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Nearly Sharp Sufficient Conditions on
Exact Sparsity Pattern Recovery

Kamiar Rahnama Rad

Abstract—Consider the n-dimensional vector y = X 5 + ¢ where
3 € RP has only ¥ nonzero entries and ¢ € R" is a Gaussian noise.
This can be viewed as a linear system with sparsity constraints cor-
rupted by noise, where the objective is to estimate the sparsity pat-
tern of 3 given the observation vector y and the measurement ma-
trix X . First, we derive a nonasymptotic upper bound on the prob-
ability that a specific wrong sparsity pattern is identified by the
maximum-likelihood estimator. We find that this probability de-
pends (inversely) exponentially on the difference of || X 3||> and the
{>-norm of X 3 projected onto the range of columns of X indexed
by the wrong sparsity pattern. Second, when X is randomly drawn
from a Gaussian ensemble, we calculate a nonasymptotic upper
bound on the probability of the maximum-likelihood decoder not
declaring (partially) the true sparsity pattern. Consequently, we
obtain sufficient conditions on the sample size n that guarantee al-
most surely the recovery of the true sparsity pattern. We find that
the required growth rate of sample size n matches the growth rate
of previously established necessary conditions.

Index Terms—Hypothesis testing, random projections, sparsity
pattern recovery, subset selection, underdetermined systems of
equations.

I. INTRODUCTION

INDING solutions to underdetermined systems of equa-
F tions arises in a wide array of problems in science and
technology; examples include array signal processing [1],
neural [2] and genomic data analysis [3], to name a few. In
many of these applications, it is natural to seek for sparse solu-
tions of such systemes, i.e., solutions with few nonzero elements.
A common setting is when we believe or we know a priori that
only a small subset of the candidate sources, neurons, or genes
influence the observations, but their location is unknown.
More concretely, the problem we consider is that of esti-
mating the support of 5 € RP given the a priori knowledge
that only k of its entries are nonzero based on the observational
model

y=Xp+e (1)

where X € R™*P is a collection of input measurement vec-
tors, y € R™ is the output measurement and ¢ € R™ is the ad-
ditive measurement noise, assumed to be zero mean and with
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known covariance equal to I, x,!. Each row of X and the cor-
responding entry of y are viewed as an input and output mea-
surement, respectively.

The output of the optimal (sparsity) decoder is defined as the
support set of the sparse solution B with support size k that
minimizes the residual sum of squares where

p= lly = X613 ©)

arg min
|support(6)|=k

is the optimal estimate of 3 given the a priori information of
sparseness. The support set of B is optimal in the sense of min-
imizing the probability of identifying a wrong sparsity pattern.

First, we are concerned with the likelihood of the sparsity
pattern of B as a function of X and (3. We obtain an upper bound
on the probability that ,[} has any specific sparsity pattern and
find that this bound depends (inversely) exponentially on the
difference of || X (|2 and the £-norm of X 8 projected onto the
range of columns of X indexed by the wrong sparsity pattern.

Second, when the entries of X are independent and identi-
cally distributed (i.i.d.) random variables we are concerned with
establishing sufficient conditions that guarantee the reliability of
sparsity pattern recovery. Ideally, we would like to characterize
such conditions based on a minimal number of parameters in-
cluding the sparsity level &, the signal dimension p, the number
of measurements n and the signal-to-noise ratio(SNR) which is
equal to

E [[|x5]3]
SRR @
Assume that the absolute value of the nonzero entries of 3 are
lower bounded by (i, 2. Further, suppose that the variance of
the entries of X is equal to one !1. Hence
SNR > k2,
and therefore it is natural to ask, how does the ability to reliably
estimate the sparsity pattern depend on (n, p, k, 32...)-

We find that a nonasymptotic upper bound on the probability
of the maximum-likelihood decoder not declaring the true spar-
sity pattern can be found when the entries of the measurement
matrix are i.i.d. normal random variables. This allows us to
obtain sufficient conditions on the number of measurements
n as a function of (p,k, 32;) for reliable sparsity recovery.
We show that our results strengthen earlier sufficient conditions

IThis entails no loss of generality, by standard rescaling of /3.

