds to our n. The value of each
point is the number of coordinates of reconstruction which differ from
optimally sparse solution by more than 10~*. The red curve is the the-
oretical phase transition boundary curve (i.e., the curve of threshold
pi-(6)). The phase diagram displays a sharp transition from perfect
recovery (the region below the red curve) to perfect failure (the region
above the red curve).

5.4 Dictionary Screening

In [], two specific problem formulations are considered. They are
the basis pursuit denoising and the non-negative basis pursuit denois-
ing. The former has been introduced as and the latter further

3[n our tutorial, it is named as the basis pursuit denoising problem while in [@] it is called
the LASSO problem.
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constrains the variable x € R" to have non-negative entries; that is,

1
inf Al|lz||y + §Hy — Az|5  subject to x =0 (5.23)

reR™
To derive various screening tests, it is useful to consider the Lagrangian
dual problems of these two primal problems. We make some derivations
as follows. Let z = y — Ax. The basis pursuit denoising problem
becomes

1
min Rniﬂzﬂg + AM|x||y  subject to z =y — Ax

zeR™M xe

The Lagrangian function would be
1
L(z,x, 1) = Sll2l + Ml + p (y — Ax)

Setting the partial derivative of £ with respect to z to be zero, we can
get
Z=p

where 2 is a primal optimal point of z. As for a primal optimal point
of x, denoted as x, we make a discussion about three different cases.
If 2[i) > 0, ¢ € [n], we would get pula; = X by setting the partial
derivative of £ with respect to z[i] to be zero. Similarly if z[:] < 0, we
would get pla; = — X and if 2[i] = 0 we would get |u?a;] < \. Thus,
combining these three cases, we know that

il < Ai€[n)
With these results, we can get the Lagrange dual function

A

B 1 1
g(p) = L(2,&,p) = §HyH§ — 5l = yll3

195



Hence, finally, we can come up with the Lagrange dual problem of the
basis pursuit denoising problem as

1 1
max lyll5 = sl =yl subject to |pa;] < i € [n]
peER™ 2 2

1 A2
— max —||y||5 — ?HQ —y/A|5 subject to |07a;| < 1, € [n]

fcR™ 2
(5.24)
Furthermore, a primal optimal solution £ € R™ and a dual optimal

solution § € R™ satisfy
y = Az + M (5.25)
where

o (5.26)
vel=1L1] if 2l =0

Similar to the derivation of the dual problem of the basis pursuit de-

noising problem, we derive the dual problem of the non-negative basis

éT%__{smwfm> if &li) #0
1

pursuit denoising problem in the following. Let z = y — Axz. The
non-negative basis pursuit denoising problem becomes

1
min _ ~||z||5 + M|z|: subject to z =y — Az and x = 0
ZzERM zeRM 2

The Lagrangian function would be
1
L0z, 8) 2 2ol + Ml + 17 (y — Az = 2) = 67

Setting the partial derivative of £ with respect to z to be zero, we can
get
Z=p

where Z is a primal optimal point of z. As for a primal optimal point
of x, denoted as x, we make a discussion about three different cases.
If 2[i] > 0, i € [n], we would get pula; = X\ — ¢[i] by setting the
partial derivative of £ with respect to z[i] to be zero. Similarly if
2[i] < 0, we would get pula; = —\ — ¢[i] and if 2[i] = 0 we would get
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|l a; + ¢[i]| < A. Thus, combining these three cases, we know that
[ ai + oli]| < Ai € [n]

With these results, we can get the Lagrange dual function

B 1 1
g(u) = L(2,&,p) = §HyH§ — 5l - yll3

Hence, finally, we can come up with the Lagrange dual problem of the
non-negative basis pursuit denoising problem as

1 2 1 2
max Slllz = Sl =yl

subject to |p a; + ¢[i]] < X and ¢[i] > 0,i € [n]
1 1
:9%%}”%5“9”% — iu'u —yl|3  subject to pla; < \,i € [n]
Lo X 2 : T :
=max —||yll5 — =||0 — y/A|l5 subject to 07 a; < 1,i € [n]
fcR™ 2 2

(5.27)

