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Abstract—The binary-valued images usually represent shapes.
Therefore, the recovery of binary images from samples is of-
ten linked with recovery of shapes, where certain parametric
structures are assumed on the shape. In this paper, we study the
recovery of shape images with the perspective of low-rank matrix
recovery. The matrix of such images is not automatically low-
rank. Therefore, we consider the Hankel transformation of binary
images in order to apply tools in low-rank matrix recovery. We
introduce an ADMM technique for the reconstruction which is
numerically confirmed to yield suitable results. We also analyze
the sampling requirement of this process based on the theory of
random matrices.

I. INTRODUCTION

Shape images or binary-valued images are an important
part of various applications such as medical imaging [1]],
millimiter-wave imaging [2], shape processing [3], and im-
age segmentation [4]. The imaging devices, due to physical
constraints, usually convert these shapes into multi-level pixel
values (samples). Effectively, one can model the imaging
process as a convolution (with the point-spread function)
followed by sampling. Now, the recovery task is to retrieve
the sharp binary image based on the blurred samples.

The framework of signals with finite rate of innovation
(introduced in [5]] and further developed in [6]] for 1D signals)
has been a frequent tool in studying the shape images recently.
The shape images with bandlimited periodic boundaries are
studied in [7]], where the Fourier coefficients of the boundary
curve are recovered by the annihilation filter of the FRI
framework. A related problem appeared in [8]], where the
shape boundaries are assumed to be algebraic curves. The
annihilation filter technique is then used to estimate the
coefficients of the underlying polynomial. Piecewise constant
images with trigonometric boundaries are studied in [9]; the
task is to recover the image from low-pass Fourier samples.

The recovery of piece-wise constant images was recently
investigated in [[10] using a combination of low-rank matrix
recovery and annihilation equations. Indeed, a link between 1D
FRI signals and low-rank matrices were previously established
in [11] based on the work of [12] in recovering spectrally
sparse signals via low-rank models.

The convolution part of the sampling process has a great
impact in the overal performance of the image recovery. In
[13]], the blind recovery of the convolution kernel is consid-
ered. The goal is to simultaneously recover the kernel and
the image based on the uniform samples. For this purpose,
both the image and the kernel are assumed to belong to a

low-dimensional space, and the sampling pattern is taken as
random. In this paper, we combine the discrete model of [13]
with the sampling model of [8]; more precisely, we assume
to know the convolution kernel and apply a uniform sampling
strategy. Unlike most previous works in shape image recovery,
we do not use a parametric model for the shape boundaries.
In order to reconstruct the image, we first reformulate the
model using the concatenated block low-rank Hankel structure
introduced in [12]. Then, we propose an ADMM technique for
the recovery.

II. MODEL AND SAMPLING
In this work, we consider a discrete bi-level (black and
white) image of size N x N with shape S defined as

_J1, [m,n]eS
Ilm,n] = {O, [m,n] € Q/S} M

where @ = [N] x [N] is the image plane. We represent
boundaries of the shape with dS. The image I € {0, 1}V*N
is convolved with a low-pass kernel[ﬂof size L x L represented
by {¢(i,j )}lL:? j=1- So, the resulting image after filtering has
the elements

dij =Y Imnlp[m —in—j] )
Q Q
Vi=[%+1,N+8],j=[%+1N+%],

which forms the matrix D = [d; ;] € RV*¥ . In the sampling
process, we only observe a subset 0y € [N] x [N] of D.
Our aim is to recover the binary image I € {0, 1}V *¥ from
samples Qg of D. Figure T|depicts a schematic diagram of this
process. This means that we can show the resulting sampled
image R by

R = Pq, (®I®7), (3)

where Pgq, is the projection operator onto the elements of
Q4 and zeros everywhere else. ® € RY*¥ is matrix corre-
sponding to the 2-D convolution in (Z). We define 2-D Hankel
operator (X)) € RT*(N=d+1)” for any matrix X € RV*N
as

h(X1) BH(Xo) H(XN-d+1)
X5 X XnN_d+2
HX) = [)(: ) b : 3) | h( N d+2) @
h(Xaq) bH(Xas1) h(Xn)

In the paper, we will occasionally use the term blurring kernel for this
kernel.



Fig. 1: Sampling scenario, the image are convolved with a 2D
kernel followed by sampling to generate the measurements.

Fig. 2: How to build low rank Hankel structure from a binary
image .

where h(x;) for the I-th row x; of the matrix X is given by

X1 X2 X N—dy1
X2 X3 Xi N—dt2

h(ml) = . : : ) (5)
Xia X+t XN

also, d is a scalar from the set [IN]. We also have pseudo-
inverse mapping of Hankel #! : R X(N=d+1)* _y RNXN
which is equivalent taking the average value and putting it
back to the original coordinate.