2To the best of our knowledge, Wainwright [4] was the first to formulate the
information theoretic limitations of sparsity pattern recovery using 3min as one
of the key parameters.
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[4]-[7], and we show that the sufficient conditions on n match
the growth rate of the necessary conditions in both the linear,
i.e., k = O(p), and the sublinear, i.e., ¥ = o(p), regimes, as
long as 32, is © (£) and O(1).

min

A. Previous Work

A large body of recent work, including [4]-[10], analyzed
reliable sparsity pattern recovery exploiting optimal and sub-
optimal decoders for large random Gaussian measurement ma-
trices. The average error probability, necessary and sufficient
conditions for sparsity pattern recovery for Gaussian measure-
ment matrices were analyzed in [4] in terms of (n, .k, ﬂfmn).
As a generalization of the previous work, using the Fano in-
equality, necessary conditions for general random and sparse
measurement matrices were presented in [8]. The sufficient con-
ditions in [6] were obtained based on a simple maximum cor-
relation algorithm and a closely related thresholding estimator
discussed in [11]. In addition to the well-known formulation of
the necessary and sufficient conditions based on (n, p,k, ﬂfnin) ,
Fletcher et al. [6] included the maximum-to-average ratio3 of 3
in their analysis. Necessary and sufficient conditions for frac-
tional sparsity pattern recovery were analyzed in [5], [9].

We will discuss the relationship to this work below in more
depth, after describing our analysis and results in more detail.

B. Notation

The following conventions will remain in effect throughout
this paper. Calligraphic letters are used to indicate sparsity pat-
terns defined as a set of integers between 1 and p, with cardi-
nality k. We say 0 € RP has sparsity pattern 7 if the entries
with indices ¢ € 7 are nonzero. 7 — F stands for the set of
entries that are in 7 but not in F and |7 | for the cardinality of
T . We denote by X7 € R"*I71, the matrix obtained from X by
extracting |7 | columns with indices obeying ¢ € 7. Let S(3)
stand for the sparsity pattern or support set of 3. The matrix
norm ||| of @ matrix A defined as

[Az]|q

lllly -

1Al p+=manx

Note that if A is a positive semi-definite matrix then || A]|2,2 is
equal to the top eigenvalue of A. Except for the matrix norm
Il - l|2,2 all vector norms are {2, || - || = || - ||2- Finally, let the
orthonormal operator projecting into the subspace spanned by
the columns of X 7 be defined as I = X#(XEXr) 1 XL

II. RESULTS

For the observational model in (1), assume that the true spar-
sity model is 7'; as a result

y=Xrpr +e 4)

2

3The maximum-to-average ratio of 3 was defined as k32, /||8]|3.
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We first state a result on the probability of the event S(3) = F,
ie., Pr[S(B) = F|X,B,T], forany F # T and any measure-
ment matrix X.

Theorem 1: For the observational model of (4) and estimate

£ in (2), the following bound holds:

Pr [S(B) - ]-'|X,ﬂ,T}

<o { - S0 -1 Xr sy + T2}
where C' = 3 — 2V/2.

The proof of Theorem 1, given in Section III, employs the
Chernoff technique and the properties of the eigenvalues of the
difference of projection matrices, to bound the probability of
declaring a wrong sparsity pattern F instead of the true one 7°
as function of the measurement matrix X and the true parameter
(. The error rate decreases exponentially in the norm of the pro-
jection of X7 _ #(7_7 on the orthogonal subspace spanned by
the columns of X ~. This is in agreement with the intuition that
the closer different subspaces corresponding to different sets of
columns of X are, the harder it is to differentiate them, and
hence the higher the error probability will be.

