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Abstract

Iteratively Re-weighted Least Squares (IRLS) is a method for solving minimization problems
involving non-quadratic cost functions, perhaps non-convex and non-smooth, which however can
be described as the infimum over a family of quadratic functions. This transformation suggests an
algorithmic scheme that solves a sequence of quadratic problems to be tackled efficiently by tools of
numerical linear algebra. Its general scope and its usually simple implementation, transforming the
initial non-convex and non-smooth minimization problem into a more familiar and easily solvable
quadratic optimization problem, make it a versatile algorithm. It has been formulated for a variety
of problems, such as robust statistical linear regression, total variation minimization in image pro-
cessing, as the so-called Kacanov fized point iteration for the solution of certain quasi-linear elliptic
partial differential equations, for ¢,-norm minimization for 0 < 7 < 1 in signal processing, and
for nuclear norm minimization for low-rank matrix identification. However, despite its simplicity,
versatility, and elegant analysis, the complexity of IRLS strongly depends on the way the solution
of the successive quadratic optimizations is addressed. For the important special case of compressed
sensing and sparse recovery problems in signal processing, we investigate theoretically and numeri-
cally how accurately one needs to solve the quadratic problems by means of the conjugate gradient
(CG) method in each iteration in order to guarantee convergence. The use of the CG method may
significantly speed-up the numerical solution of the quadratic subproblems, in particular, when fast
matrix-vector multiplication (exploiting for instance the FFT) is available for the matrix involved.
In addition, we study convergence rates. Our modified IRLS method outperforms state of the art
first order methods such as Iterative Hard Thresholding (IHT) or Fast Iterative Soft-Thresholding
Algorithm (FISTA) in many situations, especially in large dimensions. Moreover, IRLS is often
able to recover sparse vectors from fewer measurements than required for IHT and FISTA.
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1 Introduction

1.1 Iteratively Re-weighted Least Squares

Iteratively Re-weighted Least Squares (IRLS) is a method for solving minimization problems by trans-
forming them into a sequence of easier quadratic problems which are then solved with efficient tools of
numerical linear algebra. Contrary to classical Newton methods smoothness of the objective function
is not required in general. We refer to the recent paper [34] for an updated and rather general view
about these methods.

In the context of constructive approximation, an IRLS algorithm appeared for the first time in the
doctoral thesis of Lawson in 1961 [32] in the form of an algorithm for solving uniform approximation
problems. It computes a sequence of polynomials that minimize a sequence of weighted L,—norms.
This iterative algorithm is now well-known in classical approximation theory as Lawson’s algorithm.
In [I4] it is proved that this algorithm essentially obeys a linear convergence rate.

In the 1970s extensions of Lawson’s algorithm for £;-norm minimization, and in particular ¢;-norm
minimization, were proposed. Since then IRLS has become a rather popular method also in math-
ematical statistics for robust linear regression [25]. Perhaps the most comprehensive mathematical
analysis of the performance of IRLS for /,-norm minimization was given in the work of Osborne [35].

The increased popularity of total variation minimization in image processing starting with the
pioneering work [40], significantly revitalized the interest in these algorithms, because of their simple
and intuitive implementation, contrary to more general optimization algorithms such as interior point
methods. In particular, in [9, 41] an IRLS for total variation minimization has been proposed. At the
same time, IRLS appeared as well under the name of Kacanov method in [23] as a fixed point iteration
for the solution of certain quasi-linear elliptic partial differential equations. In signal processing, IRLS
was used as a technique to build algorithms for sparse signal reconstruction in [2I]. After the pioneering
work [I3] and the starting of the development of compressed sensing with the seminal papers [5, 18],
several works [10] 111 12| [16] addressed systematically the analysis of IRLS for £,-norm minimization
in the form

' 1
min e, , (1)

where 0 < 7 < 1, ® € C™¥ is a given matrix, and y € C™ a given measurement vector. In these
papers, the asymptotic super-linear convergence of IRLS towards £,-norm minimization for 7 < 1
has been shown. As an extension of the analysis of the aforementioned papers, IRLS have been also
generalized towards low-rank matrix recovery from minimal linear measurements [19].

In recent years, there has been an explosion of papers on applications and variations on the theme of
IRLS, especially in the engineering community of signal processing, and it is by now almost impossible
to give a complete account of the developments. (Presently Scholar Google reports more than 3180
papers since 2010 containing the phrase “Iteratively Re-weighted Least Squares” and more than 100
with it in the title since 1970, half of which appeared after 2003.)

1.2 Contribution of this paper

Since it is based on a relatively simple reformulation of the initial potentially non-convex and non-
smooth minimization problem (for instance of the type (1)) into a more familiar and easily solvable
quadratic optimization, IRLS is one of the most immediate and intuitive approaches towards such
non-standard optimizations and perhaps one of the first and popular algorithms beginner practitioners
consider for their first experiments. However, despite its simplicity, versatility, and elegant analysis,
IRLS does not outperform in general well-established first order methods, which have been proposed



recently for similar problems, such as Iterative Hard Thresholding (IHT) [3] or Fast Iterative Soft-
Thresholding Algorithm (FISTA) [I], as we also show in our numerical experiments in Section
In fact, its complexity very strongly depends on the way the solution of the successive quadratic
optimizations is addressed, whether one uses preconditioned iterative methods and exploits fast matrix-
vector multiplications or just considers simple direct linear solvers. If the dimensions of the problem
are not too large or the involved matrices have no special structure allowing for fast matrix-vector
multiplications, then the use of a direct method such as Gaussian elimination can be appropriate.
When instead the dimension of the problem is large and one can take advantage of the structure of
the matrix to perform fast matrix-vector multiplications (e.g., for partial Fourier or partial circulant
matrices), then it is appropriate to use iterative solvers such as the Conjugate Gradient method (CG).
The use of CG in the implementation of IRLS is appearing, for instance, in [41] towards total variation
minimization and in [42] towards ¢;-norm minimization. However, the price to pay is that such solvers
will return only an approximate solution whose precision depends on the number of iterations. A
proper analysis of the convergence of the perturbed method in this case has not been reported in the
literature. Without such an analysis it is impossible to give any estimate of the actual complexity
of IRLS. Thus, the scope of this work is to clarify, specifically for compressed sensing problems (i.e.,
for matrices ® with certain spectral properties such as the Null Space Property), how accurately one
needs to solve the quadratic problems by means of CG in order to guarantee convergence and possibly
also asymptotic (super-)linear convergence rates.

Besides analyzing the effect of CG in an IRLS for problems of the type , we further extend it
in Section [4] to a class of problems of the type

: 2
min |z — |2, +2a Jz]], 2)

for 0 < 7 < 1, used for sparse recovery in signal processing. In the work [31] [42] a convergence analysis
of IRLS towards the solution of has been carried out with two limitations:

(i) In [31] the authors do not consider the use of an iterative algorithm to solve the appearing system
of linear equations and they do not show the behavior of the algorithm when the measurements
y are given with additional noise;

(ii) Also in [42] a precise analysis of convergence is missing when iterative methods are used to solve
the intermediate sequence of systems of linear equations. Also the non-convex case of 7 < 1 is
not specifically addressed.

Regarding these gaps, we contribute in this work by
e giving a proper analysis of the convergence when inaccurate CG solutions are used;

e extending the results of convergence in [42] to the case of 0 < 7 < 1 by combining our analysis
with findings in [37, [43];

e performing numerical tests which evaluate possible speedups via the CG method, also taking
problems into consideration where measurements may be affected by noise.

Our work on CG accelerated IRLS for does not analytically address rates of convergence because
this turned out to be a very technical task.

We illustrate the theoretical results of this paper described above by several numerical experiments.
We first show that our versions of IRLS yield significant improvements in terms of computational time
and may outperform state of the art first order methods such as Iterative Hard Thresholding (IHT) [3]



and Fast Iterative Soft-Thresholding Algorithm (FISTA) [1], especially in high dimensional problems
(N > 10°). These results are somehow both surprising and counterintuitive as it is well-known that
first order methods should be preferred in higher dimension. However, they can be easily explained
by observing that in certain regimes preconditioning in the conjugate gradient method (as we show at
the end of Subsection turns out to be extremely efficient. This is perhaps not a completely new
discovery, as benefits of preconditioning in IRLS have been reported already in minimization problems
involving total variation terms [41]. The second significant outcome of our experiments is that CG-
IRLS not only is faster than state of the art first order methods, but also shows higher recovery
rates, i.e., requires less measurements for successful sparse recovery. This will be demonstrated with
corresponding phase transition diagrams of empirical success rates (Figure 3.

1.3 Outline of the paper

The paper is organized as follows: In Section [2] we introduce definitions and notation and give a short
review on the CG method. Although this brief introduction on CG retraces very well-known facts of
the numerical linear algebra literature, it is necessary for us for the sake of a consistent presentation
also in terms of notation. We hope that this small detour will help readers to access more easily
the technical parts of the paper. In Section [3, we present the IRLS method tailored to problems
of the type (1) and its modification including CG for the solution of the quadratic optimizations.
We present a detailed analysis of the convergence and rate of convergence. The approach is further
extended to problems of type in Section 4] where we also analyze the convergence of the method.
We conclude with numerical experiments in Section [5|showing that the modifications to IRLS inspired
by our theoretical results make the algorithm extremely efficient, also compared to state of the art
first order methods, especially in high dimension.

2 Definitions, Notation, and Conjugate Gradient method

In this section, we introduce the main terms and notation used in this paper. In addition to this, we
shortly review the basics around the Conjugate Gradient method. In order to simplify cross-reading,
we use the same notation as in [16].

For matrices ® € C™*N and y € C™, we define

Fo(y) = {zECN|<I>z:y}, (3)
No = ker®={zeC|Qz=0}. (4)

Unless noted otherwise, we denote with ®* the adjoint (conjugate transpose) matrix of a matrix ®.
Thus, in the particular case of a scalar, £* denotes the complex conjugate of = € C.

Definition 1 (Weighted ¢,-spaces). We define the quasi-Banach space Eljjv(w) = (CN,|| - e, (w))
endowed with the weighted quasi-norm

N v
”xuzp(w) = <Z|ﬂfi|pwi> )

=1

for a weight vector w € RN with positive entries and 0 < p < co. Furthermore, we define the E;V—spaces
by setting %\f = EIJJV(I), where 1 denotes the weight with entries identically set to 1. Below we may
ignore the superscript indicating the dimension N, when it is clear from the context, so that we write



by = 6 or ly(w) = € (w). The space €5 (w) is a Hilbert space endowed with the weighted scalar

product
N

(T, Y) ty(w) = Ziﬂiyfwi-

i=1
In the unweighted case w = 1 it reduces to the standard complex scalar product (-,-)y, .
For ® € C"™*N | we define the norm

1@llpy g = sup (| ®|gn
v llzll v =1 !
p
and for the particular case of p=q =2, ||®] := ||<I>Hzév_>££n is the standard operator norm and can be

given explicitly by
1R[] = v/ Amax(2* D),

where Amax(+) denotes the largest eigenvalue of a square matriz (compare Definition @

Definition 2 (K-sparse vector). A vector x € CV is called K-sparse for K € N, K < N, if the
number #{i|x; # 0} of its non-zero entries does not exceed K.

Definition 3 (Nonincreasing rearrangement). The nonincreasing rearrangement r(x) of the vector
x € CN is defined by r(x) = (||, ..., |wiy]) with |zi,| > |2i,,,| for j =1,...,N — 1 and where
J — ij is a permutation of {1,...,N}. Furthermore, the best K-term approximation error o (),
in L, is given by

N
or(x)p. = inf z—z||), = Z ri(z)|7, 0<7T < oo.
K= il el = 3

In this paper we restrict our attention to optimization problems of the type for matrices
® € C™N for m < N having certain spectral properties. Such matrices are used in the practice of
compressed sensing and we refer to [20] for more details. The following notion has been introduced in
[10} 111, [12), 22 [15] 16].

Definition 4 (Null Space Property (NSP)). A matriz ® € C™*¥ satisfies the Null Space Property of
order K for yx > 0 and fited 0 < 7 < 1 if

lnrlle, <k llnzellz, ()

for all sets T C {1,...,N} with #T < K and all n € ker ®\{0}. We say in short that ® has the

We give an important consequence of the NSP [I5] 20], [16, Lemma 7.6].

