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A Two Stage Generalized Block Orthogonal
Matching Pursuit (TSGBOMP) Algorithm

Samrat Mukhopadhyay

Abstract—Recovery of an unknown sparse signal from a few of
its projections is the key objective of compressed sensing. Often
one comes across signals that are not ordinarily sparse but are
sparse blockwise. Existing block sparse recovery algorithms like
BOMP make the assumption of uniform block size and known
block boundaries, which are, however, not very practical in many
applications. This paper addresses this problem and proposes a
two step procedure, where the first stage is a coarse block location
identification stage while the second stage carries out finer local-
ization of a non-zero cluster within the window selected in the first
stage. A detailed convergence analysis of the proposed algorithm
is carried out by first defining a so-called pseudoblock-interleaved
block RIP for the given generalized block sparse signal and then
imposing upper bounds on the corresponding RIC. Simulation
results confirm significantly improved performance of the proposed
algorithm as compared to BOMP.

Index Terms—Compressed Sensing (CS), block sparse, restricted
isometry property (RIP).

I. INTRODUCTION

HOUGH last two decades have seen a great flurry of
T activities in the domain of compressed sensing (CS) ([1],
[2]), in particular towards development of greedy algorithms for
recovering an unknown vector that is sparse in some domain,
almost all these treatments considered signals that are ordinarily
sparse and not block sparse where the nonzero elements tend to
occur in clusters ([3], [4]), even though block sparse signals are
encountered in many applications ([S]-[8]).

In [3], the CS recovery problem with block sparse structure
was studied in detail and a /1 -norm minimization based recovery
algorithm was proposed which was analyzed by introducing the
notion of the so-called block restricted isometry property (BRIP)
of the sensing matrix. In [7], a Block OMP (BOMP) algorithm
was proposed as an extension of OMP [9] for block-sparse recov-
ery from compressed measurements, which was analyzed using
the concept of block-coherence. Recently, a BRIP based analysis
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of the BOMP algorithm has been presented [8] that derives
recovery conditions in terms of the block restricted isometry
constant (BRIC) of the sensing matrix. Both the block sparse
recovery algorithms ([3], [7]), however, assume that the overall
support of the signal vector can be uniformly partitioned into
blocks of identical length and of known block boundaries. These
assumptions, however, do not hold good in many applications,
e.g., atomic decomposition of audio signals [10], where the exact
block partitions of the unknown vector are not known beforehand
and a non-zero cluster can overlap partially or fully into two or
more adjacent blocks. Although a few algorithms have been
proposed to address the recovery of this kind of signals ([11],
[12]), all of them use the Bayesian learning framework, which
impose prior distributional assumptions on the unknown vector.

In this paper, we propose and study a new non-Bayesian
algorithm called the two stage generalized block OMP (TSG-
BOMP), which has a structure similar to the BOMP algorithm
except that the block identification is performed in two stages.
The first stage is a coarse block location identification stage
where, similar to the BOMP algorithm, from a prespecified set
of windows (i.e. sets of consecutive columns that the whole set
of columns is partitioned into), a window of columns having
the maximum correlation (with some prior residual) is selected.
In the second stage, the algorithm conducts a finer search for a
block by calculating the correlations (with some prior residual)
corresponding to all overlapping consecutive cluster of columns
throughout the window selected, and then finding the cluster hav-
ing the largest absolute correlation'. Presence of the two stages,
however, makes analysis of the proposed TSGBOMP algorithm
very challenging, as, success at each iteration requires first
selection of a window that overlaps with at least one true cluster
and then in the second stage, identification of that true cluster. For
this, we introduce a new RIP tailored to the particular structure of
the unknown vector, termed as pseudoblock-interleaved block
RIP (PIBRIP) and study the properties of the corresponding
pseudoblock-interleaved block RIC (PIBRIC). The PIBRIP is
motivated by the model-RIP introduced in [14] for analyzing
signals with union of subspace structure. We carry out a detailed
PIBRIP based analysis of the TSGBOMP algorithm and deter-
mine conditions on the PIBRIC that ensures exact recovery using
TSGBOMP. Finally, we use numerical simulations to exhibit the
superior probability of recovery performances of the TSGBOMP

IThis philosophy of block selection in the second stage is inspired from a
recent paper [ 13] which searches for a block by calculating absolute correlations
corresponding to all possible overlapping clusters of columns in the matrix with
certain residual vector and then selecting the one having the highest value.
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Fig. 1. Explanation of the notations [¢] and 7).
algorithm with respect to the BOMP algorithm for recovering
the signals with generalized block sparse structure.

II. NOTATIONS

The following notations have been used throughout the paper :
‘t” in superscript indicates matrix / vector transpose, H denotes
the set of indices {1,2,..., n}. For any vector € R", the
entries are denoted by x1, . .., x, and the support of x, denoted
by supp(x), is defined as the set of indices corresponding
to the nonzero values of z, i.e., supp(z) = {i € H|z; # 0}>.
The symbol ¢, denotes the ¢ th column of ®, i € H and all
the columns of ® are assumed to have unit /> norm, i.e.,
|l@;]|2 = 1, which is a common assumption in literature [16].
For any two vectors u, v € R™, (u,v) = u'v. Forany S C H,
xs denotes a vector comprising those entries of x that are
indexed by numbers belonging to .S. Similarly, s denotes
the submatrix of ® formed with the columns of ® having
column numbers given by the index set S. We denote by [i], the
set of indices {(i — 1)L +1,...,Li},forany i =1, 2,..., %
(throughout the paper, we assume n to be d1v1s1b1e by L),
which is hereafter referred to as the i*" window or the win-
dow with index i. For a set S C H, we denote by [S] the set
union of the windows indexed by the elements of S, i.e., [S] =
Uies[i]- A set of b(>1) consecutive indices is called a block.
We denote by |i) the set of indices {i,i +1,...,i+b— 1},
which is hereafter referred to as the block with starting index
i. Analogous to the windows, for any set .S C H, we define
|S) = Uies |7). Fig. 1 provides a pictorial description of the
above notations. In this paper, we consider blocks that are
non-overlapping though they can be adjacent. It is assumed that
the unknown vector & contains at most K nonzero blocks® with
starting indices t1, ta, . . ., t -, Where t1 = min{j > 1|x; # 0},
and tx1 = min{j >t +blz; #0}, 1 <k < K — 1. Using
these indices, we define T' = {¢1,t2,...,tx }.

If ® gy has full column rank of |S| x b (|S| x b < m), then

the Moore-Penrose pseudo-inverse of ® gy is given by @T‘ 5) =
(®5,®5)) "' ®{g). The matrices Pg = &5 ®|, and P =
I — P g respectively denote the orthogonal projection operators

associated with span(®g)) and the orthogonal complement of

span(® s)). Finally, for any matrix A, we denote by || A |22
|Az|>
T

and can be shown to be equivalent to maxz+g [z Az| Am‘ when A

the operator norm of A defined as || A|2—2 = maxz£o |

)

The treatment in this paper is restricted to the real case only. For extension
to the complex case, some additional steps and one more lemma are required.
Details of this can be found in [15].

3By nonzero block of @ is meant a block over which 2 has non-zero values.
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TABLE I
PROPOSED TSGBOMP ALGORITHM

Input: Measurement vector y € R™, sensing matrix & € R™*"™;
sparsity level K'; prespecified residual threshold ¢; window
size (L(> bp)); maximum cluster size B = pb, p > 1.

Initialize: Counter k& = 0, residue ° = y, estimated support set,

T = 1.
While ([|7F]|, > eand k < K)
1) k=k+1,
2) wk = argmaxi<j<n/rL H'~I>[l] 71H2 and bF =
{max{l Lw* —1)+1—(B—-1},---,Lwk},
3) iF = argmax; .k @fsy'k_l‘f where S =
(i, itb,- it (p— 1)}
4 Tk = T -1 uhk where hkE = {ik, ik +
5) erk> = argmln‘
6) 7y ¢|Tk> ‘Tk>
End While

Output: Estimated support set {75} and estimated vector & =

arg min ‘y7<1>‘TK>u‘
wssupp(u)={TH} 2

is symmetric [2, pp. 519]. We use the abbreviation w.l.o.g. for
without loss of generality.