The theorem below gives a nonasymptotic bound on the prob-
ability of the event that the declared sparsity pattern S(/3) differs
from the true sparsity pattern 7 in no more than d indices, when
the entries of the measurement matrix X are drawn i.i.d. from a
standard normal distribution. It is clear that by letting d = 1 we
obtain an upper bound on the error probability of exact sparsity
pattern recovery.

Theorem 2: Suppose that for the observational model of (4)
and the estimate /3 in (2) the entries of X are i.i.d. V’(0,1) and
p > 2k. If we have the equation shown at the bottom of the
page, where

dlog (22z1) +d
log(1 + CdB2,)

min

fo(d,p, k7 /Bmin) =

1 2
fl(kvﬂmin) =4k (1 + m)
Fop b Brin) 1= (1 ; ﬁ) 1+ 2log(k(p — k)]

then

Pr[|S(3) - 7| > d]

come{ 2] 0] )

where B* = % and C = 3 — 2V/2.
The key elements in the proof include Theorem 1, application
of union bounds (a fairly standard technique which has been

n—Fk > max {B fO(d7p7k7/Bmin)7B fO(kvpvkamin)vfl(kvﬂmin)7f2(p7k7ﬂmin)}
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used before for this problem [4], [5], [7]), asymptotic behavior
of binomial coefficients and properties of convex functions.

Note that in the linear regime, i.e., k = ©(p), with n = O(p)
and k32, = ©O(1) the probability of misidentifying more than
any fraction (less than one) goes to zero exponentially fast as
p — o0. In words, if the SNR is fixed while the dimension of
the signal increases unboundedly, it is still possible to recover
reliably some fraction of the support. This is in agreement with
previous results on partial sparsity pattern recovery [5], [9].

If we let n(p), k(p), and Bmin(p) scale as a function of p, then
the upper bound of Pr[S(3) # T scales like k(p — k)~ B".
For B* > 2 or equivalently B > 9, the probability of error as
p — oo is bounded above by p~? for some D > 1. Therefore

> Pr(S(Bpx1) # T 5)
p=1

is finite and as a consequence of the Borel-Cantelli Lemma, for
large enough p, the decoder declares the true sparsity pattern al-
most surely. In other words, the estimate 3 based on (2) achieves
the same loss as an oracle which is supplied with perfect infor-
mation about which coefficients of J are nonzero. The following
corollary summarizes the aforementioned statements.

Corollary 3: For the observational model of (4) and the esti-
mate /3 in (2), let n, k and 3% scale as a function of p. Then
there exists a constant C* such that if 52, is Q (+) and O(1),
and

log(p — k) klog (%)
IOg (1 + [))IZnin) 7 10g(1 + kﬁ?mn) ,

n > C*max{

then a.s. for large enough p, B achieves the same performance
loss as an oracle which is supplied with perfect information
about which coefficients of 3 are nonzero and S(3) = 7.

Remarks:

s (2., = O(1) is required to ensure that for a sufficiently
large C*, we have C*f0(17p7k7/8min) > f2(p7k7/8min)
where fy and f5 are defined in Theorem 1.

e (2., = Q (%) is required to ensure that for a sufficiently
large C*, we have C*k > f1(k, Bmin) Where f; is defined
in Theorem 1.

The sufficient conditions in Corollary 3 can be compared against
similar conditions for exact sparsity pattern recovery in [4]-[7];
for example, in the sublinear regime k = o(p), when 32,
O(1), [4], [7] proved that n = O(klog ()) is sufficient, and
[5], [6] proved that n = ©(klog(p — k)) is sufficient. In that
vein, according to Corollary 3

_ klog (%)
n = max {@ (W) ,@(k)}

suffices to ensure exact sparsity pattern recovery; therefore, it
strengthens these earlier results.

