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Abstract

This paper is an attempt to both expound and expand upon, from an approximation theorist’s point
of view, some of the theoretical results that have been obtained in the sparse representation (compressed
sensing) literature. In particular, we consider in detail E’[" -approximation, which is fundamental in the theory
of sparse representations, and the connection between the theory of sparse representations and certain -
width concepts. We try to illustrate how the theory of sparse representation leads to new and interesting
problems in approximation theory, while the results and techniques of approximation theory can further
add to the theory of sparse representations.
© 2010 Elsevier Inc. All rights reserved.
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1. Introduction

Recent years have witnessed an abundance of research devoted to the subject of sparse and
redundant representations; see Bruckstein, Donoho, Elad [1], Elad [7]. The fundamental problem
therein is the following. Assume that we are given an n x m matrix A of rank n over R (or C).
Given any vector b € R" (or C"), the solution set to Ax = b is an affine space of dimension
m — n; i.e., we have for m > n an underdetermined system of linear equations. The aim is
then to characterize and identify a solution with minimal support (the sparsest representation). A
successful solution to this problem has applications in signal and image processing.

The main idea behind characterizing sparse representations is to look for a solution x to Ax =
b of minimal £}'-norm. Finding a minimal £]" solution is equivalent to a linear programming
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problem, and thus is considered, to some extent, as tractable. On the other hand, searching for
the solution x to AXx = b of minimal support is not, in general, computationally efficient. The
theory then asks for conditions on when the minimal £7' solution is also necessarily a solution
of minimal support. Minimal norm solutions are generally not solutions of minimal support.
Howeyver, the E’l”-norm can be, and often is, the exception to this rule.

In this paper, we consider this problem from an approximation theory perspective. For any
vector b, the solution set {x : Ax = b} is given by x + Y, where x is any fixed element thereof
and Y is the right kernel of A, and hence is an (m — n)-dimensional subspace, independent of
b. Thus, finding a minimal norm solution to Ax = b is equivalent to looking for x — y*, where
y* is a best approximation to x from Y. In Section 2, we ask for conditions on when, if x has its
support {i : x; # 0} in some fixed index set /, its best £|'-approximation from Y is necessarily
the 0 vector. That is, what are conditions on A and / such that if the support of x lies in /
then x is a minimal E’l" -norm solution to Ax = b. In Section 3, we consider this same problem
when X is any vector whose support is of a certain size (cardinality), i.e., when x is sufficiently
sparse. This is a central problem considered in the sparse representation literature. We take a
somewhat different approach from that found in the literature by introducing an ancillary norm
on R™ and considering its dual norm and approximation therein. We show, in what we believe is
a rather intuitive manner, some of the central results of the theory for matrices with given mutual
incoherence. In Section 4, we look, in somewhat more detail, at mutual incoherence and what it
implies. Finally, in Section 5, we look at the best possible estimates available on the size of the
support of the vector x guaranteeing that it is a minimal £}’ -norm solution to Ax = b, as we vary
over all n x m matrices. That is, assuming we want to maximize the possible size of the support
while maintaining for every vector x, with support of that size, the minimal £}'-norm property,
what is the best we can hope for and how can we construct the associated n x m matrix A? This
leads us to a consideration of n-widths, and we review known results and their relevance. We
state all results in this paper for R rather than C. Many of these results are also valid over C.

This paper is an attempt to both expound and expand upon, from an approximation theorist’s
point of view, some of the theoretical results that have been obtained in the sparse representation
literature; see also DeVore [2, Section 5], for a somewhat different approach. We do not consider
many of the other aspects of the theory, neither the more practical and computational parts of
this theory nor the probabilistic approach to these problems. It is gratifying to see approximation
theory applied to such problems. It is also a pleasure to acknowledge the insights and the new
results in approximation theory that have resulted from this theory. This paper is written for the
approximation theorist. Hopefully, however, the ideas, results, and techniques of approximation
theory can further add to the theory of sparse representations.

2. Fixed minimal support

Set

m
Ixlly =" xil.

i=1

and let Y be any finite-dimensional subspace of £7" in R™. To each x € R™ there exists
a best approximation to x from Y. We start by summarizing well-known results concerning
characterization, uniqueness, and strong uniqueness of the best £7'-approximations from Y to
elements of R”.
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Theorem 2.1. Let Y be any finite-dimensional subspace of €' in R™. The vector y* € Y is a
best approximation to X from Y if and only if

> Isen(i—y)Hlvi| < Y il

{i:x; —y¥#0} {i:x; —yF=0}

forally € Y. The vector y* € Y is the unique best approximation to X from Y if and only if

Do Isen(i =yl < Y. Il

{i:x;—y¥#0} {i:x;—yF=0}
forally € Y \ {0}. Assuming that y* € Y is the unique best approximation to X from Y, then we
also always have strong uniqueness, namely

Ix =yl —lIx=y"lh = vlly—y"lh
forally € Y, where the optimal y > 0 in this inequality is given by

y == min Yo il= ) Isenn —y)lyi

- ey, =1 . * i
YErIVI=1\ . Sr=0) {i:x; —y}#0)

This result may be found in Pinkus [28], see Chapters 2 and 6. See also the more exact
references therein, especially James [16] and Kripke, Rivlin [18].
Consider now the equation

AXx = b,

where A is an n x m matrix of rank n. For each b, the solution set is an affine subspace (flat) of
dimension m — n. That is, setting

Y ={y: Ay =0},

the right kernel of A, then Y is a subspace of dimension m — n, and for any x € R™ satisfying
Ax =b wehave A(x —y) =bifandonlyify € Y.