III. PROPOSED ALGORITHM

The proposed TSGBOMP algorithm aims to recover an un-
known vector @, and more specifically, to recover its support
|T") that has a maximum of K nonzero blocks each of size b.
However, unlike conventional approaches like the BOMP [7], it
does not assume the exact block locations to be known a priori. It
is assumed that there can be at most p adjacent non-zero blocks
in 2, forming a nonzero cluster of maximum size B(= pb).* The
nonzero clusters are not contiguous (i.e., they are separated by
zeros), and if there are a total of  such nonzero clusters, with the

h cluster having size j,b, 1 < js <p, s =1,2,...,7 (e, it
has js contiguous blocks of size b each), then Y ._, j, = K.
The whole signal range is divided into n/L windows of size
L, with B, L satisfying L > B. It is also assumed that any two
consecutive nonzero clusters of  are well-separated by a zone
of atleast L’ = L + 2B — b zeros. Although, in principle, such
a constraint is not necessary for the execution of the algorithm,
it ensures that the range of indices, associated to an window
identified by the first stage of TSGBOMP, can contain only one
nonzero true cluster. This makes the analysis of the algorithm
less complicated. Also, we assume that the signal length n
is large enough to accommodate any arrangement of nonzero
clusters with K blocks in the signal (of size b) such that any two
consecutive clusters are separated by at least L’ zeros.

The proposed TSGBOMP algorithm, given in Table I, em-
ploys a two stage search procedure, of which the first one is
similar to the BOMP. At any iteration k:(> 1) of the algo-
rithm, it assumes that a residual vector »*~! and a partially

“In this paper, we use the notion of cluster in most cases rather than block, as
the former is more general (a block is a cluster with p = 1).
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constructed set 7%~! are already available from step k — 1
(ro =y, T° = (). Then, following the BOMP procedure, it
carries out a window-wise scanning and identifies a window
of length L and index w" from the range 1 to n/ L, for which the
15 norm of the correlation vector @fwk]rk"l is maximum. Next,
it carries out a pointwise scanning over the set of indices b* =
{max{1, L(w* — 1) +1— (B —1)},..., Lw*} and identifies
a cluster of size B that has non-empty overlap with the chosen
window and for which, the correlation vector ‘1>t|hk>r’“*1 has

maximum [ norm, where h* denotes the set of the first indices
of the elementary blocks (of size b) contained in the cluster, i.e.,
hk = {i¥ i* +b,..., ¥ + (p — 1)b}, withi¥ € b¥. The set h*
is then appended to 7%~ to construct 7%, and the residual vector
is updated to 7* by computing P%ky.

IV. SIGNAL RECOVERY USING TSGBOMP

In this section, we derive sufficient recovery condition for
TSGBOMP to successfully reconstruct the correct support of
an unknown vector € R” from a set of noisy measurements,
given by y(€ R™) = ®x + e, where e is a measurement noise
vector that is assumed to be /5-bounded by a positive number e,
i.e., ||e||2 < e.Forthis, we follow the approach of induction, i.e.,
at any k-th step of iteration (k > 1), we assume that in each of
the previous (k — 1) steps, at least one true cluster of « has been
selected. We then first find a condition ensuring that TSGBOMP
identifies a window which has a non-empty intersection with
one of the true (as yet unidentified) clusters of . Then we find
a condition that ensures that a correct cluster (of size between
b and pb) is identified among all possible consecutive clusters
having nonzero overlap with the identified window. Finally
we combine these two conditions to find a uniform recovery
condition under which TSGBOMP is successful in identifying
a correct cluster at step k. For the analysis of finding a correct
window, our proof closely follows the arguments of Theorem 1
of [8] which is widely used for the analysis of BOMP using block
sparse structure with predefined block boundaries and uniform
block lengths. However, as the TSGBOMP does not assume
fixed block boundaries and uniform block length, certain steps
in the analysis of Wen et al. [8] cannot be directly extended to
TSGBOMP, and instead, certain novel structures are required
to be defined to continue adopting the analysis of [8]. These
significantly change the final conditions for successful recovery.

A. Condition for Identifying a Correct Window At Step
k(K >1)

To ensure success at iteration &, we need to ensure that the
window selected in iteration k£ has a nonempty overlap with
at least one of the true clusters of «, having blocks with first
indicesinthe set T\ T*~!. To express this mathematically, let us
define, for any subset S C H, Og = {i : [i] N |S) # 0}, which
is the set containing the first indices of the windows that have
nonempty overlap with the blocks beginning with the indices in
the set .S. Then the necessary condition for selecting a correct
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window at iteration k is given by

. max @fi]rk’lH > max q)fj]rk’IH ,
ZEOT\Tk,l 2 JGOT\T’G*I 2

& rk—lH H@)& 7,1%1” 1
& [ @lon 7, > [@log i, o

where S¥~1 = T\ T*~!. To find a condition to ensure (1), we
first observe that using steps similar to the ones used to derive
Eq (4.16) of [8], one obtains

Pkl — PL .y
=Pr. . (Px +e)
= P%k,l (@‘Sk LT gr-1y + e)
= P ®jse1y @ 51y + Prose. )

Plugging in the expression of 7¥~1 from (2), it is easy to see
(using triangle and reverse triangle inequalities respectively) that
the condition (1) is satisfied if the following is ensured:

H éfosk—l]P,z{k71 @lsk—l).’l}‘sk—l) 2,00

_ H (I)fogkfﬂP%kil (I)‘Sk71>:13|5k—1> -

> [#logPre], , + |#og, Pruse], - @
Now we will find alower bound of the left hand side (LHS) and
upper bound of the right hand side (RHS), of the inequality (3)
and compare them to come up with a sufficient condition to
ensure (3).
In order to proceed further, we first note that one can write

H(pfoskfl]P#k’*lQ\Skfl)x‘skfw -

_ 2 i€0 Hw[i]H2_
Zieosk,l gl

[@fo,. P @iy

2,00

R A

(;) ZiGOskfl
2 icOgis gl

—~
o
=

‘<‘I>[Osk71]w[03k71] 5 P%k,l ¢‘5k71>$‘5k71>>’
>ico s [1Ziall,

Y

‘<¢‘Sk—1>$‘sk—l>, P%:k,l q)‘sk—1>w‘sk—1>>|
Yicoges [zl

—
3]
~

(i) |<(§|Sk—l>wlsk—l>, P%k,l @lsk—l>m‘sk—l>>’

Vi || @501y |,

P @@
Vi [|zseny ||,

where dj, = |Ogi-1|. Here step (a) uses the Holder’s-(1, co)
inequality followed by Cauchy-Schwartz inequality, while (b)
uses the triangle inequality. Step (c) uses the observation that

“)
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|Sk=1) C [Ogx-1] along with the fact that a window can contain
at most one nonzero cluster (of size jb, 1 < j < p), since such
nonzero clusters are separated by at least L’ zeros. Finally, step
(d) uses Cauchy-Schwartz inequality and the observation that
[Zi0g 11ll2 = l@)s6-1)[[2.