Furthermore, a primal optimal solution £ € R"™ and a dual optimal
solution # € R™ satisty

y = Ai + M\ (5.28)
where

. 1 f xli) >0

0, i (5.20)
v € (—o0,1] if z[i] =0

Define the set A, called the atom pool @, as {%a;,i € [n]} for the basis

pursuit denoising problem and {a;,7 € [n|} for the non-negative basis

pursuit denoising problem. In this way, the constraints of the two dual

problems can be neatly expressed as
0'a<1Vac A (5.30)

We further define H(a) = {0 | 67a < 1}. Hence, the set of feasible
points F of the dual problems is the non-empty, closed and convex set
formed by the intersection of the closed half spaces H(a) Va € A. De-

4In the original paper, the notation is B and is called the feature pool. We adapt the same
concept to our used notation and name.
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fine the set A(6), called the active constraints set at 0, as {i | |07 a;| =
1} for the basis pursuit denoising problem and as {i|67a; = 1} for
the non-negative basis pursuit denoising problem. If we know the dual
optimal solution 6, then any point 2 satistying the following equations
is a primal optimal solution.

1 Ay @lag =y — A0
2[i](07a;) > 0, i € A(6)
3.2 =0,i¢ A
To maximize the objective of the two dual problen’is, we need to
project y/A onto F to get the dual optimal solution 6. We call the

set of points {é(A), A > 0} the dual regularization path. We can soon
verify that the critical value of A would be

Mgz = maxy’a (5.31)
acA
We also denote a,,q, as a point belonging to argmaz vy’ a. That is,
acA
Umar € argmaz yla (5.32)
acA

Va € A, (y/dmaz)’ @ < ylamaz/Amae = 1. Thus when A = A0z,
Y/ Amaz 18 itself in F, which implies 0 = Y/ Amaz- A > Apae, then
Va € A, (y/N)Ta < (y/)\mm) < Yl @pmaw/Amar = 1. Again, y/\ is it-
self in F, which implies 0 = Y/ TN < Apaw, then (y/N)! ayq, would
be larger than (y/Anaz)? @mee = 1. Hence, y/X is not in F. As a re-
sult, traversing along the dual regularization path from large A > A4
to small A < \,,.., the dual optimal solution 0 would first be equal to
y/ A, moving in a straight line (é = yc, where ¢ = 1/)) within F until
A = A\paz, Where 0 = Y/ Amaz first lies on the boundary of F. Then,
as A decreases below Ajq, y/A moves away from F and 0 would be
the unique projection of /A onto the boundary of F. Furthermore,
we can make a connection with the primal optimal solution z. For
A Amaz > 1,0 = y/A. Since —1 < (y/N)Ta<1Vae A &=0. For
0 < A Apar < 1, @#y/)\ Since y = A% + M\, Az =y — A\ # 0,

198



A

which implies & # 0. For A = Az, 0 = y/Aimae and  may be zero or
non-zero. Conversely, if & = 0, then 6 = (y — Az)/A = y/\. However,
if z # 0, we cannot deduce that 0 # 4/ since 0 = Y/ Amae When
A = A\nee and & may jointly satisty y = Az + A for some 2 £ 0.

With these discussions, we have already had some geometric in-
sights about the primal problems and dual problems, and the primal
optimal solutions and the dual optimal solutions. Now we proceed
to introduce the concepts of screening and screening tests. Screening
refers to seeking an effective partition of the dictionary A to Ag and
Ag, where Ag is the sub-dictionary to be retained and Ag is the sub-
dictionary to be rejected. That is, for all indices ¢ belonging to S, the
columns a; will be retained while for all indices 7 not belonging to S
(i.e., belonging to S), the columns a; will be rejected (removed). Then,
what is an effective partition? Assume we solve the primal problems
with the dictionary A and get a primal optimal solution z. Let N de-
note the set {i |z[i] # 0}. Clearly, if N' C S, then we can still recover
the same primal optimal solution & by solving the primal problems
with the sub-dictionary Ag. Thus, such S is an effective partition. If
we know a dual optimal solution 0, then clearly N C A(Q) from the
previous discussions. Hence, if we can ensure that A(@) C S, or equiv-
alently S C A(f), then N C S as we desire.

