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Multidimensional compressed
sensing and their applications

Cesar F. Caiafa’™ and Andrzej Cichocki?

Compressed sensing (CS) comprises a set of relatively new techniques that
exploit the underlying structure of data sets allowing their reconstruction from
compressed versions or incomplete information. CS reconstruction algorithms are
essentially nonlinear, demanding heavy computation overhead and large storage
memory, especially in the case of multidimensional signals. Excellent review
papers discussing CS state-of-the-art theory and algorithms already exist in the
literature, which mostly consider data sets in vector forms. In this paper, we
give an overview of existing techniques with special focus on the treatment of
multidimensional signals (tensors). We discuss recent trends that exploit the
natural multidimensional structure of signals (tensors) achieving simple and
efficient CS algorithms. The Kronecker structure of dictionaries is emphasized
and its equivalence to the Tucker tensor decomposition is exploited allowing us
to use tensor tools and models for CS. Several examples based on real world
multidimensional signals are presented, illustrating common problems in signal
processing such as the recovery of signals from compressed measurements for
magnetic resonance imaging (MRI) signals or for hyper-spectral imaging, and the
tensor completion problem (multidimensional inpainting). © 2013 John Wiley & Sons,
Ltd.
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INTRODUCTION

ne of the most remarkable properties of real

world signals is that they are compressible. In
fact, modern compression protocols such as JPEG,
JPEG2000, and MPEG have exhibited a great success,
providing high ratios of compression at a marginal
loss of information. This fact shows that data sets
have an internal structure which is revealed by
coding the signals using appropriate bases, also
known as ‘dictionaries’. Most popular dictionaries
are, for example, those obtained through the discrete
cosine transform (DCT), the wavelet transform (WT),
and others.! Traditional signal acquisition systems
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are based on sampling analog signals at a high
Nyquist rate followed by a compression coding stage
keeping in memory only the essential information
about signals, i.e. storing only the most significant
coefficients. Compressed sensing (CS) theory suggests
the compelling idea that the sampling process can
be greatly simplified by taking only few informative
measurements from which full data sets can be
reconstructed almost perfectly.>? CS theory has
revolutionized signal processing, for instance, new
imaging sensor paradigms were developed on the
basis of CS,*® and some classical image processing
problems were approached using results of CS theory
as in the case of denoising,”! inpainting,'>~1¢ super-
resolution,'>17~1? deblurring,?*=%3 and others.
Originally, CS theory was developed for
digital signals, in particular for signals that are
mapped to a one-dimensional (1D) array (vector).
Powerful reconstruction techniques were developed
for relatively small sized vectors which are measured
by using random matrices. There are excellent review
papers in the literature that cover the state-of-the-art

© 2013 John Wiley & Sons, Ltd.



Overview

of CS theory and algorithms for data sets in
vector form (see for example**~27). However, today’s
technology faces the challenge of solving CS problems
where multidimensional signals are involved and the
size of data sets increases exponentially with the
number of dimensions. In this case, the computation
time and storage memory requirements turn out
of control easily. For example, a relatively small
two-dimensional (2D) image with 512 x 512 pixels
represents a vector with 262144 entries which
would take too much time to process with the
state-of-the-arts CS vector algorithms. Models for
multidimensional data sets, also known as tensors
(multiway arrays), have a long history in mathematics
and applied sciences.?®2° While these models have
recently been applied to multidimensional signal
processing, they were developed independently of
the theory of sparse representations and CS. In
this paper, we give an overview of recent results
revealing connections among tensor decompositions
models and CS involving multidimensional signals.
We show that, by using multilinear representation
models, we are able to obtain a convenient
representation of signals that allows us to develop
efficient algorithms for multidimensional CS. By
keeping the multidimensional structure of signals
captured by tensor decomposition models, we are
able to exploit the signal structure in each mode
(dimension) simultaneously. For example, a 2D digital
image has two modes, each one composed by
vectors, i.e. columns and rows (mode-1 and mode-
2 vectors, respectively). The Tucker model (defined
below)??0 takes into account the linear structure
of vectors in each mode allowing algorithms to
operate at mode-n level. This advantage is more
convenient when the number of dimensions increases
(N > 3). Additionally, we illustrate through computer
simulations using real-world data sets, how some
CS-related problems such as: three-dimensional (3D)
magnetic resonance imaging (MRI) reconstruction,
hyper-spectral imaging, and tensor completion are
greatly benefited by using underlying tensor models.

NOMENCLATURE AND NOTATION

In this paper, tensors are denoted by underlined
boldface capital letters, e.g. Y € RIt*2x3 js 3 3D
tensor of real numbers. For some applications, such
as in the case of MRI signals, we need to work
with tensors of complex numbers. It is noted that,
in order to simplify the notation, we present some
of the results only for the 2D or 3D cases but the
reader should notice that these results are also valid
for higher order tensors, i.e. with the a number of
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dimensions N > 3. Matrices (2D arrays) are denoted
by bold uppercase letters and vectors are denoted by
boldface lower-case letters, e.g. D € RM*I and y € R!
are examples of a matrix and a vector, respectively.
The i-th entry of a vector y is denoted by y;, the
element (7,j) of a matrix Y is denoted by either of
the following ways Y(i,j) =vyjj, and the j-th column of
matrix Y is denoted by y;. Similar notation is used
for tensors by referring to the element (i1,iz,i3) as
Y (i1,2,73) = Yi,ipi;- The Frobenius norm of a tensor

is defined by ||Y||r = \/Zil Ziz Zi3yi21izi3'

Sub-tensors (blocks) are formed when indices
are restricted to certain subsets of values. Particularly,
a mode-n fiber is defined as a vector obtained
by fixing every index to a single value except
in mode-n, e.g. in MATLAB notation, a mode-
2 fiber is obtained as Y (i,:73) (i1 and i3 are
fixed). More generally, by defining sets of restricted
indices Z,, = {if}), i,(f), e &) ], the corresponding 3D
block is denoted by Y (Zy,75,7Z3). For example,
if 7y =1[1,5,7,8], Z, = [10,11,20] and Z3 = [2,3],
then Y (Z1,7,,73) determines a 4 x 3 x 2 block.

Mode-n unfolding (called also mode-z matri-
cization) of a tensor Y € RI1*2x13 yields a matrix Y
whose columns are the corresponding mode-# fibers
arranged in a specific order,” ie. Y, € RIt*x2b,
Yy € R and Y3, € RB*I2 Given a multidi-
mensional signal (tensor)Y € RI1*12-%IN and a matrix

A € R/*I» the mode-n tensor by matrix product
Z =Y x, A e Rlxla-ln-1x]xlui1IN i5 defined by
In
Riiy-in_1fins1IN = Zyil"'in"'iNafin’ (1)
in=1

with i, =1,2,...,1; (k#n)and j=1,2,...,].

The Kronecker product of matrices is defined as
follows: given two matrices A € R'*M and B e R/ * N
their Kronecker product A®@BeRY*MN s defined
by

anB  a;B amB

A®B — a»B  anB axmB 2)
anB apB aimB

Also, for given two matrices AeR/*M and

B e R/ *M_ their Khatri-Rao product A©®B e RV/*M
is defined by applying the column-wise Kronecker
product, i.e.

AOB=(a1®b; a®b; ay®bum)  (3)
The outer product of N vectors v e Rl

(n=1,2,...,N) is denoted by Y =vWo...oyM
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where Y € RIt**IN and is obtained by

1 N
YViq iy = Ul('l) T U’(N). (4)

COMPRESSED SENSING (CS):
DISCOVERING UNIQUE SPARSE
STRUCTURES FROM MINIMAL
INFORMATION

Let us consider for the moment the space of ID signals
(vectors) yeR!. Real world signals do not cover
the space uniformly; instead, they are concentrated
around the union of subspaces determined by linear
combination of few dictionary elements.>>3! To be
more specific, given a dictionary D e R' * !, CS assumes
the following signal model

y =Dx +ey, with [x]lo <K, (5)

where K < <1, the £y-pseudo-norm ||x||gp accounts
for the number of nonzero entries of vector x € R’
and eyeRI is an error vector with a small norm,
i.e. y~y=Dx. This remarkable property of real
world signals made possible the development of
compression techniques based on the transformation
of a data set to some specific domain, typically a
wavelet domain, where most of the coefficients can
be set to zero allowing a reconstruction with a small
loss of information. In this paper, we consider only
complete dictionaries, i.e. where the number of atoms
in the dictionary is equal to the signal size I, but it is
important to note that also over-complete dictionaries,
i.e. with a matrix DeR!*/ (J> 1), can be used by
making the appropriate changes of the models.3>™3*

CS also assumes that a limited number of
linear measurements are available, i.e. the available
data set is z= ®y e RM with ® e RM*! M < I, which
combined with Eq. 3, gives us the following system of
constrained linear equations:

Z=BX+ezs with ||X||0 SKa (6)

where B=®D e RM*! and the error term is
determined by e, = ®e,. Thus, two main questions
need to be answered:

1. Under which conditions on matrices ®, D, and
the number of nonzero coefficients K, a unique
solution x exists?

2. How can we correctly estimate y from z?

During last years, many advances have been
made in order to answer these theoretical questions
and understand the applicability of the CS theory to
real world problems. Let us focus first on the ideal
noiseless case, i.e. e, =0. The first question has to do
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with the uniqueness of the solution of Eq. 6. Note
that, without the sparsity constraint, there exists an
infinite number of vectors x for which z=Dx holds
as there are more unknowns than equations. But,
if there are two different coefficient vectors xi,x»
for which the same measure vector is obtained, i.e.
z=Bx; =Bx;, then those related signals cannot be
identified uniquely. Fortunately, if the vector of
coefficients x is sparse enough (small K compared
to the size of the signal I) and if matrices ®, D are
‘good’ enough, then the solution is unique. There are
several ways of characterizing a ‘good’ matrix B, for
example, B is considered ‘good’ if at least one of the
following conditions are met:

e Large spark: spark (B)> 2K 3° where the spark of
a given matrix is the smallest number of columns
that are linearly dependent.

e Low coherence: w(B) < /(2K —1)%
where the coherence is defined as the
largest normalized absolute inner prod-

uct between any two columns, i.e.

 (B) = maxizj (b]b;/ (1bil121bjl[2)).

These results give us absolute guarantees about
the uniqueness of the solution for the case of signals
having exact sparse representations. It is important to
note that, on one hand, dictionaries D are generally
determined by the class of signals of interest and,
on the other hand, usually we have some freedom to
chose a proper sensing matrix ® such that, multiplied
by matrix D would produce a good matrix B. One
remarkable result from this theory is that a random
sensing matrix @ usually provides a sufficiently
incoherent matrix B 3¢

The second question is related to the existence
of algorithms able to recover the signal y from the
measurement vector z. The idea is to solve Eq. 6 for x
and then to compute the approximate signal by using
y = Dx. The problem of finding the sparsest solution
of an under-determined system of linear equations can

be formally formulated as follows3”:

argmin ||x||op subject to ||z —Bx|]; <€, (7)
X

where € is a small constant determining the accuracy
of the approximation.

