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Abstract

We investigate the efficiency of orthogonal super greedy algorithm (OSGA) for sparse
recovery and approximation under the restricted isometry property (RIP). We first
show that under the RIP conditions of the measurement matrix @ and the minimum
magnitude of the nonzero coordinates of the signal, for ; bounded or /o, bounded
noise vector e, with explicit stopping rules, OSGA can recover the support of an
arbitrary K-sparse signal x from y = @x + e in at most K steps. Then, we investigate the
error performance of OSGA in m term approximation with regards to dictionaries
satisfying the RIP in a separable Hilbert space. We establish a Lebesgue-type
inequality for OSGA. Based on this inequality, we obtain the optimal rate of
convergence for the sparse class induced by such dictionaries.

Keywords: Orthogonal super greedy algorithm; Orthogonal multi matching pursuit;
Restricted isometry property; Compressed sensing; m-term approximation;
Lebesgue-type inequality

1 Introduction

Recovery and approximation by sparse linear combination of elements from a fixed re-
dundant family is frequently utilized in many application areas, such as image or signal
processing, PDE solvers and statistical learning, see [1]. In general, these problems are
N-P hard. It is well known that greedy type algorithms are efficient approaches to solve
them, see [2-5]. Among others, the orthogonal greedy algorithm (OGA) has been widely
used in practice. OGA is a simple yet powerful algorithm for highly nonlinear sparse ap-
proximation that has seen a large amount of research over its history, see [3, 6, 7] and the
reference therein.

In this paper, we consider the orthogonal super greedy algorithm (OSGA), which is more
efficient than OGA from the viewpoint of computational complexity. The performances
of (OSGA) in greedy approximation and signal recovering were analyzed in [8-12]. We
will make further study on the efficiency of the OSGA from two aspects.

In Sect. 2, we will study the efficiency of the OSGA in recovering N-dimensional sparse
signal from linear measurements. This topic is also known in the literature as compressed
sensing (CS), [13-15]. We show that OSGA can recover a K -sparse signal from noisy mea-
surements in at most K steps. We remark that in the field of signal processing, orthogo-
nal super greedy algorithm OSGA is also known as orthogonal multi matching pursuit
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(OMMP) [4]. So for the reader’s convenience, we will use the term OMMP instead of
OSGA in Sect. 2.

In Sect. 3, we study the error performance of the OSGA in the general context. We in-
vestigate the efficiency of OSGA for m-term approximation with regard to dictionaries in
a real separable Hilbert space H. Assuming that the dictionary satisfies the RIP condition,
we establish a Lebesgue inequality for OSGA which bounds the error of OSGA by the best
m-term approximation error. Based on this inequality, we derive the sharp convergence
rate of OSGA on the sparse class induced by dictionary satisfying the RIP condition.

2 The efficiency of the OMMP in CS
In this section, we analyze the efficiency of the OMMP in compressed sensing.

We consider the following model. Suppose that x € RV is an unknown N-dimensional
signal and we wish to recover it from M noisy measurements y given by inner products
with fixed vectors, that is,

y=Px +e, (2.1)

where @ is a known M x N measurement matrix with M <« N and e € R is a vector of
measurement errors. The error vector can either be zero, bounded, or Gaussian noise.
For x = (xj);il e RYN, define
N 1/p
el == (fo) , O<p<oo,
=1

i=

and

oo = sup flasil}.
1<i=N
The signal x € RN is said to be K-sparse if ||x||o := [supp(x)| = |{i : x; #0}| < K < N. We
study the performance of OMMP for the recovery of the support of the K-sparse signal x
under model (2.1).

These algorithms recover the K-sparse signal by iteratively constructing the support of
it by some greedy principles.

The OMMP is a stepwise forward selection and is easy to implement, it has been used
for signal recovery. Now let us recall the definition of OMMP(s) in an algorithmic way (see
Algorithm 1).

OSGA(s) generalizes the orthogonal greedy algorithm (OGA) in the sense that it selects
multiple s indices in each iteration, it can recover the sparse signal using fewer steps and
further reduce the complexity. To investigate the efficiency of the OMMP in CS, we use
the restricted isometry property (RIP) condition of @ which ensures the stable recovery
of x from noisy measurements. This property is introduced by Candes and Tao [16, 17] as
follows.

A matrix @ is said to satisfy RIP of order K if there exists a constant § € (0, 1) such that,
for all K-sparse vectors x,

(1 -8)llxll3 < [ @xll3 < (1 +8)]xl3. (2.2)

In particular, the minimum of all § satisfying (2.2) is referred to as an isometry constant éx.
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Algorithm 1 Orthogonal Matching Multi Pursuit (OMMP(s))
Input: Measurement matrix @, vector y, and s, the stopping criterion.