To ensure that A(é) C S, we need to ensure that for all indices
in A(6), they also belong to S. Note that i € A(f) if and only if
0Ta;] = 1 for the basis pursuit denoising problem (or 67a; = 1 for
the non-negative basis pursuit denoising problem). Thus, if we as-
sign to S all indices i € [n] that satisfy [07a;| = 1 (or 6Ta; = 1),
A(f) C S is guaranteed. However, if we can know a dual optimal
solution é, there is no need to screen the dictionary. In practice, we
can only try to bound f within a compact region R. If 9 indeed be-

longs to R, A(6) is clearly a subset of the set {7 | max 07 a;| > 1} (or

{i] max 01 a; > 1}). Hence, if we assign to S all indices i € [n] belong-

ing to the set {7 | max]HTal\ > 1} (or {i] m%(@Tal >1}), A(d) C S
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is guaranteed. As a result, we can construct an effective partition
S = {i| max|0"a;| > 1} (or {i|maxf’a; > 1}) (5.33)
0cR 0cR
Moreover, we can equivalently construct a rejection test

{1 ifiesS

Tr(a;) = (5.34)

0 otherwise
That is, a; is rejected if Tr(a;) = 1 and is retained if Tx(a;) = 0. If
both R¢ and Rs contain 0 and R1 C Ry, it can be easily verified that
the rejection test Tz, can potentially reject more atoms than the test
Tr,. We say that T, is weaker than T, and denote such relation as
Tr, X Tr,. As aspecial case, Tr, = Tr, = T{é}.

Therefore, naturally arise two questions that how to find a bound-
ing region R so that f can indeed lie in it and how to make R even
tighter so as to boost the screening power of TR. The answers to
these two questions lead to constructions of various screening tests.
We will demonstrate in the following that R of our considered screen-
ing tests all have a sphere-hyperplane structure, which means it is the
intersection of a spherical bound with a finite number of half spaces.
Mathematically,

R={0[116 =gl <} NN {0070 < c;} (5.39)
where ¢ and r are the center and radius of a closed ball
S(g,r) ={z]llz = qlla < 7} (5.36)
and there are m half spaces
nif <cicm (5.37)

With this region, we can construct the corresponding rejection test.
Define pr(a) as

pr(a) = max 0" a (5.38)
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That is, ur(a) = — m@in(—@Ta) subject to |0 —q|3 < r?and n! —¢; <
0, ¢ € [m]. Thus,

TR(GJ1> _ Zf maX{MR<a) /“LR( a )} (539>
0 otherwise
for the basis pursuit denoising problem and
1 2 i) <1
To(a) =4~ 7 Rl (5.40)
0 otherwise

for the non-negative basis pursuit denoising problem. Increasing m,
i.e., using more half spaces, will make R tighter and thus increase the
screening power. However, the cost is more computation time. In this
paper, m = 0 (sphere tests), m = 1 (dome tests) and m = 2 (two
hyperplanes tests) are introduced.

It a dual feasible point 8¢ € F is known, we can use it to construct
a spherical bound. Indeed, because of the optimality characteristic of
é, we know that

10— y/All2 < 1107 — y/All2 (5.41)
As a result, this gives rise to the sphere
SW/A N0 = y/All2) (5.42)

In particular, we know that y/\,q. is dual feasible and thus

||é - y/>‘||2 < Hy/)‘mazc - y/>‘”2 — ’1/)‘ o 1/>‘max|HyH2 (543)

We call such bound the default spherical bound. If a dual optimal
solution 6y is known for a primal problem with A = )y, then by the
non-expansive property of the projection onto the convex set,

10 = Golls < [ly/A = y/Xolla = [1/X =1/ Ao lly]l: (5.:44)

In this case, the sphere is

S0, [ly/ X — y/Xoll2) (5.45)
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In general, for S(q,7) = {00 —qll2 <r}and a € R™, pg(,,(a) can
be calculated as

psgr(a) = ¢ a+rlal (5.46)
Hence, the following theorem states the important result of a sphere
test.

Theorem 5.4.1. The sphere test ST(q,r) for the sphere S(q,r)
. )1 if Vi(llallz) < ¢'a < Vi(llall2)
is Tsiqry(a) =

0 otherwise
1 — rt and for the basis pursuit denoising Vy(t) = —V,(t) and for
the non-negative basis pursuit denoising Vi(t) = —oo.