What remains is to see whether the sufficient conditions in
Corollary 3 match the necessary conditions proved in [8]:

Theorem 4 [8]: Suppose that the entries of the measurement
matrix X € R"™*? are drawn i.i.d. from any distribution with
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zero-mean and variance one. Then a necessary condition for
asymptotically reliable recovery is that

n > max{fl (k7p7 ﬁ?nin) 7f2 (k7p7l[312nin) 7k - 1}

where

B log (p) -1

F1 (B, p, Biuin) = Liog (1 + k/];fnm (1 - 5))
loglp—k+1)—1

Llog (1+ﬂ§.in (1— ;ﬁ))

The necessary condition in Theorem 4 asymptotically resem-
bles the sufficient condition in Corollary 3; recall that log (i) <
klog (<2). The sufficient conditions of Corollary 3 can be com-
pared against the necessary conditions in [8] for exact sparsity
pattern recovery, as shown in Table 1. The first paper to estab-
lish the sufficient conditions in row 1 and row 4 of Table I is
[10]. The sufficient conditions presented in the first four rows
of Table I are a consequence of past work [4], also recovered
by Corollary 3. The new stronger result in this paper provides
the sufficient conditions in row 5 and 6, which did not appear in
previous studies [4]—[7], and match the previous necessary con-
ditions presented in [8]. (It is worth reminding that these results
are restricted to 32;, = O(1) and B2, = Q (1))

min

f2 (k7p7/6r2nin) =

III. PROOF OF THEOREM 1

We first state three basic lemmas.

Lemma 5: 1f any 2k columns of the n X p matrix X are lin-
early independent then for any sparsity pattern 7 and F such
that | 7| = |F| = k the difference of projection matrices Tz —
II7 has d = |T — F| pairs of nonzero positive and negative
eigenvalues, bounded above by one and bounded below by neg-
ative one, respectively, and equal in magnitude.

Lemma 6: Fory ~ N (p,I) and ||2tT||2,2 < 1, we have

tu T O p+2t2 T (1—-2¢0) "oy

det(I — 2t0)z

E[e" %] =

Lemma 7: For U = Il — Il and d = |7 — F|, we have
log det(T — 2tW) > dlog(1 — 4t?)
I(7 = 200) 2|3, < (1-26)7",

We defer the proofs of the lemmas 5 and 7 to after the proof of
Theorem 1. Lemma 6 follows standard Gaussian integrals [12].
A. Proof of Theorem 1

For a given sparsity pattern F, the minimum residual sum of
squares is achieved by

min [ly — X#0x]> = [ly - Wry|?
Rk

where IIr denotes the orthogonal projection operator into the
column space of X r; that is, among all sparsity patterns with
size k, the optimum decoder declares

T(y.X) = arg min ||y — Lzy]|?
|Fl=k
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TABLE I
NECESSARY AND SUFFICIENT CONDITIONS ON THE NUMBER OF MEASUREMENTS 1 REQUIRED FOR RELIABLE SUPPORT RECOVERY IN THE LINEAR AND THE
SUBLINEAR REGIME. THE SUFFICIENT CONDITIONS PRESENTED IN THE FIRST FOUR ROWS ARE A CONSEQUENCE OF PAST WORK [4], ALSO RECOVERED BY
COROLLARY 3. THE NEW STRONGER RESULT IN THIS PAPER PROVIDES THE SUFFICIENT CONDITIONS IN ROW 5 AND 6, WHICH DID NOT APPEAR IN PREVIOUS
STUDIES [4]-[7], AND MATCH THE NECESSARY CONDITIONS PRESENTED IN [8]

Scaling Sufficient condition Necessary condition
Corollary 3 Theorem 4 (8]

k=0(p)

Baim = ©(3) n = O(plogp) n = 6(plogp)

k=0©(p)

Bin = O n=6(p) n=0(p)

k=0(p)

Bain = 0(1) n=06(p) n=0(p)

k= o(p)

Bain = O%) n = O(klog(p — k) n = O(klog(p — k))

k= o(p)