Let I = {i1,...,ix} < {1,...,m} denote an index set, I the complimentary set to / in
{1,...,m}, and |I| = k the cardinality (size) of I. For each x = (x1, ..., x), let

supp x := {i : x; # 0}.
The first question we ask is as follows. What are conditions on / implying that if supp x C [/

then necessarily

Ix[li = min [z];?
Az=AX

This is not the central problem considered within the context of sparse representations. However,
it is of interest both in and of itself and because the results herein will also be used in Section 3.

Proposition 2.2. Let A, Y, and I be as above. Then we have the equivalence of the following.
For all x € R™ satisfying supp x C I,

(@) [1xl1 = ming,—ax Izl

(b) minyey [x —ylli = [IX[1.

© Xicr Iyil <2 jeqelyil forally €Y.
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Proof. (a) & (b). The set {x —y : y € Y} represents all z satisfying Az = b.

(b) & (c). From Theorem 2.1, the vector 0 is a best approximation to x from Y if and only if
> Isenxilyil < Y Iyl

{i:xj#0} {i:x;=0}

for all y € Y. If (c) holds, then for each x € R™ with supp x C I we have, forally € Y,

D bsenxdyi| = Y Il =Y =Y il Y Il

(i:x; 0} {i:x:7£0} iel ielc (i:x;=0}

and thus (b) holds. Now assume that (b) holds for all x € R™ with supp x € I. Then, for all
such x,

Z [sgnx;]yi

{i:x;#0}

< > Il

{i:x;=0}

forally € Y. Giveny € Y, choose any x such that sgnx; = y; fori € I, and x; = 0 fori € I°.
Thus we obtain (¢). O

There is one additional characterization of when every x € R” with supp x C [ satisfies
Proposition 2.2; see also Fuchs [11, Theorem 4], for an approach using duality in linear
programming. In what follows, we let ct, ¢ =1,...,m, denote the £th column vector of A.

Proposition 2.3. Let A, Y, and I be as above. Then, for all x € R™ satisfying supp x C I, we
have

Ixlly = min [zl
if and only if, for every given e € {—1, 1}!, there exists a d° € R" satisfying (d°,¢') = ¢;,i € I,
and |(d¢,c¢t)| <1, ¢=1,...,m.

Proof. (<). Assume that for every given ¢ € {—1, 1}/ there exists a d° € R”" satisfying
(¢, ¢!y =¢,i el and |(d°,ct)| <1,£=1,...,m. Giveny € Yandi € I, letg; = sgny;
if y; # 0 and g; € {—1, 1} be arbitrarily chosen if y; = 0. Let d® € R" be as guaranteed above.
Since y € Y, we have

m
D yeld, ¢y = (d°, Ay) = 0.
(=1

Thus,
Doyl =) yilsgnyil =) yi(d,¢)
iel iel iel
==Yyl d) <>yl ) <D Ivil,
ielc ielc iel¢

and therefore (c) of Proposition 2.2 holds.
(=). Assume that for all x € R satisfying supp x € I we have

[x|li = min |z|.
Az=AXx
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From Proposition 2.2 this implies that

min [x —ylli = [Ix[l1.
yeY

We recall from duality that

. [{x, )|
min ||x — y||; = max ,
yey gert llglloo
where Y+ is the orthogonal complement to Y. Now, since Y = {y : Ay = 0}, it follows that Yt
is the n-dimensional space given by the span of the rows of the matrix A. Thus g € Y if and
only if g = ({d, cl), ..., {d, c™)) for some d € R". For x with supp x C I, we therefore have

> xid, ¢)
i=1

max |(d, ¢/)|’
j=1,...m

X||{ = min ||X — y||; = max
(x| mip Ix —yll 2

Given x, with supp x C I, there therefore exists ad € R” for which

max |(d, ¢/) =1

j=1,...m
and
m X m
Y oxifd ) =) Ixl:
i=1 i=1
i.e.,
k ) k
Do ldei) = i .
j=1 j=1

This implies that
,cliy = sgn x;;

if x;; # 0. Given ¢, as in the statement of the proposition, take any x with supp x € I satisfying
sgnx;; = &;;. Thus there exists a d € R" satisfying the desired conditions. [

The conditions of Proposition 2.3 are difficult to verify. There is, however, a somewhat simpler
sufficient condition given by this next result. In the following, e/ denotes the jth coordinate
direction in R,

Proposition 2.4. Let A and I = {iy, ..., ir} be as above. Assume that there exists a k X n matrix
D satisfying

Déi=el, j=1,... k,
and
IDf <1, £=1,....,m.

Then the conditions of Proposition 2.3 hold.
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Proof. For any given ¢, as in Proposition 2.3, set
k .
= Z &;;d/,
j=1
where the d/, j =1, ..., k, are the rows of D. Then the result holds trivially, since

k
Z Ol =Dy < 1. O

Remark. A particular case of Proposition 2.4 may be found in Tropp [31, Theorem 3.3]. (Note
that, if | Dct|ly < 1, € & {i1, ..., i}, then, since || Dct|l, < 1, it follows, as in the terminology
of Tropp [31], that both BP and OMP converge.)

The condition in Proposition 2.4 is probably not equivalent to that in Proposition 2.3.
However, it is equivalent in certain cases.
Proposition 2.5. Let A, Y, and I be as above. For k = 1, k = 2, and k = n, the conditions

of Propositions 2.3 and 2.4 are equivalent.

Proof. If k = 1, then the result is immediate.
Let us consider the case k = n. Assume, without loss of generality, that I = {1, ..., n}. Let
= [B, C], where B is an n xn matrix and C an n x (m—n) matrix. From (c) of Proposition 2.2 it
easily follows that the first n columns of A, i.e., the columns of B, must be linearly independent.
Set D = B~!. Let d’ denote the ith row of D = B!, Since the d® of Proposition 2.3 satisfy
d*, ¢/) =¢j, j=1,...,n,

it follows that the d® must have the explicit form

n
df = Zsidi.
i=l1

In addition, from Proposition 2.3, we have

<Z gid', cf>

foreach j =n+1, ..., m, and for every choice of ¢; € {—1, 1}. Choosing ¢; = sgn (di, cj), we
obtain

Z| d. o) <1

This proves the result for k = n.