Lemma 1. Assume that ® € C™*N satisfies the (K,vi)-NSP for 0 < 7 < 1. Then for any vectors
2,2 € CN it holds

1+vk
1=k

12" = 2lz, < (IZ'l1Z, = ll=l17, + 20x(2)e, ) -

It follows immediately from this lemma that the solution z* of £,-minimization (i) run on y = ®x
2(1+vxk)

= 0K (2)e,. Another consequence is the following statement, see [16, Lemma

satisfies ||a;ﬁ—ngT <
4.3] for the case 7 = 1.



Lemma 2. Assume that ® has the (K,vk)-NSP (B). Suppose that Fo(y) contains a K-sparse vector

x*. Then this vector is the unique £--minimizer in Fo(y). Moreover we have for all v € Fo(y)

1+9k
1=k

It is well-known that the NSP for 0 < 7 < 1 can be shown via the restricted isometry property
[11L 20], but also direct proofs of the NSP are available for certain random matrices giving often better
constants and working under weaker assumptions [8), 17, 20, 28, 33]. In particular, Gaussian random
matrices satisfy the NSP of order K with high probability if m > C K log(K/N). Structured random
matrices including random partial Fourier and discrete cosine matrices, and partial random circulant
matrices — both important in applications — satisfy the RIP and hence, the NSP with high probability
provided that m > CK log!(N) [7, 20, 30, 38, 39]. Note that for these types of structured matrices,
fast matrix vector multiplication routines are available.

lo— 2™z, <2 ok (V)e, - (6)

Definition 5 (Set of eigenvalues and singular values). We denote with A(A) the set of eigenvalues of
a square matriz A. Respectively, Amin(A) and Amax(A) are the smallest and largest eigenvalues. We
define by omin(A) and omax(A) the smallest and largest singular value of a rectangular matriz A.

2.1 Conjugate gradient method (CG)

The CG method was originally proposed by Stiefel and Hestenes in [24] and generalized to complex
systems in [27]. For an Hermitian and positive semidefinite matrix A € CV*¥ the CG method solves
the linear equation Ax = y or equivalently the minimization problem

1

arg min (F(x) = -z Az — x*b) .
zeCN 2

The algorithm is designed to iteratively compute the minimum z° of F on the Krylov subspace V; :=

span{y, Ay, ..., A"y} C CN. The solution is found after N iterations in exact precision since Vi =

CY, but usually, the algorithm is stopped after a significantly smaller number of steps.

Algorithm 1 Conjugate Gradient (CG) method
0

Input: initial vector z° € CV, matrix A € CN*N given vector y € CV and optionally a desired

accuracy 6.
1: Set 0 =p° =y — A2 and i =0
2: while r* # 0 (or HriHZQ > 0) do
3 a; = (r',p ) /(AP ')
4 2 =2t 4 a;p!
5 it =gy — Axit!
6: sz+1 = <Apia7“i+1>z2/<Apiapi>€z
7. pz+1 — 7.1,+1 _ b¢+1pz
8 1=1+1
9: end while

Roughly speaking, CG iteratively searches for a minimum of the functional F' along conjugate
directions p’ with respect to A4, i.e., (p')*Ap’ = 0, j < i. Thus, in step i + 1 of CG the new iterate
2! is found by minimizing F(z° + a;p') with respect to the scalar a; € R along the search direction
p'. Since we perform a minimization in each iteration, this implies monotonicity of the iterates,
F(z™) < F(2h).

The following theorem establishes the convergence and the convergence rate of CG.



Theorem 1 ([36, Theorem 4.12]). Let the matriz A be Hermitian and positive definite. The Algo-
rithm CG converges to the solution of the system Ax =y after at most N steps. Moreover, the error
x' — x is such that

. 2ct VEa—1
HA%(JJl —z)|| < CA% A%(mo —x)|| , withcy = A77
12 1 + CA 12 /KA + 1
where KA = Z_m?"((ﬁ)) is the condition number of the matrizx A and omax(A) (resp. omin(A)) is the

largest (resp. smallest) singular value of A.

Remark 1. Theorem [l}is slightly modified with respect to the formulation in [36]. There, the matrix
A is considered to be symmetric instead of being Hermitian. However, in the complex case, the proof
can be performed similarly by replacing the transpose by the conjugate transpose.

2.2 Modified conjugate gradient method (MCG)
In Section |3 we are interested in a vector which solves the weighted least-squares problem

& = argmin [|z||g, (w),
r€Fo(y)

given ® € C™*V with m < N. As we show below in Section the minimizer & is given explicitly
by the (weighted) Moore-Penrose pseudo-inverse

& = D®*(®DP*) 1y,
where D := diag [w; 1]5\;1. Hence, in order to determine 2, we first solve the system
ODP*H =y, (7)
and then we compute & = D®*. Notice that the system has the general form
TT*0 =y, (8)

with T := ®D>. We consider the application of CG to this system for the matrix A = TT*. This
approach leads to the modified conjugate gradient (MCG) method, presented in Algorithm [2{and pro-
posed by J.T. King in [29]. It provides a sequence (6%);en with 8¢ € U; := span{y, TT*y, ..., (TT*)" 1y},
the Krylov subspace associated to , with the property that ' := T*6" minimizes Ha?Z — QEH 0y where

T = argmin [|z[|,,. Finally, we compute & = D3z
z€FT(Y)

Algorithm 2 Modified conjugate gradient (MCG) method
Input: initial vector §° € C™, T € C™*¥ 4 € C™, desired accuracy & (optional).

1: Set p =p’ =y and i =0
2: while p’ # 0 (or HpiH£2 > ¢) do

3 i = (0", p")e/IT*PII7,

4: 9i+1 = HZ + Oéipi

5 pi+1 =y — TT*eiJrl

6 Bir = (T, T*p" )0, /TP,
7. pi-l-l — pi+1 _ ﬂi+1pi

8 1=1+1

9: end while
10: Set z't! = T*pit!




The following theorem provides a precise rate of convergence of MCG. Additionally, we emphasize
the monotonic decrease of the error Hiz — :%H la(w)’ which we use below in Lemma

Theorem 2. Suppose the matriz T to be surjective. Then the sequence (T%);cn generated by the
Algorithm MCG converges to & = T*(TT*)" 'y in at most N steps, and

& — 2, < 2T |0 ) o)
£ 1+ C%ZT* L2

for all i > 0, where cpp= \/”g;i;i = Zmaxg;;g'“?r‘gg is defined as in Theorem and 70 = T*6Y is
K max min

L . . 17N i 1_, A 1_
the initial vector. Moreover, by setting D := diag [w; 1]Z.:l, and &' = D37 as well as & = D%x, we
obtain

" “ 20%—‘/11* ~0 ~
.’El_aj fz(w)\% r — T ég(w)' (10)

Proof. By Theorem [1], we have

i
2C s

1
< T WW1T*)2(0° — 0

|36~ 0)

)

£

for # as given in . By the identity

|ryb@ o) = (@r)i 6 -0, (0T)3 @ — ), = (TT)O ~0).6° ~ b)s,

lo

= (T"(0" = 0), T (0" = 0))¢, = (7' — 7

\.&I

we obtain the assertion @ Inequality follows then from the definition of the diagonal matrix D
and the weighted norm o (w). O

3 Conjugate gradient acceleration of the IRLS method for
{--minimization

In this section, we start with a detailed introduction of the IRLS algorithm and its modified version
that uses CG for the solution of the successive quadratic optimization problems. Afterwards, we
present two results providing the convergence and the rate of convergence of the modified algorithm.
As crucial feature, we give bounds on the accuracies of the (inexact) CG solutions of the intermediate
least squares problems which ensure convergence of the overall IRLS methods. In particular, these
tolerances must depend on the current iteration and should tend to zero with increasing iteration
count. In fact, without this condition, one may observe divergence of the method. The proofs of the
theorems are developed into several lemmas.

From now on, we consider a fixed parameter 7 such that 0 < 7 < 1. At some points of the
presentation, we explicitly switch to the case of 7 = 1 to prove additional properties of the algorithm
which are due to the convexity of the £;-norm minimization problem.

3.1 Iteratively Re-weighted Least Squares (IRLS) algorithm for /.-minimization

The following functional turns out to be a crucial tool for the analysis of the IRLS algorithm and its
modified variant.



Definition 6. Given a real number e > 0, x € CN, and a weight vector w € RN with positive entries
w; >0,j=1,...,N, we define

N N
T 2—7 — T
TIr (x,w,e) == 3 Z |2 %w; + Z (szwj + W 2”) : (11)
j=1 J=1

We present IRLS as defined in [16, Section 7.2], see also [20, Chapter 15.3].

Algorithm 3 Tteratively Re-weighted Least Squares (IRLS)
Set w®:=(1,...,1),e%:=1
1: while €" # 0 do

2. ™= argmin J(z,w", ") = argmin [z, (,n
z€Fa(y) z€Fa(y)

n+1l .__ : n T($n+1)K+l
€ = min(e", ——x")

w

4 w'tl= argnéin Tr (2™ w et e, w?“ = Haz?“]Q (Y% j=1,...,N
w>
5: end while

In this section we propose a practical method to solve approximatively the least squares problems
appearing in of Algorithm The following characterization of their solution turns out to be
very useful. Note that the f2(w)-norm is strictly convex, therefore its minimizer subject to an affine
constraint is unique.

Lemma 3 ([16} (2.6)], [20, Proposition A.23]). We have & = argmin |||z, if and only if & € Fo(y)
r€F3(y)
and

(Z,mw=0 for all  neNs. (12)
By means of Lemma(3] we are able to derive an explicit representation of the weighted ¢o-minimizer

& := argmin [[z|,, ). Define D := diag [(wj)*l];v:l and assume rank(®) = m. From (12)), we have
x€Fa(y)
the equivalent formulation

D713 € R(®%),
where R(-) denotes the range of a linear map. Therefore, there is a £ € R such that & = D®*¢. To
compute &, we observe that
y =i = (2D,
and thus, since ® has full rank and ®D®* is invertible, we conclude
& = D®*¢ = DO*(PDD*) "y

As a consequence, we see that at step [2] of Algorithm IRLS the minimizer of the least squares problem
is explicitly given by the equation
" = D,®*(®D,d*) "1y, (13)
where we introduced the N x N diagonal matrix
D,, := diag [(w}‘)_l]j.vzl :
Furthermore, the new weight vector in step [ of Algorithm IRLS is explicitly given by

w}”l _ [|$?+1|2 + (En+1)2]*2%7 Jj=1,...,N. (14)

Taking into consideration that w; > 0, this formula can be derived from the first order optimality
condition 47, (x" !, w,e" 1) /0w = 0.



3.2 The algorithm CG-IRLS

Instead of solving exactly the system of linear equations occurring in step [2| of algorithm IRLS, we
substitute the exact solution by the approximate solution provided by the iterative algorithm MCG
described in Section We shall set a tolerance toly,11, which gives us an upper threshold for the
error between the optimal and the approximate solution in the weighted fo-norm. In this section, we
give a precise and implementable condition on the sequence (tol, ),cn of the tolerances that guarantees
convergence of the modified IRLS presented as Algorithm [4| below.

Algorithm 4 Iteratively Re-weighted Least Squares combined with CG (CG-IRLS)
Set w®:=(1,...,1),e%:=1, 3 € (0,1]
1: while €” # 0 do

2. Compute Z""! by means of MCG s.t. [2"T! — inﬂ”i(w") < toly+1, where 27l =
arg min Jr(z,w",e") = argmin [[z[|y,(,ny. Use the last iterate 6™ corresponding to " = T*™"
z€Fs(y) z€F5(y)
from MCG of the previous IRLS iteration as initial vector 80 = §7+10 for the present run of
MCG.

o el i=min(e®, Br(Z" T k1)

4wt = argmin Jr (2", w,e" M), ie., w}”l = Hf?“]Q (5% j=1,...,N

w>0

5. end while

In contrast to Algorithm IRLS, the value 3 in step [3] is introduced to obtain flexibility in tuning
the performance of the algorithm. While we prove in Theorem [3| convergence for any positive value of
1y K+1-k\7
14y N

li_>m €™ # 0. Nevertheless in practice, choices of § which do not necessarily fulfill this condition may
n oo

work very well. Section [5] investigates good choices of S numerically.