ITI. MAIN RESULTS
A. Recovery From Uniform Spatial Samples

According to the presented theory in [12f], the rank of
Hankel structure of sum of R discrete delta is less than R.
The Hankel structure reforms the matrix of data to be a
low rank structure. Therefore, if the input signal has sparse
representation in spatial domain its Hankel structure will be
low rank in the Fourier domain. So, by using the sparsity
assumption of the gradients of binary shapes, we build a
low rank Hankel structure from image which is shown in
Fig In the first step, according to the low rankness of
Hankel structure, we reconstruct original image subject to
input samples. The Mathematical formulation of the problem
is equivalent to

o ey
Minimize, rank(H(g))
subject to Po,(Pg®”) =D, (6)

where H(g) is the block Hankel structure formed by vertically
concatenation of the multi Hankel block structure as

H(F(Wi(g))

H(g) = | F(Wa(g)) (7)

where #(g) € Ch*% js a block Hankel structure defined
in @). F is Fourier transform and W; represent i'" invertable
sparsifying transforms. Note that, the sparse transforms can be
various transforms such as gradient, wavelet, etc. transforms.
For simplicity, in this article we consider one block Hankel as

H(g) = # (F(W(g))- ®)

Due to searching in discrete space and non-convexity of rank
function, optimization in @ is NP-hard. Hence, in order to
solve this problem, we relax both feasible set and objective
function such that

[ninimize IH(g)l
subject to Pq, (®gd”) =D ©)

where ||-||. denotes the nuclear norm (or sum of the singular
values of the matrix) which is the convex relaxation of the
rank function. Equation (9) is a convex problem and it can be
efficiently solved by several methods.

B. Algorithm

In order to solve Hankel structured matrix recovery problem
from pixelized images, we employ an SVD free structured
rank minimization algorithm. The algorithm is based on the
following

All, = minimize U||? V|2 10
Al e JUR+IVIE (0

U,VECEXNA=

Therefore it can be reformulated as the nuclear norm mini-
mization problem under the matrix factorization constraint as

minimize I01% + VI
U,V H(g)=UV*,g€[0,1]NxN (11)
subject to $gd” =D

where ® is the matrix ® restricted to the rows indexed
by the first elements of 4. For solving (II), we employ
alternating direction method of multiplier (ADMM) technique.
By combining the two constraints, we have the following
Lagrangian cost function

1
L(U,V, A1, %) = S ([U]7 + [ VI[7)
+ 5HiH(e) — UV + A} + 22|88 — D + X}

Now, g*+1) U*+1) "and V(#+1) can be obtained by sequen-
tially applying the following alternative optimization problems

g™ = argmin £L7(g) - UV + A

gE[O,l]NXN
+ 2D - #g@” + A}, (12)
1
(k+1) _ - 2
U —argmin | U
+ SHEE D) - uve AP a3
1
(k+1) _ oL 2
A argmin o [[V|x
+ SHHEE ) - UtV AP R ad)



and the update of Lagrangian multipliers is given by
)\ng) :)\gk) + H (g D) — gty (D
AFD AP 4D — g+ HT. (15)

Next, the subproblem for g, U, and V can be calculated by
taking the derivative with respect to each variable. Hence,

g™ =77 (1 (UV* = A) + @7 (D + A @),
gt =Po,1] (g(kﬂ))a (16)
where the linear operators 7 : CV*V s CN*¥ is defined as

J(X) = mHHX) + 127X BT, (17)

Also, the mapping operator Pg 1} would map the result on
[0,1] i.e

1 ZiJ‘ >1
,P[Ovl](z) = Ziq,j 1 > Zi7j > 0
0 Zi’j <0

Next for U and V we have
uk+d) — M(H(g(kﬂ)) _|_)\g"~‘))v(k).

(Iy + p VO VE) T (18)
v+ ul(%(g(kﬂ)) Jr)\gk))U(kﬂ).
(IN +,U1U*(k+1)U(k+1))_1, (19)

where Iy represent a identity matrix with size N x N. The
initialize value of g(®) is came from the least square problem
ie.

g = argmin [&(X — DB

XeRNXN

which equals to g(o) = dTDSIT, Then, U® and V(© can
be computed by the polar decomposition of H(g(®)) = UVT.
Also, we set Ai“’ =0 )\éo) = (). The converge analyses
of ADMM algorithm for minimizing the sum of multi non-
smooth convex separable function have been studied in [14]
and showed that if the penalty parameter is chosen to be
sufficiently large the classical ADMM converges to the set
of stationary solutions.