If it can be shown that the vectors d® of Proposition 2.3, as ¢ varies over all possible choices as
in Proposition 2.3, span a k-dimensional space, then the conditions in Propositions 2.3 and 2.4
are equivalent. This follows easily using the above method of proof. When k = 2, this is valid as
it suffices to consider only the two vectors d° associated with e = (1, 1) and ¢ = (1, —1). O

1>| c]l_

As a consequence of Theorem 2.1 and the above analysis, we also have this next result. Note
that strong uniqueness is said to provide for numerical stability.
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Proposition 2.6. Each x € R™ satisfying supp x C [ is the unique solution to

min ||zf = [x[;
Az=Ax

if and only if
D il < il
iel iel¢

forally € Y \ {0}. Furthermore, in this case, there exists a y* > 0 such that, for all z satisfying
Az = AX, we have

Izl — lIxll = y*llz — x]l.

The largest y*, dependent on A and I, but independent of X, is given by

y* = min (Z HIEDS |yi|) :

yerlylh=1 \ /z¢ el

How large can |/| be, assuming that it satisfies Proposition 2.2? In fact, it can be n. As Y is of
dimension m —n, this is the largest value of |/ | for which (c) of Proposition 2.2 can possibly hold.

Proposition 2.7. Given any m > n, there exists an n x m matrix A with every n columns of A

linearly independent such that I = {1, ..., n} satisfies the conditions of Proposition 2.2.
Proof. Let Y = span{e’”‘l, ...,€"}, where e/ is the Jjth unit vector in R™. Set I = {1, ..., n}.
Then obviously
n m
0=> Iyl< > Iyl
i=1 i=n+1

forally e Y,y # 0.

Any matrix A associated with Y has columns n + 1, ..., m all zero. No one likes matrices
with m — n zero columns. But a small perturbation of A implies a small perturbation of ¥ which,
in turn, implies that the above property of I is maintained under small perturbations. Thus we
can get rid of the zero columns and in fact ensure that for the new matrix A all choices of n
columns are linearly independent. [

A more interesting question is that of the largest possible value of k such that for every n x m
matrix A of rank n there exists an / C {1, ..., m} satisfying |/| > k and such that Proposition 2.2
holds. A simple lower bound is the following.

Proposition 2.8. Let A and Y be as above. Then there always existsan I C {1, ..., m} satisfying
the conditions of Proposition 2.2 with |I| > [m/(m —n + 1)].

Proof. Letr = [m/(m —n+ 1)]. We divide the m indices {1, ..., m} into r groupsof m —n + 1
distinct indices and discard whatever might be left over. Since Y is a subspace of dimension
m — n, for each given group of indices {ji, ..., jm—n+1} there exists an a € R™ \ {0} such
thata; = 0,i # jk, and (a,y) = O forally € Y. Let j, be such that 1 = |aj,| > |a;|,
k=1,...,m —n+ 1. Thus we have
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m—n+1 m—n+1
|yj,| = Z aj vl < Z A
k=1,k#p k=1,k#p

for all y € Y. Summing over the r groups of indices, the result now follows. [

A less elementary result is the following asymptotic result in m (or n) for m — n fixed. We do
not present its proof here. It may be found in Pinchasi, Pinkus [25].

Theorem 2.9. Let A be any n x m matrix of rank n. For m — n fixed, there exists a subset I of the
indices {1, 2, ..., m} of cardinality (1/2 — o(1))m satisfying the conditions of Proposition 2.2.

Note that this is not really a result about A, but is a result about the (m — n)-dimensional
subspace Y of R™. It says that asymptotically, for m and n large but m — n fixed, there is a fixed
subset of indices of cardinality almost m /2 such that, for every x € R™ with support in this
subset, the 0-vector is a best approximation to x from Y.

3. k-sparsity

We consider the same setting as in Section 2, but now ask the following question. What are
conditions on A implying that, if supp x € I and [ is any subset of {1, ..., m} with |I| < k, then
for all x with supp x € I we have

[x[li = min [z];?
Az=Ax

For ease of expression, we will say that x is k-sparse if it has at most k nonzero coordinates,
i.e., [supp X| < k. Thus we ask when we can find and identify a positive integer k such that for
all k-sparse x we have

[x|li = min [lz|.
Az=AXx

From Proposition 2.2(c), we see that this is equivalent to demanding that

oyl =D vl

iel iel¢
forally € Y and for all I C {1, ..., m} with |I| < k. We rewrite the above inequality as
2> Iyl < lylh.
iel

While ), ; |yi| is not a norm on R” for a fixed I and k < m, the following is a norm:
k¥ ‘= max i|.
Iyl := max ZI 1yil

For convenience, set

Iyl
ax —— .
yer |yl

Thus we have the following.
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Proposition 3.1. Let A and Y be as previously. For all k-sparse x € R™ we have

[xlli = min [z];
Az=Ax

if and only if
1

R < —.
k=73

Furthermore, if Ry < 1/2, then, for all X, as above, and for every z satisfying Az = AX, we have

Izl —lIxllt = (1 = 2Rp) ||z — x]|;.

The latter statement in the above proposition is a direct consequence of Proposition 2.6. The
constant 1 — 2Ry therein is best possible.
Thus we wish to determine conditions on A (or Y) and k such that
Ry < :
k=3
We start with a simple bound.