We now proceed to find an wupper bound of
||'I>fogk71]P%k,1'I>‘5k71>m‘5k71>\|2,o@. In order to do that,
following the proof of Lemma 4.1 of [8], we will instead find an
upper bound of ||<I>fj]P%,H<I>‘Sk71>m‘sk71>||2 for an arbitrary
j € Oy which will hold uniformly for all j € OS, .. Fix
any j € O, , and let

qk_1 = P%k,1‘1’|5k71>$‘5k71>. (5)

Following the proof of Lemma 4.1 of [8], we now define a list
of quantities for expressing ||<I>fj]qk’1 |2 in a convenient way.
Let # > 0 be an arbitrary positive number. Define,

VvVO+1-1

LA 6)
7 NG (
t
b k—1
hzz(f%,lszsa )
Bt qu
H 9 2
o [wsgl> e RIS, ®)

e RIS* DI+, 9)

0
w =g, |,

B =P[5, By (10)
Using these definitions, it is straightforward to verify that
Bu = ¢" ! and Bw = pi|x g1-1[|2Pr s ®;)h, so that
w'B'Bu
= pt[[@sen) ||, B ®E (Proa)'q !
taqt k-1
= pt|lmisi ||, A @ a
(- (Pps) Py = Phiy)

— i aisnn |, [ @ha" -
Consequently, it can be verified that the following identity
holds (see the proof of Lemma 4.1 of [8] for details):

|B(u+w)| — || B(u*u - w)|;
= (1= ) (I1Bul3 -

VO |z H‘I’fﬂP?H‘I’\Sk*1>$\5k*1> ). an

Clearly, if a lower bound of the LHS of (11) can be found,
one can find an upper bound of \\@fj]P%k,l'IJ Sk 1) T |gh1) Il2-
Consider the two terms of the LHS of (11), ie., ||B(u+
w)[3 = [Ph (@50 pylu+ w3, and [ Bluu -
w)|3 = P71 [® 551y ®;](1°u —w)|3. In the case of
BOMP, both the window and block are the same entity, of
length, say, L, meaning, ® gx-1) has an integral multiple of L
(i.e., |S*~1|L) number of columns, while ®(;1 has L columns.
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K True blocks R Pseudo blocks

Jb, > 1L L
1<j<p

Fig. 2. Tllustration of a PIBS vector: there are k (< K) true clusters (shown in
solid), each of size of the form jb, where 1 < j < p, and any two consecutive
true clusters are separated by at least L’ zeros; these gaps (as well as the gaps
between the signal edges and the first and last true clusters) contain (< R)
another type of nonzero blocks (shown in grids), called pseudo blocks, which
have fixed size [ (0 <1 < L').

Together, ® g1y along with ®(;; constitute the columns of
® corresponding to the support of a conventional block sparse
vector of block sparsity [S¥~!| + 1 and block size L. As aresult,
in the analysis of BOMP by Wen et al [8], the properties of block
RIP (See Sections 1 and 2 of [8]) could be leveraged to find an
upper bound of the LHS of (11). However, in the case of TSG-
BOMP, the columns of @ | gx-1y correspond to the indices of the
as yet unidentified true non-zero blocks of z (totalling [S*~1|b
columns) and the columns of ®y;; correspond to the columns of
the window with index j and size L. Since the unknown vector
x has a special non-uniform block structure with unspecified
boundaries (as described in Sec. III), together, these columns
do not correspond to a conventional block sparse vector. This
necessitates definition of a new block sparse structure as given
below.

1) The Pseudoblock Interleaved Block Sparse Structure
(PIBS): The proposed PIBS structure is a more general form of
support set than given by the columns of the matrices ® | gr-1,
and ® ;j]- In this, clusters of consecutive non-zero blocks (called
true clusters from hereafter) with sizes given by integer multiples
of a constant b, and having unspecified boundaries (analogous to
Sk=1) are well separated by several indices, and these gaps may
contain a second type of non-zero blocks that we call pseudo
blocks (analogous to the window [j] in ®y;). However, unlike
above that has only one pseudo block ®/;}, we consider the more
general case of r pseudo blocks, 0 < r < R. Further, we do not
constrain each pseudo block to remain confined to any specific
window. Instead, they can be positioned anywhere in the cluster
space such that they do not overlap with any of the true clusters.
Positions not occupied by either the true clusters or the pseudo
blocks are filled with zeros. The specific structure of a PIBS
vector of length n is described by a 6—tuple (b, p,l, L', K, R)
that is explained below and is also illustrated in Fig 2:

1) There are k true clusters, with 0 < k < K, having
lengths 710, ..., jib, where 1 < 5, < p, 1 < s < k, such that

k .

25:1 Js = K.

2) Any two consecutive true clusters are separated by at least
L' zeros. We will always assume that L' = L + 2bp — b, where
L is the length of a window, defined in Section II.

3) There are r pseudo blocks, 0 < r < R, which are a second
type of nonzero blocks, that are of length / each, 0 < [ < I, and
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are positioned anywhere but in a way so that they do not overlap
with any of the k true clusters defined above.

Moreover, the signal length n is assumed to be sufficiently
large so that all the R pseudo blocks, as well as 0 < k < K true
clusters can be accommodated within the signal without any
overlap between the true clusters and the pseudo blocks.

Using this definition of the PIBS structure it can be easily
seen that the columns of ® |Sk-1ys along with the columns of
®;) correspond to the support of a PIBS vector with param-
eters (b,p, L, L', c1, 1) (cx = |S*~1|), where the pseudo block
is given by the window [j], and the true clusters are given by
| Skfl .

Nex>t we define a restricted isometry property for this PIBS
signal structure, and state and prove a few Lemmas associated
to it which will be required in the subsequent analysis of the
TSGBOMP algorithm.

2) Useful Definitions and Lemmas Related to the PIBS Struc-
ture: We first define an analog of the celebrated restricted isom-
etry property (RIP) [17] for the PIBS vectors. For this, it may be
useful to recall the structure of a PIBS vector that is specified by
the 6-tuple (b,p,l, L', k,r) (apart from the length n). In this,
b is the length of a true block and a true cluster has length
bj, 1 <j <p; L is the number of pseudo blocks; L’ is the
minimum separation of indices between two consecutive true
clusters; k is the total number of true clusters while the total
number of true blocks in them is K, and r is the total number of
pseudo blocks such that 0 < r < R.

Definition 4.1: The pseudoblock interleaved block restricted
isometry constant (PIBRIC) of order (K, R) with parameters
b,p,l, L' of a matrix ® € R™*" is defined as

Sb.p1. 10 (K, R)

\S\||2—>2’

12)

- max
ScH:SeUl (UK (%, o p(ker

)H@%‘Ps —Iig)

where X, 1/ (k,7) is the collection of all subsets S C H
such that a PIBS vector with parameters (b,p,, L', k,r) can
be supported on S.

The following lemma shows that the above definition is
equivalent to the following interpretation of PIBRIC which is
frequently used in the definition of RIP in literature.

Lemma 4.1: A matrix ® € R™*™ having the PIBRIC
Opp1,1r (K, R) of order (K, R) with parameters b,p,[, L’ sat-
isfies the following inequality for every PIBS vector x € R”
with parameters (b, p,l, L’ k,r), 0 <k < K, 0 <r < R:

(1= 8) llllz < @3 < (1+06) [|l3, (13)

for all § 2 5b,p,l,L’(K7 R)

Proof: The proof is supplied in Appendix A. |

Conventionally, in the literature the RIC has been required
to be bounded above by a constant strictly smaller than 1 to
ensure success of compressed sensing algorithms, which is why
we also aim to derive such an upper bound on a PIBRIC of
certain order to ensure success of the TSGBOMP algorithm. In
the sequel, we adopt the convention that a matrix ® € R™*"
is said to satisfy pseudo block interleaved restricted isometry

IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 69, 2021

property (PIBRIP) of order (K, R) with parameters b, p, [, L' if
5b,p,l,L’(K7 R) € (0, ].)

Note that the PIBS vector with parameters (b, p,l, L', K, R)
is at most Kb+ Rl sparse in the conventional sense. From
definition 4.1, the computation of &y, 1/ (K, R) requires one
to search for the maximum eigenvalue of ||®L®g — g2 2
only over UZ_, UkK:O Yy p1.r(k, 1), whereas the computation
of d 4 gy requires finding the maximum eigenvalue of a similar
submatrix over all subsets .S of size < (Kb + Rl), meaning, the
PIBRIC 6y, 5,1,/ (K, R) is smaller than the conventional RIC
Oxb+ri- Similar observations were also made for the block
sparse vectors in [3]. Such smaller restricted isometry constants
are inherent in signals with specialized signal structure, which
belong to a class of general signal structures referred to as model
sparse signals [14].