Equation 7 is a combinatorial problem and
would require an exhaustive search over all possible
sparse supports of x which is not practical. Instead,
several methods have been proposed to approximate
this problem by another, a more tractable one. These
methods can be basically divided into two main
groups: basis pursuit (BP) and matching pursuit (MP).
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e Basis pursuit (BP) algorithms: In BP, the
combinatorial problem is transformed to a
convex optimization problem by replacing the
Lo-norm ||x||op with its convex approximation,
basically, the ¢;-norm ||x||{.3>3% Then, the new
optimization problem is formulated as follows:

argmin ||x||; subject to ||z—Bx|» <€, (8)
X

which is more tractable and can be solved, for
example, by using linear programming (LP)*° or
by using second-order cone programs (SOCPs).*
Both techniques are computationally expensive and
turn out to be impractical for large sized signals,
i.e., for signals with tens of thousands entries, as
in the case of multidimensional signals. A more
practical method is the spectral projected gradient £,
minimization (SPGL1) algorithm*' whose optimized
implementation in MATLAB is available in Ref 42.
SPGL1 relies only on matrix—vector operations Bx and
BTy and accepts both, explicit matrices or functions
that evaluate these products and, therefore, becomes
very useful for CS when matrices B and BT have
some kind of structure, as for example Kronecker
structure.*> A general description of SPGL1 algorithm
is included in Algorithm 1 and illustrated by an
example in Figure 1(a).*!

Algorithm 1: Spectral Projected Gradi-
ent /; (spGL1)*

Require: Compressed signal zeRY,
matrix BeRY*I and tolerance ¢

Ensure: Sparse vector of coefficients
xecRY
1l: r==z, t=0; initial residual and

{1 -norm bound

2: while ||x]|; > ¢ do

3: X = argming||Bx - z||; subject to
%]l <7

4. r=2z-Bx; residual update

5: T < Newton_Update (B, z, 7); see
details in*!

6: end while

7: return x;

o Matching pursuit (MP) algorithms: MP methods,
which are also known as greedy algorithms,3%44
are faster than BP, especially with very sparse
signals (low K).* A powerful standard greedy
algorithm is the orthogonal matching pursuit
(OMP) which was optimized and studied in
Refs 38 and 46. OMP iteratively refines a sparse
solution by successively identifying the dictionary
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elements which are more correlated to the current
residual and incorporating it to the support.
This process is repeated until a desired sparsity
level K is reached or the approximation error
is below some predetermined threshold level.
A general description of OMP algorithm, for
the case of a normalized matrix B, i.e. with
unit-norm columns (||bj|| =1 for j=1,2,...,I), is
shown in Algorithm 2. An efficient MATLAB
implementation of OMP can be found in Ref 47.
In Figure 1(b) the recovery of a 1D signal having
a sparse representation on a WT basis is shown
by applying the OMP algorithm.

Algorithm 2: Orthogonal Matching Pur-
suit (OMP)3'8’44’47

Require: Compressed signal zeRY and
matrix BeRM*I

Ensure: set of K non-zero coefficients
(sparse representation)

1: r=2z; initial residual

2: for k=1 to K do

3: ip =argmax,-|b7-Tr|; select max.
correlated column

4: i:Zﬁzlanbin; o, are such that

IZ—1z||; is minimized (see
details in?)

5: r=z—172; residual update

6: end for

7: return {ii,iz, ..., 1k},
{Oll,()[z, ...,O[k},‘

Theoretical Aspects of Algorithms

It is known that, in the ideal noiseless case, the
condition u(B)<1/(2K—1) is enough to guarantee
that BP and MP algorithms will converge to the unique
solution.>® However, in practical applications, signals
are not truly sparse and there is noise involved in the
sensing process. Thus, not only sparse signals should
be uniquely determined in the noiseless case, but also
they should be stably determined in the presence of
noise. Formally, an algorithm is said to be stable if
the error in the estimated vector of coefficients X is
comparable to the model error, i.e. [|X — x|, ~ |le,|l,
for some p-norm. One way to guarantee stability is
to ask the matrix B to meet the restricted isometry
property (RIP) which was introduced by Candés and
Tao in Ref 48. A matrix B satisfies the RIP of order K
if there exists a number §g € (0,1) such that

(1 =81 IIx|15 < IBx|l3 < (1 +680) [1xI3,  (9)
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(a) Basis Pursuit (BP) based sparsity recovery (SPGL1 algorithm)
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(b) Matching Pursuit (MP) based sparsity recovery (OMP algorithm)
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FIGURE 1| One-dimensional Compressed sensing (CS) example illustrating the application of the basis pursuit (BP) and matching pursuit (MP)
sparsity recovery methods. A 1D signal y € R’ is modeled by combining only K =5 atoms (out of 256) of the Daubechies wavelet transform (WT)
basis, i.e. y = Dx + e with ||x||o = 5. Nonzero coefficients and errors are generated by using a Gaussian distribution with standard deviation o = 1
and o =0.01, respectively. The compressive measurements are obtained by z= ®y, with a sensing matrix & € R® * 26 being a random (Gaussian)
matrix determining a sampling ratio =25%. In (a), the sparsity patterns recovered by the SPGL1 algorithm in iteration k =1, 2, ..., 79 are shown. In
(b), the correlations between the residual and basic elements for iterations k =1, 2, ..., 5 of the OMP algorithm are displayed.

for every K-sparse vector. RIP is directly related with
the coherence of the matrix by §x <u(B)(K —1)3°
thus small coherence imposes a small value of §.
There are several available theoretical results about
stability of algorithms with explicit error bounds. See
for example Refs 46 and 49 for error bounds based
on RIP in MP algorithms and3®*? for the case of BP
algorithms.

TENSOR DECOMPOSITIONS
AND MULTI-WAY ANALYSIS

Many real world problems involve multidimensional
signals, for instance, a 3D image produced by a
computed tomography (CT) system or an MRI system,
corresponds to a sampled version of a 3D function
f(x1,x2,x3). In this case, the multidimensional image
is stored in memory as a tensor Y € RI1*2x3 whose
elements are samples taken on a grid, i.e. v i, =

f(irh, izh,i3h) (is=1,2,...,1,,n=1,2, 3) with b being
the discretization step for all dimensions. Models
for tensors have a long history in mathematics and
applied sciences.?82° Tensor decompositions allow us
to approximate tensor data sets by models depending
on few parameters, i.e. less parameters than the total
number of entries of the tensor. This reduction of
degree of freedom allows us to capture the essential
structures in multidimensional data sets.

The Tucker decomposition3®! provides a
powerful compressed format that exploits the linear
structure of the unfolding matrices of a tensor
simultaneously. More specifically, it is defined by the
following multilinear expression:

Y=Xx1D; x3D;--- xnDn, (10)

with a core tensor X € RRixRyxxRu and factor
matrices D,, € RI"*R_ Tt is easy to see that mode-
n vectors of a tensor with a Tucker representation
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belongs to the span of the columns of matrix
D,. A tensor Y e RI1*LxIN s said to have
multilinear rank-(Rq,Rj,...,Ry) if Ri,R5,...,Ry is
the set of minimal values for which Eq. 10 holds
exactly.

As a particular case, when matrices D,, € R#»*Rx
are defined as the left singular vectors of matrices
Y(n), this model is called the high-order singular
value decomposition (HOSVD).3® Additionally,
by truncating the number of left singular vectors
included in the factors we obtain the truncated
HOSVD which is known to provide a suboptimal
rank-(R1,R; ....,R3) approximation Y of the origi-
nal tensor. In contrast to the matrix truncated SVD,
which vyields the best low-rank approximation, the
tensor approximation resulting from the truncated
HOSVD is usually not optimal . However, we have
the following bound [[Y — Y|[[r < VN|[Y — Y, |[r.>2
This quasi-optimality condition is usually sufficient
in most applications. The HOSVD has been thor-
oughly investigated in the literature and has found
many applications in signal processing and data
mining.>37%¢

Another widely used tensor decomposition
method is the canonical decomposition (CANDE-
COMP) also known as parallel factor analysis
(PARAFAC)? jointly abbreviated CPD, which can be
considered as a particular case of the Tucker model
when the core tensor X is diagonal, i.e. x;, ...j,...;y, 7 0 if
and only if 44 =---i,---=iNn. An important property
of CPD model is that the restriction imposed on the
Tucker core leads to uniqueness of the representation
under mild assumptions.”’ CPD model has been
applied to a variety of problems, including telecom-
munications and sensor networks applications,’’
biomedical applications,’® text mining analysis of
social network and web links data sets,*” and
others.

There are only a few recent works that link
CS theory with tensor decompositions concepts. Lim
et al. have shown in Ref 60 that the uniqueness
property of the CPD model can be expressed in
terms of CS concepts such as restricted isometry and
incoherence applied to loading matrices (factors). In
Refs 61 and 62, methods to recover low-rank tensors
have been proposed based on convex optimization
techniques adopted from CS concepts developed for
matrices.'® Sidiropoulos et al. have recently shown in
Ref 63 that the identifiability properties of the CPD
model could be used to recover a low-rank tensor
from Kronecker measurements, i.e. by compressing
each mode separately. More recently, in Refs 64 and
65 it was shown that multidimensional signals can
be efficiently represented by means of the Tucker
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model with large but sparse core tensors with
block structure, thus, they can be recovered from
Kronecker compressive samples by using greedy
and fast algorithms. In this paper, we consider
Tucker model and its application to solve CS-related
problems.

PRACTICAL ALGORITHMS
FOR MULTIDIMENSIONAL CS

A direct application of the CS theory to multidimen-
sional data sets consists of vectorizing tensors and use
a large dictionary for their representation. To be more
precise, given a tensor Y € RI1*12%5 we may convert
it to a vector y = vec(Y) € R/, with I=111,I3, and
assume that it admits a sparse representation over a
dictionary D e R %!, Then, from a set of linear mea-
surements given by z=®y with ® eRM*I (M <1)
we can apply any of the traditional algorithms such
as MP or BP in order to recover the sparse struc-
ture and reconstruct the original multidimensional
signal. This is quite impractical because even using
the most optimized algorithms available today such
as OMP* or SPGL1,*1:%¢ the size of the resulting
explicit matrix B=®D e RM*! scales exponentially
with the number of dimensions N. Memory usage
is not the only problem, also the number of opera-
tions involved in the matrix by vector products are
very expensive when the size of the signal increases
becoming prohibitive for N> 2. In real life applica-
tions, sometimes fast operators are available, which
allows one to avoid using explicit versions of the
dictionary D e R!*!, for instance, this is the case for
the DCT and WT which cost O (Ilog (I)) instead of
O (I?). On the other side, most of existing theoretical
results related to CS performance are based on ran-
dom sensing matrices ® € RM*! such as Gaussian or
Bernoulli ones,?” but in practice, fast sensing opera-
tors with structured matrices need to be developed in
order to avoid explicit matrices.>¢7-68 While dictio-
naries D are determined by the class of signals, sensing
matrices ® are determined by the specific application.
For example, in the case of MRI signals, tomographic
imaging,> and optical microscopy,!” measurements
are available in the Fourier transform domain, and
the sensing operator usually consists on subsampling
in this space.®® Thus the sensing matrix consists of
a deterministic matrix given by a selection of a sub-
set of rows in the Fourier transform matrix (see the
application to CS MRI section) and the fast Fourier
transform (FFT) algorithm can be used to implement
it in a fast way. In the case of the channel estima-
tion problem that arises in wireless communication
applications, the sensing matrix is random Toeplitz
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or subsampled Toeplitz/circulant matrices for which
recoverability guarantees results have been recently
reported in Refs 70 and 71. As another example,
CS single pixel cameras have been developed by
designing special-purpose acquisition hardware that
performs the projection of the scene against a binary
array which correspond to use as sensing matrix with
Walsh-Hadamard structure.*

The Sparse Tucker Tensor Representation

A natural way to exploit the multidimensional
structure in signals is to avoid the vectorization step
and take advantage of the structure contained in all
different modes (dimensions) simultaneously. To this
end, we can use the Tucker model of Eq. 10, where
each of the factors captures the linear structure of
the data set in the corresponding mode. In order to
introduce this concept, a sparse Tucker representation
of a 3D brain image is shown in Figure 2(a). The
original data set? Y € R256x256x64 i decomposed by
using matrices Dy, D; € R256 %256 and D3 e R4 * 64 35
Tucker factors, i.e.