Theorem 3.2. Let A and Ry be as above. If Ry < 1/2 then necessarily

k<n+1.
- 2

Proof. We will show that for every Y of dimension m — n we have

k
Ry > —,
n+1

from which the above result immediately follows.
Let X be any subspace of dimension n + 1. As Y is a subspace of dimension m — n, the
subspace X N Y is of dimension at least 1. Thus,

X
lyllx > mi Il
vev |yl = xex [l

for every such X. Thus,

Iyl Il
ax —- > max min

m > .
ver Ilylli — dimX=n+1xeX x|

(This latter quantity is called the Bernstein n-width of Y.)
Let X = span{el, ...,e"*l}. For x € X, we have x = (x1,...,X341,0,...,0). Assume
without loss of generality that ||x||z = 1 and |x1| > |x2] > - -+ > |x;41]. Thus,

k
L= lIxlle = ) Ixi]

i=1

and

1
lxi| < x| < %
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fori =k+1,...,n+ 1. Therefore,

n+l n+l1
||x||1—Z|xz|—Z|x,|+ > |x1|<1+(n+1—k)—=
i=k+1
implying that
lIxle _ &

mi > .
xeX [IxX[lp T n+1
Here is a simpler proof of this same fact. As Y is of dimension m — n, there exists a nontrivial
y € Y \ {0} that vanishes on any given m — n — 1 indices; i.e., there exists ay € Y \ {0} with
Isuppy| <n+ 1.
If k > (n + 1)/2, then for this y we necessarily have

Nyl 1
>

Iyl ~ 2

What we have shown above is that the appropriate Bernstein n-width is bounded below by
k/(n + 1). It is an open question as to whether this is the true value of this n-width.

We now consider in somewhat more detail the norm || - [|x. We defer to the Appendix a proof
of the following facts.

Proposition 3.3. The dual norm of || - ||x is given by

lIx1]1
x|l = max {”X”ws — -
k
In addition, the extreme points of the unit ball of || - |||Z are the vectors of the form

k
J
j=1

Sor all choices of ¢j € {—1, 1}, and for all choices of 1 < iy <--- <i <m.

Letal, ..., a" denote the (linearly independent) rows of A. Thus,

={y: @, y)=0 k=1,....n}.

Let A := span{a', ..., a"}. The subspace A = Y is always uniquely defined, although, for any
given (m — n)-dimensional subspace Y, as above, the matrix A is not uniquely defined.
We will use the dual norm and the following well-known duality result.

Proposition 3.4. For A and Y as above,

lylle
= max —— max min |[|X — a||eo.
ey |yl mxmk<1aeA
When maximizing on the right-hand side it suffices to maximize over all extreme points. Thus,
from Propositions 3.3 and 3.4, we have

Ry = max min E eje ei —a
{~1.1} ac A

tl< <ip
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This is the problem we now consider in detail in the remainder of this section. We recall that
we want conditions on A and k such that Ry < 1/2. From the above characterization of Ry we
realize that our problem is one of bounding the error in approximating, in the uniform norm,
certain specific linear combinations of k unit vectors. Given our n X m matrix A, then, for every
matrix B with n columns, the rows of BA are in A. In what follows, we look for suitable choices
of B so as to facilitate this approximation problem. We choose m x n matrices B so that B A has
the desirable property that its m rows are reasonably good approximations to the m unit vectors.
This may be far from optimal, but with a lack of any further structure it is a reasonable strategy.

In the remainder of this section we assume that the column vectors ¢/, £ = 1, ..., m, of our
n x m matrix A are all nonzero. Set

(¢!, ¢/)]
M = max ————.
i#j (¢, ¢)
We also assume, in what follows, that M < 1. In the literature of sparse representations, one
considers matrices A with column vectors of unit Euclidean norm, and then the above M is
called the mutual incoherence of A. This is a minor generalization thereof. (We will discuss
bounds on M in the next section.)
We start with a now classical result due to Donoho, Huo [6].

Proposition 3.5. Let A and M be as above. Then

then, for all k-sparse x € R™, we have

[x[li = min |z[;.
Az=AX

Proof. We present two proofs of this result.
For every choice of ¢; € {—1,1},and 1 <ij < --- < iy < m, we have

k k
min cieli —a < min ||le// — al|oo.
acA Z / - Z acA | oo
Jj=1 o J=1

Let D denote the m x m diagonal matrix with diagonal entries d;; = 1/ (ci, ci), i=1,...,m.
The matrix G = DAT A is an m x m matrix whose rows all lie in A, i.e., are linear combinations
of the rows of A. The ith row, which we denote by g', has jth entry equal to (c¢', ¢/)/(c', ¢'),

i =1,...,m. Thus its ith entry equals 1, and its jth entry, j # i, is bounded in absolute value
by M. . .
Consider ||€'/ — o jg'/ || . This equals
max{|1 —a;|. la;ll(e, &) /(¢ €) k # i k=1,....m}.

We wish to choose a; which minimizes this quantity. It is easily checked that a good universal
choice of «; is
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where the M is defined as above. Thus, for each j, we have

eij_a' ij < ,
I 87 oo = .,

and therefore

<y Mo A
e 1+M 1+M
Here is an even simpler proof due to Gribonal, Nielsen [14]. Lety € Y, i.e., Ay = 0. Thus,

m .
Doyl =0,
i=1

whence

yiel = — Zyjcj-

J#

Therefore,

vite, ) < Zy,cf>

JF#

implying that

il <) lyjIM.

J#

The above can be written as

A+ M)lyil < llylli M.

Thus, foreachi € {1, ..., m}, we have
il - M ’
lylh = 1+ M
and therefore
lyllx < kM O
Iylh = 1+M

Another approach is the following. Set
|(c cf
u(s) = max max ,
[ll=s j&I'; Z

where [ is any subset of {1, ..., m}. This result is due to Tropp [31].