ﬂﬁﬁn:@(lﬂ%—k) n:mu{@(%ﬁ),@(%ﬁg)} nzmax{@(%),@(%ﬁfg)}

k = o(p)

B2, =0() n=max{e (%),@(m} n = max {@ (%@),@(k)}

as the optimum estimate of the true sparsity pattern in terms of
minimum error probability. Recall the definition of 3 in (2) and

A~ A~

note that S(5) = 7 (y, X). If the decoder incorrectly declares
F instead of the true sparsity pattern (namely 7°), then

ly = Tryll* < lly = Hryl*
or equivalently

Zr =y (llF —I1)y > 0.

The probability that the optimal decoder declares wrongly the
sparsity pattern F instead of the true sparsity pattern 7 is less
than the probability that Zx > 0. With the aid of the Chernoff
technique an upper bound on the probability that Zx > 0 is
obtained

Pr[ZF > 0|X,7,0] < inf E[e?7'X,T,[].
|t|]<1/2

Note that Z# is a random variable that has a quadratic form
in Gaussian random vectors. This allows us to use standard
Gaussian integrals to calculate E[eZ#|X,7,/]. In order to
bound the expectation, |¢| is required to be bounded which is a
necessary condition in Lemma 6. From Lemma 6, we learned
that

log E[ezft]

2T -1 T 1
=2t U(I=2t0) " Upu+itp Tu— 3 log det(I—2t¥) (6)
where we made the following abbreviations:

p=Xrpr
U =Ir Iy

For Lemma 6, we need ||2t ¥ ||, » < 1 and we prove in Lemma 5
that the eigenvalues of U are bounded in absolute value by one;
consequently, (6) holds for |2¢] < 1.

With the aid of the definition of the 5 norm of matrices and
applying it to ||(I — 2t W) /2T ||? the first term in the r.h.s. of
(6) can be bounded as follows:

267" (1 — 260) T Wy < 267)|(1 — 260) V2|3 0" T p,
(N
Since p lies in the subspace spanned by the columns of X7 we

have

I7rp =pand
(IIr —Ip)p=Ur —Up)Xr_sfr-F
=(I -Up)X7_rPBr-F

which yields the following:

= (7 = 1) X 77 |*
= — I = r) X7 5B 7|

w"p

and similarly
prVP = ||(I = 1) X7 — 5B - 7|*.

The aforementioned equations and the inequality (7) yields the
upper bound shown in (8), as found at the bottom of the page.
Lemma 7 introduces an upper bound for || (1 —2tW)~1/2||3 , and
a lower bound for log det(I — 2¢¥) that can be used to further
simplify the upper bound of log E[eZ#¢]. The main ingredient
in the proof of Lemma 7 is the eigenvalue properties of I —

1
1%Ek%ﬂgzﬁmz-mwr”ﬂ@wﬂwu+mﬁmu—§bgmuf—m@

1
:{%wH—QNﬁﬂﬁﬁg—t}MI—HﬂXf%ﬂ%ﬁﬂF—gbg@ﬂl—%W)

®)
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117 that were established in Lemma 5. Substituting the bounds
obtained in Lemma 7 in (8), we have

log E[e?71]<

21tQtIHX 2D ioe—ar).
T~ NI -1F) X7 rfr—7|" — 5 log(1-4t7).  9)

Finally, to prove Theorem 1, we take the infimum of -2 = 2 - —t
over |t| < 1/2 which is equal to /2 — 3/2 at t* = 1/2(1 —
v/2/2) and obtain the desired bound as shown in the equation
at the bottom of the page. O

Now we prove the remaining lemmas.