Step 1: Set the residual 7° := y, a trivial initial approximation x° := 0, the index set A°:= ¢,
and the iteration counter / = 0.
Step 2: Define A := A'U {iy,..., i} such that

s ull == [(gell = sup i)l

Then

1= argmin |y — @z,

z:supp(z)e Al+1

and update the residual

+1 =y — ¢x1+1'

End if the stopping condition is achieved. Otherwise, we set /:= [ + 1 and turn to step 2.
Output: If the algorithm stops at the kth iteration, output A* and % 4« = «X.

We recall some results on the efficiency of OMMP based on RIP. These results concern
the estimate of the upper bound of sK order RIP constant §sx. In the noiseless case, Liu
and Temlyakov [8] proved that ds < % is a sufficient condition for OMMP(s) to
recover every K-sparse signal in at most K iterations successfully. Then, Wang, Kwon,

and Shim [10] relaxed the condition to 8 < 3 JJ T The constant was further relaxed as
)

SK < 3754 VR \/— by Satpathi, Das, and Chakraborty [18]. In [18] the authors also pointed out
the possibility of extending the results to the noisy case. On the other hand, Dan Wei [9]
defined the restricted orthogonality constant g x+ and proved that §x_s.1 + \/g Osk—s+1,s < 1
is a sufficient condition guaranteeing the perfect recovery of K-sparse signals by OMMP.
She shows that this result implies the result of [18]. Moreover in [9] the performance of
OMMP for support recovery from noisy measurements was also discussed.

Motivated by the above works, we investigate the OMMP in the general setting where
noise is presented under the RIP based conditions. We prove if the sampling matrix ¢

satisfies the RIP of order sK with the isometry constant

1 /K 1 /K K
Sk <1+ =/ —— =y — +44] —,
2Y s 2V s s

then OMMP can recover every K-sparse signal in at most K steps with the /; bounded

and /o, bounded noise. It is easy to check that

2¢§+ \/?__\/5+

So our results improve and extend the results in [18].
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When dealing with the noisy measurements, one of the key components in OMMP is
the stopping rule which depends on the structure of the noise. In general, there are several
natural stopping rules for OMMP.

(1) Stop after a fixed number of iterations K.

(2) For I, bounded noise case: The error vector e is bounded in /, norm with |e||, < by,

we set the stopping rule as [|7%||, < b,.

(3) For I, bounded noise case: The error vector e is bounded in /o, norm with

|P*ello < boo, We set the stopping rule as

||¢*rj<|| §<1+M85K)boo:
0 1_351(

where @* is the transpose of @.

Since we mainly consider /; bounded noise and /., bounded noise, we use stopping
rules (2) and (3) respectively. In Sect. 2.1, some notations are introduced and some conse-
quences of restricted isometry properties are presented. In Sect. 2.2, we give the RIP based
sufficient conditions for OMMP(s) with /; bounded noise case by using the stopping rule
(2). In Sect. 2.3, we establish the results in the /., bounded noise case by using the stopping
rule (3). In Sect. 2.4, we give the RIP based sufficient conditions for OMMP(s) with high
probability in the Gaussian noise case.

2.1 Preliminary
The following notations will be used in this section. For a signal x € RN, let 2 ={1,...,N}
denote the index set of x and T = supp(x) = {i : x; # 0} the support of it.

Suppose that ¢1, ¢, ..., ¢n are the columns of the matrix @. We always assume ||¢;]l2 = 1,
1 <i < N. Suppose that A is a subset of £2, let &, denote the matrix @ restricted to the
columns indexed by A. We use the same way to define x4 for the vector x € RN. Thus

@szqjx/\ :¢AJCA. (23)
We recall some useful consequences of the RIP.

Lemma 2.1 ([5]) Suppose that I' and A are two disjoint sets of indices. If the matrix @
satisfies the RIP of order |I' U A| with isometry constant 8ru ), then for any x € R we
have

|®;@ax|, < 8ruallxla (2.4)
and

[(@524) %], < %2 2.5)

1
(1-64)

Lemma 2.2 ([6]) Let x € RN be a K-sparse vector. Suppose that the matrix ® satisfies the
RIP of order K with isometry constant Si. Then, for A C 2,

(1 =) llx\allz < ||<15;\A (I- de(pj\)djT\AxT\A |, < @+8)lerall2 (2.6)

where @ = (®*®)"1@* is the Moore—Penrose pseudo-inverse of ®.
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The residual vector after k steps can be written as

k= Y- (pAk@;ky = -Pyy
= -Py)(DPx+e)
= -Pr)®x+ (- Py)e

.

where P = @ 4« @Zk denotes the projection onto the linear space spanned by {¢;,i € A},
r’f = (I — P)®x is the signal part of the residual, and r’z( = (I — Py)e is the noise part of the
residual.

Denote:
Tr=AKNT,  Ac=T\ A% By =T U A,
Suppose that Sg C 2 \ By, [Sk| = s, such that

min|<rk,¢i>|> max |(rk,¢>i)|.