Proposition 3.6. Ler A and 14(s) be as above. Then

Re < (k) .
pk) —pk —1) +1
Thus, R < 1/2if

uk) +puk—1) < 1.
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Proof. We recall that G = DAT A, as in the proof of Proposition 3.5, is an m x m matrix whose

rows all lie in A, i.e., are linear combinations of the rows of A. We approximate Z?:] & jei-f by
oc(Z];: 1€ g'i) for some appropriate . As (g'); = 1, a simple calculation shows that, for each
i €f{iy,...,Iir}, we have
k _ k '
(Z eje) —a (Z e,-g‘f>> < |1 —a| +laluk - 1),
j=1 j=1 ;
while, fori € {1,...,m}\ {i1, ..., ik}, we have

k k
(Z 8jeif -« (Z 8jgi/>) < la|u(k).
j=1 j=1 ;

Thus, the uniform norm of Zl;zl gjeli — oz(Zl;zl €;g'/) is bounded above by

max{|l —af + |e|u(k — 1), la|pn(k)}
for each . As (k) > u(k — 1), we take

o= 1 ,
uk) —putk—1)+1

from which the result follows. [

Note that M = (1) < u(2) <--- < u(m — 1), and u(s) < sM for each s. Thus the bottom
line of Proposition 3.5 also follows from this result.

In the sparse representation literature there are considered various estimates in the special case
where A is an n x nL matrix of the form

A=1[d,..., PL],

and the &1, ..., @1 are L n x n unitary matrices, i.e., @l.T ®; = I. Note that, for convenience, we
have assumed that the columns vectors of A are all of unit Euclidean norm.
The main result here is the following due to Donoho, Elad [5]; see p. 530.

Theorem 3.7. Let &1, ..., @1 be L n x n unitary matrices. Let A denote the n x nL matrix
A= [‘Pl, ey @L].

Set M = max;; |(ci, cj)|, where the ¢ are the columns of A. Then, for all L > 2, we have
Ry <1/21if
1 1
k<|vV2—14—|—.
- |: + 2(L — 1):| M
For L > 3, we also have that Ry < 1/2 if

[ 1 ]1
k<|— |-
2-5 M

This latter bound is better when L > 4.
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Proof. From the previous analysis, there exist 1 < iy < .-+ < iy < nL and ¢; € {—1,1}
such that
k
Ry = ;1’112 Zsjeif —a
Jj=1 00
Define

Cp=1{j:(p=Dn+1=ij=<pn}
and setrp := |Cp|. Thus ry + - - - + rp = k. Consider

I oo, .. ol
oTey 1 ... ol
ATa=| " .
ore; oley, .. 1
We will approximate Zl;zl g;€li using rows iy, ...,ix from G = ATA. We use the
approximant
L .
Doap| D g,
p=1 ijeCp

where g’ is the ith row of G. It follows that the error is bounded above by

L
ma 1-— ilriM |,
2 XL[| apl+ Y el }

j=Lj#p
since the diagonal entries of C are identically 1, while the off-diagonal entries are either O or

bounded above by M, as may be seen from the form of C. Assume, without loss of generality,
thatry >rp > --- > rp. Set

1 M
ap = l, p=1,...,L.
I1+rpM
Note that we therefore have 0 < o) <ap <--- <op = l,and, foreachp=1,..., L,
L L—1
riM
1— AriM = (1 4+rLM — .
=i+ 3 loylrM =+ )(Z 1+rjM)
j=1j#p j=l1
Setr :=rp,andthusri+---+r 1 =k—r.Asr=rp <rjforall jandri+---+rp =k,
we have r < k/L. It is easily verified that
=om k — M
max M (=g
r+-+rp_1=k—r = r] 1_|_
i.e., the maximum is attained by choosing r; = (k —r)/(L — 1),i = 1,..., L — 1. Thus our

error is bounded above by

l+rM)(k —r)M
(I +rM)( r)Mr) ' 0

0<r<k/L 1+ (k
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We now determine the maximum of the above quantity as a function of r. Differentiating with
respect to r M, we obtain that the derivative vanishes at

FM=kM+L—1—/ &M+ L)(L —1). 2)

We recall that kM < 1 and L is an integer, of value at least 2.

Thus the maximum of the expression (1) is attained at one of the three valuesr = 0,r = k/L,
and the above r as in (2) if it lies in [0, k/L]. It may easily be verified that the value of the above
maximum at r = 0 is

kM
Ty
while its value at r = k/L is

kM(L — 1)
—

Thus, assuming that kM < 1, the value at » = 0 is larger than that at r = k/L.

Whether the maximum of (1) over r € [0, k/L] is attained at (2) depends on whether the r
satisfying (2) is contained in [0, k/L].

Substituting r satisfying (2) in (1), we have that

(1 +rM)(k — )M

L+ S

:(L—l)(x/kM—i-L—«/L—l)z.

This value is an upper bound on Ry. Thus this value is at most 1/2 if and only if

(L-—DWkM+L—~L—-1)?%< %

A calculation shows that this holds if and only if

kM <2 -1+ ———. 3
<2 31 ?3)
Now r > 0 if and only if

VL +3—-4JL -1
kMz«/—L—l< + 5 ) @)

If (3) does not hold, then the quantity in (1), as a function of r in [0, k/L], is decreasing, and thus
its maximum is at » = 0. Note that for (3) and (4) to hold we must have L = 2 and L = 3. For
L > 4 they cannot simultaneously hold.

Thus, if (4) does not hold, i.e.,

M < _L_I(Q/LJF —«/L—l)’

2

then the maximum equals

kM

14 KM
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In this case, Ry < 1/2if

1 L—1
kM < T2 _3
2-13 -
Thus, if
L — L —1 1
kamin{«/L—l( + 5 ),2 1 ,,
T L1

then R, < 1/2. For L > 3, it follows that

min{\/L—l( L+3- L_1> 1 }_ !
2 "o -

Therefore, if L > 3 and

kMS 1
T L1

then R, < 1/2.