, where V,(t) =

In the literature, the Strong Rule introduced in [37] discards atom a;
if

1yl ai| < 2\ — Anas (5.47)
Indeed, it is a sphere test with center ¢ = y/A and radius ry. =
Amaz/ A — 1. As we have pointed out, 0 is bounded within the default
sphere whose center ¢ = y/A and radius 7 = (1/A — 1/ Xnaz)||y]|2-
Tsr = TAmaz/ ||Y]l2 < 7||@maz]|2 < 7 if we normalize the norm of atoms
to 1. Although the smaller sphere would lead to greater rejection power,
it is not guaranteed to contain é, which may result in false rejections.
The Strong Sequential Rule introduced in [37] assumes a primal optimal
solution x( of the basis pursuit denoising problem with parameter A
is available, where Ay > A. It then forms the residual Ry = y — Az
and discards atom a; if

‘RTCLZ" <2\ — X\ (548)

Usmg the relation that y = Azy+ AOQO, screening test is equlvalent as
0T a;| < 2X/Ag — 1. Indeed, it is a sphere test with center ¢ = 6 and
radius rgg = 2 — 2A/Ag = 2A(1/X — 1/Xg). As we have pointed out,
0 is bounded with the sphere S(g,r), where ¢ = 6y and r = (1/\ —
1/Xo)||yll2. Thus, rgg = HZﬁ r<rif A< Hy”2, which again inflicts

risk of false rejections on the screening test. The SIS test introduced
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in [11] can be interpreted as a default sphere test for a basis pursuit
denoising problem with a specific parameter A\. Assume the atoms are
normalized to have norm 1. We compute the correlation vector p =
ATy, Given 0 < 7 < 1, the SIS rejection test discard atom a; if |p[d]] <
p*[(ym)], where p* denotes the non-increasing rearrangement of p and
(vm) denotes the integer part of ym. The test can be expressed as

[y ail <t, = p*(ym)] (5:49)

equivalently, |(y/A\)a;] < t,/\. Equating t,/\ with 1 — (1/\ —

1/ Amaz)||y|2, then we can verify that the SIS test is indeed a default
)\max(t’y+||y||2)
Amaztlyll2 =

sphere test for a basis pursuit denoising problem with A =
Amaz -

We have introduced the m = 0 case and we can even further con-
fine the bounding region R by incorporating additional hyperplanes.
Indeed, each constraint #”a; < 1 bounds 0. We can pick one of them
and express it as {0 |n’0 < ¢}, where n has norm 1. Combining
it with some spherical region S(g,r), we can come up with a dome
bounding region D(q,7;n,c). We can visualize D(q, r;n, ¢) in the fol-
lowing graph. We call q; the dome center and r; the dome radius.

Figure 5.3: A general dome region D(q,7r;n,c¢) with 0 < ¢y < 1
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The signed distance from ¢ to ¢4 in the direction —n is a fraction
of the radius r of the sphere. We use 9, to denote such fraction.

n'(qa — q) = ||nll2llga — qll2 cos(0°) = |lgz — qll2 = —t4r. Hence,
Vg = (n"q—n'qy)/r=n"qg—c)/r (5.50)
qqa — q = Ygr(—n). Hence,
Qi = q — Yarn (5.51)

rqg=ry/1— 3 (5.52)

To effectively confine the spherical region S(q,r) to a smaller dome

Finally,

region D(q,7;n,c), we require —1 < 1y < 1. Actually, we desire 1y,
to be as close to 1 as possible. Thus, when choosing the incorporated
constraint, it is natural to select what can maximize 1y, say 07a, < 1.
The corresponding hyperplane would be n0 < ¢, where n = a, /a2
and ¢ = 1/]|a,||2. Hence,

alq—1

(5.53)

ag = argmax
acA HQHQ

The corresponding dome will be

D(q,7;ag/lagll2, 1/l ayll2) (5.54)

If we use the default sphere, i.e., ¢ = y/ X and r = |1/ X =1/ \pnaz|l|y]l2,
then a; = aypa,r. The corresponding dome is called the default dome.
If we are given a dual optimal solution 0, for a primal problem with
A = A, then we have another way to construct an effective hyperplane.
By the projection theorem, for any 6 € F,