Y =X x1 D¢ x2 Dy x3Ds3. (11)

When factor matrices are assumed to be
orthogonal (DI'D,, =1), the optimal core tensor, in
the least squares sense, is obtained by

X =Y x; DI x, DI x; DI, (12)

Thus, the idea is to choose proper matrices
D! (n=1,2,3) such that the resulting core tensor
X is as sparse as possible. This is the case when
we use sparsifying transforms in each mode, e.g.
WT, DCT, or other specific operators according
to the characteristics of the mode-n vectors of
the signal under analysis. In Figure 2(b), the
corresponding sparse Tucker approximation is shown,
which is obtained by keeping the largest absolute
coefficients in the core tensor and setting the rest of
them to zero. It is remarkable that, for example,
by keeping only 5% of the coefficients we are
able to approximate the original signal almost
perfectly (with peak signal to noise ratio (PSNR)=
41dB).b

It is straightforward to show that the Tucker
representation of Eq. 11 can be equivalently
expressed in terms of the vectorized tensors x =
vec (X) and y = vec (Y), with vec (Y) = vec (Y1), as

follows®?:

y=(D38D,®Dy)x. (13)

Additionally, as it is discussed in section Selected
Applications, in some cases the measurements can

Multidimensional compressed sensing

be taken in a multilinear way, i.e. by using linear
operators in each mode separately as follows:

Z=Y x1 &1 x3 ® x3 03, (14)
Z =X x1 ®1D1 x2 ®,D; x5 ®3D3, (15)

which can be also written in terms of vectorized
tensors as follows:

z= (B3 ®B, ®By)x, with|x|[p <K, (16)

where z = vec (Z) and B, =®,D, (n=1,2,3) and K
is the maximum number of nonzero coefficients. In
this case, to solve the CS problem with tensor structure
data means to find the solution of a large underdeter-
mined system of equations with Kronecker structure
which can be solved by using traditional algorithms
such as MP or BP applied to the corresponding vec-
torized tensors. The formulation of Eq. 16 is called as
Kronecker CS7? and was recently exploited in the liter-
ature for the case of 2D signals (images) in Refs 43 and
73 and extended to multidimensional signals in Ref 72
In Ref 65 the Kronecker-OMP algorithm (Kron-OMP)
was introduced, which allows one to perform the
steps of the classical OMP exploiting the Kronecker
structure of matrix B=(B3;®B, @B{) e RM* je.
by working directly on the relatively small matrices
B, € RM»xIn (see Algorithm 3) In Figure 3(a) and (b),
a 2D example is presented, showing how a signal
having a Kronecker sparse representation can be
recovered by the Kron-OMP algorithm. It is noted
that, Kron-OMP needs K iterations to complete the
recovery (K is equal to the number of nonzero entries
in the sparse core matrix X € R %),

Algorithm 3: Kron-OMP Algorithm®’

Require: Compressed signal ZeRMlX'"XMN

and normalized matrices B, € RM»xl
(n=1,2, ..., N)

Ensure: set of K non-zero coefficients
(sparse representation)

1: R=7Z; initial tensor residual
2: for (i{):(lk)to K(%o
3: (ll ,i2 ,...,iN ):argmaxi1i2,__iN|BxN

- \T - \T
Bi (i) x5---x1BN(G,iN) |; select
max. entry of correlation tensor

k
4 2= B, (:,,-gm)o...oBN (;,i;';)),- on
n=1

are such that ||Z—Z||F is

minimized (see details in®)
5: R=7Z-7; residual update
6: end for
7: return —(igk),igk), ,i](\f)), for k=
1,2,...,K and {ai,ay, ..., ax};
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(a) A tucker representation of a tensor is obtained by applying orthogonal sparsifying
transforms in each mode, e.g. Wavelet Transform (WT), Disctrete Cosine Transform (DCT), etc.

Original TensorY.

(256 x 256 x 64) Sparse Core Tensor D3 (64%64)
T = e
o \ — -
(256 x 256 x 64)
(256 x 256)
D,
(256 x 256)

(b) A sparse tucker approximation is obtained by keeping

the largest absolute coefficients (core tensor entries)

50

45

PSNR (dB)
3

30 é 1“» (Ii é 16 1‘2 1‘4 1‘6 1‘8 2‘0 2‘2
Largest absolute WT coefficients kept (%)

1% of largest abs. coeffs. 2
5% of largest abs. coeffs.

PSNR = 41dB

PSNR = 36dB

b

!
24 25

5% of largest abs. coeffs.
PSNR = 49dB

D3 (e4x64)
— 1;;\}

Sparse Core Tensor Y

D,

(c) Types of tensor sparsity

Un-structured
multidimensional sparsity

Structured multidimensional sparsity

@ Non - zero coefficients

FIGURE 2| Sparse Tucker approximation of multidimensional signals. In (a), the original tensor three-[dimensional magnetic resonance imaging
(3D MRI) brain image] is represented by the Tucker model Y = X x; Dy x3 D; x3 D3, where factors D,, € R"*/ (n=1, 2, 3) are orthogonal, thus,
the optimal core tensor is given by X =Y x4 D1T X2 DZT X3 D;. In (b), the tensor is reconstructed by keeping only the largest (absolute values)
entries of X. The resulting PSNR (dB), for different amount of kept coefficients, is shown for the case of using Daubechies WT dictionaries. In (c)

unstructured sparse core tensors and block core tensors are illustrated.

Exploiting Multidimensional Sparsity
Structure

For multidimensional data sets, the Kronecker
structure of the dictionary and the sensing operator
allows one to implement every iteration of the OMP
strategy in an efficient way as it involves operations
with smaller matrices.®® However, for large-scale data
sets and high number of dimensions, the number
of required iterations K increases as a power of
the number of dimensions (curse of dimensionality)

making Kron-OMP impractical. In order to reduce
complexity we can make additional assumptions
about the location of nonzero coefficients based on
some a priori knowledge about the signals of interest.
By doing so we will be able to simplify the sparse
pattern discovery algorithm and, at the same time, to
improve the quality of reconstructions or reduce the
number of compressive measurements. This brings us
with the concept of ‘structured sparsity’ for vectors
y=DxeR! (as discussed in Ref 74 for the vector
case and references therein), in which a subset of the

© 2013 John Wiley & Sons, Ltd.
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(a) 2D signal kronecker sparse modelling

Y ¢ R32><32 D1 c R32><32 X e R32><32 D%“ c R32><32 Ec R32><32
(2D signal) (mode-1 dictionary) (sparse core (mode-2 dictionary) (noise)
matrix)

&, c RI6*32 &7 ¢ R32X16
7, c R16x16 ! . 32x32 2 -
€ (mode-1 sensing YeR (mode-2 sensing
(compresed measurement) matrix) (2D signal) matrix)

(b) KRON-OMP ALGORITHM BASED SPARSITY RECOVERY

Absolute correlation between the residual and components in
Kron-OMP iterations (b Rb;|)

(14,20) detected (1,1) detected (1,2) detected (25,25) detected (10,15) detected

k=9

(10,20) detected (5,3) detected (6,4) detected (20,20) detected

FIGURE 3] lllustration of a two-dimensional (2D) signal having a Kronecker sparse representation and its recovery by the Kron-OMP algorithm.
In (a), a 32 x 32 patch image is modeled as a linear combination of only K = 9 atoms (out of 1024) of the separable discrete cosine transform (DCT)
basis, i.e. Y = D1XD2T + E with ||X||o = 9. Nonzero coefficients and errors are generated by using a Gaussian distribution with standard deviation
o =1and o =0.01, respectively. Compressive measurements are taken by multiplying each mode by a random (Gaussian) sensing matrices, i.e.
= <I>1Y<I>2T with @1, € R'6 %32 (sampling ratio = 25%). In (b), the successive correlations of the residual with the Kronecker basis B, ® B; are
shown for each iteration of the Kron-OMP algorithm. The sparsity pattern is correctly recovered after exactly K = 9 iterations.

sparse solutions x € R! are allowed and others are  coefficients are clustered together into blocks in the
discarded. For example, it is known that piecewise 1D vector x € RI 7677

smooth signals and images tend to live on a rooted, For the case of tensors having a Kronecker
connected ‘tree structure’.”> Moreover, usually large  sparse representation, ie. Y =X x;Dq x2D; x3
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D3 € Riixhxls (X e RIixxI D, e RI»xIn) 3 simple
and natural sparsity structure is to assume that
most significant coefficients are concentrated on
a sub-tensor of X©® More specifically, ‘tensor
block-sparsity’ assumes that x; ;,;; = 0 if (i1,72,73) ¢
(T1,1>,73) where Z,, (n=1, 2, 3) are subsets of indices
in each mode determining sub-tensor. Figure 2(c)
illustrates the concepts of unstructured and block-
structured sparsity of core tensors.

When the ‘tensor block-sparsity’ assumption is
approximately valid, a super fast greedy algorithm,
namely the N-way block OMP (NBOMP algorithm),
can be used requiring substantially fewer iterations
than Kron-OMP (see comparison in the following
section). In Figure 4, the NBOMP algorithm is
illustrated through an example. A 32 x 32 patch
having a block sparse representation with K=9
atoms contained in a 3 x 3 block is recovered from
compressive measurements taken in the same way as
in the example of Figure 3. It is highlighted that
NBOMP recovers the correct sparse pattern after
exactly 3 iterations instead of 9 iterations that would
be required the OMP (unstructured) algorithm.

Algorithm 4: NBOMP Algorithm65

Require: Compressed signal Z €

RMix>xMN - normalized matrices B, €
RMaxln (n=1,2, ,N) and threshold ¢
Ensure: set of non-zero coeffi-

cients within a subtensor of size
S1 X Sy XSy (block-sparse represen-

1: R=7Z; initial tensor residual
2: I,=1],»n=1,2,...,N; initial set
of indices in each mode

3: k=1;
4: while ||[R||F > € do

(igk),l'gk), e ’ll(\f)) = argmaxilizn_,‘NB XN
B, (:,il)T Xy - X1 BN (:,iN)TI; select
max. entry of correlation tensor

6: T,=T,Ui® n=1,2,.. . ,N;

;ncrease subtensor support

7:  Z=Gx1Bi(5,71) x2 - xn BN IN);

G € RRixR2xRN i 5 guch that

IIZ—ZIIF is minimized (see
details %p Ref 65)

8: R=7Z-7; residual update
9: k=k+1;

10: end while

11: —11,12, ,IN” and GGRRIXRZNXRN,'

wires.wiley.com/widm

MULTIDIMENSIONAL CS
ALGORITHMS COMPARISON

In this section we demonstrate the advantage of
using the Tucker model based tensor representa-
tions, i.e. by using Kronecker bases, and block
sparsity compared to the case of using classi-
cal vectorized CS algorithms for tensor data sets
regarding memory usage, complexity, and quality of
reconstructions.

Memory Usage

In Figure 5(a) the memory requirements to store the
resulting explicit matrix B for 1D, 2D, and 3D signals
(tensors) for the case of having a typical M,, =1I,,/4 are
shown. Note that, with 16 GB of available RAM
memory, the dictionary for a 2D signal with a
size of only 420 x 420 can be stored and for the
3D case it corresponds to a tensor with size 70
x 70 x 70.