Proof of Lemma 5: Before we prove the result, let us intro-
duce some notations.

e For any F € {1,2,...,p}, Vr is defined as the linear
subspace spanned by the columns of X r,

. VFJ- stands for the subspace orthogonal to V]:,

e Vr and VT stand for Vr N (Ve N VT)
(Vrn V}-) , respectively,

* and finally for any subspace V, Il designates the orthog-
onal projection onto V. (With a slight abuse of notation,
for any sparsity pattern F, we use Il instead of IIy, ).

It is worthwhile noting that Ve N Vris empty. From [13,

Lemma 4.1], for any V7 and Vi in R™, it holds that

Vo ZVT D (VT n V]:)

and Vr N

VEUVr =Vr @ Ve a (VrNVyx) (10)
V0 Vg J_V]:@VT (11)
which yields
Hr =1y, + Hyenvy
Iy = H‘;T + v, vy,
Consequently
Hr — 7 =1y, -y, . (12)

Since any set of columns of X with size less or equal to 2% are

IEEE TRANSACTIONS ON INFORMATION THEORY, VOL. 57, NO. 7, JULY 2011

=d = dim(V7).
The dimension of (Vf U IN/T)L
117 is equal to

dim ((f/}- U VT)J‘) =n — dim(V¢) — dim(Vy) = n — 2d.

(k—d)

which is the null space of I1 —

We just proved that ITx — Il has n — 2d eigenvalues with
eigenvalue zero. The range of Il — Il is the 2d dimensional
space V]:UVT Therefore, I = —I17 has 2d nonzero eigenvalues
with absolute value less or equal to one (The eigenvalues of
Iz — 117 are equal to one only if V}- 1 V. )

If v(y) is an eigenvector of 11z — I17 with eigenvalue A, then
we have

(Hr =)oy = Aoy

Next, we prove that the vector

v=x) = vy — (Ir +Tr)uey

is an eigenvector of Iz — I with eigenvalue —\. The proof

presented in the following exploits the definition of the eigen-

VECLOr U(y):

(T =T v—xy = (Tr = 1) (ver) — (Tr + Tl )u ()
= (s —7)vn — (r —7) (e +1I7)v )
= M) — (s +1elly =z —117) vy
= — Il + Tz

-z - /\)v()\) + (7 + /\)U(A)

= —II#(1 = Nveny + (14 Aoy

— (Ilr = 7 )veny + A(xE 4 17 )v(ny

= — )\’U(A) + A1z + HT)U(A)

= — Ay

This means that for every eigenvector vy with eigenvalue A
there exist another eigenvector v(_y) with eigenvalue —\.
Proof of Lemma 7: From Lemma 5, we know that [T —11+

independent, for any 7 and F such that |7| = |F| = k and has d pairs of nonzero positive and negative eigenvalues, whose
|F — T| = d, we have magnitudes are equal. Let the positive eigenvalues be denoted
by A1, ..., Ag, then
Ve Vr =VraT, d
Ve UV = Veor logdet(I — 2t¥) =Y {log(1 — 2tA;) + log(1 + 2tA;)}
=1
and d 5y
= log(1 —4t=);).
dim(Vrnr) = |FNT| = k—d (13) ; &( i)
dim(Vror) =|FUT|=k+d a4 Since, the eigenvalues are bounded by one, again by Lemma 5,
therefore log(1 — 4t2)?) is lower bounded by log(1 — 4¢2); consequently
dim (V) =dim(Vz) — dim(Ve N V7)) log det(I — 2tT) < dlog(1 — 4t?).
3-2V2

f logE[e?+?
|t\1£1/2 og Ble™] 2

3—2v2
2

IN

IN

d
(I -Ur)X7_rBr—F|> + =

107 =T Xr s Brr |2 — log(v2 - 1/2)

2

2
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To prove ||(/ — 2tW)~/2||3, < (1 — 2t)~", note that (/ —
200)~1/2 has:
+ deigenvalues equal to (1—2tA;) /2, ..., (1-2t\g) Y/
+ deigenvalues equal to (1+2tA1)~ /2, ..., (142tAg)~"/2;
* and n — 2d eigenvalues equal to one.
It is not hard to see that because 2¢ < 1 and A\; < 1 the top
eigenvalue of (I — 2tW)~'/2 is bounded above by (I — 2t)~1/2
and hence,