Now we state a few lemmas which are useful for analysing the
TSGBOMP algorithm. Similar lemmas have already appeared
in the literature in the context of the RIP for sparse [18]-[20]
and block sparse vectors [8]. We modify them to be applicable
to the PIBS structure and state them below. The proofs of these
Lemmas are sketched in Appendix A, with details given in the
accompanying supplementary material.

Lemma 4.2 (Block number monotonicity): Let the matrix
® satisfy PIBRIP with parameters (b,p,l, L', K;,R;), 1<
i, j < 2, and K1 < K2, R1 < RQ. Then, 6b,p,l,L’(KlaR1) <
Svp1,1 (Ko, R1) < 0pp, 1 (K2, Ra), and 0,10 (K1, Ry) <
Sb,p,1, 0 (K1, R2) < 6pp1,10 (K2, Ra).

Lemma 4.3: For fixed b,p, K, if 0<Il<1UL/,
5b,p,l,L’(K7 R) § 5b,p,L’,L’(Ka R) for R = 0, 1, 2.

Lemma 4.4: Forany K >1and L' =L +2bp—b>L >
bp, 6b,p,L’,L’(K7 1) < 6b}p}Lr7L/(K — 1, 2)

Lemma 4.5 (Projected matrix PIBRIP): Let ® € R"™*™ be
a matrix such that 6, , ; 1/ (K, R) < 1. Let S be the support of a
PIBS vector of length n with parameters (b, p,l, L', k,r), 0 <
k< K, 0<r < R,i.e., S contains the indices of the true clus-
ters as well as the pseudo blocks of such a vector. Let 57, So C S
be such that S = {57} U Sy (S; contains the starting indices
of some of the true blocks in ), and let & € R™ such that
supp(x) = Ss. Then,

(1= O pur (K, R)) ||z|l5 < |Ps, ®s,zs, Hi

then

< (14600 (K, R)) |25
(14)
Lemma 4.6: Let the matrix ® satisfy 6y, (K, R) < 1.
Let 51,52, .53 C H be such that the sets S5, S5 are disjoint and
|S1) U S U Ss is the support of a PIBS vector with parameters
(b,p, I, L' k,r), 0 <k <K, 0<r < R. Then, for any two
vectors u, v that are supported on the sets So, S3 respectively,

[(Ps, ®u, ®v)| < 6y 10K, R) ||ull, [vll,.  (15)

Lemma 4.7: Given that the matrix ® has columns with unit
norm and that it satisfies 05 ,, 1,7/ (K, 1) < 1.Let.S C H be such
that |.S) is the support of the true clusters of a PIBS vector with
parameters (b,p,l, L’ k,r), 0 <k < K, 0 <r < R, and let j
be an index such that j ¢ |S). Then,

1Py, > /1 07,00 (K1),

(16)
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B. Recovery Guarantee

Equipped with the definition of PIBS structure in Sec. IV-Al,
it can be easily seen that the unknown vector x, described in
Sec. III, has the structure of a PIBS vector of with parameters
(b,p, L, L', K,0). We now state a sufficient condition that the
measurement matrix ® as well as the unknown vector x need
to satisfy so that the TSGBOMP algorithm can exactly recover
the support of  within K iterations.

Theorem4.1: Letx € R™, & € R™*" and the measurement
matrix ® as well as the unknown vector x, with parameters
(b,p, L, L', K,0) satisfy the conditions:

1
—— 17
2K +1 a7
TmaxOV B | K
min - - |— (1 K 1 1
Twin > =gy g 1+ +VE+1+
21+ B)(1 +0)e as)
(1-0v2K +1) ’

where B’ =pb—b+1, 0 := 0p 1/, 10 (K — 1,2), Zin = min
{|lz;| : j € supp(x)},  Tmax = max{|z;|:j € supp(x)}.
Then the TSGBOMP algorithm can recover the support of =
exactly within K iterations.

Proof: The derivations are detailed in Sections IV-A, IV-
C, IV-D, and IV-E. |

C. Back to Finding a Condition for Identifying a Correct
Window at Step k(K > 1)

We now return to complete the analysis of Sec. IV-A and
proceed toward finding the sufficient condition for success of
TSGBOMP at any step as provided by Theorem 4.1. Throughout
the analysis we maintain that all the PIBS vectors considered will
have length n where n is chosen large enough to accommodate
all possible configurations of the different PIBS vectors emerg-
ing in the analysis.> We will now find an upper bound of the left
hand side (LHS) of (11) by finding the PIBRIC of the associated
PIBRIP of B = P%k,l [@ |Sk-1) ‘P[J]]

First, observe that it can be now easily verified that both
the vectors u + w as well as p?u — w have the common sup-
port (for 1 # 0) S’ = |S¥~1) U [j], which corresponds to the
support of 1 pseudo block of length L and c (= |S*1|) true
clusters of a PIBS vector with parameters (b,p, L, L, ¢, 1).
Now, let us denote S = |T%~1) U S’. Note that as j € 0%+
the window j does not have any overlap with |S*~1 >, but might
have an overlap with |T’“’1>. Consider first the case that the

window j does not have any overlap with |Tk’1>. Then S
corresponds to the support of a PIBS vector with parameters
(b,p, L, L', K, 1). Consequently, according to Lemma 4.5, the
matrix B = P, , &g satisfies PIBRIP with PIBRIC given by
Ob.p,1,1 (K, 1), which is upper bounded by 0 p 1/ 1/ (K, 1) by
Lemma 4.3. On the other hand, if there is a nonempty overlap
of the window j with |Tk’1>, there can be overlap with at most
one of the true clusters in |Tk’1>. Call that true cluster (i.e.

5Tt can be shown that by taking n > Kb+ 2 L’ 4+ K + 1 this property is
satisfied.
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the set of its indices) C’. Now, there are two cases to consider.
In one case if C’ is a proper subset of the window j, the set S
corresponds to the support of a PIBS vector with parameters
(b,p, L, L', K — k', 1), where k' is the number of true blocks in
the cluster C’. In this case, by Lemma 4.5 the matrix B satis-
fies PIBRIP with PIBRIC &y, ,, 1.1/ (K — &/, 1), which is upper
bounded by &, ;, 1.1/ (I, 1) by Lemmas 4.2 and 4.3. On the other
hand, if C’ has only partial overlap with the window j, with say I’
bNeing the size of the overlap (clearly, 1 <1’ < pb < L), the set
S corresponds to the support of a PIBS vector with parameters
(b,p,L — 1", L', K, 1). In this case, by Lemma 4.5 the matrix B
satisfies PIBRIP with PIBRIC given by 0y, ,, 1, 1 (¥, 1), which
in turn is upper bounded by &y p 1/, 1/ (K, 1) by Lemma 4.3.
Therefore, using the expressions of u, w from Egs. (8) and (9)
and the fact that « and w are orthogonal, we obtain,

| B(u+w); || B(u*u - w)|;

> (1= ppr (K, 1)) u+w|;

— (14 (K, 1)) [P0 — w5

= [(1 = Gpporr, (K, 1)) = (1 + Gy, (K, 1)) a3
= 20y .1, (K, 1) wlf3

1+

oy [ pt ] 2
=1-p) |1 1_M45b7p7LzL'(Ka1) [EE e

— 2126 p. 10 1 (K, 1) ||5'3\S"" 1) H;

, :
—(1—uY Tt (K1) [ )

Now, using the éxpression of p from (6), we obtain,

1+p2 0+ (Vo+1-1)

L= g— (VIFI1-1)°
2042 —2v0+1
_ Y 20
20 +1—2 * 20)

Therefore, one can find a lower bound of the RHS of (11) as
the following:

IB(u+w)|3 — || B(su — w)|;

> (1= ) Jwysen 5 (1= VIF 100K 1)) @1)

Since, it is easy to verify that | x| < 1, and since the identity (11)
and the inequality (21) hold true for all j € ng,, it follows that