(/20 — 00)"(0 — 6) < 0 (5.55)
That is, (y/Xo — 00)70 < (y/Xo — 0p)70y. Since 0 € F, the right

hand side is non-negative. Thus, this inequality defines an effective

Ao—f
hyperplane nl @ < ¢, where ny = _Y/ho—bh
ly/Ao—0oll2

Ga—ng o —f —0 .
way, 1y = ”oqrno 0 _ lnoll2lle ro||2003(ﬂ) _ g ()IIfCOS(ﬁ)7 where 3 is the

and ¢y = noTéo. In this
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angle between ng and g — 0. Since é() € JF, we can select the sphere
to be S(g,r), where ¢ = y/X and r = ||6y — y/A|>. Then we can
verify that 1), is indeed within -1 and 1. The corresponding dome can
be expressed as A
D(y/A, (|60 — y/All2: o, co) (5.56)
In general, for D(q,m;n,c) = {00 — gl < r,n'0 < ¢}, and
a € R™, fip(grne(a) can be calculated as

1p(grne (@) =q a+ Mi(n'a,l|al2) (5.57)
where
rt if < —gt
]Vfi(tl,tg) _ 2 i i i | 1 dl2
—thgrty + 11 — BT =02 if t > gty
(5.58)

Hence, the following theorem states an important result of a dome test.

Theorem 5.4.2. The dome test DT'(q,r;n,c) for the dome D(q,r;n,c)

1 if Vitn'a, ||aill2) < ¢"a; < Vu(n"a;, | ail]2)

18 Tp(grm.c)(@i) = ,where

0 otherwise

Viu(ti, to) = 1—=DMi(t1, t2) and for the basis pursuit denoising Vy(t1,t2) =
—Vu(—t1,t2) and for the non-negative basis pursuit denoising Vi(t,t2) =
—00.

In the literature, the SAFE-LASSO test introduced in [15] is a dome

test D(y/\, |60 — y/A||2; no, co), where 6y is a dual optimal solution

for a primal problem with A = \g, ng = % co = nlé,
0—v01I2

and A < Ag < A\juae- Due to the optimality characteristic of (9,
for any 6, € F, |0 — y/M|a < |67 — y/M||o. Specifically, since
(90 c F, sy also belongs to F for any —1 < s < 1. As a result,
16 —y/Als < 72 min ||sdy — y/All>. The author proved that

—1<s<1

for A < Ao, 8(\) & argmin||sfy — y/A||> = 1. Indeed, by simple

—1<s<1
calculus, we know that $(\) = max{—1,min{1, (y70y)/(\|6o]|3)}}.
By the optimality characteristic of 6y, §(Ag) = 1. Moreover, since
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160 — y/AlI3 = | — 6o — y/AlI3 = —4y"60/X, y"6y > 0 again by the
optimality characteristic of 6y. Hence, (y"0o/(A||6o]|2)) > 0, which
means §(A) = min{1, (yTéO)/(A\\éO\\%)} Finally, since $§(\g) = 1 and
A< Ao, S(A) =1

Up to now, we have discussed the m = 0 and m = 1 cases. In
the following, we will discuss the m = 2 case; that is, to incorporate
an additional hyperplane compared with the dome tests. For the first
hyperplane, we can do the same thing as we do to construct dome tests.
We can select

T
—1
o'V = argmaz ¢4 (5.59)
aceA HaH2

and form a hyperplane ni 0 < ¢;, where

D/ 1aMl2 (5.60)
and

c; =1/]aV|; (5.61)

If we are given a dual optimal solution éo for a primal problem with
A = ), then as we have pointed out, we can form a hyperplane ni 9 <

c1, where
Ao —
ny = Yo =€ (5.62)
ly/ X0 — Ooll2
and
¢1 = ny b (5.63)

With a sphere S(q,r) and the first hyperplane, we can construct a
dome region D(q,7;n1,c1). Ideally, we assume 1y > 0. In this way, it
is clear that the sphere S(qq, r4) is the circumsphere of the dome region.
To be mathematically rigorous, we need to show that for every point p
on the boundary of D(q,7;n1, ¢1) is contained within S(qq, r4). p can
be expressed as q;+ av + Sn, where v is a unit norm vector orthogonal
to n and «, 8 are scalars with § < 0. Hence, we have to show that
Ip — qall2 = * + 3% < r2. Note that r* = ||p—ql|3 = ||qa — g+ av +
Bnl3 = ||(=ar + B)n+av||3 = 3r?* — 2¢grB+a*+ 32 Since § <0
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and ¥y > 0, a® + 8% = r*(1 —3) + 24r 8 < r?(1 —1p3) = r3. Hence,
S(qq,rq) is a tighter bounding region than S(gq,r). We can form the
second hyperplane nl 0 < ¢, based on S(qq, r4) by selecting