From now on, we fix the notation 2"*! for the exact solution in step [2| of Algorithm 4} and
for its approximate solution in the i-th iteration of Algorithm MCG. We have to make sure that
|zt — ~"+1’i||§2 (wn) is sufficiently small to fall below the given tolerance. To this end, we could use

the bound on the error provided by , but this has the following two unpractical drawbacks:

B, Theorem |3(iii) below guarantees instance optimality only for 5 < ( in the case that

n+1,2

+1

(i) The vector & = 2" is not known a priori;

(ii) The computation of the condition number cpp« is possible, but it requires the computation of
eigenvalues with additional computational cost which we prefer to avoid.

tol,+1. We use the notation of Algorithm MCG, but add an additional upper index for the outer IRLS
iteration, e.g., 711 is the 6 in the n + 1-th IRLS iteration. After i steps of MCG, we have

?2(’!1}") = |’Dn@*(@Dn¢*)—1y _ Dn¢*9n+1’i

Hence, we propose an alternative estimate of the error in order to guarantee ||£"+! —zn+! ||?2(wn) <

2

H@n—H _ £n+1,i| o (wn)*

We use 0"14 = (®D,®*) "1 (y — p" ) from step [5| of MCG to obtain

. 1 . .
" = 2, oy = [1D3 @7 (@Dn®*) ™ p" M7, < | D[ [ @1 [(2Dn®) 210",

2—1

~ 192 2\ 2 2 2-7

max (xg + (e ) ) - 2

= =N e o o2 < (14 max (122! Ll o™ 17
>\min (Q)an)*) 2 = 1<UKN en Omin (<I>) 2

10



min

1
The last inequality above results from Ay, (®D,®*) = o2, <<I>Dﬁ> and

1 1
Omin <(I)D72L> Z0Omin ((I)) Omin <D1%> = (5n)2_70'min ((I)) .

n+1,7

Since £" and " are known from the previous iteration, and ||p ¢, 1s explicitly calculated within
the MCG algorithm, [|z"F! — gntbi \?2(1””) < tol,+1 can be achieved by iterating until

. in (@
n+1,l||% < Tmin (P) tolnp1. (15)

2—7
Ii,?l 2 2 9
1+ max (1) 19|
1<UKN

Consequently, we shall use the minimal ¢ € N such that the above inequality is valid and set
gt .= g"*t14 which will be the standard notation for the approximate solution.

llp

In inequality (15]), the computation of oumin (®) and ||®|| is necessary. The computation of these
constants might be demanding, but has to be performed only once before the algorithm starts. Fur-
thermore, in practice it is sufficient to compute approximations of these values and therefore these
operations are not critical for the computation time of the algorithm.

3.3 Convergence results

After introducing Algorithm CG-IRLS, we state below the two main results of this section. Theorem
shows the convergence of the algorithm to a limit point that obeys certain error guarantees with

respect to the solution of . Below K denotes the index used in the e-update rule, i.e., step |3 of
Algorithm CG-IRLS.

Theorem 3. Let 0 < 7 < 1. Assume K is such that ® satisfies the Null Space Property of order
K, with v < 1. If tol,41 in Algorithm CG-IRLS is chosen such that

cn\ 2 20,41 c
Vol < (ﬁ) Intl _ Cn 16
O”“—\/ D +TW3H 9 (16)

where
en 1= 2Wo (7| pygun-1y + V/toln ), with (17)
) max |jl7'l*1|2f7' + (51171)277' 11
Wn = : (871)277 ’ and WTL = HDn 2D7’2Lfl ’ (18)

for a sequence (an)nen, which fulfills a, > 0 for alln € N, and > a, < oo, then, for each y € C™,

=0
Algorithm CG-IRLS produces a non-empty set of accumulation points Z:(y). Define ¢ := lim ",
n—oo
then the following holds:

(i) If e = 0, then Z.(y) consists of a single K -sparse vector T, which is the unique {--minimizer in
Fao(y). Moreover, we have for any x € Fg(y):

1
with ¢ = 21ﬂ (19)

[ =2z, < crox (@) —

P

11



(ii) If € > 0, then for each T € Z:(y) # 0, we have (M p(zery = 0 for all n € Ns, where

T,E,T

_2-r 1N
w(Z,e,T) = [‘|:Tc,-]2+€2‘ 2 ] E Moreover, in the case of T = 1, T is the single element of
1=

N
Z.(y) and & = 25! := argmin ) |m? + €2|% (compare ([42)).
z€F(y) j=1

N
(iii) Denote by X. -(y) the set of global minimizers of f. () == Y ]ar? + &2 on Fa(y). Ife >0
j=1

1+v N

NBT
with cg 1= 147 ( 2t Koo )
1 NBT 1+ :
L=~ \1- K+1—kﬁ

1
and T € Z.(y) N Xe+(y), then for each x € Fo(y) and any < (17—7 K‘H_k) ", we have

v =z, < coo (@)

T

Knowing that the algorithm converges and leads to an adequate solution, one is also interested
in how fast one approaches this solution. Theorem [ states that a linear rate of convergence can be
established in the case of 7 = 1. In the case of 0 < 7 < 1 this rate is even asymptotically super-linear.

Theorem 4. Assume ® satisfies the NSP of order K with constant v such that 0 < v < 1 — KLH,

and that Fo(y) contains a k-sparse vector x*. Define A := supp(z*). Suppose that k < K — % and
0 <v <1 are such that

_ v(1+7) (N =k)B™\*"
p= , . r(1—-7) <1+K+1—k <1
(1= vy (il
T
R* := (v min ]a;ﬂ) ,
JEA
A(RY)'TT <, (20)
for some [i satisfying u < i < 1. Define the error
E, = 2" — 2|7 . (21)
Assume there exists ng such that
E,, < R (22)
If any1 and tol,y1 are chosen as in Theorem@ with the additional bound
2
~ E277 T
tolp41 < % ) (23)
(NC)*
then for all n > ng, we have
Eni1 < pEX ™ 4+ (NC)'2(tolyy)?, (24)
and
Epp1 < BB, (25)

o0
where C :==3 > an + Jr (il,wo,so). Consequently, T" converges globally and linearly to x* in the
=1

n—
case of T = 1. The convergence is local and super-linear in the case of 0 < 1 < 1.

12



Remark 2. Note that the second bound in , which implies , is only of theoretical nature.
Since the value of F,, is unknown it cannot be computed in an implementation. However, heuristic
choices of tol,4+1 may fulfill this bound. Thus, in practice one can only guarantee the “asymptotic”

(super-)linear convergence (24).

In the remainder of this section we aim to prove both results by means of some technical lemmas
which are reported in Section [3.3.1] and Section |3.3.2
3.3.1 Preliminary results concerning the functional 7. (x,w,¢)

One important issue in the investigation of the dynamics of Algorithm CG-IRLS is the relationship
between the weighted norm of an iterate and the weighted norm of its predecessor. In the following
lemma, we present some helpful estimates.

Lemma 4. Let 2", "1, &7, 2" and the respective tolerances tol,, and tol,,1 as defined in Algo-
rithm CG-IRLS. Then the inequalities

}jnHsz(wn) _ HjnHH@(w") < Vtolyy1, and (26)

im+1”@(w“) < Wy (Hf;"Hm(wn,l) + toln> , (27)

_1
2

1
hold for all n > 1, where W,, := ”Dn D: |-

Proof. Inequality (26| is a direct consequence of the triangle inequality for norms and the property

that ||#" 1 — g+t H£2(wn) < y/tol, 41 of step 2 in Algorithm CG-IRLS.

In order to prove inequality , we first notice that 2", 2"+t € Fg(y). Using that £""! is the

minimizer of ||-|[,,,n) on Fa(y), we obtain

_1
2 n

—

1.’E

jn“”eg(w") < Hg&nH&(wn) = ‘
£

_1 1 _1
< ‘ D,*D;_, HDn21:E"

= W " g1y < Wa (13"l gyun-y + v/toln )
Lo

where the last inequality is due to ([26)).

O
The functional J;(z,w,¢) obeys the following monotonicity property.
Lemma 5. The inequalities
T- (@ w0t et < 7 (87w e < 7 (87T ) (28)

hold for all n > 0.

Proof. The first inequality follows from the minimization property of w"*!. The second inequality
follows from e™t! < g™, d

The following lemma describes how the difference of the functional, evaluated in the exact and
the approximated solution can be controlled by a positive scalar a,+1 and an appropriately chosen
tolerance toly, 1.

13



Lemma 6. Let a, 1 be a positive scalar, "', w1, and e"™! as described in Algorithm CG-IRLS,
and 2"t = argmin J, (xz,w", ") . If we choose tol, as in , then

T€Fa(y)
|j7— (i,n—i—l’wn—&—l’é_n—&-l) -7 ('i,n—i—l’wn—i—l,gn—i—l)’ < Antls (29)
’j.r (:f:"“,w”,e") -7 (i"+1,w”,5")| < apt1, and (30)
\-77' (£n+17wn+1,€n+l) < jr (i,nJrl’ wn7€n) + 2an+1‘ (31)

Proof. The core of this proof is to find a bound on the quotient of the weights from one iteration step
to the next and then to use the bound of the difference between 27! and 7" in the f3(w™)-norm
by tolp41. Starting with the definition of Wy,41 in Lemma [4] the quotient of two successive weights
can be estimated by

2—7
_1 1 whtl 2 4 (en)2) 2
Wiy1 = HDnleﬁ =4/ max —— = | max (g + (=n)?) —
=1,..N w, {=1,....N (j?+1’2—|—(5”+1)2) 2
max_|Z7]277 4 (en)2~7
- — (€n+1)277' = Wn+l, (32)
where V_VnH was defined in . By choosing tol, 1 as in , we obtain
‘jr (£n+1’ wn—l—l’en-‘rl) _ j (i,n—i—l?wn—s—l’gn—s—l)‘
S
. ~ 1
=z Z <|x?+1|2 - |$?+1|2) ,w;H-
j=1
S
— o) Z (|§:;1+1| _ |i’?+1’> (|:i;1+1| + |i’?+1’> w}l+1
j=1
N I /N 3
T ~n+1 ~n+1 2 n+1 ~n+1 ~n+1 2 n+1
<5 | |t -7 | w; D |l + 12 |‘ i
j=1 j=1
1 1
+1 N 2 N 2
T ’LU? ~n+1 ~n+1 2 n ~n+1 ~n+1 2 n
S9N Ty Z i ) wj Z 2571 + 17 “ wj
J=1 7=1
T 15772 “n+l _ ~n+1 ~n+1 ~n+1
<§ || 2T 2" Heg(wn) [l + |2 ’Heg(wn)
T 17,2 an+1 ~n+1
SoWaivtolng (Hxn H@(wz)*“ﬂ sz(wn)>
— ~
<§ 34_1 V tOanrl [2Wn (H«Tanz(wn—l) + v tOln) + v/ tOanrl]
T —
<§ ,%H Vtol, 1 [Cn + \/toln+1] < Gy,

where we have used the Cauchy-Schwarz inequality in the first inequality, and in the fifth
inequality, (32 in the third inequality, the definition of ¢, in ((17)), and the Assumption on tol,11
in the last inequality.
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Since 1 < Wn+1, we obtain by

N
T . -
|j7- ( n+1 wn ) j‘r ( n+1 wnjen) ‘ — 5 Z (|x;}+1|2 o |$;}+1|2> w]n
j=1
1
- N 9 2 N 9 2
S8 D A I I D A B e
Jj=1 Jj=1
1 1
N 2 N 2
< TWQ Z ~n+1 ~n+1 Z ‘An+1‘+’~n+1’ 2 n
< 5Won g g g wj
J=1 j=1

Wn+1 V tol, 41 |:Cn + tOln—&-l < Gpt1,

with the same arguments as above. Lemma [5| yields

jT (i,nﬁ—l’wn-i- n+1) < j ( n+1 wn-‘rl’ n+1) + any1 < jr( n+1 wn’€n+1) + Gpg1

< J: ( nHl o en )+an+1 < J: ( How ,5”)+2an+1,
where the first inequality follows from , the second and third by , and the last by . O

Setting the tolerances tol, according to condition may not be optimal in practice. Numerical
experiments show that also for looser bounds on the tolerance Algorithm CG-IRLS converges, in fact,
it is sometimes faster.

Notice, that is an implicit bound on tol, 1 since it depends on "', which means that this
value has to be updated in the MCG loop of the algorithm. If #"T1% is K-sparse in some iteration i
of MCG, then "t = "t = min {5 , Br (&t Z)K+1} =0 and tol,41 = 0 by and (18). In this
case, MCG and IRLS are stopped by definition.