107 = 200) 723, < (1 — 207

IV. PROOF OF THEOREM 2
We state two simple lemmas used to prove Theorem 2.

Lemma 8: For Gaussian measurement matrices, with X;; ~
N (0, 1) the average error probability that the optimum decoder
declares F is bounded by

Pr(T (y, X) = F|6,7]

n—k T —-F
< exp{— 5 log (1 +C||[7)T—]-'”2) + %}

where C' = 3 — 2/2.

Lemma 9: For the function
5 k(p — k)
g(ry=r [5 + log < - —

defined on positive integers if

n— k>max{4k <1+ %)2 : <1+ %) [14 2log(k(p — k))]}
(15)

—k
z 5 log(1+77)

then

max_g(r) < max{g(d), g(k)}.
Before we prove the two lemmas, let us see how they imply
Theorem 2.

A. Proof of Theorem 2

In order to find conditions under which Pr[|S(3) — 7| >
d] asymptotically goes to zero, we exploit the union bound in
conjunction with counting arguments and the previously stated
two lemmas.

First, note that the event |S(3) — 7| > d can be written as
the union of the events S (ﬁ) = F for all sparsity patterns F
such that |7 — 7| > d. The union bound allows us to bound the
probability of the event U|;,T|Zd{5([§) = F} by the sum of
probabilities of events like S(3) = . In mathematical terms

Pr[|S(B) — T| > d] = Pr [u|f_7|2d{5(3) = f}}
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Lemma 8 which is based on generating functions of chi-square

distributions introduces an upper bound for the event S(3) =
F; namely

Pr[T (y, X) = F|B,T] < ¢ "5 los(1+Clpr 1)+ 557

with C = 3 — 2v/2. If we replace C||3r_r||> with the lower
bound C|T — F|B2,;, which follows the definition of i, we
obtain an upper bound for the event S (B) = F that does not
depend on F as long as |F — 7 | is fixed. The number of sparsity

patterns F that are different from 7 in exactly r elements is
(k) (p:k) . Therefore, we can bound Z|]—'—T|:r Pr [S(B) = .7-']

T

_ n_k 2 r . ..
by (¥) (#7%) e~z los(1+Crhuin)+ 5 To summarize, exploiting

inequality log (}) < blog (42), we have

k 5 k(p—k n—k 5
PiS(B)—T|> d] <Y ¢ [ Hos(*55) |25 a1 enals)

r=d
(16)

Let g(r) stand for the exponent in the previous equation

g(r):=r [% +log <’f(p7; k)

)] - n;klog(l—l-r'y)

where we defined

y:=C B>

min*

From Lemma 9, we know that if

n— k>max{4k <1+ %)2 , <1+ %) [1+ 2log(k(p — k))]}
(17)

then max,—q__x g(r) < max {g(d),g(k)} and therefore

.....

k
PS(3) = T| 2 d] < 3 es)
r=d
< kemaxig(d).g(k)} (18)
For Pr[|S() — T| > d] — 0, it suffices that g(d) and g(k) go
to —oo fast enough. In the statement of Theorem 2, we have the
following condition:

that results in the following upper bound:

o(d)=d B +log (k(pd; k))] R K og(14dy)  (19)

o] (222

D=5 g (25 1.

S_

(20)
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Hence, if

dlog( (v ’“>)+d klog(k(p k))+k

—k>B
o e log(1 + dy) log(1 + k)

2y

then we get the equation shown at the bottom of the page. There-
fore, inequalities (17) and (21), which are the main conditions
in Theorem 1, imply that

Pr{S(8) = T| > d]
—dB* —kB*
< kmax { [W] , {@} }
where B* = B=3, O

2

Now we prove the remaining lemmas.