T
—1
a? = argmaz S (5.64)
aeA\a(l) ”a’HQ
thus
ng = a<2)/|]a<2)||2 (5.65)
and
Co = 1/Ha<2)H2 (5.66)

Combining the spherical region and the two hyperplanes, we can come
up with a bounding region R(q,7;n1,c1;n9,co). Note that if the first
hyperplane is formed by maximizing %, the corresponding two hy-
perplanes test (THT) is called dictionary-based THT (D-THT). Also
note that generally, to ensure the two half spaces intersect within the
sphere so that the bounding region is effectively confined,

—1<Yi=(nlqg—c)/r<1,i=1,2 (5.67)

and
cos H(ah1) + cos H(1a) > cos T (nd no) (5.68)
In general, for R(q,7;m1,c1;n2,¢2) = {01]|0 —qlla < r,ni0 <
c1,ni0 < ¢} and a € R™, I R(q.rmy.crma.co) (@) can be calculated as

HR(grmyerng.en) (@) = ¢ a+ Ma(nja,nya, [al) (5.69)
where
(1t if (a)
—rtathy +1/13 — 134/1 — 3 if (b)
My(ty,ta,t3) = § —rtyhy +ra/th — t24/1 — 3 if (c)
— 1 =((1 — o)ty + (o — Tehy)lo]+
\#h(%, o, 1)h(tq, ta, t3) otherwise

(5.70)
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T =nlny h(z,y,2) = /(1 —72)22 + 272y — 22 — y? and conditions

(
(

a), (b) and (c) are given by
a) 6 < =tz &ty < —1ots

(b) t2 > —thots & (ty — Tta)/\/15 — 153 < (=th1 + 7¢2)/{/1 — 13

(¢) t1 > —intz&e (ty — Tt1)/\/ 15 — t] < (—thy + TUby)/\/1 — 3

Hence, the following theorem states the important result of a two hy-
perplanes test.

Theorem 5.4.3. The two hyperplanes test THT (q,r;n1, c1;ng, C2)
for the region R(q,r;n1,c1;n9,C2) (abbreviated as R) is

Tofa) = 1 if Vilni a3 ai, |laill2) < ¢"a; < Vi(ni a;,nga;, ||ai]2)
R\G;) =
Z 0 otherwise

where Vi (t1,to,t3) = 1 — Ms(tq,t2,t3) and for the basis pursuit de-
notsing Vi(ty, ta, t3) = —Vyu(—t1, —ta,t3) and for the non-negative
basis pursuit denoising Vy(ty,ts,t3) = —00.

When deriving the two hyperplanes tests, we introduced the con-
cept of finding the circumsphere of a dome region. We can expand
this idea more generally. Assume at step k, we have a bounding
sphere S = S(qg,7%). Then we want to find an effective hyper-
plane n%@ < ¢ so that we can confine the region to the dome Dy =
D(qi, 7i; g, cx). Lastly, if ideally ¢ > 0, we can get the circumsphere
Sk+1 = S(qry1,7r+1) of Di. The way we find an effective hyperplane
is by maximizing y; that is,

T
— 1
a® = argmax S (5.71)
aed\ (o) .. att-1y [l
i = a® [la®], (5.72)

cr = 1/[|a®]] (5.73)
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The new center
Qr+1 = Qr — YrTEN (5.74)

Tk+1 = T/ 1 — ¢,% (5.75)

During the process of successive construction, we can get a sequence
of spheres and domes : S D Dy C Sy D -+ D Si1 D D1 C
Si. Since dome Dj is contained in S; and Sji;, each dome test is

and the new radius

stronger than the sphere tests for the spheres that precede and succeed
it. However, since S is not contained in S;, D is not contained in
D;. Thus, we cannot deduce that the last dome test is the strongest. A
test based on the region ﬂﬁf;ll D is certainly the strongest. Nonetheless,
such test would be too complex to compute. Alternatively, we can form
a composite test

T.=2Tp, VTp,V---VTp, | (5.76)

Equivalently, an atom a; is rejected by any of the tests {Tp [j €
[k —1]}. Such composite test is called the iteratively refined dome test
(IRDT). IRDT is practically easy to implement. First, we apply Tp,
on all atoms. Next, we apply T, on the remaining atoms. Then we
apply Tp,, Ip,, - - - . That is to say, we can sequentially apply the dome
tests on gradually shrinking atom pools. However, we have to point out

that T is weaker than T Indeed, if an atom a; is rejected by T

k=17 -
=17
(assume it is rejected by Tp, for some s), then max 07 a;| < 1 for the
€D,

basis pursuit denoising problem or max 67a; < 1 for the non-negative
€D

basis pursuit denoising problem. Since ﬂ?;ll C D,, max |0Ta;] <
genh—1
7=1

max [#Ta;| < 1 (or max 07a; < max6la; < 1). Hence, a; is also re-
]:

jected by ka_llD,.