(20)

C. Sufficient Number of Samples for Perfect Recovery

In this subsection, we will discuss how to obtain the required
number of samples for perfect recovery with a high probability.
In [[12], the incoherence property is defined which is dependent
on relative locations of the frequencies. [10] showed that
this property can be related to the geometry of 2-D curves.
Similarly, our results depend on an incoherence measure which
is derived from the locations of the frequencies and the rows of
the matrix ®. In fact, if the transform matrix ® be an identity
matrix, then this parameter is equal to incoherence measure
defined in [|10]. First we define the Dirichlet kernel as

N2 1 _ ejz-r;\}h“l _ ej27rd7*2
D(klak%"") = 72( Jonr] )( j2nrg ) (21)
d 1l—e v 1—e v~

where r = (r1,72) € [N] x [N]. We defined also the Gram
matrices G, = D(d,r;—r;) and Gr = D(N—d+1,7;,—r;)
as where 7; and r; are two-dimensional vectors on the image
boundary 0S.

Definition 1: For image I[m,n] with Hankel structure #(I)
and rank R, the incoherence property is defined as

1 1
= max ,
P {Umzn(GL) Umin(GR) }

for all (i,5) € [N] x [N]. Also, ¢, denotes the ith column
of &1 and ¢,; is the ith row of ®.

Definition 2: For the transform matrix ®, the kernel param-
eter py is defined as the smallest number that satisfies

(22)

5 > max
(1,4)E[N]X[N

{i ettt @

IH™ (dritry )11 H (s ﬁf)ll?} (24)

where ||.|| denotes operator norm and ||.||; is vector norm li.e.
the sum of the matrix elements.

Before presenting our main results, we express problem (9) in
random scenario as the following

minimize 11 ()l
subject to Pa, (@g®”) = Po, (®IT) (25

where 2, is the collection of indices of the observed entries
which are picked randomly from [N] x [N]. Precisely, let
H(g) = UXV* be singular value decomposition with rank
R. Then, the column-wise and row-wise projections of H(g)
are Py(X) = UU'X, Py(X) = XVV", respectively. We
define sampling operator A; ; : R41*42 s R41x42 for every
matrix Z € R%>42 a5 follows

Aij(Z) = (Z, 1™ (prih)) Y H(PL dLT).

cj

(26)

Also, the projection operator corresponding to the sample
locations can be defined as

Aq, (Z) = Z <Z»HT*(¢M Z;)>H( o ggT)

(1,5) €

27)

Hence, the recovery of I can be reformulated as a ma-
trix recovery problem in the lifted domain. The orthogonal
projection to Hankel structure matrices is represented by
AL (X) = T — A(X) with identity operator Z. Since matrix
H(I) is Hankel structured, A*(H(I)) = 0. Then, (23) can be
reformulated as
minimize

X[«
subject o Ag, (X) = Aq, (H(T))
AT(X) = At (H(I)) =0.
To obtain exact recovery of convex optimization, it suffices
to produce an appropriate dual certificate and to ensure that

the norms of the projections Py (A; ;) and Py (A ;) are
bounded. These conditions are stated in following lemma

(28)



Fig. 3: Reconstruction of a binary shape. (a) Original Shape,
(b) samples (size 30 x 30) (c) absolute difference between the
original shape and recovered (PSNR = 23.06 dB).

©

Lemma 1: Let H(I) be the Hankel structure of image I with
rank R and p; and py be incoherence properties of I. then we
have

p1p2cs R

UE Ay I A VIFY < =5z

(29)

max

(i,)€[N]x
The sufficient number of samples for perfect recovery with
high probability can be achieved by using this upper bound
and by employing the approach of building the dual certificate
of [[15]. The exact number of samples will be calculated in the
future work.

IV. SIMULATION RESULT

In this section, we simulate the recovery of binary shapes
from their samples. The original image is depicted in Fig. [3[a)
with a dimension of 120 x 120 pixels. We employed 31 x 31
pixels Gaussian filter as the kernel. The measured 30 x 30
pixels are drawn in Fig[3[b) with sampling rate of 4 pixels.
The proposed algorithm successfully reconstructs the shape
with PSNR of 23.06 dB. The error of reconstruction is shown
in Fig. 3(c). This simulation is repeated for another complex
shape in Figl]

V. CONCLUSION

In this paper, the problem of binary shape recovery from
its pixelized samples is discussed. In particular, we presented
a low rank structure for the model and formulated a convex
optimization problem for recovery. Also, we expressed a
theoretical guarantee for exact recovery with high probability
for the case of satisfied incoherency property. We proposed
an algorithm for image recovery by employing the ADMM
approach.
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