Computational Cost

A distinctive characteristic of OMP algorithm is that
it requires a number of iterations equal to the sparsity
K of the signal to converge to the desire solution,
as one coefficient is detected per iteration. On the
other hand, BP algorithms usually require much
more iterations because all coefficients are updated in
every iteration and the solution converges, sometimes
slowly, to coefficients close to zero for those which
should be exactly zero. For this reason, sometimes
OMP is preferred over BP specially when the number
of nonzero coefficients is small.3® Let us consider the
case of the recovery of N-dimensional tensors from the
measurements given by Z € RM*M-xM haying a block
sparse representation Z =X x1 Bj x2 By -+ xn By
with factors matrices B, eRM*! (M<I) and a
(S,S, ...,S) block-sparse core tensor X e RIXIxI]
i.e. with nonzero coefficients concentrated in a
S x 8§ x - -8 subtensor. The asymptotical complexities
of the vectorized OMP, Kronecker-OMP, and
NBOMP algorithms for large I, M, and small S
(S« M <) are given in Table 1. The main reason for
the fast convergence of NBOMP is that it requires a
number of iterations bounded by S < K < NS, i.e linear
in § which is significantly lower than other OMP
algorithms that require SN iterations (polynomial
of order N). In order to illustrate the complexity
of classical BP, MP algorithms and their tensor
versions, which takes into account the Kronecker
structure (Kronecker-SPGL1 and Kronecker-OMP)
and the block-sparsity of signals (NBOMP), we
have simulated measurements Z € RM*M*M by ysing

© 2013 John Wiley & Sons, Ltd.
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(a) 2D signal kronecker block-sparse modelling

D1 c ]R32><32
(mode-1 dictionary)

Y € R32x32
(2D signal)

X e R32X32

Multidimensional compressed sensing

E ¢ ]R,32 X 32
) (noise)

Dg c ]R32><32

H, c R6*32 <I,2T c R32%16
16x16
ZeR™" (mode-1sensing Y € R3***32 (mode-2 sensing
(compresed measurement) matrix) (2D signal) matrix)

(b) Block-sparsity recovery by using the nbomp algorithm

Absolute correlation between the residual and components
in NBOMP iterations (|b] Rb;|)

k=2

(5,12) detected:
I, = [5]
o= [12]

(2,1) detected:
I, = [572]
I2 = [12, 1]

(15,20) detected:
7, = [5,2,15]
Ty = [12,1, 20]

FIGURE 4] lllustration of a two-dimensional (2D) signal having a Kronecker block-sparse representation and their recovery by the NBOMP
algorithm. In (a), a 32 x 32 patch image is modeled as a linear combination of only K =9 atoms (out of 1024) of the separable DCT basis , i.e.
Y= D1XD2T -+ E with the nonzero entries coefficients concentrated in a 3 x 3 block. Nonzero coefficients and errors are generated by using a

Gaussian distribution with standard deviation o = 1 and o = 0.01, respectively. Compressive measurements are taken by multiplying each mode by a
random (Gaussian) sensing matrices, i.e. Z = <I>1Y<I>ZT with ®; ; e R6>32 (sampling ratio = 25%). In (b), the successive correlations of the residual
with the Kronecker basis B, ® By are shown for each iteration of the N-way block orthogonal matching pursuit (NBOMP) algorithm and detected
indices are incorporated into the block-support of the signal. The sparsity pattern is correctly recovered after exactly K = 3 iterations.

block-sparse signals with the 3D-DCT dictionary
and sampling them through Kronecker random
measurement matrices. In Figure 5(b) the computation
time versus the sampling ratio M3/I° is shown where
the advantage of NBOMP over the rest of the methods
is clear.

Quality of Reconstructions

Another important characteristic of NBOMP is that
it is able to recover correctly block-sparse signals
with higher probability compared with the other
methods as Figure 5(c) shows. In fact, in Ref 65
it was demonstrated that a sufficient condition for
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(a)
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Dictionary storage requirement

b)

Algorithms computational cost (3D)

‘[ =e= Vectorized-BP (sPGL1)| '
*| == \/ectorized-OMP
3| | =®= Kronecker-BP (SPGL1) |
10 F!| == Kronecker—OMP
| == NBOMP

Time (sec)

2 4 6 8 10 12 14 16 18 20
Sampling ratio (%)

(c) Algorithms performance (3D)
100 T - - - r r
=& \/ectorized—BP / kronecker-BP (SPGL1)
90 | —e= Vectorized-OMP / kronecker-OMP
go|. L=e=nBOmP

tensors (%)

Percentage of correctly recovered

2 4 6 8 10 12 14 16 18 20
Sampling ratio (%)

FIGURE 5| (a) Memory requirements in order to storage a explicit dictionary for 1D, 2D, and 3D signals (tensors) for the case of having M, = I,,/4
(N=1,2,3). (b) Comparison of computation times versus sampling ratio M3/I? for vectorized and tensor compressed sensing (CS) algorithms with
(32 x 32 x 32) signals having a (4 x 4 x 4)-block sparse representation with a Kronecker discrete cosine transform (DCT) dictionary. (c) Percentage
of correctly recovered tensors over a total of 100 simulations with (32 x 32 x 32) signals having a (4 x 4 x 4)-block sparse representation with a

Kronecker DCT dictionary.

NBOMP to recover correctly a block sparse signals is
given by

SN <2—- A+ S -DupN,

where pur=max{u(B1), 1(B2),..., w(Bn)}. It is noted
that this performance guarantee is better than the
available result for OMP and BP algorithms which

is65,72,78
1 1
SN < = (1 + —) )
2 “r

In Figure 5(c) the percentage of correctly
recovered tensors over a total of 100 simulations

(17)

(18)

with (32 x 32 x 32) signals having a (4 x 4 x 4)-block
sparse representation with a Kronecker DCT dictio-
nary is shown where the advantage of NBOMP over
the rest of the methods is clear.

ON THE PROPER CHOICE
OF A DICTIONARY

An important task in the field of CS is to choose
a proper dictionary D on which signals have as
sparse as possible representations and, at the same
time, it is incoherent with respect of the sampling
scheme given by the matrix ®. To choose a proper
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TABLE 1 | Complexity of OMP Algorithms Applied to an
N-Dimensional Tensor Z € R*/*!"<I with Factor Matrices B, € R/*M
and the Block Sparsity Parameter S (S < | < M)

Vectorized-OMP  Kronecker-OMP  NBOMP

Asymptotical cost (IMN MV I(M)N
per iteration

Number of SN SN <NS
iteration

Total cost (SImN I(SM)N INS(M)N

dictionary we may rely on some existing specialized
bases or we can train a dictionary based on a large
set of signal examples which is known as ‘dictionary

learning’.3*

Mathematical Model-Based Dictionaries

The Fourier dictionary allows to describe a signal in
terms of its global frequency content. This is efficient
for uniformly smooth signals but signal discontinuities
generate large coefficients over all frequencies. A
close related dictionary is the DCT which has found
many applications in image processing during the
1980s and 1990s. For instance, former JPEG protocol
used the separable DCT (Kronecker dictionary) to
efficiently compress small patches, typically 8 x 8 size,
in 2D images. But, DCT still has the problem of
nonlocalization and cannot represent discontinuities
efficiently. Motivated by this problem, the Gabor
transform, also known as short time Fourier transform
(STFT) became more popular for representation
of real-world signals as it gives the optimal time
and frequency localization which is limited by
the celebrated uncertainty principle (Gabor limit).
This principle states that one cannot simultaneously
localize a signal in both the time domain and frequency
domain (Fourier transform).

Modern mathematical models for signal repre-
sentations are based on dictionaries whose atoms are
translated and dilated versions of a single elementary
waveform known as ‘wavelet’.! WTs have revolution-
ized signal processing, and they have shown to provide
effective signal representations. Very fast algorithms
were developed on the basis of the idea of multi-
resolution which states that a signal can be represented
as a series of difference signals where each one cor-
respond to a different scale. WT was incorporated
into the JPEG2000 compression standard replacing
the former DCT dictionary. There are also extensions
of WT to higher number of dimensions that efficiently
represent (sparsely) piecewise smooth images such is
the case of ‘wedgelet’ introduced by Donoho in Ref
79 for 2D signals and ‘ridgelets’ proposed by Candes

Multidimensional compressed sensing

et al. in Ref 80 for higher number of dimensions.
Other mathematical models for WT of 2D images
where developed by various authors as for example:
‘curvelets’,3! ‘contourlets’,2 ‘bandelets’,®3 and others.

Dictionary Learning
A more recent approach to choose a dictionary for
sparse representations is to train it based on a large

set of T sample signals y¥ (t=1,2,...,T).33885
This problem can be formulated as follows:
argmin [[DX — Y||r s.t. IIx?lo < K; (19)

where matrix X contains in its columns the vector
coefficients for the t-th signal sample, i.e. y?*) =Dx"
and Y= [y, y?) ... y(T]. This optimization problem
is combinatorial and highly non-convex and thus
existing algorithms search for local minima by
alternating the minimization with respect to D and
X. This setting was first proposed as the method of
optimal directions (MOD) in®® and the same problem
was also approached and solved by the k-means
singular value decomposition (KSVD) algorithm in
a much efficient way.?3

KSVD has been successfully applied to model
small patches on images,®® but it turns out
computationally expensive as the size of the patches
becomes larger and its application to higher number
of dimensions (N > 3) becomes prohibitive. To reduce
the computation complexity, it is necessary to use
some structure on dictionaries in order to alleviate
the dictionary learning task. For example, in Ref 87
the ‘double sparsity’ strategy was proposed where
the dictionary is assumed to have itself a sparse
representation on a basic dictionary, for example,
the separable DCT, and therefore the learning process
is reduced to identify the coefficients of the dictionary
representation requiring much less computational
load than learning the whole dictionary. With
‘double sparsity’, KSVD can be applied to the
processing of 3D patches (8 x8x8) in a fast
way.%’

Here we propose a simple algorithm that allows
us to adapt Kronecker dictionaries to a given set
of tensor data samples. Suppose that we have at
our disposal a set of T tensors Y e RIt*l2=xIN
(t=1,2,...,T) so we would like to build a set of
matrices D, € R"*I» such that they provide good
sparse Tucker representations of the tensor data set.
Thus, the objective is to minimize the global error, i.e.

T
argmin <Z||X(t) —G? x1Dg--- xn DN||%>
Dn,g(t) t=1

s.t. 1G]] <K, (20)
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for a predefined sparsity level K. We propose here
an alternate least squares method by updating one
factor matrix D,, at a time and considering the rest
of the variables fixed. It is noted that the global
error of Eq. 20 can be written in terms of the
concatenation of tensors in a particular mode-# as
follows:

T
DY =G x Dy -
=1

xn DnlE = (21)

1 T 1 T
[l [an; YEn))] - [D(n)GEn;C(n) s D(H)GE"))C(”):I ||%«
(22)

— (€] (T) (€] (D) 2
=1l [Y(n) Y(n)] — D [G(n)c(n) T G(n) C(n)] 1%,
(23)

where C(n) =Dn®:-- D,+1Dy-1--- ®D1)T. Then
the least squares solution for matrix D,, is given by

D, I:Ygl; YEZ)):I I:GE:L;C(‘A) G(n)c(n):l ,  (24)

with 1 being defined as the Moore-Penrose
pseudo-inverse computed as AT=AT(AAT)~!. The
proposed Kronecker dictionary algorithm is shown in
Algorithm 5.