€Sy - i€(2\By)\Sk
The difference between OMMP(s) and the standard orthogonal matching pursuit (OMP)
is that at each step of the OMMP(s), s elements are simultaneously selected from a dictio-
nary instead of one. For a sufficient condition to guarantee OMMP(s) to select at least one
correct index at each iteration, we need to give a lower bound of My, — ms,. So we provide

the following lemma which plays an important role in our analysis.

Lemma 2.3 Let mg, := miniegk{|<r’f, o)} and My, = maxiEAk{|(r’{,¢i)|}. Assume Ay # .
Then there hold

Js
s, <~ |lxa, |2 (2.7)
\/E(l - 851()
and
1-06
My > —||x . 2.8
A = m” A ll2 (2.8)

Proof Using the fact (I - P)@ yx = @ s — P 4 (P74 ¢Ak)_l¢j1k ® 4« = 0, we express
K= (I-Py)dx
as

Y = (- P)@rxr = (I - P)(Prxr, + Pagxa,)
= (I = Po)®pxa, = (I - D@ )Py n,

= Dpip, — P @ D, (2.9)

Page 5 of 21
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Since AK N A = @, applying (2.5) and (2.4) of Lemma 2.1, and the fact that for any two
integers K < K’ it holds

Sk <8k, (2.10)
it follows that

” (pjxk Paxay “ 2= ” (¢j1k ‘pAk)_l D Pagxa, || 9

= (1-84) H (pjk(pAkxAk ”2
Bsk+14 8sk
< (;_*'akk') Il < =5 = 5oyl (2.11)
S S.

By (2.9), (2.11), and Lemma 2.1, we have

” qj;kri( ”2 = H (p;k (qukxAk — P pk q)j‘k (pAkxAk) ”2

= ” @;kQAkxAk “2 + H q);“kq)Akq)Zk Dy Xay) “2

< Ssupag 1%a; ll2 + Ssges | ¢j}k¢AkxAk ”2

s
< Sskllxa;ll2 + (SSK(IS—SK) lloca, M2
— O
= illmkllz. (2.12)
(1 -38sx)
Thus
1 K
me, < — || DE rk <= X .
Sk = \/E ” Sk l||2 = «/E(l — 85[{) ” Ay ”2

Using (2.9) and Lemma 2.2, we obtain

” qj;;krll( || 2 = H Q.Zk (I - ¢Akqjj‘k)¢AkxAk) || 2

= H®;\Ak (I - ¢Ak¢j\k)®T\AkxT\Ak) ”2

> (1= 8s)lep akll2 = (1 = 8sxc) ll0a Il (2.13)
Hence
1 (1 - 831()
My, = —== @5 1], = —==" s -
k m” Ay 1”2 m k
Therefore Lemma 2.3 is proved. d

2.2 |, bounded noise
We shall discuss the performance of OMMP(s) for the /, bounded noise case. That is,
the error vector e is bounded in /; norm with |le||, < b, for some constant b, > 0. With
a suitable stopping rule and a reasonable condition on the minimum magnitude of the
nonzero coordinates of the K-sparse signal of x, OMMP(s) can recover the support of x
in at most K iterations.
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Theorem 2.1 Suppose that |le||, < by and @ satisfies the RIP of order sK with the isometry

constant § := S < 1+ 3 \/E— l,/ +4 K . Then OMMUP(s) with the stopping rule |||, <
by, recovers the support of any K-sparse Szgnal x € RN from y = ®x + e provided that all the

nonzero components x; satisfy

2b
x| > —2. (2.14)

1-8)-y/515

Proof Denote E; = max;cpf| (r’2(,¢i) [}. Recalling the definition of ms, and My, in Lemma
2.3, there hold

min{|(r, )} < min{[(r}, )|} + max{|(r5, 4]} = ms; + E

ieSk ieSk ie

and

max 0]} = ma ) a1 ) = M, — .

ieAy

It is clear that in order for OMMP(s) to select at least one correct index at this step, it is

necessary to have

max{[{r*,¢i)|} > min{|{*, 4]}

ieAg ieSy

A sufficient condition to guarantee OMMP(s) to select at least one correct index at each
iteration until all correct indices are selected is

My, — Ex > mg, + Ey.
That is,
2E <My, —ms, (2.15)

holds for k=0,1,...,K —1. We first provide an upper bound for E;. The assumption |le|| <
b, yields that

Ei = max{|(r5, )|} < max I gilla |73, = | (1 = Poe], < llell2 < ba. (2.16)

Next we give a lower bound of My, — mg,. Using Lemma 2.3 and assumption (2.14), we

have

M > ( =0 __ 2 )n ||
A, — Mg, = - XA, 2
. . Al /s(1-6) k

1-§ ) 2b,
- VIA
> (72 71=s) A - o

s 1-6
> 2b2
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This means OMMP(s) will select at least one correct index at the k + 1-th iteration, and
OMMP(s) can recover the support of x in at most K iterations. It remains to show that
under the stopping rule ||7¥|| < by, OMMP exactly stops when all the correct indices are

selected.
First, assume that A = @, then T C A* and (I — P;)®x = 0. Thus

175, = [ = P)®x + (I - Pele|, = | (I = Poe]|, < llell> < ba.