Proof of Lemma 8: The columns of X+ and X7_x are,
by definition, disjoint and therefore independent Gaussian
random matrices with column spaces spanning random inde-
pendent | F|-and |7 — F|-dimensional subspaces, respectively.
The Gaussian random vector X7 _ (37— has i.i.d. Gaussian
entries with variance ||37_||%. Therefore, we conclude that,
since the random Gaussian vector X7 _ 07 _ 7 is projected
onto the subspace orthogonal to the random column space of
Xz, the quantity ||(I — H}')XT—]-',[}T—J:HZ/H[;T—}'”2 is a
chi-square random variable with n — k degrees of freedom.
Thus
Pr(T(y, X)

= F18,7) =Ex {Pr{T(y, X) = FIX. 8, 7]}

1
<Ey {e—%uu—nf)xﬁf,apfu%%}
=By e §WIAr—r'+s

2~ 1014+ ClBr FIP)+4

nk

The first inequality follows from Theorem 1 and the second
equality comes from the well-known formula (see for example
[12]) for the moment- generatmg functlon of a chi- sauare
random variable; that is, Eyy 2 = (1-2t)" for
2t < 1.

Proof of Lemma 9: Let us first explain the idea behind this
Lemma. We aim to prove that under certain conditions, for some
ro € [1,k], g(r) is a decreasing function for r € [1, 7] and an
increasing function for r € [rq, k]. This yields the desired upper
bound

g(k)}. (22)

< d),
Tgl[gﬁ]g( ) < max{g(d),
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We begin by taking derivatives of g(r) to prove the aforemen-
tioned claim
v(n — k)

/ _1 k(p—k)
) = +1og (M) - D)

—4(1 +77)* + 9% (n — k)
2r(1 4 7v)? ’

g"(r) =

Note that in the following steps, we use inequality (15), i.e.,

n— k>max{4k <1+ %)2 : <1 + %) [1+ 2log(k(p — k))]}

to prove inequality (22).

1. ¢”(r) = 0 has two solutions r} and r} such that r < r3.
Due to the positivity of the denominator and the quadratic
and concave nature of the numerator of g”(r), we have:

(@) ¢"(r) < 0forr < r};
(b) ¢"(r) > 0forry < r <135
(©) ¢"’(r) < Oforrs < r. ,

2. From inequality (15), we have n — k > 4k (1 + %)
which ensures that g’ (k) > 0. Therefore, we have r} <
k < r3. This implies the convexity of g(r) for r € [r¥, k]
and the negativity of ¢”(r) for r < r}. We have two situa-
tions depending on whether 1 < 7} or not:

1. 1 < rj: From inequality (15) we have n — k >
Y1+ 2log(k(p — k))] which implies that ¢/(1) <
0. This, in conjunction with ¢” () < 0 for » < 7}, im-
plies that g(r) is decreasing for r € [1,77].

2. vy < 1: g(r) is convex for r € [1, k].

3. Either case, i.e., g(r) is convex for r € [1,k] or de-
creasing for all 7 € [1,r]] and convex for r € [r], k],
proves the desired inequality (22).

V. CONCLUSION

In this paper, we examined the probability that the optimal
decoder declares an incorrect sparsity pattern. We obtained an
upper bound for any generic measurement matrix, and this al-
lowed us to calculate the error probability in the case of random
measurement matrices. In the special case when the entries of
the measurement matrix are i.i.d. normal random variables, we
computed an upper bound on the expected error probability.
Sufficient conditions on exact sparsity pattern recovery were
obtained, and they were shown to improve the previous results
[4]-[7]. Moreover, these results asymptotically match (in terms
of growth rate) the corresponding necessary condition presented
in [8]. An interesting open problem is to extend the sufficient
conditions derived in this work to non-Gaussian and sparse mea-
surement matrices.

max {g(d), g(k)} >

(2252 o] (552) ]}
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