In order to illustrate the algorithm behavior
we have applied it to a set of 10,000 (8 x 8)-
patches randomly selected from two different images:
‘Barbara’ and ‘Text’ shown in Figure 6(a). A sparsity
level of K=6 was used and initial factor matrices
D; and D, were generated by using independent
Gaussian numbers. The obtained dictionaries are
shown together with the classical Kronecker DCT and
WT (Daubechies) dictionaries for a visual comparison.
In Figure 6(b), the evolution of the global error per
pixel, defined by

T
D IY? = G® xy Dy -+ xn DxlIZ

t=1
Ee = Nsx 8 x8 > (29)

is shown for both cases. Global errors per pixel for
the case of DCT and WT (Daubechies) dictionaries
are shown for reference. It is interesting to note
that, the WT is better (lower error) than DCT for
the case of ‘Text’ while for the case of ‘Barbara’
DCT is better than WT. It is highlighted that
the obtained dictionaries improve considerably the
global errors capturing common structures of the
datasets.
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Algorithm 5: Kronecker Dictionary
Learning

Require: Set of T tensors

YO, Y? . ,X(T), sparsity level K and

threshold e

Ensure: matrices D, (n=1,2, ..., N)

1: Initialize factor matrices D, €
R[1X IN (n=1,2, ..., N) randomly;

2: e= ZHY(‘)

Compute global squared error

(t)xlDl XNDN||12:7

3: k=1, A=00;

4: while A>¢ do

5: for n=1 to N do

6: D,=|vy) Y0 |Gl - GEZ)C(,,)] ;

Update matrix factor in mode-n

7: end for

8: Normalize matrices factors D,
(n=1,2, ..., N) (unit-norm columns)

9: Update sparse core tensors G“)
Riv<+IN (£=1,2, ..., T) using

vectorized-OMP, Kronecker-
OMP or NBOMP algorithm

10: ef = ZIIY(”

Update global squared error
11: A =|le-e*||; Compute error change
12: k=k+1; e=e*;
13: end while
14: return D,

(t)xlDl XNDN||%/‘

(n=1,2, ..., N);

SELECTED APPLICATIONS

In this section, we present multiway CS models for
selected applications and illustrate through computer
simulations using real world multidimensional data
sets. All the results were performed using MATLAB
software on a Mac Book Pro notebook, equipped
with an Intel Core i7 processor (2.2 GHz) and
8 GB RAM. Selected MATLAB codes are provided
through our personal website (see Further Reading
section).

CS Magnetic Resonance Imaging (MRI)

MRI and computer tomographic (CT) technologies
have motivated the development of CS theory since
Candes et al. have demonstrated that structured
signals can be recovered from incomplete Fourier
samples.> CS MRI has matured during last years
providing us today with a real application of CS
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(a) Original images (left), dictionaries obtained from

Multidimensional compressed sensing

10,000 (8x8)-patches (center) and classical dictionaries (right)
Barbara (51 2x51 2)

Text (512x512)

"This book e sbout coness eptinirasion, o spacial chass of mathematical opriize-
tion probloms, which inchides loast-square:
i well kmown ths
camplote theary,

Dictionary learned from barbara

DCT dictionary

(b) Evolution of global error per pixel for the kronecker dictionary learning algorithm

0.25 T T T T T T T T T
= Error during learning (text)
= Error during learning (barbara)
b | D S S Emorwith DCT (tlex=019 ]
o) - __ __ _ _ EmorwithWT(ex)y=017 -~ _ . _ o _ _ _
X
o 0151 .
s o _________kF Error with WT (barbara) =0.13_ -~ = =
e |
)
S 0.1[] ]
K]
°© L ___________ _EnorwthDCT(babara)=007
0.05 - a
| | | | | | | | |

10 20 30 40

50 60 70 80 90 100

Iteration

FIGURE 6| Analysis of the application of the Kronecker dictionary learning algorithm to (8 x 8)-patches taken from ‘Barbara’ and ‘Text' images.
A total number of N =10, 000 patches are selected randomly from each of these datasets. Kronecker dictionaries are obtained by applying
Algorithm 5 using Gaussian initial matrices D1 and D;. The global error per pixel is defined as E. A sparsity level of K =6 was used.

theory to an essential medical imaging tool allowing
to reduce the acquisition data process (see Ref 69 for
an excellent tutorial on this topic).

In MRI, the acquisition process consists on
taking samples in the k-space, which is essentially
the 3D Fourier space (complex domain).®” In classical

MRI, the k-space sampling pattern is designed to
meet the Nyquist criterion, which determines the
resolution of the image. In this case, the reconstruction
simply consists on the application of the inverse
Fourier transform of the measurements which is called
as the minimum energy (ME) reconstruction.> The
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acquisition in 3D is usually performed by collecting
samples of different 2D slices. This multi-slice
acquisition usually takes considerable time, making
patients to be uncomfortable and increasing the cost
of health care. The idea of CS MRI is to considerably
reduce the amount of samples required in the 2D
slices of the k-space in order to decrease the scan
time without losing quality of the image. There has
been great advances in signal processing techniques
applied to 3D MRI reconstructions by developing
sophisticated trajectories in the Fourier domain (k-
space) and taking into account physical constraints
of the MRI acquisition system, see for example Refs
88-92. It is worth to mention that another close
related application of CS is dynamic MRI, where
the tensor data set consists of a sequence of 2D
slices acquired at different times. In the latter case
the reduction of k-space measurements is mandatory
in order to increase time resolution.”™®> These
techniques are usually computationally expensive and
their application to large data sets are sometimes
prohibitive. Here we show that CS MRI with multi-
slice scanning perfectly fits the Kronecker sensing
scheme allowing us to apply fast algorithms that
exploits the Kronecker structure.

Here, we assume that the 3D image Y €
RI1*LxI3 can be approximated by a sparse Tucker
representation using, for example, the WT Daubechies
dictionaries D,, (n=1,,2,3) or any other transform
that efficiently sparsifies the data set (Eq. 11). Then
the MRI device will take measurements in the k-space
given by the 3D-Fourier transform (W e Cl1*12x13);

W=Y x; Ty x2 Ty x3T;3, (26)

where T, e Cl"*I» (n=1,2,3) are the matrices
associated to the Fourier transform (see Figure 7(a)).
In the MRI multi-slice mode the samples are taken by
selecting a unique 2D pattern for every slice. More
specifically, the sampling process will correspond to
the following:

Z =W x1Hj x2 Hy x3 Hs, (27)

where H; € RM1*l1 and H, € RM2*2 are subsampling
matrices obtained by keeping selected rows of the
identity matrix and Hj is just the identity matrix.
Putting Eqs 11, 26, and 27 together we obtain:

Z =X x1 ®1 x2 ) x3 3, (28)

with @, =H, T,D,,.

The objective of CS MRI is to compute the sparse
core tensor X compatible with the measurements Z
and this can be performed efficiently by using a BP or
MP algorithm that exploits the Kronecker structure.
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In Figure 7(b) we show the results of recovering
a real 256 x 256 x 64 MRI brain image. In order to
simulate the k-space measurements we first compute
the 3D Fourier transform according to Eq. 26. Using
H; equal to the identity matrix implies that entire
mode-3 fibers are selected in the k-space and their
positions are determined by the selected indices in the
modes 1 and 2. In this example, we have selected the
indices in order to cover a block in the central part
(low frequency content) and have selected the rest of
the indices randomly as illustrated in Figure 7(a). By
applying the 3D tensor reconstruction based on the
Kronecker-BP (SPGL1 algorithm), with a sampling
ratio (M1M2M3)/(11[213 =70% (M1 =M, =214 and
M; =64), we obtained a PSNR=42,7dB (Figure
7(b)—4th column).

It is important to highlight that most of recent
methods for 3D CS are based on the idea of processing
of 2D slices one by one using classical CS algorithms
as for example the technique presented in Ref 69.
In Figure 7(b)—3rd column, we present the results
of applying a slice by slice reconstruction using
the 2D Kronecker-BP (SPGL1 algorithm) to every
subsampled frontal slice of the k-space with a sampling
ratio of 70%. The obtained reconstruction has a
PSNR = 40.8 dB which is lower than the case of using
a full 3D Kronecker-BP because the latter takes into
account the structure of the signal in mode-3 too. For
reference, the ME reconstruction is also shown, which
consists of applying the inverse 3D Fourier transform
of the k-space with the unavailable samples set to
zero, giving a PSNR =37.5dB (see Figure 7(b)—2nd
column). It is highlighted that the CS approach allows
us to avoid the aliasing effect that appears when the
classical Fourier reconstruction (ME) is applied with
a sampling scheme that violates the Nyquist principle.

CS Hyper-Spectral Imaging

A direct application of CS theory is the development of
new image acquisition devices such that, by exploiting
the compressibility property of signals, they can
considerably reduce the number of required samples
allowing a cheaper and faster imaging technique called
compressive sampling imaging (CSI). Real application
examples are the single-pixel cameras developed in
Refs 4 and 5, where a digital micro mirror array device
(DMD) is used whose orientations are modulated
randomly obeying to the Walsh-Hadamard or the
Noiselet patterns.’® Other CSI proposed devices are
the one-shot with random phase mask camera,’® the
random lens technique,” the linear sensors based
method,”” and the coded aperture imaging.® These
imaging techniques allow one to implement the

© 2013 John Wiley & Sons, Ltd.
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(a) Kronecker sampling of a 3D tensor: indices are randomly selected in mode-1
and mode-2 of the k-space (Fourier domain)

Subsampled
k-space

subsampling

(Ml X Mg X Mg)
M, < 256
M2 < 256
Ms = 64

k-space (Fourier domain)
(256 x 256 x 64)

(256 X 256 x 64) -3
- (64 x 64)

(256 x 256)
T,

(256 x 256)

(b) Recovery of a 3D MRI brain image from the subsampled k-space (sampling ratio = 70%).
3D tensors (top), (100 x 100)-zoom of slice 44 (middle) and absolute error (bottom) are shown.

Minimum energy
reconstruction

Original PSNR = 37.5dB

(256 x 256 x 64)

Slice by slice

reconstruction
(2D kronecker-BP)
PSNR = 40.8 dB

Tensor reconstruction
(3D kronecker-BP)
PSNR =42.7 dB

o - . .

FIGURE 7 (a) lllustration of Kronecker-compressed sensing (CS) applied to a three-dimensional (3D) magnetic resonance image (MRI). (b)
Reconstructions using the full 3D Kronecker-basis pursuit (BP) algorithm (PSNR = 42.7 dB), the slice by slice 2D Kronecker-BP algorithm
(PSNR =40.8 dB) and the minimum energy method (PSNR = 37.5 dB) using compressive measurements with a sampling ratios of

(My My M3)I(l I 13) =

hardware that is capable to perform projections of
the incident light field (corresponding to the desire
image) against a class of sensing vectors.

However, the problem of CSI is that the random
measurements as well as the reconstruction methods
become impractical because of the large amount of
data when medium to large images are considered.
To alleviate this problem, the Kronecker structure

70% and assuming sparse representations based on the separable 3D Daubechies wavelet transform (WT) basis.

of the sensing operators and dictionaries could
help us significantly. Separable operators, i.e. with
Kronecker structure, arise naturally in many optical
implementations. In Ref 43 the authors proposed a
practical CS imaging based on separable imaging
operators and, in Ref 73 a CMOS-based hardware was
proposed. In Refs 72 and 78, theoretical guarantees for
CS with Kronecker structured matrices were provided,
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and optimized greedy algorithms were developed in
Refs 64 and 65 taking into account the Kronecker
structure and block-sparsity.