In the above lemma, we showed that the error of the evaluations of the functional 7, on the
approximate solution " and the weighted fo-minimizer " can be bounded by choosing an appro-
priate tolerance in the algorithm. This result will be used to show that the difference between the
iterates Z"T! and #" becomes arbitrarily small for n — 0o, as long as we choose the sequence (a,)nen
summable. This will be the main result of this section. Before, we prove some further auxiliary
statements concerning the functional J,(x,w,¢) and the iterates " and w".

[e.e]
Lemma 7. Let (an)nen, an € Ry, be a summable sequence with A := > a, < oo, and define

C:=3A+ 7 (:cl w? 60) as in Theorem . For each n > 1 we have

VIR

\.77 (j,n—i-l’ wn—}-l’ 2,:.n—}-l

ZN:(N”“ +(5”+1)2> , (33)

=1

.

12"z, < C, (34)
wi >C7 7 “j=1,...,N, and (35)
HQUHK2 o Hac||£2 wn) for all x € CV. (36)

Proof. Identity follows by insertion of the definition of w"*! in step 4 of Algorithm CG-IRLS.

15



By the minimizing property of £"*! and the fact that 2" € Fg(y), we have
TIr (" w", ") < T (2", w",e),
and thus, together with , it follows that
I- (ic”“,w”“,s”“) < J; (“"Jr1 w",sn) + 2ap41 < Jr (2", 0", ™) 4 2a041.

Hence, the telescoping sum

n

T ghtl g+l gkl Iz w ,E 2 a
S (00 (180 - 2 (308 ) <2

k=1
leads to the estimate
I- (”H1 w"+1,5"+1) Ir (x wh, e ) +2A < Jr (931 w', e ) +2A + ay.
Inequality then follows from and

-

< Z [|~n+1 n+1)2:| 2 _ \.77' (i,n+17wn+1’€n+1)

j‘r (3" Wt e fa, 1 <O, foralln > 1.

Consequently, the bound follows from

T 2 __z
(W) < ()T < J, (3w, &) < C.
-
Inequality is a direct consequence of . O

Notice that states the boundedness of the iterates. The lower bound on the weights w"
will become useful in the proof of Lemma

By using the estimates collected so far, we can adapt [16, Lemma 5.1] to our situation. First,
we shall prove that the differences between the n-th fo(w"™ !)-minimizer and its successor become
arbitrarily small.

Lemma 8. Given a summable sequence (ap)nen, an € Ry, the sequence (")nen satisfies

= An—‘rl Zn 2 < 202 7
Z Hfg =¥ (37)
where C is the constant of Lemma |7 and £" = arg min 7, (:r,w”fl,snfl). As a consequence we have
z€F5(y)
n+1 _
lim ||z~ =o0. (38)
Proof. We have
2
- [jr (inﬂun’g ) TIr (An+1 wn+1’€n+1) + 2an+1]
i
2
> = [jT (£n7wn’€ ) \.77' (AnJrl wnjgn)] — An An <An+1 An+1> L= <i,n +i‘n+1,.fn o ian+1>wn

N
= (" — & an - gty =Sl - AR > 07 ||t - ant)
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Here we used the fact that £" — 2" € Ny and therefore, (#"1, 2" — 2"*1) = 0 and in the last step
we applied the bound . Summing these inequalities over n > 1, we arrive at

N
n=1

A
]

N
" jn—HHZ < 2-7 Z 2 [\77— (.ﬁn,wn75") -7 (i,n—l—l?wn-‘rl,gn-i-l) + 2an+1]

2 2 N 2 2
< SO T (@ wte) + ) 2an | < SO

n=1
Letting N — oo yields the desired result. O

The following lemma will play a major role in our proof of convergence since it shows that not
only holds but that also the difference between successive iterates becomes arbitrarily small.

Lemma 9. Let " be as described in Algorithm CG-IRLS and (an)nen be a summable sequence. Then

lim [z — 3", = 0. (39)

Proof. By of Lemma (7| and the condition on tol,, we have

. - 2= N 2-7 27 Cn Cn\ 2 2a,
[2" = 2", < C= [|2" = &"|| gy (yn-1y) < C27 Vol < C2F ( + (*) + TW,%)

/2
< sz\/E\/an
T

since W,, > 1 as defined in Lemma @ Since (ap)nen is summable, we conclude that

lim [|&" — "], = 0. (40)

n—oo

Together with Lemma [§ we can prove our statement:

lim [|#" — &, = lim ||&" —&" 42" — "t 42" — gt
n—o0 L2 n—o00 Lo
: = - : B ~n+1 . antl _ sndtl
< lim [l =", + lim [l -2, + lm (@ - @,
= [)’
where the first and last term vanish because of (40) and the other term due to (38]). ]

3.3.2 The functional f. -(z)

In this section, we introduce an auxiliary functional which is useful for the proof of convergence.
From the monotonicity of ¢, we know that ¢ = lim &, exists and is nonnegative. We introduce the

n—0o0
functional
N
fer(z) = Z \x? + &%)z, (41)
j=1
Note that if we would know that £ converges to x, then in view of , fer(z) would be the limit

N
22(r—1)4-¢€2 .
Tg . Thus, in

of J-(z",w™,e™). When ¢ > 0, the Hessian is given by H(f.)(z) = diag [
i=1

4—T
|23 +e2| 72
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particular, H(f.1)(x) is strictly positive definite, so that f.; is strictly convex and therefore has a
unique minimizer

&li= argmin f. (). (42)
r€Fa (y)

X

In the case of 0 < 7 < 1, we denote by A -(y) the set of global minimizers of f. ; on Fo(y). For both
cases, the minimizers are characterized by the following lemma.

Lemma 10. Let ¢ > 0 and © € Fo(y). If x = 25! or x € X.;(y), then (@M (ze,ry = 0 for all

x,e, T

_2-7 N
n € No, where w(z,e,7) = [HJZZ|2 + 62‘ 2 } v In the case of T =1 also the converse is true.
1=

Proof. The proof is an adaptation of [16, Lemma 5.2, Section 7] and is presented for the sake of
completeness in Appendix [A] O

3.3.3 Proof of convergence

By the results of the previous section, we are able now to prove the convergence of Algorithm CG-
IRLS. The proof is inspired by the ones of [16, Theorem 5.3, Theorem 7.7], see also [20, Chapter 15.3],
which we adapted to our case.

Proof of Theorem[3. Since 0 < e"T! < &” the sequence (¢"),en always converges to some & > 0.

Case ¢ = 0: Following the first part of the proof of [16, Theorems 5.3 and 7.7], where the
boundedness of the sequence " and the definition of €™ is used, we can show that there is a subsequence
(#P7)p,en of (" )nen such that ¥% — T € Fp(y) and 7 is the unique £--minimizer. It remains to show
that also 2" — Zz. To this end, we first notice that %7 — Z and P/ — 0 imply J, (ZP7,wPi, ePi) —
|Z[|7,- The convergence of J (", w",e") — ||Z||_is established by the following argument: For each
n € N there is exactly one ¢ = i(n) such that p; < n < pip1. We use and to estimate the
telescoping sum

n—1
- D , , P R T | “k k _k
|Tr (2™, w™, e™) — T (ZPi)  wPitn) gPitm)| E ‘jT (x Tkt ght ) A (a: ,wh, e )‘
k=p;

Since Y ;2 ar < oo this implies that limy, o0 | J7 (27, w", ™) — Jr (ZPitm, wPitm), Pitm )| = 0 so that

Tim Jr (8", ") = |27,

Moreover implies
T (2", w",e") = N (") < [|2"||7, < Tr (2", w",e"),
and thus, [|Z"||7 — [|Z||7 . Finally we invoke Lemma |I| with 2’ = 2" and 2z = Z to obtain

. - _ 14~ /.. - _
n __ T n|T _ A —
h;nsogpllw zlle, = 7 (nhrgo 1212, H%’Hef) 0,

which completes the proof of " — Z in this case. To see and establish (i), invoke Lemma

Case ¢ > 0: By Lemma |7, we know that (Z"),en is a bounded sequence and hence has accu-
mulation points. Let (™) be any convergent subsequence of (Z"),cy and let z € Z-(y) its limit. By
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([40), we know that also Z € Fa(y). Following the proof of [I6, Theorem 5.3 and Theorem 7.7, one
shows that (z, n>ﬁﬁm’a’7) = 0 for all n € Ny, where w(Z,e,7) is defined as in Lemma In the case
10]

&1 is the unique accumulation point of (Z"),ecn. This

of 7 =1, Lemma [10| implies Z = 2°!. Hence,
establishes (ii).
To prove (iii), assume that z € Z;(y) N A- - (y), and follow the proof of [16, Theorem 5.3, and 7.7]

to conclude. 0

3.3.4 Proof of rate of convergence

The proof follows similar steps as in [16], Section 6]. We define the auxiliary sequences of error vectors
Nt =" —x* and 7" = 3" — z*.

Proof of Theorem[]} We apply the characterization with w = w", & = 2"t = 2* + 7!, and
n=&"t! — 2* = 47+ which gives

N
3: —|—n"+1 A"'Hw] =0.

J=1
Rearranging the terms and using the fact that z* is supported on A, we obtain

:L,*

S M e S )
[1z51?

JEA + (gn)2]

By assumption there exists ng such that E,, < R*. We prove , and E, < R* = FE,41 < R* to
obtain the validity for all n > ng. Assuming F, < R*, we have for all j € A,

771 < M0 le, = ¥V En < wlajl,

and thus
25| = |25 + 05| = |25| = 75| = |25| = v|z],
so that ]a:*] 7| .
— <1< - —. (44)
Ux"l2 G R o N Gt 0 2

Hence, combined with | and the NSP leads to

T

N 1—7\ 7
An+12 n < 1— 2—1 : * n+1
> < << 0 (miles) ) ) I3,

(1=m)\ ~
—T n 7 ATV
< ((1 =) (i) ) I, < I
(1—v)7@-7) (mm |2 |>

JEA

Combining [16, Proposition 7.4] with the above estimate yields

. . 1 2T 2T
gt = | [ ey~

An+1 —%
LGAC - ( < H Hb(“’" H LGAC € 27 (w")
2—1
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T 2—1

Z|An+1‘2 ;1 Z Uﬁ]n"i‘én]‘r

JEAC
i n+1 ~n||T n\T\2—T
< = eIz, (I7"M17, + (N =k) (M)7)" . (45)
1 — p)7(2-7)
(1= vy (il
It follows that
N Y ~n||T n\T\2—T
I I, < s (177, + (N — k) (€)7)2
(1—v)7@7) (mln |5 |>
JEA

Note that this is also valid if 77”'H = 0 since then the left-hand side is zero and the right-hand side
non-negative. We furthermore obtain

1 1
17" HZ, = Nan Iz, + g Iz, < (0 + )z Iz,

< (2_7)(1 +7) (=1 (1717, + (N — k) (En)T)z_T. "

In addition to this, we know by [16, Lemma 4.1, 7.5], that
(J = i)r(@)] < lz = 2'[]7, +0j(2")e,. (47)

for any J > j and x, 2’ € CV. Thus, we have by the definition of " in step 3| of Algorithm CG-IRLS
that

(N = R < (N =B (@) < ST a o 4+ o(a),)
(N =R
= o, (48)

since by assumption oy (z*),, = 0. Together with this yields

2—1
n+17 ’Y(l + 'Y) (N — k)BT ~n | T(2—T)
H77 H (2 ) 7—(1_7-) + K+ 1 _ k Hn HET
1— T(2—T1
< 7o) (minz3))
< uE; .

Finally, we obtain by

n+1H€ + H~n+1 An+1Hz <

En+1 — Hn ,,¢]TL+1H;T 4 le% H!;in+1 o i,n+1”22

< 1+, + NO)

An+1“€2 w™) IUE’rQL_T + (NC)I_%(tOITLJrl)%v

where we used the triangle inequality in the first inequality, in the third inequality, and C' is the
constant from Lemma Equation then follows by condition . By means of , we obtain

Bnp1 < AEYT < (R <R

and therefore the linear convergence for 7 = 1, and the super-linear convergence for 7 < 1 as soon as
n = ng. ]
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4 Conjugate gradient acceleration of IRLS method for /.-norm reg-
ularization

In the previous chapter the solution z* was intended to solve the linear system ®x = y exactly. In
most engineering and physical applications such a setting may not be required since the measurements
are perturbed by noise. In this context, it is more appropriate to work with a functional that balances
the residual error in the linear system with an ¢,-norm penalty, promoting sparsity. We consider the
problem

. 1
win (Poale)i= el + 5510w, ). (49)
z 2\
where A > 0, ® € C"™*N, ¢y € C™ is a given measurement vector, and 0 < 7 < 1.