For L = 2, 3, the former bound is better. For L > 4, this bound is better.
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Remark. The above Theorem 3.7 is the last (so far) in a series of estimates. Elad, Bruckstein [8]

first proved the bound Ry < 1/2 if

k<«/§—1/2
=M

’

when L = 2. In addition, it has been shown that this constant of v/2 — 1 /2 is best possible
in the above form of the inequality when considering all pairs of unitary matrices; see Feuer,

Nemirovski [9]. The inequality Ry < 1/2 if

1 1
e=[Viote )

is contained in Gribonval, Nielsen [14]. An easier proof also gives the bound of Ry < 1/2 if

<t
Q-1M

4. Grassmannian

The results discussed in this section may be found in Pinkus [26, Chap. VI], where proofs
are also provided. These results are also used in the theory of n-widths, which is the reason they
appear in Pinkus [26]. We will utilize this connection in the next section, when we consider the

problem of best possible n x m matrices A.

We recall that, for an n x m matrix A, with normalized column vectors ¢, its mutual

incoherence is defined by

M = max |(c’, ¢/)|.
i#]j

As the bounds of Proposition 3.5 and Theorem 3.7 depend upon M (in an inverse manner), it is
of interest to try to determine the minimal possible value of M (depending on n and m), when it
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can be attained, and what attaining it implies regarding the structure of A. We review this theory
in the section.

We start with the following result, which is essentially due to van Lint, Seidel [32]. It also
follows from n-width results as found in Pinkus [27].

Proposition 4.1. For any unit vectors {c', ..., ¢™} in R", m > n, we always have
1
i . m—n 2
M =max|(c', /)| > —— ) .
i#] nim —1)

Furthermore, we have equality if and only if

1
|(Ci,cj)|= (ﬂ)z
nim—1)
foralli # j.

This next result considers the case of equality in more detail. It is proven in Melkman [22]. It
also uses results from the theory of n-widths.

Theorem 4.2. The following are equivalent.

(a) There exists an m x m rank n matrix C satisfying c;; = 1, for all i, and |c;j| = M, for all
i # j, where
1

m—n \2
M=——) .
<n(m—1))

(b) There exists an n x m matrix A such that C = AT A is as in (a) and AAT = %I.
(c) There exists an m X m rank m — n matrix D satisfying d;; = 1, for all i, and |d;;| = L, for
alli # j, where
|

n 2
L=——7—7-—-] .
((m —n)(m — 1))

(d) There exists an (m — n) x m matrix B such that D = BT B is as in (c) and BBT = (man)I'

Unfortunately, it is known that such matrices do not exist for all values of m and n. In fact,

we have the following limiting values on m and n. This result is contained in [21]. Its proof,
however, is from [19].

Theorem 4.3. Assume that matrices C, A, D, or B exist satisfying Theorem 4.2. If 1 < n <
m — 1, then we then necessarily have

m < min{fn(n + 1)/2, (m —n)(m —n + 1)/2}.

In certain cases, we can attain the desired bound. For example, as pointed out by Melk-
man [21], see also Lemmens, Seidel [29], equality in Proposition 4.1 holds when m = 2n if
there exists a symmetric conference matrix. Sufficient conditions for the existence of such matri-
ces are m = pX+1,if p is a prime and m = 2 (mod 4). There are other cases where Theorem 4.2
holds; see Melkman [22] and Strohmer, Heath [30]. In Strohmer, Heath [30], some of these re-
sults were reported upon. They also discuss other contexts where these concepts arise. They call
such matrices Grassmannian. As may be seen (it follows easily from the proofs of the above



A. Pinkus / Journal of Approximation Theory 163 (2011) 388412 405

result), Grassmannianism is more concerned with approximating the unit vectors. That is, it is
more applicable to approximating the unit ball of £]" in the £ -norm than to approximating the
unit ball of the || - [|;-norm. We return to this fact in the next section.

Remark. The results in this section are also valid when we replace R by C. There are slight
differences. For example, in Theorem 4.3, we have, over C and if 1 < n < m — 1, the bounds

m < min{nz, (m — n)z}.

There are additional constructions over C of matrices satisfying equality in Theorem 4.2. For
example, when m = 2n, if there exists an m x m skew Hadamard matrix S (S has entries 1
or —1, its rows are mutually orthogonal, and S + ST = 2I), then we can construct C as in
Theorem 4.2, over C™. C is given by

i i
C=|(1- I+ S
( 2n — 1) V2n —1
This result is from Melkman [21].

5. n-widths and optimal sparse representations

As we vary over all n x m matrices A, what is the largest possible value of k such that, if
x € R™ is k-sparse, then x satisfies
Ixlli = min |z[|;?
Az=Ax
That is, what is the largest possible value of k such that Ry < 1/2 when considering all n x m
matrices A? And what are good matrices A? These questions are essentially questions regarding
n-widths. Let us explain. We recall from Proposition 3.4 that

lyll .
= max —— = max min ||x — a|co.
veV [yl Ixlj<1acA

Here, Y is a given (m — n)-dimensional subspace and A = Y is an n-dimensional subspace. If
we wish to find an n x m matrix A with largest k for which R; < 1/2, then we are led to the
consideration, for fixed n, m, and k, of the minimum of Ry over all possible (:n — n)-dimensional
subspaces Y, or equivalently all possible n-dimensional subspaces .4. Thus, we should consider

lyll .
inmax —— = min max min ||X — al|«o,
Y oyey lylh A Ixlj<tacA

where Y and A vary, as above. These are general n-width quantities that have been considered in
other contexts.