So when all the K correct indices are selected, the /, norm of the residual will be less than
b, and hence OMMP(s) stops. Now we show that OMMP(s) does not stop early. Suppose
that the OMMP(s) has run k steps for some k < K. We will verify that |||, > b, and so
OMMP(s) does not stop at the current step.

Secondly, assume that Ay # ¥, then

|1, = [a-Po@x+ U - Pl

> |- PO®x, - | - Poe],
= ”q)AkxAk - q)A"q)Zk D ay Xy “2 - ” (I_Pk)e”z
= “¢ka(1<) ”2 - H u _Pk)e”z

> | @5, x|, — el

- T,

> V1-38lxa;ll2 = b2

>+1-94 |Ak|2—bz—b2
QIR

> bz,

where x* = (x4, — <D1k D4, %4,)", and to derive the third inequality, we use the RIP con-
dition. Hence OMMP(s) does not stop early, and the theorem is proved. d

2.3 |, bounded noise
We now give the RIP based sufficient conditions for OMMP(s) with [, bounded noise.

Our result is the following theorem.

Theorem 2.2 Suppose that ||P*e||cc < bso and @ satisfies the RIP of order sK with the

same isometry constant as in Theorem 2.1. Then OMMP(s) with the stopping rule

«/sKS)b

|e*r | < (1+
o0 1-6
finds the support of any K-sparse signal x if all the nonzero coefficients x; satisfy

/5K8
2(1+ %=2)b
|xi| > M (217)

K §
1-8)-y/51s
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Proof Denote Ey = | @*(I — Pi)el|lo = Max;cq |(75, ¢:)|. We first prove that
2E; < My, — s, (2.18)

holds for k = 0,1,...,K — 1, where mg, and My, are defined as in Lemma 2.3. It follows
from the proof of Theorem 2.1 that inequality (2.18) can ensure OMMP recovers the true
support of x in at most K steps.

We first provide an upper bound of E;. The assumption ||®@*e|loc < b and the fact
@’ (I - Pr)e = 0 yield that

_ ksl = _
Ey = max|(r3, )] = ierga\lﬁklﬁ(l Py)e

=< 2o el oo + 95 aPrel o

< boo + sy 67 Dk (5 ® 40) " Diee]

< boo+ 8] (@) Pee]

5
< boo + 75 | el

< (1 ¥ 81“/_55)1900. (2.19)

1)
<by + ﬁ\/«&bw

Here, to derive the third and fourth inequalities, we have used (2.4) and (2.5) of Lemma
2.1 respectively.
On the other hand, we can obtain a lower bound of My, — ms,. By using Lemma 2.3 and

assumption (2.17), we have

1-6 1)
My, —mg 2( - >||xA ll2
T AVIAL V(-8

2(1 + ¥K0)p,,

1-6 )
B 1 13
2<¢|Ak| ﬁ(l—&)”' P Ko

> 2(1 + \/S?(S)boo. (2.20)

1-46

The bounds (2.19) and (2.20) imply that (2.18) holds for k = 0,1,...,K — 1. It remains to
show that OMMP (s) exactly stops when all the correct indices are selected under the
stopping rule [|@*r || < (1 + @)bw.

1-8sx

First, assume that A = ¥, then T C A* and (I — P;)®x = 0. Thus

o] =l -po@s -+, = [0t -Poel = (1+ iJf)bw

where the last inequality is deduced from (2.19). Hence, OMMP(s) stops when all the cor-
rect indices are selected.
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Secondly, assume that Ay # ¥, then
[@r ] = |@* U= PI(@x+ ),

- |01~ Po@a] - 0"t~ Poe]

2 max|{(/ - PY®x, )| - [ @7 - Poe]|

1-6 S/ SK
———lxa -1+ bso
[Ax] 1-4

_s 2(1 + ¥Kdyp S/sK
z—llAk|\/|Ak| ar f)5 (1 Ji) N
1-5
_(a-spa+ LK), ( )
(1-6)-

1-46

> (1+ 8 SK)bOO.

Here, to derive the third and fourth inequalities, we have used (2.8) of Lemma 2.3 and
assumption (2.17), respectively. Hence OMMP(s) does not stop early, and the theorem is
proved. d

2.4 Gaussian noise

As an application of the above results on /; and [, bounded noise cases, we shall discuss
the performance of OMMP(s) on recovering K-sparse signals with the Gaussian noise.
Gaussian noise is of particular interest in statistics since it is probably the best simulation
of real noise when the noise source is particularly complex, cf. [19, 20].