Definition 7. Given a real number e > 0, x € CV, and a weight vector w € RN, w > 0, we define

N

T 2
Jra(z,w,e) == 3 Z {]a:jpwj + &%w; +
j=1

-7

__T 1
2—1 2
wy |+ gyllee = il (50)

Lai, Xu, and Yin in [3I] and Voronin in [42] showed independently that computing the optimizer
of the problem can be approached by an alternating minimization of the functional J; \ with
respect to z, w, and €. The difference between these two works is the definition of the update rule for
€. Here, we chose the rule in step {| of Algorithm [5| proposed by Voronin because it allows us to show
that the algorithm converges to a minimizer of for 7 = 1 and to critical points of for 7 <1
(more precise statements will be given below). However, we were not able to prove similar statements
for the rule of Lai, Xu, and Yin. It only allows to show the convergence of the algorithm to a critical
point of the smoothed functional

: 1 2
min |z][f, ¢ + 57|22 — yllz,,

N
where [|z|[7__ = > |25 + €27 with & = lim,, o0 €".
5 ]:1

Algorithm 5 IRLS-)A
: Set w®:=(1,...,1),e%:=1,a €(0,1], ¢ € (0, ££).
2: while " > 0 do

sy

3 2"t :=argmin J; \(z,w", ")

x
4 &= min {e", |J (@ w" T e — T (@ W, e™)|? + o)
5w i=argmin J; ) (2" w, e )

w>0
6: end while

We approach the first step of the algorithm by computing a critical point of J. (-, w,¢e) via the
first order optimality condition

1 *
T [xjw?]jzl,...,N + X(I) (Pz —y) =0, (51)

or equivalently
(@ + diag [Arwf] Y ) 2 = @7y, (52)
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We denote the solution of this system by x"*!. The new weight w"*!

be expressed componentwise by

is obtained in step 3 and can

w;H—l _ (($?+1)2 + (€n+1)2)72%' (53)

Similarly to the previous section we propose the combination of Algorithm 5| with the CG method. CG
is used to calculate an approximation of the solution of the linear system in line 3 of the algorithm.
After including the CG method, the modified algorithm which we shall consider is Algorithm CG-
IRLS-A.

Algorithm 6 CG-IRLS-\
1: Set w’:=(1,...,1),e:=1,a€(0,1], ¢ € (O,ﬁ).
2: while " > 0 do
3:  Compute "1
where "1 .=

by means of CG, s.t. |1 — 2" ||y, (un) < tolni1,

= arg min J; \(z,w",e"). Use " as the initial vector for CG.

4 €n+1 —min{e iJ‘r)\( n—2 wn 2,8" 2)_JTA(j;nfl’wnfl’gnfl)‘d)+an+1}

5. w'tli=argmin J, (3"} w,s”“)
w>0
6: end while

Notice that & always denotes the approximate solution of the minimization with respect to x in
line 3 and & the corresponding exact solution. Thus #"*! fulfills (52]) but not "+

Theorem [I] provides a stopping condition for the CG method, but as in the previous section it is
not practical for us, since we do not dispose of the minimizer and the computation of the condition
number is computationally expensive. Therefore, we provide an alternative stopping criterion to make
sure that [|Z"T! — 21|y, (ny < tolyq is fulfilled in line 3 of Algorithm CG-IRLS-).

Let 2"t 5! be the I-th iterate of the CG method and define

A, = P 4 diag [/\Tw ];V x

N
Notice that the matrix ®*® is positive semi-definite and A\t D, ! = A\t diag [wﬂ is positive definite.

j=1
Therefore, A,, is positive definite and invertible, and furthermore

Amin(An) = Amin (diag [)\Twﬂ;\[: - (54)

n+1,l

We obtain
~n+1 jn—s—l,l %

|2
where r"thl = $*y — Ani”‘HJ is the residual as it appears in line 5 of Algorithm [I} The first factor
on the right-hand side of can be estimated by

e (0) - F%n N er) T e

The second factor of is estimated by

HA ((I)*y_Anjn—H,l)

1457

< i

Lo (59)

fz w" 1% (wn)

_1

145 = rain(A4a)) ™" < (Ain(ding [pra] ¥ ) = AT<<max\x )2+<e">2) B
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where we used in the inequality. Thus, we obtain

2 5
(maxlzgl) +
‘ jn—s—l _ .,i,n—&-l,l < J ’ T,n—&-l,l
Lo (wm) (En)Q_TT AT 12
and the suitable stopping condition
2—1
eM) 2 AT
‘ prbl WS (") — tolyy1. (56)
. 2-7

(<m?xi~yy>2 + (gn)Q) 2

In the remainder of this section, we clarify how to choose the tolerance tol, 11, and establish a
convergence result of the algorithm. In the case of 7 = 1, the problem is the minimization of
the well-known LASSO functional. It is convex, and the optimality conditions can be stated in terms
of subdifferential inclusions. We are able to show that at least a subsequence of the algorithm is
converging to a solution of . If 0 < 7 < 1, the problem is non-convex and non-smooth. Necessary
first order optimality conditions for a global minimizer of this functional were derived in [4, Proposition
3.14], and [26, Theorem 2.2]. In our case, we are able to show that the non-zero components of the
limits of the algorithm fulfill the respective conditions. However, as soon as the algorithm is producing
zeros in some components of the limit, so far, we were not able to verify the conditions mentioned
above. On this account, we pursue a different strategy, which originates from [43]. We do not directly
show that the algorithm computes a solution of problem . Instead we show that a subsequence of

the algorithm is at least computing a point zf, whose transformation & = /\/U_/IT (iL'T) is a critical point
of the new functional

y v 1 2
Fv,)\(aj) = ‘|:l:||ZU + ﬁ H@_/\/’v/T(IL’) - yng ) (57)
where
Ne: N — ¢V, (Ne(2)); = sign(z;)|z;|¢, j=1,...,N, (58)

is a continuous bijective mapping and 1 < v < 2. It was shown in [43, 37] that assuming #' is a global
minimizer of ﬁv’ A(z) implies that z' is a global minimizer of F. , ie., a solution of problem .
Furthermore, it was also shown that this result can be partially extended to local minimizers. We
comment on this issue in Remark These considerations allow us to state the main convergence
result.

Theorem 5. Let 0 < 7 < 1, A > 0, ® € C™N and y € C™. Define the sequences (F")nen,
(eMnen and (W™)nen as the ones generated by Algorithm CG-IRLS-\. Choose the accuracy tol, of
the CG-method, such that

-1
— 2—T1
— 2 2 — I
tol, < minK a, \/2JTCwn—1+2\/;\]W|‘¢|‘ )
T

) )

Inaux(:i;‘_l)2 + (en1)? =3
. . J
with Cyn-1 = EDE , (60)

N|=
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where (ap)nen is a positive sequence satisfying > ," o an < 00 and J = JT)\(:Z'I, w?, €0).

Then the sequence (Z")nen has at least one convergent subsequence (Z"™)p,en. In the case that
T =1 and 2> # 0, any convergent subsequence is such that its limit = is a minimizer of Fy\(z).
In the case that 0 < 7 < 1, the subsequence (Z"*)n,en can be chosen such that the transformation of
its limit ¥ = ./\/'U_/IT(:JC/\), 1 <wv <2, as defined in , is a critical point of . If # is a global
minimizer of , then z* is also a global minimizer of F. ().
Remark 3. In the case 0 < 7 < 1, the theorem includes the possibility that there may exist several
converging subsequences with different limits. Potentially only one of these limits may have the nice
property that its transformation is a critical point. In the proof of the theorem, which follows further
below, an appropriate subsequence is constructed. Actually this construction leads to the following
hint, how to practically choose the subsequence: Take a converging subsequence x,, for which the n;
satisfy equation ({85]).

It will be important below that a minimizer z# of Fy \(z) is characterized by the conditions
—(®*(y — ®a¥)); = Asign(at) if 2t £0, (61)
(@*(y — ®a®));| < A if 2t =0. (62)

Note that in the (less important) case 2* = 0, our theorem does not give a conclusion about z* being
a minimizer of Fy »(x).

Remark 4. The result of Theorem[5|for 0 < 7 < 1 can be partially extended towards local minimizers.
For the sake of completeness we sketch the argument from [37]. Assume that #* is a local minimizer.
Then there is a neighborhood U,(#*) with € > 0 such that for all 2’ € U(3):

Fv,)\(x,> > Fv,/\(j:/\)-

By continuity of NV, /. there exists an é > 0 such that the neighborhood Us(z) C NU/T(UE(QV:A)). Thus,
for all z € Ug(z?), we have 2’ = N (z) € U (%), and obtain

v/T
T 1 2 N||IT 1 / 2
Fra(@) = [lallz, + 53192 = yll, = [Woy- (@)1, + 51 [19Ny/7(2') =yl
1 g
= ll2'[17, + 55 1@N/=(2) = yllZ, = For(a’)
o . 5 1 .
> Fox (@) = 12, + o5 10N (3) = wllZ,
1
= [zl + oy l1®2 = yllf, = Fraa?).

For the proof of Theorem [5] we proceed similarly to Section (3| by first presenting a sequence of
auxiliary lemmas on properties of the functional J; y and the dynamics of Algorithm CG-IRLS-\.

4.1 Properties of the functional J.

Lemma 11. For the functional J; ) defined in , and the iterates ", w™, and €™ produced by
Algorithm CG-IRLS-), the following inequalities hold true:

Jq—,)\(fn+1; wnJrl7 5nJrl) < Jq—,)\(jn+1; ’an, 5nJrl) (63)
< JT,)\(‘%n+17 wn7 gn) (64)
< Jea@" w"em). (65)
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Proof. The first inequality holds because w"™*! is the minimizer and the second inequality holds since

g™l L e, In the third inequality we use the fact that the CG-method is a descent method, decreasing
the functlonal in each iteration. Since we take Z" as the initial estimate in the first iteration of CG,
the output "' of CG must have a value of the functional that is less or equal to the one of the initial
estimate. O

The iterative application of Lemma (11| leads to the fact that for each n € N* the functional .J;

is bounded:
0 < Jra(@" w™e™) < Jra(@h,w’ ) = J. (66)

Since the functional is composed of positive summands, its definition and imply

H(I)i'n - yHb SV 2>‘j7

—, and (67)

2—T1
2—1\ 7
wn> — 5 :1’,N
y (ﬂ) ’

The last inequality leads to a general relationship between the fo-norm and #5(w™)-norm for arbitrary
z € RV:

2—71

2—17\ 7
elleyum) > ( ) el (68)

TJ

In order to show convergence to a critical point or minimizer of the functional F; ), we will use
the first order condition (51)). Since this property is only valid for the exact solution #"*!, we need a
connection between "1 and z"t!. Observe that

Tea(@ L w", e) < T (@ w e") (69)

) )

since 2"t is the exact minimizer. From we obtain

N N
32 (35 g gplea it < 53 (57) w4 gyllest i
2 2)\ 2 j=1 ’ T2 2

which leads to

T . T 1 N .
SIE (7, ny < §H:r”“\|?2(wn) + X (@2 —y[|7, — [|2" ! —ylI7,) - (70)

Since holds in addition to and , we conclude, also for the exact solution #"!, the bound

12" — ylle, < /2N (@7, w1 en1) < VAT, (71)
for all n € N, and
. 2T \(ZM L wn, en 2T
67y < 4 222 2T (72)
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Additionally using , we are able to estimate the second summand of by
(llez™*t —yll7, — 122"+ —yl,) < |(llez" " —yllF, — ||22" ™ —ylIZ,)|

— ‘H¢jn+l _ (bjn+1”§2 + 2 <q)5:n+1 _ Q)ZAUH+17 (p:i]lri’l o y>£2

<@z — @2 |g, (|02 — 2E"H |y, + 2|22 — ylle, )

<[[ @z — @2 |y, (|02 — yllg, + 302" — ylle,) < AV2AT|[D| |27 — 2"y,

(73)

where we used the Cauchy-Schwarz inequality in the second inequality, the triangle inequality in the
third inequality, and the bounds in and in the last inequality.

The following pivotal result of this section allows us to control the difference between the exact
and approximate solution of the linear system in line 3 of Algorithm CG-IRLS-A.