A specific application of CS using the Kronecker
structure is hyper-spectral compressive imaging (HCI)
which consists of the acquisition of 2D images at
several spectral bands providing a 3D signal where
each slice corresponds to a different channel.”> Here,
a 2D-separable operator is applied to the hyper-
spectral light field which means that each spectral
band’s image is multiplexed by the same sensing
operator simultaneously. The resulting multilinear
measurement Z € RMXMaxMs of the hyper-spectral
data-cube Y € R1*2xI3 s given by Eq. 14, where
matrices ®; € RMi<lt and @, € RM2*12 determine the
separable sensing operator applied to each 2D slice
and matrix @3 is the identity matrix (I3 x I3).

When dealing with large data sets in many
dimensions (N > 2), OMP and SPGL1 (BP) algorithms
become prohibitively expensive or intractable and a
super computer must be used. However, if the data set
can be represented by block-sparse representations
then the reconstruction can be efficiently solved
by applying the N-BOMP algorithm.®%¢5 Here
we show an example of hyper-spectral image
(1024 x 1024 x 32) corresponding to Scene 4 in the
Foster & Nascimento & Amano natural scenes
database“”® No preprocessing steps were applied
to this data set. This hyper-spectral image contains
scene reflectances measured at 32 different frequency
channels acquired by a low-noise Peltier-cooled
digital camera in the wavelength range of 400 — 720
nm (see details in Ref 98). For each channel we
apply a separable random sensing matrix given
by ®x® where ®cRM*1024 (M <1024) is a
Gaussian random matrix. We also assume that the
data set has a multiway block-sparse representation
using the separable Daubechies WT basis given
by W@ W, @ Wi, with W =W, e R1024x1024 44
W3 e R32%32 (see Figure 8(a)). In Figure 8(b) the
results for sampling ratios 33% and 50% are shown.
Quantitatively, the reconstructions perform very well
with PSNR = 39.44 dB (33%) and PSNR = 42.47 dB
(50%) and they can be qualitatively verified by visual
inspection of the images.

Multidimensional Inpainting

A general problem found in many practical signal
processing applications is how to estimate missing
samples in multidimensional data sets. This problem
was extensively studied for 2D signals (images), in
such case it is commonly referred as ‘inpainting’
or ‘matrix completion’. In the recent years there

wires.wiley.com/widm

have been many new approaches to this problem
by exploiting the theory of CS since sparsity
representations can be used as prior information for
missing pixels inference.'>~1¢ Although there are many
available algorithms for the 2D case, there are only
few very recent works about ‘tensor completion’. For
example, in Refs 61 and 62 the approach of convex
optimization proposed by Candes et al.'® for matrix
completion was generalized to tensors. This method
relies on the assumption that the matrix (tensor) to
recover is low rank so the strategy consists on the
minimization of the nuclear norm? constrained to the
available measurements. However, the computational
complexity of these methods is high and its application
to large-scale tensors is limited.

Missing data problems using tensor decompo-
sitions were already approached in other kind of
applications too. For instance, in Ref 99 by assum-
ing a multilinear structure given by the CPD model,
an algorithm was proposed for optimization of the
CPD model parameters allowing one to interpolate
the missing values. The authors have applied this
algorithm to an EEG (electroencephalogram) applica-
tion, where missing data is frequently encountered,
for example, owing to disconnections of electrodes.
Recently, the same idea was extended and applied
to the problem of estimate missing values in medical
questionnaires'%%1°! and missing data imputation in
road traffic networks.!%2 In Ref 103 Tan et al. have
proposed a Tucker model-based method for miss-
ing traffic data completion where the Tucker factors
and the core tensor are optimized to fit the available
information.

In this section, we introduce a novel tensor
completion method based on the Tucker model
specially designed for multidimensional images where
Kronecker dictionaries are already known or can be
learned to provide good sparse representation of small
overlapped tensor patches. Thus, for each tensor patch
we solve a CS problem where the measurements are
the available data samples. The Kronecker structure
of the dictionary combined with a greedy technique
similar to OMP allows us to successfully recover the
missing entries achieving to very good results, better or
similar to the state-of-the-art algorithms. This simple
technique is similar to the inpainting and denoising
technique described by Elad in Ref 12, chapter 15.3,
with the main difference that here we consider the
Kronecker structure explicitly which allows us to
extend the method to larger image patches (32 x 32)
and to the tensor case too (3D signals).

We assume that only a set of L entries of
a tensor Y € RIt*12x5 are available and we denote
by Y® e RIixhxl3 (¢ =1,2,...,T) a set of overlapped

© 2013 John Wiley & Sons, Ltd.
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(a) Hyperspectral CS imaging model with a kronecker dictionary and block-sparsity)

Multidimensional signal
X (Il><12><13)

CS measurements
Z (M1><M2XM3)

M,<< I, <R,

|

(b) Hyperspectral CS imaging simulation results

Reconstruction (RGB display)
sampling ratio = 33%
PSNR = 39.44dB

Original (1024 x 1024 x 32)
RGB display

(150 x 150) Zoom

(150 x 150) Zoom

Block-sparse tensor
X (Il XIQXIg)

B; = ®3D3

Reconstruction (RGB display)
sampling ratio = 50%

) PSNR = 42.47dB

f

FIGURE 8| Hyper-spectral compressed sensing (CS) imaging example. Block-sparsity is assumed on a separable (Kronecker) orthogonal basis
given by the Daubechies wavelet transform (WT). A random (Gaussian) separable two-dimensional (2D) operator is used for sensing every slice of the
hyper-spectral cube (1024 x 1024 x 32).The reconstruction is obtained by applying the N-way block orthogonal matching pursuit (NBOMP) algorithm

on the three-dimensional 3D compressive signal Z.

tensor patches of sizes I x I, x I3, typically with
I =1, =13 =8,16 or 32, that cover the whole
original tensor Y (see Figure 9(a)).

In order to simplify the notation here we avoid
the explicit reference to the current patch index, i.e. for
each tensor patch P = Y® only a set of L, entries are

0,0, 0)

available whose indices are listed as (51 1S s ,

with [=1,2,..., L;. If we arrange the available entries
in a vector z € R it can be obtained by the following
operation:

T
2= (sfosiosl) p, (29)

where ‘©” stands for the Khatri-Rao product, z €
RIxDxI3 ig the vectorized version of the z-th tensor

© 2013 John Wiley & Sons, Ltd.
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(a) lllustration of tensor completion formulated as CS problems with Khatri-Rao
structure applied to every tensor-patch

Original tensor Vectorized
(L entries are known) tensor patch
XG]R11><12><I3 pe]RIlIng

Tensor patch
(L; entries are known)

Y(t) _ P c ]Rflengg

x € R 218
Sparse vector

| - ()

Matrix with Khatri-Rao

Ly
z€R structure

Vector containing
known entries of the patch

(b) Results of applying our tensor completion algorithm

to a 2D image using the DCT dictionary.
Reconstruction
(PSNR = 27.66dB)

Original Available pixels (20%)

(512 x 512) image

(150 x 150) Zoom (150 x 150) Zoom (150 x 150) Zoom

FIGURE 9| (a) lllustration of the tensor completion algorithm: the original tensor is divided in a set of overlapped tensor patches Y. For every
tensor patch P, its available entries (blue dots) are arranged in a vector z € Rt which is shown to verify a set of linear equations with Khatri-Rao
structure and a sparsity constraint. (b) Results of applying the tensor completion algorithm with Kronecker dictionary [orthogonal discrete cosine
transform (DCT)] to 32 x 32 patches of ‘Barbara’ data set (512 x 512). A PSNR = 27.66 dB is obtained which is comparable to the state-of-the-arts
methods. For example, in Ref 15 it was reported a PSNR=27.4 dB for the same data set and the same sampling ratio, and in Ref 23 the authors have
reported a PSNR=27.65 dB, also for the same conditions.
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patch and the ‘selection matrices’ S, € RE+*In are
defined such that their /-th rows contain all zeros
except at entry s,° which contains a 1, i.e.

: _ 0
S, (I, m) = 1, if m=s, (30)
0, elsewhere

forl=1,2,..,L;and m=1,2,....,I,.

Equivalently, we can arrange the nonselected
entries in a vector z* € RL (Ly = L11hIzs — L) as
follows:

7= ( ;T@szT@sa*T)Tp, (31)

where the matrices S% € R *!» are the ‘complement
selection matrices’ which allow us to extract the
nonselected entries and p € RI125 is the vectorized
version of tensor P.

By assuming that every tensor patch has a
sparse representation on a Kronecker basis, i.e.
p=(D;®D2®D1)x with [x|[o<K (K << I1]1I3)
and by using the following basic linear algebra result
(AR C)(BOD)=AB®CD into Eq. 29, we arrive at:

T
7= (C3T oclo ClT) x, with||x|lo <K, (32)

where C, = S,D,, € RE*I», Thus the objective is to
find the sparsest vector x € RI112/3 that is compatible
with the available samples (see Figure 9(a)). It is
interesting to note that Eq. 32 is similar to Eq.
16 but with a Khatri-Rao structure instead of the
Kronecker one and, therefore, the OMP algorithm
can be implemented in an efficient way avoiding to
work with large matrices.

Once the vectors of coefficients x’s are obtained
for every tensor patch (¢=1,2,...,T) we are able
to compute a set of estimations of the missing
entries by using their sparse representation through
Eq. 31. When using overlapped tensor patches we
get several estimates for every single missing entry,
i.e. one estimate corresponding to each tensor-patch
containing that entry. Thus we may ask ourselves
which estimates should be used as final (optimal)
approximation. In Ref 12, it was shown that, for
the 2D inpainting problem, the optimal estimate, in
the least squares sense, is given as the average of all
available estimates, and the same result remains valid
for a higher number of dimensions.

Here we present some examples of multidimen-
sional signal completion for 2D and 3D data sets. In
Figure 9(b), an example of the application of our algo-
rithm to the ‘Barbara’ (512 x 512) data set is shown.
In this example, a Kronecker dictionary based on the
complete DCT (orthogonal) was used for (32 x 32)

Multidimensional compressed sensing

patches and selected pixels were randomly chosen.
We have obtained a PSNR =27.66 dB for a sampling
ratio of 20% which is comparable to the state-of-the-
art methods, for instance, in Ref 15 it was reported
a PSNR =27.4 dB for the same data set and the same
sampling ratio, and in Ref 23 the authors reported
a PSNR =27.65 dB using a method that operates on
12 x 12 patches for this data set. It is noted that in Ref
15 the authors used more sophisticated method based
on a sparse representation that uses a combination
of ‘curvelets’ and DCT in order to efficiently capture
edges and smooth regions, respectively, applied to
small 8 x 8 patches probably because larger patches
would make the method very time consuming.

In a second experiment, we have applied the
tensor completion technique to the 3D MRI brain data
(256 x 256 x 100) using 8 x 8 x 8 tensor patches. In
Figure 10, the results of applying this technique with
Kronecker dictionary (orthogonal DCT) are shown
for randomly chosen missing entries. The obtained
quality of reconstructions were PSNR=39dB and
PSNR =36 dB for sampling ratios of 50% and 25%,
respectively.