2
[Bull

_ \/§||£C‘Sk 1>H2 . H’I’fogkillp%k,lq"sk, 1>.’1}|Sk 1>

2,00
> Jzisen|; (1 ~VO+10,p 100 (K, 1))~ (22)

Therefore, using (4), (22), and Bu = P, , ® |ge-1)@ |gi-1),
it follows that

t L
H(I)[Oskq]PTk’l<I)\Sk’1>w|5k’l> 2,00

0 1
— \/; H Qfogkil]PTk—l ‘I>|Sk71>wlsk71>

2,00
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(L= VI T00p, 00,05 1)) Jysin [,

>
= o
Clearly, putting § = dj, we recover the LHS of (3) from the
LHS of (23). Consequently, we obtain,

t
=

Ogk-1

(23)

]P%k,l(ﬁlT\Tk—1>mlsk—l> 200

_ H‘ZI)[OC P%k,lé‘sk—wwlsk—l) ,

> (1 -V dk + lébvva/aL/(K’ 1)) ||$‘Sk71>H2

- Vi

To find an upper bound on the RHS of inequality (3), we
follow the derivation of the inequality (4.22) in [8]. First we
note that there exists windows indexed by ig € Ogx-1, and jg €

(24)

OSi1» such that [|®f, . PFeell2,00 = @, Prs-
and ”‘I)Y[tng,l]Pl’“ 1€ll2,00 = [|®];, P71 €|l Therefore,
2o, Pre], +[[#log, iPrerel],

s

S R )

’ 2

< V20max (@500 Pt ) llells

= \[Hq)[ioujo TR 1€

= \/2)\max (q)[onjU]PTk lq)[ioujo]) He||2 ) (25)
where in the last three steps, for any matrix A, oyax(A) denotes
the maximum singular value of A and for any symmetric matrix
B, \ax(B) denotes the largest eigenvalue of B.

Now, observe that although the window 7 cannot have an
overlap with the set |T%*~1), there might be overlap of the
latter with window jo. If there is no overlap, then the set
S" = [T 1) U ip U jo] corresponds to the support of a PIBS
vector with parameters (b, p, L, L', |T*~1|, 2). If there is overlap,
letC” be the true clusterin [7%~") which has a nonempty overlap
with the window jg. If C” is a subset of window 7o, the set S”
corresponds to the support of a PIBS vector with parameters
(b,p, L, L', |T* Y| — k" 2), where k" is the number of true
blocks in the cluster C” (note that 1 < k” < min{p, |T*~1|}).
On the other hand, if C" has only partial overlap with window
Jo, then, assuming that the length of overlap between C” and the
window jg is I”(1 < 1" < k"b — 1), the set S” can be covered
by another set S” which consists of the unions of the windows
i0, jo. the set |T%1) \ C” and another true cluster of size kb
obtained by prefixing or suffixing (as the case may be) I” indices
to the non-overlapping side of C” \ [jo]. Clearly, The set S"
corresponds to the support of a PIBS vector with parameters
(b,p, L, L', |T*"1|,2).

Therefore, using the Lemmas 4.5, 4.2 as well as 4.3,
it can be seen that the matrix P%k,li)[ioujo] satisfies PIB-
RIP with PIBRIC given by &, 1/ 1/ (|T%7 1], 2). Consequently,
Amax (P71 ®iguse)) < (1 + 0bp, 1, (|TF71,2)). Therefore,

O o

2,00
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<20+ 8 (751, 2)e,

where we have assumed that ||e||2 < e. Thus, using inequali-
ties (3), (24) and (26) the following sufficient condition is derived
to ensure a correct window selection at step k(k > 1):

(1= Vi + 16y, 00,1 (K, 1)) |51y |
vy,

> /204 By (1T 2)e.

(26)

27

D. Condition for True Cluster Selection At Step k(K > 1)

We assume that a correct window, indexed by wk (that is the
w¥th window), has already been selected at step k, i.e. set of
the columns of ®,,x) has a nonempty intersection with the set
of columns of @ gx-1y. We now find a condition to ensure that
a true cluster from |S*~1), having a nonempty overlap with the
window [w¥], is selected at step k.

Let the set of indices corresponding to the true cluster hav-
ing a non-empty overlap with window [w*] be denoted by
C* and let t (1 <t < p) be the number of true blocks in
C*k. Clearly Cck c ﬂk where 3¢ = {L(w -1)+1—(B-
1), L(w* —1) = (B—-1)+2,...,Lw* + B —1}. Note that
the assumption that any two consecutive true clusters are sepa-
rated by atleast L' = L + 2bp — b zeros, ensures that the set 3"
does not have any overlap with with a true cluster from |S k’1>
other than C”*, that is, it ensures that \Sk’1> npk\ Cck =9.

Let W be the collection of all sets S of size B such that
S c B* and such that S covers C*, i.e., C¥ C S. On the other
hand, let YW’ be the collection of all sets S’ of size B such that
S" c B* and that S’ does not cover C*, i.e., C* € S’. Then, a
set S € W is selected at step k(> 1) if and only if

> max ||®5rF ], (28)

max || <I>
Srew

ma | @1

Now, let Sy = arg max g,y ||®%7r* !||2. Consider any S’ €

W' . Lets' =|S'NCFk|, t' =] NSy \ C*|. Note that
k-1 k-1
[ #5572, 2 | 2bnsr ],
),

[CeN S| =tb—¢.

(29)

27

th — s’irgg){ |<¢

where we have used |Cy \ S| = |Ck| —

On the other hand,
< vpb—s =t max ‘<¢l,rk_1>

t k-1
H@ "\So” Hz 1eBk\CF
where we have used |\S" \ Sp| = |S'| — [S' N Sp| =[S — |S'N
So\ CF| —|S" N C*| = pb —t' — s'. Therefore, the inequal-
ity (28) is satisfied if

pb—t — ¢
Ol T e (o
(3D

where in the above we have used the fact that 0 < s’ < tb — 1
since, by definition, S’ cannot fully cover C*.

Now, note that 2 btbt p s _ [ ;btzl;ft/ + 11is an increasing func-
tion of s since 0 <t =[5 NS\ C*| < |S\C¥| = (p—

t)b. Since s < tb — 1, we obtain that pbtgf;s/ <(p-t)h—t' +

; (30)

min [(g,,7¢

jeCk
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1 < pb— b+ 1, where we have used the facts ¢ > 1, ¢ > 0.
Therefore, the inequality (31) is satisfied if the following is
satisfied®:

m1n|<¢i,rk 1>| >\/§ max |<¢>l,rk’1>’,

Jeck lepr\C*

where B’ = pb — b+ 1.
Fix any j; € C*, j, € 8%\ C*. Now, we obtain

(b5 D) = VB [(¢5,, 7))

(@
2 |<¢j1 ) PJ’]:k—l ¢‘Sk—1>m‘sk71>>|

Fy
_ \/§|<¢j27PJfk—1 (I)\Skfl)w\sk—1>>|
P
— ([{y, Phese)| + VB [(61,, Phse)]).

F3

(32)

(33)

Here, step (d) uses the expression for 7*~1 from (2) and the
reverse triangle inequality and triangle inequality, respectively.
We now proceed to find upper bounds of F5, F3 and a lower
bound of F}.