To explain, we start with some definitions. Assume that X is a normed linear space with norm
Il - llx, and that C is a closed, convex, and centrally symmetric (i.e., x € C implies that —x € C)
subset of X. The quantity

dy(C; X) = infsup inf ||x — y|x
X, xeC YEXn

is called the Kolmogorov n-width of C in X. Here, X, varies over all possible n-dimensional
subspaces of X. The quantity

d"(C; X) =inf sup |x|x
L" xecnLn
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is called the Gel’fand n-width of C in X. Here, L" varies over all possible subspaces of
codimension n in X. We also define the quantity

0, (C; X) :=infsup ||x — Pyx|x.

Pn xeC
This is called the linear n-width of C in X. Here, P, varies over all possible linear operators of
rank at most n taking X into X. For more on n-widths (including the Bernstein n-width defined
earlier), see Pinkus [26] and Lorentz, v. Golitschek, Makovoz [20].
Setting X = £ in R™, and Cy == {x : [|x[|}; < 1}, we see that
dy (Cr; €7) = min max min ||X — a||so,
n(Crs o) A o, i l lloo

where A is as above. Let B(X) denote the unit ball in the normed linear space X, and Z; be the
normed linear space R™ with norm || - [|x. Then

4" (BET; Zy) = min max Wk
Y yey |lylh
since an (m — n)-dimensional subspace in R™ is exactly the same as a subspace of codimension
n in R™, The fact that for these choices of Cy and Z; we have

dn(Ci; £3) = d" (B(EY); Zi)

is a special case of a general duality result; see Proposition 3.4.

Note that we are considering these n-width quantities from a somewhat nonstandard point of
view. One usually keeps the sets fixed and looks at d,, or d" as a function of n. Here, we are
considering d, and d", for fixed n, and letting Cy and Z; vary with k. Obviously these n-widths
are nondecreasing functions of k, for fixed n. We therefore seek the largest value of k such that
the associated n-width is less than or equal to 1/2. Unfortunately, we know of no precise values
for these n-widths. We only have estimates.

We already have one estimate, and that is the lower bound contained in Theorem 3.2. Namely,
dn(Ci; €3) = d"(B(LT"); Zx) = k/(n + 1) (from which follows the bound k < (n + 1)/2 on
possible “admissible” k). Note that there is no m in this bound. This is not optimal.

Let us start by considering upper bounds. These upper bounds are obtained using known
estimates of other, more classical, n-widths, and come from a simple application of Holder’s
inequality. Let || - || , denote the £/} norm on R™. For each Y, as previously defined, set

oyl

» = max }
yer |yl

Proposition 5.1. Let A, Y, R, and S, be as above. Then, for each p € (1, 0],
Ry < kP's,,
where 1/p + 1/ p’ = 1. Therefore, if k satisfies
1
E —/7
(25,)?
then, for all k-sparse x € R™, we have

Ix[li = min |z[.
Az=AX
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Furthermore,

dy(C €)= d"(B(UEY): Zi) < K7 dy(B(): €)= K7 d" (B(e}): €3).

Proof. The proposition is an immediate consequence of Holder’s inequality, namely,

k k 1/p
lylle = lyi, | < k77 (Z |y,¢,-|ﬂ> <k'7yl,. O
j=1 j=1

We will consider and apply the above result in the two cases: p = co and p = 2.
For p = o0, since the extreme points of the unit ball in £ are the coordinate directions, we
have that

dn(B(L]'); £5,) = d"(B(L]); £5,) = 8n(B(LY); £3)
= min max ||e — P, (e Moo = min ‘mlax 18ij — qijl.

Py i=1,..., n i,j=1,.., m

where P, varies over all linear operators from R™ to R” of rank at most n, and Q,, varies over
all m x m matrices of rank at most n.

The exact value of this n-width is not known for all m and n. We do have both upper and
lower bounds. From Proposition 5.1, it would seem that only the upper bounds are relevant
here. However, the known lower bounds are sometimes the exact value of these n-widths. The
following lower bound is from Pinkus [27].

Theorem 5.2. For each n < m, we have

dn(B(LY'); €5) = d" (B(]); £3) = u(B(UY); L) > —————
(m—1)

1 ()

Furthermore, a necessary and sufficient condition for equality is that the conditions

of Theorem 4.2 hold.

As there is a symmetry in Theorem 4.2 between n and m —n, equality in the above is equivalent
to

1

dp—n(BUY); £50) = d" " (BUT'); £3,) = Sm—n(BET); £3,) = ;
1+ ((m—n)(m—l))7

n

We may have equality in the above, but, as evidenced in Theorem 4.3 and the remarks thereafter,
it may only hold for limited values of n and m. When it does hold, we have the following.

Corollary 5.3. If equality holds in Theorem 5.2, i.e.,

1
d"(B(}); €%) =

l 9
n(m—1)
+ (552)°
then there exists an n x m matrix A such that, if k satisfies

(m=1)
)
- 2

3
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then, for all k-sparse x € R™, we have

[x[li = min |z[.
Az=AX

The upper bounds for d" (B(£'); £%,) are varied. The best of which we are aware is that of
Hollig [15]. It is

8Inm
d"(BUT); 42 < .

(A proof may be found in Pinkus [26].) From this we obtain the following.

Corollary 5.4. For each m > n, there exists a real n x m matrix A such that, if
i < J/nlnn ,
~ 16lnm

then, for all k-sparse x € R™, we have

[x[li = min |z];.
Az=Ax

Furthermore, such matrices can be explicitly constructed. A similar result, together with the
construction of A, is contained in DeVore [3]. The existence of such a construction is undoubtedly
aided by the fact that d" (B(£'); £%,) = 8,(B(£]"); £%,), i.e., the problem has a linear element.