Lemma 12. For a given positive number a,4+1 and a choice of the accuracy tol, 1 satisfying ,
the functional J- x fulfills the two monotonicity properties

Toa (@, w1 ey T (@3 0 ) < apy (74)

and
J )\( n+1 wn ) J )\( n+1 wn’gn) < Uil (75)

Proof. By means of the relation

_ n
— U)] C’w”l,

where Cy» was defined in , we can estimate

JT)\(i,nJrl’wnJrl’EnJrl) J )\( n+1 wn+1 8n+1

)

,e")
N
<7 sn+l _ =n+1) (antl | zn+l), n+l LH(I)WH-I_ H2 _||q)~n+1_ H2
\52 i T R R A Py Ylley z Yll,

4vV20JT

—5yHefl[lamt =@y,

n +1 ~n+1 n+1
, L +z > 2

T
5 Lo (wnt1)

l\’)\\}

] J
:1 P 2\

N N /
\J n+1 n+1) n+1 Z( n+1+xn+1)2wn+1+ 2)‘ ||(I)||||~n+1 An+1||e
2
J

\/2)\

\5 Cun [ = &gy uom) 12"+ E" [y umy + [@[l|z"F — 2"l

4v 2)\

1@[[[|z" " = "1,

< Cyn 874 - ”wﬁmﬁmw{|n“wbm 4WHwb 5

TI, TL 4 2A ~n ’\TL
< VRITCun 87 = 3 lnguny + e (2 el -
= WoNT [ (2—r\" n n
< [ VaTrew + P2 (2ET) T el ) 18 - 8 g < anin

26




where we used in the second inequality, Cauchy-Schwarz in the third inequality, and , ,

and in the sixth inequality. Thus we obtain . To show , we use in the second to last

inequality, condition in the last inequality and the fact that "' = argmin J; \(x,w",&") (and
€T

thus fulfilling (51)) in the second identity below:

J.r,)\(:E”H, w” ") — J.r,)\(:%”ﬂ, w™ e™) (76)

N
1
= 23 (@2 = @) wp + oy (Ieam = 0, + 2 (@@ — a7+, @3 —y), )

2 ot J J 2\
(77)
T al ~n—+1\2 ~n+1\2 ~n+1~n+1 ~n+1 2 n 1 ~n+1 ~n+1(12
:22<(mj )T = (@) =22 T +2(a:j ) )wj +ﬁ|\<1>x — Oz |, (78)
j=1
T N 1
< 5 Z ((:E;?+1)2 + (‘%;1+1)2 _ 2ip;t+1j;z+1> w}z + ﬁ||(I)|H|jn—i-1 _ in+1”%2 (79)
j=1
2—71
T PP 2=7\ 7 - .
) (z o (7)) I = e < an 0
]

Besides Lemma [I2] there are two more helpful properties of the functional. First, the identity
R nt Tlian  antl)2 L ias 112
JT,)\(wnvwnaen) - JT,)\(xn—i_ ,wn,&_n) = §Hxn - xn-i— Héz(wn) + 5"@'%” - q)xn+ HZQ
can be shown by the same calculation as in , by means of replacing "' by #". Second, it follows
in particular that
2—7

2—7\ 7 ~ R T~ A
(557) e -a, < B -8

T
2
< Jea(@w" ) = Jea (@ wt e (81)

where the estimate is used in the first inequality.

4.2 Proof of convergence

We need to show that the difference "' — 2™ between two successive ezact iterates and the one
between the exact and approximated iterates, " — ", become arbitrarily small. This result is used
in the proof of Theorem 5| to show that both (2"),cn and (2"),en converge to the same limit.

Lemma 13. Consider a summable sequence (ap)nen and choose the accuracy of the CG solution tol,
satisfying for the n-th iteration step. Then the sequences (£™)nen and (Z™)nen have the properties

lim ||2" — 2" |p, =0 (82)
n—oo
and
lim ||z"T — 2" Y|, = 0. (83)
n—oo
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Proof. We use the properties of J, which we derived in the previous subsection. First, we show :

3 (5

M
> Z ||An+1 AHH%Z < Z JT7>\(§U"7wn’gn) — JT)\(AnJrl wn’gn)
ZJT/\ " w" e") — Joa(T L™ €™) 4 any

S ZJT7/\(:%n’wn’€n) - JT /\( i wn—i—l’gn—i—l) + ant1

et

ZJTM\.% w" ") — JT,\(“”H,w”H,a”H)—|—2an+1

M
7)\(@1,’11)1,51) . JT,)\("Z'M+1,U}M+1,€M+1) + 2Zan+1

n=1

=

M
§ J_"' QZan+1.
n=1

We used in the first inequality, in the second inequality, and in the third in-
equality, in the fourth inequality and a telescoping sum in the identity. Letting M — oo we

obtain
T = _ o
and thus .

n=1
Second, we show . From line 1 and 3 of we know that

JT)\( n+1 ,wn En) _JTA(MH& wn’En)

_ Z < n+1 (A;H-l) 2An+1 n+1 +2 (An+1>2> ’LU? + %H(I)i,n-i-l _ (I’.fn—HH%

2
H~n+1 An-‘rIHZ H(I)~n+1 (I).’fj'n+1”?2.

Since the second summand is positive, we conclude
n+1 n _n n+1 n _n n+l An+1 2
Jf;—)\( ,w, e )*Jq—)\( ,w, e ) ||CE ] ”Kz(w")

Together with we find that

2=7
Z 2—7 T Hjn—i-l An+1||2 Z||~n+1 An+1||2
2 J 2 L2 (w™)
ST A@F T W €)= oA @ W e") < any,
and thus taking limits on both sides we get
9 2-7
T(EZT\ " ntl _ antl) 2 oy _
(257) 7t swp 1, < lim anp =0,
which implies . O
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Remark 5. By means of Lemma [13] we obtain

lim [|7" — "], < lim ||Z" — 2", + lim [|2" — 2"T1||s, + lim ||z gt — gt |, = 0. (84)
n—oo n—oo n—oo
The following lemma provides a lower bound for the €", which is used to show a contradiction in
the proof of Theorem |5 Recall that ¢ € (O, ﬁ) is the parameter appearing in the update rule for
in step [ of both the algorithms CG-IRLS-\ and IRLS-\.

Lemma 14 ([42, Lemma 4.5.4, Lemma 4.5.6]). Let 7 = 1 and thus w} = ((in)2 + (8”)2) ,J €

N[

j
{1,...,N}. There exists a strictly increasing subsequence (n;)ien and some constant C' > 0 such that

(Enl+1)2 > C(( ) )27¢|( ny— 1) 1 (w;w)71|4¢‘

Proof. Since J»(Z",w",e") is decreasing with n due to Lemma and bounded below by 0, the
difference | J, A (2", w1 e l) — J (37, w™, €™)] is converging to 0 for n — oo. In addition o' —
0 for n — oo, and thus by definition also € — 0. Consequently there exists a subsequence (n;);en
such that

nl+1 ‘J )\( n;—1 wnlfljsnlfl)_JT)\( nl nl’é_nl)|¢+anl+1' (85)

Following exactly the steps of the proof of [42, Lemma 4.5.6.] yields the assertion. Observe that all of
these steps are also valid for 0 < 7 < 1, although in [42, Lemma 4.5.6] the author restricted it to the
case 7 > 1. O

Remark 6. The observation in the previous proof that (¢") converges to 0 will be again important
below.

We are now prepared for the proof of Theorem .

Proof of Theorem[5 Consider the subsequence (Z™);eny of Lemma Since ||Z"]|s, is bounded

by @, there exists a converging subsequence (" )ey, which has limit 2.
Consider the case 7 = 1 and z* # 0. We first show that

nk—f—l

1
— 00 < lim 2™ ™ = lim ™"
n—oo 4 J n—oo J

n’“<oo,forallj:1,...,N. (86)

It follows from equation and the boundedness of the residual that the sequence (iﬁ"kﬂw;”“)nk
is bounded, i.e.,

iw *II‘P( e —y)|| < C.

[iﬂk'f'lwnk] ‘
J

2

Therefore, there exists a converging subsequence, for simplicity again denoted by (2™ +lw ;”“)n To

show the identity in , we estimate

k*

|Ank+1 n ~np+1 nk| tOerk—i-l Ang+1

TR @ VETCu [+ (e

ng+1

—ZL'

Uny+1€ g1

:\/Tj\/méix(a??’“ﬁ—k(é”k)? (E7)2 + ()2 S V2 J(max |73 ]) (")

ank-‘,—l

< ——
V2J (max |#;*)

I
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forall j =1,..., N, where the second inequality follows by the upper bound of tol, in , and the last

< 1. Since we assumed lim ™ = z* # 0,
k—o0

¢ > 0. Since (ap,) tends to 0, we

inequality is due to the definition of e"+!
there is a ko such that for all k& > ko, we have that max |9:"k\
J

conclude that lim \x"’““wn’“ — | = 0, and therefore we have (86). Note that we will use the
v T

notation kg several times in the presentation of this proof, but for different arguments. We do not
mention it explicitly, but we assume a newly defined kg to be always larger or equal to the previously
defined one.

Next we show that * is a minimizer of F} . by verifying conditions and (62). To this end we
notice that by Lemma and Remark |5 I it follows that lim 27* = hm = 11m gl = :L')‘ By

k—o0 J k—o0 J k~>oo J

means of this result, in the case of x # 0, we have, due to continuity arguments, (51)) and Remark @

—(D*(y — BaM)); = Jim —(®*(y — ®"™)); = lim AZEw T = X Tim 27k (@72 + (em—1)2)=2

k—o0 k—o0

= Aw?((x?-ﬁ +(0)2)7% = Asign(a)),

and thus .

In order to show condition (62) for j such that arj)‘ = 0, we follow the main idea in the proof of
Lemma 4.5.9. in [42]. Assume
lim 2™ w™ 1 > 1. (87)
k—oo 7 J

Then there exists an € > 0 and a kg € N, such that for all £ > ko the inequality (A"’c ;”“71)2 >1+e€

holds. Due to , we can furthermore choose kg large enough such that also (Z' j w;”“ 1) > 1+ ¢ for
all k > kg. Recalling the identity for wj from Lemma we obtain
() > (L4 (w7 (88)

J
= (L (T (7)) 2 (L4 ()2
> (14 )01 wp) ™ PO 7 = )79 > (1 Ol P w7 = () T,

where the second inequality follows by the definition of the £", and the third inequality follows from
Lemma Furthermore, in the last inequality we used that w < |:E?|_1 which follows directly from
the definition of wf. By means of this estimate, we conclude

e D s R (0

)71 > @ — ((1+ e>c>‘ﬁ|w|% (89)
J J J J J :

1

Since 0 < ¢ < 3, the exponent 4d2>¢ > 1. In combination with the fact that :I} is vanishing for

2-26
k — oo, we are able to choose kg large enough to have ((1+¢€)C)~ i |:L'§”“] B lcei=1—(14¢ 2
for all k£ > ko and therefore
—1v— ~ _
(W)L > 13(1 - @), (90)

The combination of and yields

Z7* > (1 +€) <w;”“71)_2 > (1+ )z *(1 -8 (91)

Since we have \:ﬁ;‘k w;”“*l] > 14 € for all k > kg, we also have 507’“ # 0, and thus, we can divide in
by [#*| and insert the definition of € to obtain

1>(1+e(1l—-8?=1,
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which is a contradiction, and thus the assumption is false. By means of this result and again a
continuity argument, we show condition by
(@7 (y — ®2)); = lim (@7 (y — ®2™)); = A lim 27w < .
k—o00 J

k—o0 J

At this point, we have shown that at least the convergent subsequence (Z"*),, e is such that its limit
z is a minimizer of Fy x(z). To show that this is valid for any convergent subsequence of (Z")en,
we remind that the subsequence (Z"*),, cy is the one of Lemma and therefore fulfills . Thus,
we can adapt [42, Lemma 4.6.1] to our case, following the arguments in the proof. These arguments
only require the monotonicity of the functional J- », which we show in Lemma Consequently the
limit 2* of any convergent subsequence of (#"),en is a minimizer of Fy »(z).

Consider the case 0 < 7 < 1. The transformation N, (z) defined in is continuous and bijective.