First consider F5. To find its upper bound, a procedure exactly
similar to the one used via (11), (21) and (22) to calculate an
upper bound of a similar quantity || ‘I"Ej] Pri 1 ® ge1)@ 5112
can be used. Since, like the window [j] which is disjoint to
|SE=1), the column jp ¢ [S*1), this will imply simply re-
placing the window [j] of length L by a window of length
1 consisting of the column j, only. We make corresponding
changes in the definitions of u, h, u, w, B as givenby (6)—(10)
respectively, by replacing 6 by some positive number «, L by
1, and ®(;) by ¢;,. To describe the structure of the PIBS vector
that emerges as a result of a similar analysis, note that since
j2 € B%\ C*, wealwayshave j, ¢ [T%~!). Asaresult, we have
a PIBS vector with parameters (b, p, 1, L', K, 1) (corresponding
PIBRIC : 0y, 1,1/ ([, 1)). Consequently, following the steps of
(11), (21) and (22), we obtain the following inequality (for an
arbitrary positive number «):

[P @y |3 — Va ||zjsisy |, Po

> [|lzisey 5 (1= VaF10p00(K, ). (34
To find an upper bound of F3, we derive:
F3 <V1+B'||® P,
<V1i+ Bl\/>\max (‘I)%] Thk- 1(I)U) He”g
< S DA+ b1, 2)e, G9)

where U = {71, j2}, and the last step follows from Lemma 4.5
which uses the observation that |T’“’1> U U corresponds to the
support of a PIBS vector with parameters (b, p, 1, L', [T*~1], 2)
(which is true because j1, jo ¢ |Tk’1> and j; # jo).

6Similar sufficient condition was derived in [13] in the context of a coherence
based analysis of the sliding-block type algorithm proposed therein.
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Now, we proceed to find a lower bound of Fj. For
this, first we define, for any weR, sgn(u)=1 if
u>0 and sgn(u) =—1 if w<0. Then recalling that

q" ' =P P gy gery, wehave Fy = [ (@), 4" 1) | =

(55:85,,0" ") = (85, P 05,071,
sgn(<¢j1,qk’1>). Also, for two vectors x, y € R™ we

where, 85, =

can write (z,y) as g[l|zl3 + ||lyll3 — = — y[3]. Then,
defining o/ = «/ B’, one can write,
[PFus @yt @ s I
-
Vo' [[@se
©__ 1 (a’wa1>||§HP%M¢U1H§
Ve [|zyge 1
‘ V ||@isi |, Phiasin ||
2
- ! (0/ 150111y [Pcs &
Vo' |5 1
— [Pr @iy ;).
where the vector v € R is defined as follows : v, =0 Vr ¢

|S¥71) and v gr-1y = @ |gr1), except for the index ji, for

SV a/Hw\sk*1>H2
2

which, vj, =z, — .Then, as ji ¢ |T*71), us-

ing Lemma 4.7 we obtain
2
Prsdy, |, = (1 (36)
On the other hand, as the support of v is |S k’1> and since

|T*=1) U [S*~1) is the support of a PIBS vector with parame-
ters (b, p, 1, L', K,0), using Lemma 4.5, we obtain

(14 8,p1,0 (K, 0)) [Jv]] 5.

(1T, D)

2
— O p1L

[P @5 1yvi50 |2 < (37)

S
Therefore, we obtain,

L 2
[ P71 Bisrny@isnn) |

F, — 2
1 V! |25

1 2
\/&"15‘51971)“2 / H |S* 1>||2( b,P,l,L( ))
— (14 By, (K, 0)) 0]3). (38)
Now observe that
2
s; Vo ||zgn-
[ol3 = [laysesll; - 25, + (56]’1 — ||2 5" 1>H2>

= (145 loiseolls = Vs oise -
(39)

Therefore, from the inequalities (33)—(35), (38), and (39), one
can deduce that,

(@5 D = [{85m" )]

Hm\s’“ ! HQ

2 —Va+ 1 p1.0(K,1))

Authorized licensed use limited to: INDIAN INSTITUTE OF TECHNOLOGY KHARAGPUR. Downloaded on January 03,2023 at 11:57:39 UTC from IEEE Xplore. Restrictions apply.



5854

[T lleise
T Valmso, L1

(1 - 6b,p,1,l/( ) ))

o 2
— (14 64,p1,0 (K, 0)) {(1 + 4) (EEE [
— Valsj, g [|ziseon |, )]

B+ 81T, 2))e

lesk 1

> _ NG Hz {O‘ (5bp71L/ |T 71| 1)

+ (5b7p’1,Lr(K, 0)) + vVa+ 1(5b7p’1,Lr(K, 1)
+0pp,1,1 (K 0)] + min s, 25, (1+ 0pp1,10 (K, 0))
J1

LB+ 61T, 2))e. (40)

Clearly, the condition (32) is satisfied if the right hand side of
the inequality (40) is non-negative. However, observe that, this
is not possible unless min; ccox s;,;, > 0. Now we have,

Sjp = sgn (<¢j17p%k—1 (P‘Sk71>w‘sk—1>>)

2
= 51 (|[PFe;, |5 750 + (85, Prea@yirmyin ),
(41)

where the set |.S k’1> is partitioned into the index j; and the set
V-’j’l. Now, it is easy to check that for any a,b € R, sgn(a +
b) = sgn(a) if |a| > |b|. Therefore, a sufficient condition for
sj, x5, > 0,Yj1 € C* to be satisfied is the following:

2
HP%)«A d)jl ”2 |l‘j1 ‘ > ‘<¢j1 s P%k,l q)vjkiq wvjqu >’ R 42)

Vj1 € CF. Clearly, under this condition, one has s;, ;, = |z}, ]
We have already found during the derivation of inequality (38)
that [Pz, ¢ (15> (1 =07, ,(IT*'],1)). Moreover,
to find an upper bound on |<¢)j1,P;k,1<I>ijlfleﬁfl>|, first
note that the set Vj’j_l is disjoint to the index j;, and note
that the union of the sets |7%7') and V"' and the index
j1 corresponds to the union of the sets |T%7!) and |S*1),
which corresponds to the support of a PIBS vector with
parameters (b, p,1, L', K,0). Therefore, using Lemma 4.6 we
obtain |<¢j1’P%k’1(I)V}Tl$V}kfl>| < 5b7p71}Lr(K, 0)”:1:‘/]9171”2
Hence, if for all j; € C*, (1—6;,, ,(IT* ], 1))|z;| >
O p,1 (K, O)Hw‘/jkl,—lHQ holds, then sj z; >0, Vj; € C*.

Since  [|@yils = \/Hw,sk,l)H; —|a;,)2  we further
J1
deduce that sj,2;, >0 if (1—4; o (1T% ", 1))|z;| >

Sop,1,1 (K, O)\/||:1: isk-1y|13 — |5, |2, which is equivalent to

|mj1| > 5b’P’1,L’(K7 0) Vb
T gk-1Y || 1—52 , k=1| 1 , ’
% \/( 5b,p,1,L (|T+=1],1))2 +6bp1L(K7O)

(43)
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for all j; € Ck. Now, let Zpinx 1 =min{|z;|: j€
ISP} < |zj, |, and @max k-1 := max{|z;| : j € [SF1)} >

[l |sk=1) [l

77— Thus, to ensure that R(s},2j4,) > O0forall j; € Ck,
the fokllowmg serves as a sufficient condition:

5b,p,1,L’(K; O)\/ Cl b
Jo

- §g,p,1,L’(|Tk71| 1))2 + 67 il L’(K7 0)

(44)

Consequently, condition (32) is satisfied if the condition (44)

is satisfied and if the right hand side of inequality (40) is made

greater than or equal to 0, which is ensured by the following
sufficient condition:

Tmin,k—1

Tmax,k—1

Lmin,k—1

>H2 g’ 2

> ’

2 Ja+ dpg (0 L7 O

+0pp1,(K,0)) + \/m5b,p,1,L’(K» 1) + 6b,p,1,1 (K, Oﬂ

N \/(1 + B') (1 + 0pp1,0(|TF1],2))e
(14 0p,p,1,0(K,0))

The above in turn is ensured by the following sufficient
condition:

|25

Tk)71| , 1)

(45)

Lmin,k—1

> Tmax,k— 1\/m CV ( 2 (
~ Va(l+ b pa,0(K,0) bl

+0b,p,1,0 (K, 0)) + Voo + 18, 1,0 (K, 1) 4 0y .1, (K, 0)]

VA +B)A+ 010 (T 1, 2))e
(14 6b,p.1, (K, 0))
As « can be any arbitrary positive number, choosing o = ¢y,
and defining ¢}, = ¢x/B, we arrive at the following sufficient
condition:

Tk?1|1

(46)

Lmin,k—1

Tmax,k—1 V B’y
~ (14 Gbp1,0 (K, 0))

0,1,/ (K, 0)) + Ver 4+ 16 1,0 (K, 1) + 61,1 (K, 0)]

V(A + B+ 6y 1, (ITF 1], 2))e
(1 + 0p,p,1,1(K,0))

(5bp1L’ k71|71)

(47)

E. Condition for Overall Success

In this section we claim that the conditions (17), and (18)
stated in Theorem 4.1 simultaneously satisfy the inequali-
ties (27), (44), and (47) for all iterations 1 < k < K. In the
following ¢ will be used to denote 6 p 1,7/ (K — 1,2) unless
otherwise specified.