The motivation of applying the results on the /; bounded and /., bounded noise cases
to the Gaussian noise case comes from the following results of Cai, Xu, and Zhang [21],
which shows that the Gaussian noise e is essentially bounded in both /; and /., norms.
They have shown that if e is zero-mean white Gaussian noise with covariance o2l a1,
that is, e ~ N(0, o 2Ipsx ), then there hold

1
P(ee {e: llella <oy M+2 MlogM}) > I_M

and

Plee {e: ||Cb*e||oo 50\/210gN}) >1

1
- 2/mlogN’

Combining the above results with those of Theorem 2.1 and Theorem 2.2, we immedi-
ately obtain the following theorems.

Theorem 2.3 Suppose that e ~ N(0,0*Iyrxp1) and @ satisfies the RIP of order sK with the
same isometry constant as in Theorem 2.1 and nonzero components x; satisfy

20M +2/MlogM
-8 /52

;| >
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Then OMMP(s) with the stopping rule ||r*||, < o/M + 2/MTog M finds the support of any
K-sparse signal x € RN from y = ®x + e with probability at least 1 — %

Theorem 2.4 Suppose that e ~ N (0,0 %Iy« p1) and @ satisfies the RIP of order sK with the
same isometry constant as in Theorem 2.1 and nonzero components x; satisfy

s 21+ ¥ /2TogN
! K § ’
1-8)-y51s

Then OMMP(s) with the stopping rule | ®*r"|| < (1 + @)a«/zlogNﬁnds the support

of any K-sparse signal x € RN from y = ®x + e with probability at least 1 — 72«/71110W'

Theorem 2.3 and Theorem 2.4 show that, with a suitable stopping rule and a reasonable
condition on the minimum magnitude of the nonzero coordinates of the K-sparse signal
of x, OMMDP(s) can recover the support of x in at most K iterations with high probability

from measurements with Gaussian noise.

3 Error performance of the OSGA
In this section, we study the error performance of the OSGA in the general context. Let H
be a real separable Hilbert space with an inner product (-, -) and the norm ||x|| := (x,x)/?

for all x € H. Recall that a set D from H is called a dictionary if
D={¢,icl}CH, and spanD=H.

Without loss of generality we shall assume that the dictionary D is normalized, i.e.,
ol =1, iel

The standard measure of approximation power of a dictionary is the error of the best
m-term approximation. Given a dictionary D, we define the m-sparse class as

= ZW,(D) = {ch(bjzcj ER,¢1‘ € D)ﬁ(A) = Wl}

JjEA

The error of best m-term approximation to a function f € H from the dictionary D is
defined as

onlf):=oulf, D)= inf If ~gll (3.1)

Now we will use OSGA(s) to generate a m term approximant f,, and estimate the error
Ilf = fill in terms of o, (f).

So let us first recall the definition of the OSGA(s) (see Algorithm 2).

To investigate the error performance of SOGA, one needs to make some assumptions
on the dictionary D. A simple and useful assumption is the coherence p of a dictionary D
defined by

w=wu@D):= sup |[{$¥)].
vEDpAY
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Algorithm 2 Orthogonal Super Greedy Algorithm (OSGA(s))
Suppose we are given an integer s and a target element r; := f € H. For each m > 1, we

inductively define
(1) @ip_rys1r+- > Pins € D are the elements of the dictionary D satistying the following

inequality. Denote Iy, := {i(m-1)s+1,- - -» ims} and assume that
min|(r,_1,¢)| > sup  |(rm-1, )]
i€hn $eD.p7iichn

(2) Let H,, := Hy(f) := span(¢;,, ..., ¢;,,), and let Py, denote an operator of orthogonal
projection onto H,,. Define

fn = Gulf) := OSGA,,(f, D) := Pp,, (f).

(3) Define the residual after the mth iteration of the algorithm

P =15,(F) :=f — fn.

Dictionaries with coherence u are called w-coherent. It was proved in [8] that for
pn-coherent dictionaries the OSGA provides the same (in the sense of order) upper bound
on the sparse class for the error as the OGA. In this paper, we will improve this results
under a weaker assumption on a dictionary. This assumption is RIP which is formulated
in a finite dimensional context in Sect. 2. Here we require the definition of RIP in terms
of the dictionary instead of the measurement matrix in a infinite dimensional context:

A dictionary D is said to satisfy RIP of order k if there exists a constant § € (0,1) such
that, for any subset J C I with (/) < k and any scalars a;, i € /, the following inequalities
hold:

> aigi

ie]

2
<@+ 3)(2 |a,»|2). (3.2)

ie]

(1 —m(Z |ai|2) <
ie]

As before, the minimum of all § satisfying (3.2) is referred to as an isometry constant 8.