Thus, &* := N ! (2*) is well-defined, and #} = 0 if and only if &} = 0. At a critical point of the

v/T

differentiable functional Fﬂ A, its first derivative has to vanish which is equivalent to the conditions

v—T

v * * . — .
;|;1:J] - (Py— @NU/T(:U))]. + Avsign(zj)|z;[Vt =0, j=1,...,N. (92)

We show now that #* fulfills this first order optimality condition. It is obvious that for all j such that
3%3\ = 0 the condition is trivially fulfilled. Thus, it remains to consider all j where av:j)‘ # 0. As in the
case of 7 = 1, we conclude by Lemma [13{ and Remark [5| that lim ™ = lim " = lim "% ' = 2.

k—o0 k—o0 k—o00 J

Therefore continuity arguments as well as yield

—(®*(y — ®x?)); = lim —(®*(y — ®2™)); = lim mz?kw;?k*l = A7 lim aeyk((aéjk*l)? + (e HH =
k—o0 k—o0 k—o0

= )(7'1'?((1’?)2 + (0)2)_2% =7 sign(:v?)]mjv_l.

We replace 2* = N/, (#) and obtain

—(P*(y — PNy~ (8)); = A7 sign((Noy- (8)) )| (N (8);7

= AT sign(:f;-\)\:fm“_%.

We multiply this identity by %\x]\g and obtain .
If #* is also a global minimizer of 13’1,7 A, then 2 is a global minimizer of F. . This is due the
equivalence of the two problems which was shown in [37, Proposition 2.4] based on the continuity and

bijectivity of the mapping N,/ [43, Proposition 3.4]. O

5 Numerical Results

We illustrate the theoretical results of this paper by several numerical experiments. We first show
that our modified versions of IRLS yield significant improvements in terms of computational time and
often outperform the state of the art methods Iterative Hard Thresholding (IHT) [3] and Fast Iterative
Soft-Thresholding Algorithm (FISTA) [I].

Before going into the detailed presentation of the numerical tests, we raise two plain numerical
disclaimers concerning the numerical stability of CG-IRLS and CG-IRLS-A:

e The first issue concerns IRLS methods in general: The case where €™ — 0, i.e., x? — 0, for some
j€{l,...,N} and n — oo, is very likely since our goal is the computation of sparse vectors.

In this case w? will for some n become too large to be properly represented by a computer.
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Thus, in practice, we have to provide a lower bound for € by some ™" > 0. Imposing such
a limit has the theoretical disadvantage that in general the algorithms are only calculating an
approximation of the respective problems and . Therefore, to obtain a “sufficiently good”
approximation, one has to choose e™" sufficiently small. This raises yet another numerical issue:
If we choose, e.g., ™" = 1E-8 and assume that also ac? < 1, then w;‘ is of the order 1E+S8.
Compared to the entries of the matrix ®, which are of the order 1, any multiplication or addition
by such a value will cause serious numerical errors. In this context we cannot expect that the
IRLS method reaches high accuracy, and saturation effects of the error are likely to occur before
machine precision.

e The second issue concerns the CG method: In Algorithm [I] and Algorithm [2] we have to divide
at some point by HT*‘p’”?2 or (Ap', p'),, respectively. As soon as the residual decreases, also p*
decreases with the same order of magnitude. If the above vector products are at the level of
machine precision, e.g. 1E-16, this would mean that the norm of the residual is of the order of
its square-root, here 1E-8. But this is the measure of the stopping criterion. Thus, if we ask for
a higher precision of the CG method, the algorithm might become numerically unstable.

In the following, we start with a description of the general test settings, which will be common for
both Algorithms CG-IRLS and CG-TRLS-A. Afterwards we independently analyze the speed of both
methods and compare them with state of the art algorithms, namely THT and FISTA. We respectively
start with a single trial, followed by a speed-test on a variety of problems. We will also compare the
performance of both CG-IRLS and CG-IRLS-\ for the noiseless case which leads to surprising results.

5.1 Test settings

All tests are performed with MATLAB version R2014a. For the sake of faster tests (in some cases
experiments run for several days) and simplicity, we restrict ourselves to experiments with models de-
fined by real numbers although everything can be similarly done over the complex field. To exploit the
advantage of fast matrix-vector multiplications and to allow high dimensional tests, we use randomly
sampled partial discrete cosine transformation matrices ®. We perform tests in three different dimen-
sional settings (later we will extend them to higher dimension) and choose different values N of the
dimension of the signal, the amount m of measurements, the respective sparsity k& of the synthesized
solutions, and the index K in Algorithm (CG-)IRLS:

Setting A | Setting B | Setting C
N 2000 4000 8000
m 800 1600 3200
k 30 60 120
K 50 100 200

For each of these settings, we draw at random a set of 100 synthetic problems on which a speed-
test is performed. For each synthetic problem the support A is determined by the first & entries of
a random permutation of the numbers 1,..., N. Then we draw the sparse vector z* at random with
entries ¥ ~ N(0,1) for i € A and z}. = 0, and a randomly row sampled normalized discrete cosine
matrix ®, where the full non-normalized discrete cosine matrix is given by

full L, izlajzlv"'7N7
Wi ﬁcos(%), 2<i< N, 1<j< N

For a given noise vector e of entries e; ~ N(0, 02), we eventually obtain the measurements y = ®x*+e.
Later we need to specify the noise level and we will do so by fixing a signal to noise ratio. By assuming
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that ® has the Restricted Isometry Property of order k (compare, e.g., [20]), i.e., ||®z||¢, ~ ||2]|¢,, for
all z € RV with # supp(z) < k, we can estimate the measurement signal to noise ratio by

E( @) _ VE
E(felle) ~ Vimo

In practice, we set the MSNR first and choose the noise level o = m. If MSNR = oo, the

MSNR :=

problem is noiseless, i.e., e = 0.

5.2 Algorithm CG-IRLS

Specific settings. We restrict the maximal number of outer iterations to 15. Furthermore, we
modify , so that the CG-algorithm also stops as soon as Hp”JFMHZ2 < 1E-12. As soon as the
residual undergoes this particular threshold, we call the CG solution (numerically) “exact”. The e-
update rule is extended by imposing the lower bound " = £" V ™" where e™" = 1E-9/N. The
summable sequence (ay)nen in Theorem [3|is defined by a, = 100 - (1/2)™.

As we define the synthetic tests by choosing the solution z* of the linear system ®x* = y (here we
assume e = 0), we can use it to determine the error of the iterations ||Z" — x*|y,.

IRLS vs. CG-IRLS To get an immediate impression about the general behavior of CG-IRLS, we
compare its performance in terms of accuracy and speed to IRLS, where the intermediate linear systems
are solved exactly via Gaussian elimination (i.e., by the standard MATLAB backslash operator). We
choose IHT as a first order state of the art benchmark, to get a fair comparison with another method
which can exploit fast matrix-vector multiplications.

In this first single trial experiment, we choose an instance of setting B, and set 7 = 1 for CG-
IRLS and compare it to IRLS with different values of 7. The result is presented in the left plot of
Figure [I We show the decrease of the relative error in f-norm as a function of the computational
time. One sees that the computational time of IRLS is significantly outperformed by CG-IRLS and by
the exploitation of fast matrix-vector multiplications. The standard IRLS is not competitive in terms
of computational time, even if we choose 7 < 1, which is known to yield super-linear convergence [16].
With increasing dimension of the problem, in general the advantage of using the CG method becomes
even more significant. However CG-IRLS does not outperform yet IHT in terms of computational
time. We also observe the expected numerical error saturation (as mentioned at the beginning of this
section), which appears as soon as the accuracy falls below 1E-13.

For this test, we set the parameter 5 in the e-update rule to 2. We comment on the choice of this
particular parameter in a dedicated paragraph below.

Modifications to CG-IRLS As we have shown by a single trial in the previous paragraph,
CG-IRLS as it is presented in Section [3.2| is not able to outperform IHT. Therefore, we introduce
the following practical modifications to the algorithm:

i) We introduce the parameter maxiter_cg, which defines the maximual number of inner CG
p g
iterations. Thus, the inner loop of the algorithm stops as soon as maxiter_cg iterations were
performed, even if the theoretical tolerance tol,, is not reached yet.

(ii) CG-IRLS includes a stopping criterion depending on tol,+1, which is only implicitly given as a
function of "' (compare Section and in particular formulas and ([L7))), which in turn
depends on the current #"*! by means of sorting and a matrix-vector multiplication. To further
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Figure 1: Single trial of Setting B. Left: Relative error plotted against the computational time for
IRLS[r = 1] (light green, o), IRLS[T = 0.9] (green, O), IRLS[r = 0.8] (dark green, ¢), CG-IRLS (blue,
x), and IHT (red, —). Right: Relative error plotted against computational time for CG-IRLS (blue,
x), CG-IRLSm (dark blue, +), IHT+CG-IRLSm (black, %), and IHT (red, —).

reduce the computational cost of each iteration, we avoid the aforementioned operations by only
updating tol, 1 outside the MCG loop, i.e., after the computation of Z"*! with fixed tol, 1 we
update " as in step 3 of Algorithm CG-IRLS and subsequently update tol, o which again is
fixed for the computation of z"t2.

(iii) The left plot of Figure |I| reveals that in the beginning CG-IRLS reduces the error more slowly
than THT, and it gets faster after it reached a certain ball around the solution. Therefore, we
use THT as a warm up for CG-IRLS, in the sense that we apply a number start_iht of THT
iterations to compute a proper starting vector for CG-IRLS.

We call CG-IRLSm the algorithm with modifications (i) and (ii), and IHT+CG-IRLSm the algorithm
with modifications (i), (ii), and (iii). We set maxiter_cg = [m/12], start_iht = 150, and we set
B to 0.5. If these algorithms are executed on the same trial as in the previous paragraph, we ob-
tain the result which is shown on the right plot in Figure [I} For this trial, the modified algorithms
show a significantly reduced computational time with respect to the unmodified version and they now
converge faster than IHT. However, the introduction of the practical modifications (i)—(iii) does not
necessarily comply anymore with the assumptions of Theorem [3| Therefore, we do not have rigorous
convergence and recovery guarantees anymore and recovery might potentially fail more often. In the
next paragraph, we empirically investigate the failure rate and explore the performance of the different
methods on a sufficiently large test set.

Another natural modification to CG-IRLS consists in the introduction of a preconditioner to com-
pensate for the deterioriation of the condition number of ®D,®* as soon as " becomes too small
(when w™ becomes very large). The matrix ®®* is very well conditioned, while the matrix ®D,,®*
“sandwiching” D,, becomes more ill-conditioned as n gets larger, and, unfortunately, it is hard to
identify additional “sandwiching” preconditioners P, such that the matrix P,®D, ®*P is suitably
well-conditioned. In the numerical experiments standard preconditioners failed to yield any significant
improvement in terms of convergence speed. Hence, we refrained from introducing further precondi-
tioners. Instead, as we will show at the end of Subsection a standard (Jacobi) preconditioning of
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the matrix

(<I>*<I> + diag [)\Tw?];\[:l) ,

where the source of singularity is added to the product ®*®, leads to a dramatic improvement of
computational speed.

Empirical test on computational time and failure rate In the following, we define a method
to be “successful” if it is computing a solution x for which the relative error ||z —x*||s, /||2*||¢, < 1E-13.
The computational time of a method is measured by the time it needs to produce the first iterate which
reaches this accuracy. In the following, we present the results of a test which runs the methods CG-
IRLS, CG-IRLSm, IHT4+CG-IRLSm, and IHT on 100 trials of Setting A, B, and C respectively and
7 € {1,0.9,0.8}. For values of 7 < 0.8 the methods become unstable, due to the severe nonconvexity
of the problem and it seems that good performance cannot be reached below this level. Therefore we
do not investigate further these cases. Let us stress that IHT does not depend on 7.

In each setting we check for each trial which methods succeeds or fails. If all methods succeed, we
compare the computational time, determine the fastest method, and count the computational time
of each method for the respective mean computational time. The results are shown in Figure 2| By
analyzing the diagrams, we are able to distill the following observations:

e Especially in Setting A and B, CG-IRLSm and IHT+CG-IRLSm are better or comparable to IHT
in terms of mean computational time and provide in most cases the fastest method. CG-IRLS
performs much worse. The failure rate of all the methods is negligible here.

e The gap in the computational time between all methods becomes larger when N is larger.

e With increasing dimension of the problem, the advantage of using the modified CG-IRLS meth-
ods subsides, in particular in Setting C.

e In the literature [10, 1T, 12} [16] superlinear convergence is reported for 7 < 1, and perhaps one
of the most surprising outcomes is that the best results for all CG-IRLS methods are instead
obtained for 7 = 1. This can probably be explained by observing that superlinear convergence
kicks in only in a rather small ball around the solution and hence does not necessarily improve
the actual computation time!

e Not only the computational performance, but also the failure rate of the CG-IRLS based methods
increases with decreasing 7. However, as expected, CG-IRLS succeeds in the convex case of
7 = 1. The failure of CG-IRLS for 7 < 1 can probably be attributed to non-convexity.