We first verify that the inequality (27) is satisfied for all
1 < k < K under the conditions (17), and (18). Indeed, using
Lemmas 4.4 and 4.2 we obtain 6y p 1/ 1/ (K, 1) < 0p p, 1/ 1/ (K —
1,2), and 5b’p7L17L/(|Tk71|, 2) < 5b,p,L’,L’(K -1, 2),
respectively. Moreover, for all 1 <k < K, di = |Ogi1| <
2|S%1| = 2¢;, < 2|T| = 2 K, since each cluster in S¥!
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might have non-zero overlap with at most two windows in

2 g1y ll2 2 g1yl NG
. > Tmin > Zmin
Ogr-1. Therefore, T 2 e 2 AR > e

VA+B) (143, , 1/ (ITF1],2))e V2048, , o (ITF1],2))e
(1=0y p r,1/ (K,1)Vdi+1) = (=0 p o, (K 1)Vde+1) 2
where the last two inequalities follow from condition (18) (by
considering only the second term of the RHS of (18)) and the
fact that B’ > 1, respectively. After rearrangement, this results

in the condition (27).
Now, to show that (17) and (18) imply (44), we first observe

that
K +\/§(\/K+1+1)7 VK
4B 1+96 52+ (1— 62)2
© K  V2B(WK+1+1) [4K
> + —\/—
~ 4B V2+1 3
_ L (VE_2/BY
VB \ 2 V3
/ h
N V2B JETI- 2v2 +1 <>> 0,
V2+1 3

where step (¢g) uses 6 < % (which follows from (17) since K >
1), and the fact that the function §% + (1 — §2)2is monotonically
decreasing for § € [0, f] with the minimum at f’ and step (h)

uses the simple observation that MT“ <2 < /K + 1since
K > 1. Then, using (18) and (17) it follows that

xmax(s\/ Kb
Lmin,k—1 2 Lmin T
3%+ (1 02)2

xmax,kfl(sb,p,l,L’(K O)m
=0 1 (ITF,1))2 4+ 63 (K, 0)

> \/(1 (48)

In the above we use the fact that the function 0

V/(1-02)2+62
is monotonically increasing for § € [0,1], so that, using
Tmax = Tmax,k—1, Ck < K, and the Lemmas 4.2, 4.3 and 4.4,
5 > 6b,p,1‘L’(K71) —
V=82)2462 =\ Ja-a7 (K D)2+ (K

Finally, using dpp 1,/ (K, 1) >

we obtain,

1
i
Sppa,(ITF1,1),  and G p1, (K, 1) > 8p1,0 (K, 0),
we obtain the above inequality.

To show that (47) follows from (18) and (17), first observe
that the condition (18) followed by (17) imply that

Tmin
NN [43/( +5)+\/K+1+1} i
+ev/(1+B)(1+9)

A5 ) - xmin,k71:| ]

> [Uﬁmaxk 1\/37'(
+ Tmax,k— 1\/37’[465/624—5\/%7—#}

+ev/ (14 B)(149), (49)
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SINCE Tmax = Tmax,k—1 = Tmin,k—1 = Tmin and K > ¢;. Note
that the factor multiplied with § in the first term in the RHS above
is non-negative. Therefore, applying Lemmas 4.2, 4.4 and 4.3 it

follows that,

Tmin,k—1

- [mm“’“ 1‘ﬁ<4)3f

c
+ Tmax,k—1V B'b {42,51),@1 o

+0pp,1,0 (K, 1)Vey + 1
e /(L4 BY(A+ 8y 1(IT51],2)),

which, after a rearrangement, is identical to the condition (47).
In the above we have used the following inequalities
to arrive at the final inequality: 0 = dp, 1 (K —
1, 2) Z 5b,p,L’,L’(K7 1)(Lemma 4.4), 6b,p,L’,L’(Ka 1) 2
Spp1,v (K, 0)(Lemmas 4.3 and 4.2), &, (K1) >
Sopr (I T* 1) > 6p 1, (T 1,1) (by Lemma 4.2
followed by Lemma 4.3), and finally, & , 1 /(K —1,2) >
6b,p71,L’(K -1, 2) > (Sb)p,17Lr(|Tk_1|, 2)(by Lemma 4.3
followed by Lemma 4.2).

) — xmin,k—1] Spp1,1 (K, 0)

Tk‘fl : 1)

(50)

V. SIMULATION RESULTS

In this section, we compare the recovery success performance
of TSGBOMP with BOMP, over a range of sparsity values for
different sensing matrix sizes. In all the simulation exercises,
we generate random matrices of size m X n, having i.i.d. Gaus-
sian entries with zero mean and unit variance, and columns
normalized to have unit norm. For the unknown signal, we
generate a PIBS vector with parameters (b, p, L, L', K, 0). Here
the parameters n, b, p, L, K are chosen such that all the true
clusters of such a vector can be accommodated within a signal
length of n,and 1 < p < K. Once the support of such a vector is
generated, the entries are filled randomly with values +-10. The
results are averaged over 1000 such trials. All the experiments
are carried out on MATLAB 2017a running on a Core i-5 Laptop
with 8 GB RAM, 64 b processor and 1.60 GHz processor speed.

In the experiments below, we study the recovery probability
of TSGBOMP in terms of recovery of the true support of the
unknown vector. For our experiments, we take n = 200, b =4
and p = 1, 2. Furthermore, we take L = 8 and maintain the
well-separation between consecutive cluster locations, that is,
we maintain at least L' = L + 2B — b zeros between consec-
utive clusters where B = bp, and the true clusters are placed
randomly within the vector subject to this.

1) Probability of Recovery Vs. Sparsity: In our first exper-
iment, we fix the number of measurements to m = 160 and
vary the sparsity K over the range 1 to 16and compare the
frequencies of exact support recovery of TSGBOMP and BOMP.
The resulting plots are shown in Figs. 3(a) and 3(b). It is easy
to see from Fig. 3 that while TSGBOMP exhibits very good
recovery probability performance, the BOMP algorithm, on the
other hand, performs quite poorly in recovering the unknown
vector. This is, however, to be expected, as the BOMP algorithm
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Fig. 3. Probability of recovery vs sparsity for n = 200, m = 160.

was not designed to consider recovery of the general block struc-
tured vectors considered in this paper which might not exactly
fit into prespecified block boundaries, and instead, might have
partial overlaps in consecutive windows. We also observe from
Figs. 3(a) and 3(b) that the recovery performance of TSGBOMP
improves significantly when p is increased. This improvement
can be explained by the fact that increasing p produces PIBS
vectors with larger true clusters having sizes varying from b to
bp, while keeping the total size of the sum of the nonzero blocks
to Kb. This implies that once a true cluster is found, usually
more than just one block of size b are detected, which reduces
the chances of false detection, thereby increasing the probability
of true signal recovery.