It is known from [22] that if the dictionary D has coherence p, then it satisfies RIP of
order k for k < 17! + 1 with isometry constant §; < u(k — 1), but not vice versa.

Recently, under the RIP assumption, the authors in [7] proved the almost optimality of
OGA by establishing the corresponding Lebesgue-type inequality. This inequality quan-
tifies the efficiency of OGA for individual elements. It is natural to ask if we can establish
Lebesgue-type inequality for OSGA(s). We give a positive answer to this question. In fact,
we prove the following inequality for the OSGA(s) when the dictionary D satisfies RIP.
This is the first Lebesgue-type inequality for the super greedy type algorithms obtained

so far as we know.

Theorem 3.1 Given parameter s € N, there exist fixed constants A := 88, 5* :=1/10, C:=8
such that the following holds for all n > 0: if D is a dictionary in a Hilbert space H satisfying
RIP of order (As + 1)n with isometry constant 8s.1), < 8%, then for any target function
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f € H, we have

lranll = ”f _ﬁ‘ln” =< Con(f: D)

In Theorem 3.1, we remark that the values of A, §*, C for which the above result holds
are coupled. For example, it is possible to obtain a smaller value of C at the price of a larger
value of A or of a smaller value of §*.

Based on this inequality, we will derive the convergence rate of OSGA on the sparse class
induced by dictionaries satisfying RIP conditions.

The rest part of this section is organized as follows. The Sects. 3.1 and 3.2 are devoted
to the proof of Theorem 3.1. In Sect. 3.3, as an application of Theorem 3.1, we study the
rate of convergence of OSGA on the sparse class induced by RIP dictionaries.

3.1 Reduction of the residual

To prove Theorem 3.1, we establish the following lemma which quantifies the reduction of
the residuals generated by the OSGA(s) under the RIP condition. When s = 1, this lemma
was proved in [7]. However, to deal with the case of s > 1, we need some new techniques.
We need to establish a new lemma (Lemma 3.1). In what follows, we denote by

k

Ay = UIl ={i, . sk

i=1
the set of indices selected after k iterations of the OSGA(s) applied to the target element
feH.

Lemma 3.1 Let (fi)i>0 be the sequence of approximations generated by the OSGA(s) ap-
plied tof,andlet g =", zip:, §(T) < n. Then, if T is not contained in Ay, we have

1 - 8704y

2 2
m(”"k” - If -gl?). (3.3)

2 2
7 l” < llrell” =

Lemma 3.1 quantifies the reduction of ||r¢| at each iteration provided that T is not
contained in Ay and that ||r|| > ||f — g||. Note that in the case when T C A, we have

el < 1If - &l

Proof We may assume that ||r¢|| > ||f — gl|, otherwise inequality (3.3) is trivially satisfied.
Denote

Fis1 2= span(e;, i € Ixs1).

Then Hy,; is a direct sum of Hy and Fy,1. Therefore,

Tk+1 =f _fk+1 =Tk +fk _ﬁ(+l
=Tk +ﬁ( _PHk+1 (f)
=1k + fik — Puy, (i + fi)

=Tk _PHk+1(rk)'
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It is clear that Fi,y C Hy,1 implies

Ireall® = |[rx = Pay,, () ||
< [re—Pe, ()|

= Irell® = | Pe, )| (3.4)

Now we estimate || Pr,,, (r%)||. Since the dictionary D satisfies RIP of order s with isom-

etry constant &, we have

2
D ag <1 +8s)( > |ai|2). (3.5)

i€li1 i€lks1
Thus
||PFk+1(rk)” = sup |<PFk+1(r/<)’w)|
VeFLLIvI=1
= sup > rdide

(@Diet, 1ol Xien,y il <Uiep

Z (ri, i)ci

i€ly1

> sup
(€iiel Xicl,y ei|2<(1+85)71

1/2
=(1+ 89‘“2( > |<rk,¢,»>|2) : (3.6)

i€y

Using inequality (3.6), we can continue to estimate (3.4) as

Ircenll® < lIrel® = (1 + asrl( > |<rk,¢i>|2)

i€l

_ 2
< el = 1+ )7 (max | 90) ).
i€lpy1
Therefore to prove inequality (3.3), it suffices to prove that

o N 1 —8gruay 2 e o2
(o8 (max| 090 °) = (s (bl = 1 =21?) (3.7)

To prove this, we first note that
2Vl = Ilf - gl2Ig = fill < el = IIf - gI* + g = fil®
= Irell® = llg = fi = il + llg = fiel®
= 2\(g—fkﬂ’k>| = 2|<g:rk>|'
This inequality can be written as

2 2 | rrk)l
—If = e B 3.
el = 1~ gl> < Hf_ i (3.8)

Page 14 of 21
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If we write fy = ), A ci.‘qbi, 8 := 84Tua,), then the denominator of the right-hand side of
inequality (3.8) satisfies the RIP