We conclude that CG-IRLSm and IHT4+CG-IRLSm perform well for 7 = 1 and for the problem
dimension N within the range of 1000 — 10000. They are even able to outperform IHT. However,
by extrapolation of the numerical results IHT is expected to be faster for N > 10000. (This is in
compliance with the general folklore that first order methods should be preferred for higher dimension.
However, as we will see in Subsection a proper preconditioning of CG-IRLS-A will win over IHT
for dimensions N > 10°!) As soon as N < 1000, direct methods such as Gaussian elimination are
faster than CG, and thus, one should use standard IRLS with 7 < 1.

Choice of (, maxiter_cg, and start_iht The numerical tests in the previous paragraph were
preceded by a careful and systematic investigation of the tuning of the parameters g, maxiter_cg,
and start_iht. While we fixed start_iht to 100, 150, and 200 for Setting A, B, and C respectively to
produce a good starting value, we tried 8 € {1/N,0.01,0.1,0.5,0.75,1,1.5,2,5,10}, and maxiter_cg €
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Figure 2: Empirical test on Setting A, B, and C for the methods CG-IRLS (blue), CG-IRLSm (white),
IHT+CG-IRLSm (black), and IHT (red). Upper: Mean computational time. Center: Fastest method
(in %). Lower: Failure rate (in %).

{lm/8], |m/12],|m/16]} for each setting. The results of this parameter sensitivity study can be
summarized as follows:

e The best computational time is obtained for 8 ~ 1. In particular the computational time is
not depending substantially on £ in this order of magnitude. More precisely, for CG-IRLS the
choice of f = 0.5 and for (IHT+)CG-IRLSm the choice of 8 = 2 works best.

e The choice of maxiter_cg very much determines the tradeoff between failure and speed of the
method. The value |m/12] seems to be the best compromise. For a smaller value the failure
rate becomes too high, for a larger value the method is too slow.

Phase transition diagrams. Besides the empirical analysis of the speed of convergence, we also
investigate the robustness of CG-IRLS with respect to the achievable sparsity level for exact recovery
of z*. Therefore, we fix N = 2000 and we compute a phase transition diagram for IHT and CG-IRLS
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on a regular Cartesian 50 x 40 grid, where one axis represents m/N and the other represents k/m. For
each grid point we plot the empirical success recovery rate, which is numerically realized by running
both algorithms on 20 random trials. CG-IRLS or IHT is successful if it is able to compute a solution
with a relative error of less than 1E-4 within 20 or 500 (outer) iterations respectively. Since we aim
at simulating a setting in which the sparsity k is not known exactly, we set the parameter K = 1.1 -k
for both IHT and CG-IRLS. The interpolated plot is shown in Figure [3] It turns out that CG-IRLS
has a significantly higher success recovery rate than IHT for less sparse solutions.

CG-IRLS IHT
T — CG-IRLS ‘

01 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 07 08 09 1
m/N m/N

Figure 3: Phase transition diagrams of IHT and CG-IRLS for N = 2000. The recovery rate is presented
in grayscale values from 0% (white) up to 100% (black). As a reference, in the right subfigure, the 90%
recovery rate level line of the CG-IRLS phase transition diagram is plotted to show more evidently
the improved success rate of the latter algorithm.

5.3 Algorithm CG-IRLS-)\

Specific settings We restrict the maximal number of outer iterations to 25. Furthermore, we modify
, so that the CG-algorithm also stops as soon as Hp”+17i H122 < 1E-16-N3/2m. As soon as the residual
undergoes this particular threshold, we call the CG solution (numerically) “exact”. The e-update rule
is extended by imposing the lower bound " = €™ V™ where e™® = 1g-9. Additionally we propose to
choose "1 < 0.8"¢”, which practically turns out to increase dramatically the speed of convergence.
The summable sequence (a, )nen in Theorem |5|is defined by setting a,, = v/ Nm-10*- (1/2)". We split
our investigation into a noisy and a noiseless setting.

For the noisy setting we set MSNR = 10. According to [2, [6], we choose A = coy/mlog N as
a near-optimal regularization parameter, where we empirically determine ¢ = 0.48. Since we work
with relatively large values of A in the regularized problem , we cannot use the synthesized sparse
solution z* as a reference for the convergence analysis. Instead, we need another reliable method
to compute the minimizer of the functional. In the convex case of 7 = 1, this is performed by the
well-known and fast algorithm FISTA [I], which shall also serve as a benchmark for the speed analysis.
In the non-convex case of 7 < 1, there is no method which guarantees the computation of the global
minimizer, thus, we have to omit a detailed speed-test in this case. However, we describe the behavior
of Algorithm CG-IRLS-A for 7 changing.

If the problem is noiseless, i.e., e = 0, the solution z* of converges to the solution of
for A = 0. Thus, we choose A = m - 1E-8, and assume the synthesized sparse solution z* as a good
proxy for the minimizer and a reference for the convergence analysis. (Actually, this can also be seen
the other way around, i.e., we use the minimizer z* of the regularized functional to compute a good
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approximation to z*.) It turns out that for A ~ 0, as we comment below in more detail, FISTA is
basically of no use.

CG-IRLS-) vs. IRLS-)\  As in the previous subsection, we first show that the CG-method within
TRLS- X leads to significant improvements in terms of the computational speed. Therefore we choose a
noisy trial of Setting B, and compare the computational time of the methods IRLS-\, CG-IRLS-\, and
FISTA. The result is presented on the left plot of Figure[dl We observe, that CG-IRLS-A computes the
first iterations in much less time than IRLS-A, but due to bad conditioning of the inner CG problems
it performs much worse afterwards. Furthermore, as may be expected, the algorithm is not suitable
to compute a highly accurate solution. For the computation of a solution with a relative error in the
order of 1E-3, CG-IRLS-A outperforms FISTA. FISTA is able to compute highly accurate solutions,
but a solution with a relative error of 1E-3 should be sufficient in most applications because the goal

in general is not to compute the minimizer of the Lagrangian functional but an approximation of the
sparse signal.
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Figure 4: Single trial of Setting B. Left: Relative error plotted against the computational time for
IRLS-A (light green, o), CG-IRLS-A (blue, x), and FISTA (red, —). Right: Relative error plotted

against computational time for CG-IRLS-A (blue, x), PCG-IRLS-\ (dark blue, +), PCGm-IRLS-A
(black, *), and FISTA (red, —).

Modifications to CG-IRLS-)\ To further decrease the computational time of CG-IRLS-A, we
propose the following modifications:

(i) To overcome the bad conditioning in the CG loop, we precondition the matrix A, = ®*® +

diag [)\Tw?] - by means of the Jacobi preconditioner, i.e., we pre-multiply the linear system
j:

by the inverse of its diagonal, (diag An)fl, which is a very efficient operation in practice.

(ii) We introduce the parameter maxiter_cg which defines the maximal number of inner CG itera-
tions and is set to the value maxiter_cg = 4 in the following.

The algorithm with modification (i) is called PCG-IRLS-), and the one with modification (i) and (ii)
PCGm-IRLS-A. We run these algorithms on the same trial of Setting B as in the previous paragraph.
The respective result is shown on the right plot of Figure This time, preconditioning effectively
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yields a strong decrease of computational time, especially in the final iterations where A,, is badly
conditioned. Furthermore, modification (ii) importantly increases the performance of the proposed
algorithm also in the initial iterations. However, again we have to take into consideration that we
may violate the assumptions of Theorem [5| so that convergence is not guaranteed anymore and failure
rates might potentially increase. In the following two paragraphs, we present simulations on noisy
and noiseless data, which give a more precise picture of the speed and failure rate of the previously
introduced methods in comparison to FISTA and THT.

Empirical test on computational time and failure rate with noisy data In the previous
paragraph, we observed that the CG-IRLS-A methods are only computing efficiently solutions with a
low relative error. Thus we now focus on this setting and compare the three methods PCG-IRLS-A,
PCGm-IRLS-)\, and FISTA with respect to their computational time and failure rate in recovering
solutions with a relative error of 1E-1, 1E-2, and 1E-3. We only consider the convex case 7 = 1.
Similarly to the procedure in Section we run these algorithms on 100 trials for each setting with
the respectively chosen values of A. In Figure [5| the upper bar plot shows the result for the mean
computational time and the lower stacked bar plot shows how often a method was the fastest one.
We do not present a plot of the failure rate since none of the methods failed at all. By means of

the plots, we demonstrate that both PCG-IRLS-\, and PCGm-IRLS-X are faster than FISTA, while
PCGm-IRLS-A always performs best.
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Figure 5: Empirical test on Setting A, B, and C for the methods PCG-IRLS-A (blue), PCGm-IRLS-A
(black), and FISTA (red). Upper: Mean computational time. Lower: Fastest method (in %).

Empirical test on computational time and failure rate with noiseless data In the noiseless
case, we compare the computational time of FISTA and PCGm-IRLS-X to IHT and IHT+CG-IRLSm.
We set maxiter_cg = 40 for PCGm-IRLS-A. In a first test, we run these algorithms on one trial of
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Setting A, and C respectively, and plot the results in Figure [6]
As already mentioned, FISTA is not suitable for small values of A on the order of m-1E-8 and converges
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Figure 6: Left: Setting A. Right: Setting C. Comparison of IHT (blue, —), FISTA (green, ——),
IHT+CG-IRLSm (black, %), and PCGm-IRLS-\ (red, x).

then extremely slowly, but PCGm-IRLS-A can compete with the remaining methods. IHT+CG-IRLSm
is in some settings able to outperform THT, at least when a high accuracy is needed. PCGm-IRLS-A
is always at least as fast as IHT with increasing relative performance gain for increasing dimensions.
This observation suggests the conjecture that PCGm-IRLS-\ provides the fastest method also in
rather high dimensional problems. To validate this hypothesis numerically, we introduce two new high
dimensional settings (to reach higher dimensionalities and retaining low computation times for the
extensive tests it is again very beneficial to use the real cosine transform as a model for ®):

Setting D | Setting E

N 100000 1000000
m 40000 400000
k 1500 15000
K 2500 25000

We run the most promising algorithms IHT and PCGm-IRLS-A on a trial of the large scale settings
D and E. The result, which is plotted in Figure [7] shows that PCGm-IRLS-) is able to outperform
IHT in these settings unless one requires an extremely low relative error (< 1E-8), because of the error
saturation effect. We confirm this outcome in a test on 100 trials for Setting D and E and present the
result in Figure

Dependence on 7. In the last experiment of this paper, we are interested in the influence of
the parameter 7. Of course, changing 7 also means modifying the problem resulting in a different
minimizer. Due to non-convexity also spurious local minimizers may appear. Therefore, we do not
compare the speed of the method to FISTA. In Figure [0] we show the performance of Algorithm
PCGm-IRLS-A for a single trial of Setting C and the parameters 7 € {1,0.9,0.8,0.7} for the noisy
and noiseless setting. As reference for the error analysis, we choose the sparse synthetic solution x*,
which is actually not the minimizer here.
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In both the noisy and noiseless setting, using a parameter 7 < 1 improves the computational time
of the algorithm. In the noiseless case, 7 = 0.9 seems to be a good choice, smaller values do not
improve the performance. In contrast, in the noisy setting the computational time decreases with

decreasing 7.

A Proof of Lemma 10|

“="(in the case 0 < 7 < 1)

Let z = 25! or x € X. ;(y), and 1 € N arbitrary. Consider the function

Ger(t) = fer (x+1tn) — for ()

with its first derivative

G..(t)y=T1

zin; + tn?

P
i=1 HCL’Z + t??i’Q + 82} 2

Now G¢ +(0) = 0 and from the minimization property of f; -(z), G.(t) > 0. Therefore,
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“<"(only in the case T = 1)

Now let x € Fo(y) and (z,n) =0 for all n € Ng. We want to show that = is the minimizer of

w(ze,1)
fe1 in Fa(y). Consider the convex univariate function g(u) := [u? + £%]'/2. For any point 1y we have
from convexity that

[ + <42 > [+ 2112 + [+ < g (u — wo)

because the right-hand-side is the linear function which is tangent to g at ug. It follows, that for every
point v € Fp(y) we have

N

fea(v) = fea(x) + Z [27 + %725 (v — @) = fea(2) + (@0 — L) a1y = Jea(2),
i=1

where we have used the orthogonality condition and the fact that (v — z) € Ng. Since v was chosen
arbitrarily, z = 25! as claimed.
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