2) Probability of Recovery Vs. Number of Measurements:
In our next simulation experiment, we compare the recovery
probabilities of TSGBOMP and BOMP at various values of
the number of measurements m. We choose K =4 for the
experiments and vary m from 1 to 200. It can be seen from the
plots in Figs. 4(a) and 4(b) that TSGBOMP enjoys far superior
probability recovery performance compared to BOMP for the
whole range of number of measurements used in the experiment.
When p = 1, BOMP can hardly recover the support of the true
clusters whereas TSGBOMP enjoys much higher probability of
recovery. On the other hand, for p = 2, the effective maximum
cluster length can be 8 and in this case the performance of BOMP
is somewhat improved while the performance of TSGBOMP is
even better than the p = 1 case. As the value of p increases,
the BOMP partitions the signal length into larger block lengths
and thus the chances of finding true clusters increase. However,
BOMP might fail to recover those clusters that lie at the intersec-
tion of two consecutive blocks of BOMP. Since TSGBOMP is
tailor-made for such signal structures, its recovery is much better
and it can detect even those clusters lying at the intersection of
consecutive windows.

3) An Application - ECG Signal Recovery: We next ap-
ply the TSGBOMP and BOMP algorithms to the recovery of
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Fig.4. Probability of recovery vs no of measurements forb = 4, L = 8, K =
4. In Fig. (a), p = 1, and in Fig. (b), p = 2.
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Fig.5. A real world ECG signal [11].

electrocardiogram (ECG) signals, as a test case. The ECG signal
we have considered is a noisy version of an ideal ECG signal and
is shown in Fig. 57, having length n = 250. The structure of an
ideal ECG signal segment consists of three prominent clusters in
the signal, namely the QRS complex in the middle, the P cluster
atthe left and the T cluster at the right. The sizes of these clusters
are different in general, although the separation between two
consecutive clusters, for example P and QRS or QRS and T might
not be too large, compared to the size of the largest among the P,
QRS and T clusters. Nevertheless, we still apply the TSGBOMP
to recover this signal from a few compressed measurements
obtained using a 125 x 250 random matrix with zero mean,
unity variance i.i.d. Gaussian entries. We compare our recovered
signal with that obtained by applying BOMP. Since the ECG
signal of Fig. 5 is a noisy signal, we measure the normalized
mean squared deviation (NMSD) ||z — x/||2||x||2, where « and
a are the original and the recovered signals respectively. As
for the parameters, we choose b =20, L = bp and K = 5,4
with p =1 for K =5 and p =2 for K = 4. The recovered
signals along with their respective NMSD are shown in Figs. 6(a)
and 6(b). From these plots, it can be seen that the NMSD of
TSGBOMP is quite lower than that of BOMP. Furthermore,

"The data can be found in https://sites.google.com/site/researchbyzhang/
bsbl [11]
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Fig. 6. ECG signal recovery using TSGBOMP and BOMP. Here b = 20 and
L = bp, Fig. (a)uses p = 1, K = 5, and Fig. (b) uses p = 2, K = 4.

TSGBOMP can reconstruct distinct clusters which relate to the
clusters in the real world signal, while BOMP may not always
succeed in doing so.

VI. CONCLUSIONS

In this paper, a novel greedy algorithm called TSGBOMP is
proposed to recover a block sparse vector from small number of
measurements, where the cluster (of blocks) sizes are nonuni-
form and their locations are not known a priori. The algorithm
uses a two stage procedure. In the first stage, it selects a window
which provides a coarse estimate of the location of a nonzero
cluster of the unknown vector, while in the second stage, it tries
to make a fine estimate of the exact location of the cluster within
the selected window. For analyzing the algorithm, a new block
structure called the pseudo-block interleaved block structure
(PIBS) is defined and the concept of RIP is extended to obtain
a PIBS analog of block RIP (PIBRIP). A recovery analysis of
TSGBOMP is carried out and conditions for recovery of the
exact support in terms of PIBRIP are presented.

APPENDIX A
PROOFS OF THE LEMMAS IN SECTION IV-A2

1) ProofofLemma4.1: Theresultis a straightforward impli-
cation of the definition 4.1 of PIBRIC. For details, please refer
to the accompanying supplementary material.

2) Proof of Lemma 4.2: The proof follows immediately after
writing down the expressions for 0y 5 1,1/ (K;, R;), 1 < 4,5 < 2
using Eq (12) from definition 4.1 and subsequently noting that
if K(;(resp. R;) < K(resp. R;) then the collection of sets over
which the search for dy ,, ; 1/ (K, R;) is conducted is a superset
of the collection of sets over which 0y, ,, 1,1/ (K, R;) is searched.

3) Proof of Lemma 4.3: Choose some k,r such that 0 <
k<K, 0<r<R, R=0,1,2. Let S C H be an arbitrary
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set S € 3y 1 1(k, 7). Then, the Lemma 4.3 will be proved
if we can prove that ||<§’5S<I>5 —Iglla2 < Oy p.r (K, R),
i.e., if we can show that there exists a set S’ C H such
that S’ € U?:O UTR:O Eb,va/,Lr(k, 7“) and H‘I’g‘I’S — ISHQHQ <
|®% ®s — Ig|2-s2, which in turn, will be proved if one can
show that S C ' for some S’ € Xy, .1/ (K',r’) for some
0 <k < K,and 0 <7’ < R. The rest of the proof is devoted
to constructing such S’ for any given S for different values
of 0 <r <R, for R=0,1,2. Although such constructions
require simple combinatorial arguments, they are rather long
and tedious. The details can be found in the accompanying
supplementary material.

4) Proof of Lemma 4.4: Consider a PIBS vector with param-
eters (b,p, L', L', K,1), K > 1and let S denote its support set.
The solitary pseudo block may lie either in between two consec-
utive true clusters or beside just one true cluster. Since we are
dealing with both 5b,p,L’,L’(K7 1) as well 5b,p,L’,L’(K -1, 2),
it is implicit that the size of the index set n is large enough
to accommodate both K true blocks together with one pseudo
block of size L', as well as K — 1 true blocks together with
two pseudo blocks of size L’ each. It then easily follows that b
consecutive indices (i.e., one true block) either from the front of
the true cluster to the left or from the rear of the true cluster to the
right can be covered by part of a pseudo block of size L', with the
remaining part of the pseudo block of size (L' — b) supported
in the inter-cluster space. This results in a support set S” with
S C S’ and thus, 5b,p,L’,L’(K, 1) < 5b,p,L’,L’(K —1,2).

5) Proof of Lemma 4.5: The proof follows by combining the
arguments of the proof of Lemma 5 of [21] with necessary
modifications for the PIBS structure. The details of the proof
can be found in the accompanying supplementary material.

6) Proof of Lemma 4.6: The proof follows the same steps
as used to prove the inequality (3.7) of [22], using Lemma 4.5
in place of the corresponding result for conventional RIC. The
details can be found in the enclosed supplementary material.

7) Proof of Lemma 4.7: First, note that |Pg¢,|3 =
1 — [[Ps¢,3. One can express Pgo; as ® g2 s, for some
vector z € R™ supported on |S). Define S’ = [S) U {j}.
Then, HPS¢]||§ = <PS¢jv PS¢j> <PS¢j; ¢J> =
(Pgzg,Pge;s), where e; € R", is the standard ;"
basis vector’. Note that (z,e;) =0, since j ¢ |S). By
assumption, S’ can be associated with a PIBS vector
with  parameters (b,p,1,L" k,1), 0 <k < K. Defining

Am. x(d)t Do) 1+, /(K,l) .
A= )\lans:q);) and § = %, we have, usimng
min(Pg .1, s

the PIBRIP, A <6, as 0pp1,(K,1) <1. From this
and the fact that f(\) = % is an increasing function
in )\, from Weilandt’stheorem [23, Theorem 7.4.34]°,
we have, [[Pso, 3 < dpp,0 (K, 1| Pszsll2]¢ll2 =
Obp1, (I 1)||[Psdjllza = [Psgjlla < 0y p1,0 (K, 1), where
we have used the fact that [|¢;[l2 =1, and @52 = Pg¢;.
Hence the result follows.

Xej has all its entries 0 except for the j*" entry, which is 1.
9Wielandt’s theorem states that for any two vectors u,v € R"™, that are
orthogonal, i.e., (u,v) =0, and for any symmetric positive definite matrix

B € R™ ™, one has |[ut Bv|? < (—i\::((g));iz::((g)) )2 (u! Bu) (vt Bv)
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