2

> zpi- Yy i

ieT ieAg

Z Zii + Z (Zi—Cf)Qbi’r Z (—Cf)fbi

€T\ Ag i€TNAy i€AR\T

-0 E le X fa-dfe L)

i€ T\ Ag i€TNAy i€A\T

2(1—8)( > |zi|2>.

ieT\ Ag

lg - fill*> =

2

On the other hand, the numerator of the right-hand side of inequality (3.8) satisfies

2
|(g,i’/<)|2 = <Zzi¢ixrk>
ieT
2
= < Z Zi¢irr/<>
ieT\ Ag
2
< ( > |zi|}<¢i,rk>|)
ieT\Ag
) 2
< max|(ri, )| ( > |zl~|)
1€k €T\ Ay

< max | 8 5(T\AQD 3 Il

ieT\ Ay
Therefore we obtain

#(T\ Ar)(maxiey,,, |{ri, ¢i)?)
1= 8yruay)

ll7all® = IIf - gll* <

’

which implies (3.7). Thus we complete the proof of Lemma 3.1. d
The following proposition is an immediate consequence of Lemma 3.1.

Proposition 3.1 Assume that, for a given integer A > 0 and §* < 1, a dictionary D satisfies
RIP of order (As + 1)n with Susiiyn < 8*. If g = Y ,cr zii, #(T) < n, then for any triple of
non-negative integers (j, m, L) such that $(T U A;) < m and j + mL < (As + 1)n, we have

9 _ Lo 2
I7jeme I” < e 5|1 lI= + If — glI” (3.9)

Page 15 of 21
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Proof ByLemma3.1,ifg = )", 1 zi¢;, #(T) < n, then for any triple of non-negative integers
(j,m,L) such that (T U A;) < m and j + mL < (As + 1)n, we have

1 §* mL
||”j+mL||2 - ”f—g||2 = (1 - m) maX{O, ||'"/||2 - ”f_g||2}

1-5*
)
< e 1w5F max{O, IIr/IIZ—Ilf—gIIZ},

where we have used the fact that (7' U A;) < m for all [ > j. This implies inequality (3.9).
Thus we complete the proof of Proposition 3.1. O

3.2 Lebesgue-type inequality for SOGA
We are in a position to prove Theorem 3.1. Fix f € H, we first observe that the assertion
of the theorem can be derived from the following lemma.

Lemma 3.2 If0 < k < n satisfies

Irarll < 20%(f),  ok(f) > dou(f), (3.10)
then there exists k < k < n such that

17470l <203(f), 03 (f) < 4dou(f). (3.11)

Indeed, assuming that Lemma 3.2 holds, we complete the proof of Theorem 3.1 as fol-
lows. We let k be the largest integer in {0, 1,...,n} for which |7,z || < 20%(f). Since

Iroll = 00 = IIfII,
such k exists. If k < n, then we must have or(f) < 40,(f), and therefore
l7anll < lIr 4zl < 20%(f) < 80u(f). (3.12)

We are therefore left with proving Lemma 3.2. For this, we fix

1
8 =—, 3.13
10 (3.13)

and 0 < k < n such that (3.10) holds. Let k < K < n be the first integer such that oy > 4ok.
By the definition of o (f), for any B > 1, there exists g = > ..z, #(T) = K such that

If - gll < Box(f).
The significance of K is that on the one hand

If - gll = Box(f) < gak(f), (3.14)
while on the other hand

ox(f) < dog_1(f). (3.15)
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To apply Proposition 3.1 for the above g and j = Ak, we need to bound (7" U A4x) with
A yet to be specified. To this end, we write K = k + M, with M > 0, and notice thatif SC T

is any set with #(S) = M and gg := Z,’es zjj, then

lgsll = [f - ¢ —gs)| - If -«
> ox(f) — Bok(f)

> (1 - g)mf), (3.16)

where we have used the fact that g — g5 € 2. Using the RIP, we obtain the following lower
bound for the coefficients of g: for any set S C T with £(S) = M,

B 2
(1 - Z) ot (N < lgsl* < (1+87) DIyl = % >_lal (3.17)

jes jes

Take for S the set S, of the M smallest coefficients of g and note that then, for any more
general S C T with #(S) > M, one has

(Dz,ﬁ) / (Dzjﬁ) > 4(S)/M,

jes J€Sg
and hence
10 B\’4(S) , )

jes

Now we consider the particular set S := T\ A4 satisfying £(S) > M. Combining the above
bound with the RIP, we obtain

10 B\%#(S
ﬁ(l . Z) 002001 -8) = lesl? < g el
=<

(g =71l + Iracl)?
(Box(f) + 20x(f))°

2
< (g +2) okz(f).

=<

Since §* = % this gives the bound

9 (£+2)
BIN\Am) = 7 - §)2M =11M, (3.19)
4

where the second inequality is obtained by taking B sufficiently close to 1.