Remark. When m = 2n, we have from Elad, Bruckstein [8], see Theorem 3.7 or the remark
near the end of Section 3, when A = [, $,], where @1, &, are n x n unitary matrices, that if

L < V2-1)2
- M
then for all k-sparse x € R™ we have
Ixllt = min |z];.
Az=Ax

There exist A, as above, with M = 1/,/n for many choices of n. The resulting bound
W2-1 /2)/7 is better than the bounds of Corollaries 5.3 and 5.4.

We now consider the case p = p’ = 2. In this case, we get significantly better bounds. It
is known from work of Kashin [17], Gluskin [13] and Garnaev, Gluskin [12] that the n-widths
dn (B(£5); £3,) = d"(B(£]'); £7') are of the order

a1, [P0

As an immediate consequence we have the following stronger corollary.

Corollary 5.5. There exists a constant C' (independent of m and n) such that for each m > n
there exists an n X m matrix A for which we have that, if
/
i < C'n ’
“ In(m/n) + 1
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then, for all k-sparse x € R™, we have

[x|li = min |z|;.
Az=AX

When m = rn, for any fixed r, we have here a bound of the order n, while the previous
methods when m = 2n only gave us bounds on the order of +/z. Unfortunately, I am unaware
of any explicit method of constructing such matrices. Any deterministic construction giving
bounds better than of the order of v/n would be of significant interest. It should be noted, in this
regard, that 8,(B(¢"); £3') = /(m — n)/m is of a totally different order. Another probabilistic
approach giving bounds of this same order for d" (B(£]'); £5') may be found in Donoho [4]. The
relevance of these n-width estimates to this problem can be found in Mendelson, Pajor, Tomczak-
Jaegermann [24].

The following was recently proven in Foucart, Pajor, Rauhut, Ullrich [10], based on a
combinatorial result of Mendelson, Pajor, Rudelson [23] and volume estimates.

Theorem 5.6. If for all k-sparse x € R™ we have

[x]li = min |z],
Az=AXx

for some n x m matrix A, then k necessarily satisfies

()" =

Thus, sincek < (n+1)/2 < m, we have
Cn Cn
k < < )
In(m/(2k)) ~ In(m/(n + 1))
where C = 41n3.

Note, however, that this can give less information than one might suppose. The maximum of

)

2k

as a function of k on (0, co) is attained at m /2e. Thus, if m < cn, where ¢ = 8e¢In3 ~ 23.89.. .,
then

k
m\ z m
(—)4 <efe <37,
2k
and this bound on k is always satisfied. That is, getting reasonable and useful estimates for the
constants in these various inequalities is also important.
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Appendix

As promised in Section 3, we present here a proof of Proposition 3.3 regarding the dual norm
Il - I to Il - llx. We first recall the statement of Proposition 3.3.
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Proposition 3.3. The dual norm of || - ||k is given by

lIxll1
IIxIll; := max {”X”ws = [

In addition, the extreme points of the unit ball of || - ||} are the vectors of the form

k .
2 eje
j=1
for all choices of ¢ € {—1, 1}, and for all choices of 1 < iy <--- <i <m.

Proof. To verify the duality we need to prove either

max (x,y) = [IxIl;
Iylk=1

or

max (x,y) = [yl
Ixl<1

We prove the former.
Consider

m
max (x,y) = max > |xilyil.
Iyle=1 Iyle=<15=

Assume that the above maximum is attained by some y with

k
L=yl =Y 1y -
j=1

Thus we also assume that |y,| < minj—1, |y,-j| foreachr & {iy, ..., ix}. For every such y, we
do not alter the value [|y|lx if we set |y,| = minj=,_k |yi;| for each r & {iy, ..., ik}, and this
choice does not decrease the value of

m
max > |x;|yil.
i=1

Iyle<1
Let min{|y;, [, ..., |y |} = ¢&. As ZI;:I lyi;| = 1, we have 0 < & < 1/k. Thus, we have
m
D lxillyil < b llye |+ -+ gl +& 0 >0 I
i=1 réfin,....ik}

= x|y [ — &) + -+ + [xi [ (i | — &) +ellx]ls
= vyl =&) + -+ (i | = OlIxlleo + ellx]1

lIxl1
= (1 —ko)[Ixllc + £llx]l1 < max {lelloo, — [

This proves the upper bound.
It is easily verified that

m
max " |x;|yil
Iylk<! =
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is at least as large as both ||X||o and ||x]|1/k. We get the former by taking |y;| = 1 for some i,
where |x;| = ||X||oc and y; = O for j # i. Taking |y;| = 1/k for all i gives a bound of ||x]||;/k.
This proves the duality.

It remains to prove that the extreme points of the unit ball of || - ||} are the vectors of the form

k
J
Jj=1

for all choices of ¢; € {—1, 1}, and for all choicesof 1 < iy < --- < iy <m.
For each such vector, consider

k .
max X,E gjes
*
i<t o

k A k

. Lj — . .

X, E gjel ) = E EjXij
j=1 j=1

and [|x[|} < 1, it readily follows that the maximum is uniquely attained by the vector ZI;:I gj eli

itself. Thus, Zl;=1 & jeii is an extreme point of the unit ball of || - ||} .
Now, for any y # 0, consider

max (X,y).
Ixll; <1

Assume, without loss of generality, that

v

il =1yl ==yl =---.

If [ye| > 0, setx = 35 (sgn yj)e/. If [ye| > yep1 =+ = ye =0, letx = 35_ (sgn y))e/
+ Y%y, e/ for arbitrary £; € {1, 1}. Thus, ||x||} = 1 and

k
xy) =Y lyil = llyll.

i=1

We see that the above maximum is always attained by a vector of the form

k
el
J

j=1
for some choice of ¢; € {—1, 1}, and for some choice of 1 < i; < --- < iy < m. This implies
that the above set of vectors is all the extreme points of the unit ball of || - [I}. [
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