Other Applications
There are some other signal processing applications
that involve multidimensional data sets that can
be approached by applying the methods and tools
discussed in this paper. For instance, methods based on
sparse representation of images were already proposed
in order to solve the problem of ‘super-resolution’ or
‘zooming’, 1317719104105 Gyyper_resolution intends to
obtain a high-resolved output image from several or
a single low-resolution image. These methods can be
potentially benefited from adopting the Kronecker
structure of dictionaries allowing one to alleviate
the computational burden and making possible the
processing of larger patches in data sets. In fact, it is
interesting to point out that, in this case, the sensing
operator is related to the convolution kernel which
can be modeled by a separable kernel, i.e. obeying
the Kronecker structure. Other image processing
applications related to the methods here presented
are ‘deblurring’” where the objective is to estimate
an original signal from a filtered version of it,>023
‘denoising’ of multidimensional signals,”™1! etc.
There are also other fields of research that could
be benefit from the methods discussed in this paper,
for example, by learning the appropriate Kronecker
dictionaries, our tensor completion algorithm could
be applied to missing data problems for EEG
recordings,” to estimate missing values in medical
questionnaires,'°%1%! or to missing data imputation
in road traffic networks!0?
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Available entries (50%)

Original (256 x 256 x 100 )
MRI bram image

Slice 15

Slice 45

Slice 15 ~ Slice 30

Slice 60

Slice 45

Slice 15

Slice 45

Avaﬂable entries (25%)
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Reconstruction (PSNR = 39dB)

Sllce 30

Slice 15

Slice 30

Slice 45 Slice 60

Reconstruction (PSNR = 36.81dB)

Slice 60

Slice 15 Sllce 30
Slice 60 Slice 45 Slice 60

FIGURE 10 | Results of applying the tensor completion algorithm with Kronecker dictionary (orthogonal DCT) to 8 x 8 x 8 tensor patches of the

three-dimensional (3D) brain data set (256 x 256 x 100).

CONCLUSION

In this paper, recent developments on sparse
representation and compressed sensed applications
for multidimensional signals have been reviewed.
An emphasis was focused on recent trends and
techniques that allow to exploit the structure
of the multidimensional sensing operator as well

of the signal representation through the Tucker
decomposition model whose intrinsic Kronecker
structure allows one to obtain a huge improvement in
the algorithm efficiency (speed and saving of memory).
We illustrated, through numerical simulations using
real-world multidimensional data sets, how these

approaches can be successfully applied to solve
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multidimensional signal processing problems as the
case of the reconstruction of MRI images and hyper-
spectral images from compressive measurements.
Also, a new tensor completion technique that exploits
the Kronecker structure of dictionaries and the
Khatri-Rao structure of the sensing operator was
introduced and applied to real 2D and 3D data sets
achieving excellent results comparable with the state-
of-the-arts techniques. We highlight that exploiting
structure in data sets is a key factor for the
development of new CS-based technology and the
Kronecker structure is a natural assumption for the
case of multidimensional signals.

This paper provides a solid ground to develop
new signal processing algorithms and models for
multidimensional CS. Future directions of research
on the topic includes, for example, the development
of optimized learning techniques for structured
dictionary, development and evaluation of CS
algorithms for multidimensional signals with over-
complete dictionaries, exploiting Kronecker and
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NOTES

2The MRI brain data set is included in the ‘University
of North Carolina Volume Rendering Test Data
Set’ archive which is available in public domain
at http://www-graphics.stanford.edu/data/voldata/. In
this data set, part of the skull was partially removed
(synthetically) in order to reveal the brain structure
(provided courtesy of Siemens Medical Systems, Inc.,
Iselin, NJ. Data edited (skull removed) by Dr. Julian
Rosenman, North Carolina Memorial Hospital).

bPeak signal-to mnoise ratio is defined as
PSNR (dB) =20log10 (max (X) /1Y — XHF))-

€Available at http://personalpages.manchester.
ac.uk/staff/david.foster/.

4 The nuclear norm of a matrix A € RI*2 s

min I] ,Iz
deﬁned as ||All, = Zr;:l
singular values of matrix A.

0, where o, are the

This work has been partially supported by CONICET under the project PIP 2012-2014, number

11420110100021.

REFERENCES

1. Mallat SG. A Wavelet Tour of Signal Processing. The
Sparse Way: Academic Press; 2009.

2. Donoho D. Compressed Sensing. [EEE Trans Inf
Theory 2006, 52:1289-1306.

3. Candés EJ, Romberg J, Tao T. Robust uncertainty
principles: exact signal reconstruction from highly
incomplete frequency information. IEEE Trans Inf
Theory 2006, 52:489-509.

4. Duarte MF, Davenport MA, Takhar D, Laska JN,
Sun T, Kelly KF, Baraniuk RG. Single-pixel imaging
via compressive sampling. IEEE Signal Process Mag
2008, 25:83-91.

5. Chan WL, Charan K, Takhar D, Kelly KF, Baraniuk
RG, Mittleman DM. A single-pixel terahertz imaging
system based on compressed sensing. Appl Phys Lett
2008, 93:121105.

6. Stern A, Javidi B. Random projections imaging with
extended space-bandwidth product. | Display Technol
2007, 3:315-320.

7. Fergus R, Torralba A, Freeman WT. Random lens
imaging. MIT CSAIL Technical Report, 2006.

8. Marcia RF, Willett RM. Compressive coded aperture
superresolution image reconstruction. Proceedings of
the IEEE International Conference on Acoustics,
Speech and Signal Processing. 2007, 833-836.

9. Starck J-L, Candés EJ, Donoho DL. The curvelet
transform for image denoising. IEEE Trans Image
Process 2002, 11:670-684.

10. Elad M, Aharon M. Image denoising via sparse and
redundant representations over learned dictionaries.
IEEE Trans Image Process 2006, 15:3736-3745.

11. Mairal J, Sapiro G, Elad M. Learning multiscale
sparse representations for image and video restoration.
Multiscale Model Simul 2008, 7:214-241.

12. Elad M. Sparse and Redundant Representations:
From Theory to Applications in Signal and Image
Processing. Haifa: Springer2010 edition; 2010.

13. Mairal J, Elad M, Sapiro G. Sparse representation for
color image restoration. IEEE Trans Image Process
2008, 17:53-69.

14. Guleryuz OG. Nonlinear approximation based image
recovery using adaptive sparse reconstructions and

© 2013 John Wiley & Sons, Ltd.


http://www-graphics.stanford.edu/data/voldata/
http://personalpages.manchester.ac.uk/staff/david.foster/

Overview

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

iterated denoising-part I: theory. IEEE Trans Image
Process 2006, 15:539-554.

Fadili M]J, Starck J-L, Murtagh F. Inpainting and
zooming using sparse representations. Comput | 2008,
52:64-79.

Candes EJ, Plan Y. Matrix completion with noise.
Proc IEEE 2010, 98:925-936.

Gazit S, Szameit A, Eldar YC, Segev M.
Super-resolution and reconstruction of sparse
sub-wavelength  images. Opt  Express 2009,

17:23920-23946.

Glasner D, Bagon S, Irani M. Super-resolution from
a single image. Proceedings of the IEEE International
Conference on Computer Vision, 2009, 349-356.

Yang J, Wright J, Huang TS, Ma Y. Image super-
resolution via sparse representation. IEEE Trans
Image Process 2010, 19:2861-2873.

Figueiredo M, Bioucas-Dias JM, Nowak RD.
Majorization-minimization algorithms for wavelet-
based image restoration. IEEE Trans Image Process
2007, 16:2980-2991.

Kennedy RA, Samarasinghe PD. Efficient blind
separable kernel deconvolution for image deblurring.
2nd International Conference on Signal Processing
and Communication Systems, 2008. (ICSPCS 2008),
2008, 1-7.

Bioucas-Dias JM. Bayesian wavelet-based image
deconvolution a GEM algorithm exploiting a class of
heavy-tailed priors. IEEE Trans Image Process 2006,
15:937-951.

Yu G, Sapiro G, Mallat S. Solving inverse problems
with piecewise linear estimators: from Gaussian
mixture models to structured sparsity. IEEE Trans
Image Process 2012, 21:2481-2499.

Candés EJ, Wakin MB. An introduction to
compressive sampling. [EEE Signal Process Mag 2008,
25:21-30.

Eldar YC, Kutyniok G. Compressed sensing: theory
and applications. New York: Cambridge University
Press; 2012.

Duarte MF, Eldar YC. Structured compressed sensing:
from theory to applications. IEEE Trans Signal
Process 2011, 59:4053-4085.

Marvasti F, Amini A, Haddadi F, Soltanolkotabi M,
Khalaj B, Aldroubi A, Sanei S, Chambers J. A unified
approach to sparse signal processing. EURASIP | Adv
Signal Process, 2012, 2012:44.

Landsberg JM. Tensors. Geometry and Applications.
Providence, USA: American Mathematical Society;
2012.

Kolda TG, Bader BW. Tensor decompositions and
applications. STAM Rev 2009, 51:455-500.

De Lathauwer L, De Moor B, Vandewalle ]J. A

multilinear singular value decomposition. SIAM |
Matrix Anal Appl 2000, 21:1253-1278.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

4S.

46.

47.

wires.wiley.com/widm

Aldroubi A, Cabrelli C, Molter U. Optimal non-linear
models for sparsity and sampling. | Fourier Anal Appl
2008, 14:793-812.

Borup L, Nielsen M, Gribonval R. Nonlinear
approximation with redundant dictionaries. IEEE Int
Conf Acoust Speech Signal Process 2005, 4:iv—i4.

Aharon M, Elad M, Bruckstein A. K-SVD: An
algorithm for designing overcomplete dictionaries for
sparse representation. IEEE Trans Signal Process
2006, 54:4311-4322.

Rubinstein R, Bruckstein AM, Elad M. Dictionaries
for sparse representation modeling. Proc IEEE 2010,
98:1045-1057.

Donoho DL, Elad M. Optimally sparse representation
in general (nonorthogonal) dictionaries via 1
minimization. Proc Natl Acad Sci U S A 2003,
100:2197.

Candes EJ, Tao T. Near-optimal signal recovery from
random projections: universal encoding strategies?
IEEE Trans Inf Theory 2006, 52:5406-5425.

Tropp JA, Wright SJ. Computational methods for
sparse solution of linear inverse problems. Proc IEEE
2010, 98:948-958.

Tropp JA. Greed is good: algorithmic results for
sparse approximation. IEEE Trans Inf Theory 2004,
50:2231-2242.

Chen SS, Donoho DL, Saunders MA. Atomic
decomposition by basis pursuit. STAM Rev 2001,
43:129-159.

Candés EJ, Romberg J, Tao T. Stable signal recovery
from incomplete and inaccurate measurements.
Transactions of the IRE Professional Group on Audio,
200S.

Van Den Berg E, Friedlander MP. Probing the pareto
frontier for basis pursuit solutions. SIAM ] Sci Comput
2008, 31:890-912.

Van Den Berg E, Friedlander MP. SPGL1: A Solver for
Large-Scale Sparse Reconstruction. 2007. Available at:
http://www.cs.ubc.ca/labs/scl/spgl1.

Rivenson Y, Stern A. Compressed imaging with a
separable sensing operator. IEEE Signal Process Lett
2009, 16:449-452.

Davis GM, Mallat SG, Zhang Z. Adaptive time-
frequency decompositions. Opt Eng 1994, 33:2183.

Tropp JA, Gilbert AC. Signal recovery from random
measurements via orthogonal matching pursuit. IEEE
Trans Inf Theory 2007, 53:4655-4666.

Needell D, Tropp JA. CoSaMP: Iterative signal
recovery from incomplete and inaccurate samples.
Appl Comput Harmon Anal 2009, 26:301-321.