We proceed now to verifying Lemma 3.2 with k = K —1 when K — 1 > k and with k = k+1
otherwise. In the first we can use the estimate in Proposition 3.1 with j = Ak in combina-
tion with (3.15) to deal with the term ||r4«| in (3.9). When K = k + 1, however, we cannot

Page 17 of 21
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bound ||r4«|| directly in terms of o;(f) for some [ > k. Accordingly, we use Proposition 3.1
in different ways for the two cases.

In the case where K — 1 > k, i.e,, M > 2, we apply (3.9) with j = Ak, m = 11M, and L = 4.
Indeed Ak + Lm = Ak + 44M < An holds for k + M < n whenever A > 44. Moreover, notice
that for such A

AK-1) = Ak+AM-1)

1
A
- Ak+ 22
22
= Ak + Lm,
whenever
A > 88. (3.20)
This gives

2 2
lrag-pll” < Irakemel
_36 2 2
<e Ulrall” + |If — gl

< e 11462(f) + B2o2(f)

IA

e 116402 (f) + B2o2_,(f)
<403, (f),
where we have used (3.15) in the fourth inequality, and the last inequality follows by taking
B sufficiently close to 1. We thus obtain (3.11) for the value k=K-1>k.
In the case where K — 1 =k, i.e., M = 1, we apply (3.9) with j = Ak, m =11, and L = 8.

From (3.19), we know that (7' U A4x) <11 and An > A(k + 1) > Ak + mL for A satisfying
(3.20). This yields

2 2
”rA(k+1)” = ||rAk+mL”
_72 2 2
<e Trall”+If -l

< e TT40(f) + B2, (f)
n B?
< <4e I+ 1—6>0k2(f).

This implies that A4.1) contains 7' In fact, if it missed one of the indices i € T, then we
derive from the RIP condition

(1-8)1zil* < llg ~fagesn I

< (If =gl + lIragesnll)?
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»n B2 2
< (BO’K(f) +4/4e" T + Rak(f))
B / B2
< <Z+ 46_% +R>O'k2(f)

On the other hand, we know from (3.18) that

10 B\?
Bl <1 - Z) of(f) < lzil%, (3.21)

which for B sufficiently close to 1 is a contradiction since

10 B\* 10/B »n B?
—\1-=) > +,/4e T +—).
11 4 9 \4 16

This implies that [|r4@:1)ll < ok:1(f), and therefore inequality (3.11) holds for the value
k = k + 1. This verifies Lemma 3.2 and hence completes the proof of Theorem 3.1.

3.3 Convergence rate on sparse class

As an application of Theorem 3.1, we will derive the convergence rate of SOGA on the
sparse class induced by a dictionary. Firstly, we recall the definitions of these classes. For
a general dictionary D in H, we define the class of functions

A?(D) = {f eH:f: Zci(f)¢i)¢i € D, ﬁA < Oo;Zici(f” =< 1}

iceA ieA

and we define A; (D) to be the closure of A%(D) in H. It is well known that the class A; (D)
plays an important role in the study of greedy approximation with respect to dictionar-
ies. In [23], DeVore and Temlyakov proved that, for an arbitrary dictionary D in H, the
OGA provides, after m iterations, an approximation of f € A;(D) with the following up-
per bound of the convergence rate:

ryaGA(f) < m—l/Z.

Note that the rate 772 is sharp since when D is an ortho-normal basis of H, it is easy to
find fy € A1(D) such that

rr?zGA(fO) —c- m—1/2.

Unlike OGA, to get the same convergence rate on A;(D) for SOGA, one must make
some extra assumptions on the dictionary D. A specific feature of a dictionary, u-
coherence, allows us to build OSGA with the same rate of convergence. Assuming that
the dictionary D is p-coherent, Liu and Temlyakov in [8] proved the following theorem.

Theorem 3.2 If D is a dictionary in a Hilbert space H with coherence parameter 1. Then,
for s < (2u)71, OSGA(s) provides, after m iterations, an approximation of f € A1(D) with
the following upper bound on the error:

I7ll? = I = fou > < 40.5(srm) .
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Now we present our results. By an immediate consequence of Theorem 3.1, we get the

following theorem.

Theorem 3.3 Given parameter s € N, for all n > 0, if D is a dictionary in a Hilbert space
H satisfying RIP of order (88s + 1)n with isometry constant 8ggs+1)n < 1/10, then OSGA(s)
provides, after m iterations, an approximation of f € A1(D), with the following error bound.:

1
l7sgnll = IIf = fasull < Cn™2.

Proof As the discussion above, the results of DeVore and Temlyakov [8] imply the follow-
ing estimate for the best m term approximation error of functions f € A;(D):

ouf,D)<n%, n=1,2,.... (3.22)

Combining (3.22) with Theorem 3.1, we complete the proof of Theorem 3.3. d
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