)=1"J
Dy and Do is] weaker than the D-THT test. In the literature, the sphere
test ST3 introduced in [40] utilizes the concept of finding the circum-

In particular, the IRDT test using only two domes

sphere of a dome region and is based on a refined spherical bound,
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which is S(gq,r) = 5.

So far, our introduced tests all fall in the category of "one-shot”
screening tests, which means we screen the dictionary, then solve the
reduced primal problem with parameter A\; once and finish. Such
paradigm is claimed to perform well for moderate to large values of
A/ Amaz but often fail to support smaller values of A/, (empiri-
cally, for A\/Apax < 0.2). A concept called sequential screening is
proposed to deal with such issue. Choose a parameter \; < Az, say
0.95\ 42, and then select N points along the dual regularization path
from A; to Ay = A;. To solve the primal problem with parameter A,
we first screen and solve the primal problem with parameter A\; and
get a primal-dual optimal solution pair (21, él) Then sequentially for
k =2,---,N, we screen the dictionary with the help of previously
obtained solution (A\;_1, Tx_1, ék_l) and solve the primal problem with
parameter \;. Finally, when & = N, we can get the desired primal-
dual optimal solution pair (Zy, éN) Sometimes, all solutions along
the dual regularization path are of interest; for instance, for parameter
selection. Note that at each step, we can use all the tests we have
introduced, e.g. the sphere tests, the dome tests, the IRDT tests and
the D-THT test, to screen the dictionary and use any possible con-
vex optimization solvers to solve the primal problem. As for N and
{\i|k=2,---, N — 1}, we introduce two ways to determine them.
One is to directly assign a value for N and select A\; via geometric
spacing :

A = a\_1 where o = ()\t/)\l)l/(N_l) (5.77)

The other one determine them in an adaptive way with the following
proposition from [39].

Proposition 5.4.4. Let Dy(qx, i nk, ck) be a dome bounded by
the sphere S(qy, ) with qu = y/Ar and iy = ||0k—1 — y/ |2 and
Y/ N—1—0p—1

T/\
~ and ¢ = ni. 0._1.
1/ Ap—1—0k—1ll2 k

the hyperplane n%@ < ¢ with n; =
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Also let 6, denote the diameter of Dy.. Then

O = 2(— — )\— \/y — ngnl)y (5.78)
Ak k—1
Hence,
1 1 1/26
/ 4 (5.79)
Let 0 = R > 0 be a selectable parameter. In this way, we can

adaptively determine A\ and also directly control how tightly the dome
bound D;. bounds ék based on the choice of R. We continue this process
until at step N, Ay < A (if Ay < Ay, let Ay = ;). Such screening
method is called the data-adaptive sequential screening (DASS).

To evaluate the performance of each test, we adopt two metrics,
which are the rejection fraction

El
— 5.80
: (5.0
and the speedup factor
tSO ve
‘ (5.81)
tscreen + tsolve

respectively. Here tse is the time to solve the primal problem with
non-screened dictionary, ts.een iS the time to screen the dictionary,
and tsolve
nary. For one-shot screening tests, the THT tests perform significantly

is the time to solve the primal problem with screened dictio-

well beyond simpler tests in both rejection fraction and speedup fac-
tor, which means it is indeed worthwhile to seek more complex region
tests. However, as we have pointed out, one-shot screening falls short
of desirable performance when A/\,.; is small. Sequential screening
can effectively remedy such problem and operates successfully in a wide
range of A/ Apq.. Specifically, DASS boasts adaptive and automatic se-
lection of both the N and {\z |k = 1,2,--- , N}. In brief, dictionary
screening can effectively identify a subset of dictionary atoms which
will not appear in a solution of the primal problem and thus can be
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removed before we start to solve the primal problem. In this way, not
only can the size of dictionary be reduced in order to save storage space
but also can the primal problem be solved faster.
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