Rubinstein R, Zibulevsky M, Elad M. Efficient
Implementation of the K-SVD Algorithm Using Batch
Orthogonal Matching Pursuit. CS Technion, Haifa:
Israel; 2008.

© 2013 John Wiley & Sons, Ltd.


http://www.cs.ubc.ca/labs/scl/spgl1

&
éd

48

49.

50.

S1.

52.

53.

54.

55.

Sé.

57.

58.

59.

60.

61.

62.

WIREs Data Mining and Knowledge Discovery

. Candes EJ, Tao T. Decoding by linear programming.
IEEE Trans Inf Theory 2005, 51:4203-4215.

Needell D, Vershynin R. Signal recovery from incom-
plete and inaccurate measurements via regularized
orthogonal matching pursuit. IEEE | Select Topic
Signal Process 2014, 4:310-316.

Candes EJ, Romberg JK, T Tao. Stable signal recovery
from incomplete and inaccurate measurements. Comm
Pure Appl Math, 2006, 59:1207-1223, .

Tucker LR. Implications of factor analysis of three-
way matrices for measurement of Change. In: Harris
CW, ed. Measurement of Change. Madison: University
of Wisconsin Press; 1963, 122-137.

Grasedyck L, Kressner D, Tobler C. A literature
survey of low-rank tensor approximation techniques.
arXiv.org, math, 2013.

Bergqvist G, Larsson E. The higher-order singular
value decomposition: theory and an application lecture
notes. IEEE Signal Process Mag 2010, 27:151-154.

Da Costa JPCL, Roemer F, Haardt M. Iterative
sequential GSVD (IS-GSVD) based prewhitening for
multidimensional HOSVD based subspace estimation
without knowledge of the noise covariance informa-
tion. 2010 International ITG Workshop on Smart
Antennas (WSA), 2010, 151-155.

Haardt M, Roemer F, Del Galdo G. Higher-order
SVD-based subspace estimation to improve the
parameter estimation accuracy in multidimensional

harmonic retrieval problems. IEEE Trans Signal
Process 2008, 56:3198-3213.

Meorup M. Applications of tensor (multiway array)
factorizations and decompositions in data mining.
WIREs: Data Mining Knowl Discov 2011, 1:24-40.

Nion D, Sidiropoulos D. Tensor algebra and multi-
dimensional harmonic retrieval in signal processing
for MIMO radar. IEEE Trans Signal Process 2010,
58:1.

Miwakeichi F, Martnez-Montes E, Valdés-Sosa
PA, Nishiyama N, Mizuhara H, Yamaguchi Y.
Decomposing EEG data into space-time—frequency

components using parallel factor analysis. Neuroimage
2004, 22:1035-1045.

Kolda T, Dunlavy D, Kegelmeyer WP. Multilinear
algebra for analyzing data with multiple linkages.
12¢h ACM SIGKDD International Conference on
Knowledge Discovery and Data Mining, 2006.

Lim L-H, Comon P. Multiarray signal processing:
tensor decomposition meets compressed sensing. C R
Mécanique 2010, 338:10-10.

Liu J, Musialski P, Wonka P, Ye J. Tensor completion
for estimating missing values in visual data. IEEE
Trans Pattern Anal Mach Intell 2012, 35:208-220.
Gandy S, Recht B, Yamada 1. Tensor completion and

low-n-rank tensor recovery via convex optimization.
Inverse Probl 2011, 27:025010.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Multidimensional compressed sensing

Sidiropoulos ND, Kyrillidis A. Multi-way compressed
sensing for sparse low-rank tensors. IEEE Signal
Process Lett 2012, 19:757-760.

Caiafa CF, Cichocki A. Block sparse representations
of tensors using kronecker bases. 2012 IEEE
International Conference on Acoustics, Speech and
Signal Processing (ICASSP), 2012, 2709-2712.

Caiafa CF, Cichocki A. Computing sparse represen-
tations of multidimensional signals using kronecker
bases. Neural Comput 2013, 25:186-220.

Van Den Berg E, Friedlander MP. Sparse optimization
with least-squares constraints. SIAM | Optim 2011,
21:1201-1229.

Rauhut H. Circulant and toeplitz matrices in
compressed sensing. Tramsactions of the IRE
Professional Group on Audio. 2009, 1-7.

Do TT, Tran TD, Gan L. Fast compressive
sampling with structurally random matrices. IEEE
International Conference on Acoustics, Speech and
Signal Processing, 2008 (ICASSP 2008), 2008,
3369-3372.

Lustig M, Donoho DL, Santos JM, Pauly JM.
Compressed sensing MRI. IEEE Signal Process Mag
2008, 25:72-82.

Haupt J, Bajwa WU, Raz G, Nowak R. Toeplitz
compressed sensing matrices with applications to
sparse channel estimation. IEEE Trans Inf Theory
2010, 56:5862-5875.

Rauhut H, Romberg ], Tropp JA. Restricted
isometries for partial random circulant matrices.
ApplComput Harmon Anal. Time-Frequency and
Time-Scale Analysis, Wavelets, Numerical Algorithms,
and Applications 2012, 32:13-13.

Duarte MF, Baraniuk RG. Kronecker compres-
sive sensing. IEEE Trans Image Process 2012,
21:494-504.

Robucci R, Gray JD, Romberg LK, Chiu J, Hasler P.
Compressive sensing on a CMOS separable-transform
image sensor. Proc IEEE, 2010, 98:1089-1101 .

Baraniuk RG, Cevher V, Duarte MF, Hegde C. Model-
based compressive sensing. IEEE Trans Inf Theory
2010, 56:1982-2001.

Crouse MS, Nowak RD, Baraniuk RG. Wavelet-
based Statistical Signal Processing Using Hidden
Markov Models. IEEE Trans Signal Process 1998,
46:886-902.

Eldar YC, Mishali M. Robust recovery of signals
from a structured union of subspaces. IEEE Trans
Inf Theory 2009, 55:5302-5316.

Eldar Y, Kuppinger P, Bolcskei H. Block-sparse
signals: uncertainty relations and efficient recovery.
IEEE Trans Signal Process 2011, 59:4053-4085.

Jokar S, Mehrmann V. Sparse solutions to underde-
termined kronecker product systems. Linear Algebra

Appl 2009, 431:2437-2447.

© 2013 John Wiley & Sons, Ltd.



Overview

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Donoho DL. Wedgelets: Nearly minimax estimation
of edges. Ann Stat 1999, 27:859-897.

Candes EJ, Donoho DL. Ridgelets: A key to higher-
dimensional intermittency? Philos Trans R Soc Lond
A 1999, 357:2495-2509.

Candés E, Demanet L, Donoho D, Ying L. Fast
discrete curvelet transforms. Multiscale Model Sim,
2006, 5:861-899.

Lu Y, Do MN. A new contourlet transform with
sharp frequency localization. Proceedings of the IEEE
International Conference on Image Processing, 2006,
1629-1632.

Le Pennec E, Mallat S. Sparse geometric image
representations with bandelets. IEEE Trans Image
Process 2005, 14:423-438.

Gribonval R, Schnass K. Dictionary identification:
sparse matrix-factorization via 11 -minimization.
Trans Inf Theory 2010, 56:3523-3539.

Ravishankar S, Bresler Y. Learning sparsifying
transforms. IEEE Trans Signal Process 2013,
61:1072-1086.

Engan K, Rao BD, Kreutz-Delgado K. Frame design
using FOCUSS with method of optimal directions
(MOD). Norwegian Signal Processing Symposium,
1999, 65-69.

Rubinstein R, Zibulevsky M, Elad M. Double
sparsity: learning sparse dictionaries for sparse signal
approximation. IEEE Trans Signal Process 2010,
58:1553-1564.

Hu S, Lustig M, Chen AP, Crane ], Kerr A, Kelley
DAC, Hurd R, Kurhanewicz J, Nelson SJ, Pauly JM,
et al. Compressed sensing for resolution enhancement
of hyperpolarized 13C Flyback 3D-MRSI. | Magn
Reson 2008, 192:258-264.

Mitsouras D, Mulkern RV, Rybicki FJ. Fast, exact
k-space sample density compensation for trajectories
composed of rotationally symmetric segments, and
the SNR-optimized image reconstruction from
non-Cartesian samples. Magn Reson Med 2008,
60:339-349.

Trzasko ], Manduca A. Highly undersampled mag-
netic resonance image reconstruction via homotopic.
IEEE Trans Med Imaging 2009, 28:106-121.

Seeger M, Nickisch H, Pohmann R, Scholkopf B.
Optimization of k-space trajectories for compressed
sensing by Bayesian experimental design. Magn Reson
Med 2009.

Miao J, Guo W, Narayan S, Wilson DL. A simple
application of compressed sensing to further accelerate

FURTHER READING

A complete set of MATLAB codes is available at the author’s personal webpage http://web.fi.uba.ar/~ccaiafa/Cesar/Tensor-
CS.html, which allows to reproduce the figures presented in this paper.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

10S.

106.

wires.wiley.com/widm

partially parallel imaging. Magn Reson Imaging 2013,
31:75-85.

Gamper U, Boesiger P, Kozerke S. Compressed sensing
in dynamic MRI. Magn Reson Med 2008, 59:365-373.

Lingala SG, Hu Y, DiBella E, Jacob M. Accelerated

dynamic MRI exploiting sparsity and low-rank
structure: k-t SLR. IEEE Trans Med Imaging 2011,

30:1042-1054.

Majumdar A. Improved dynamic MRI reconstruction
by exploiting sparsity and rank-deficiency. Magn
Reson Imaging 2012, 1-7:789-795.

Coifman R, Geshwind F, Meyer Y. Noiselets. Appl
Comput Harmon Anal 2001, 10:27-44.

Stern A. Compressed imaging system with linear
sensors. Opt Lett 2007, 32:3077-3079.

Foster DH, Amano K, Nascimento SM, Foster M]J.
Frequency of metamerism in natural scenes. | Opt Soc
Am A 2006, 23:2359-2372.

Acar E, Dunlavy DM, Kolda TG, Merup M. Scalable
tensor factorizations for incomplete data. Chemom
Intell Lab Syst 2011, 106:41-56.

Dauwels J, Garg L, Earnest A, Khai Pang Leong.
Handling missing data in medical questionnaires using
tensor decompositions. Communications and Signal
Processing (ICICS) 2011 8th International Conference
on Information, 2011, 1-5.

Dauwels J, Garg L, Earnest A, Khai Pang L. Tensor
factorization for missing data imputation in medical
questionnaires. 2012 IEEE International Conference
on Acoustics, Speech and Signal Processing (ICASSP),
2012, 2109-2112.

Tayyab Asif M, Mitrovic N, Garg L, Dauwels
J, Jaillet P. Low-dimensional models for missing
data imputation in road networks. 2013 IEEE
International Conference on Acoustics, Speech and
Signal Processing (ICASSP), 2013.

Tan H, Feng G, Feng J, Wang W, Zhang Y-]J, Li
F. A tensor-based method for missing traffic data
completion. Transport Res Part C 2013, 28:15-27.

Kim KI, Kwon Y. Single-image super-resolution using
sparse regression and natural image prior. IEEE Trans
Pattern Anal Mach Intell 2010, 32:1127-1133.

Tang Y, Yuan Y, Yan P, Li X. Greedy regression in
sparse coding space for single-image super-resolution.
J Vis Commun Image Represent 2013, 24:148-159.
Nam S, Davies ME, Elad M, Gribonval R. The

cosparse analysis model and algorithms. Appl Comput
Harmon Anal 2013, 34:30-56.

© 2013 John Wiley & Sons, Ltd.


http://web.fi.uba.ar/

