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Abstract

We propose a new algorithm for accelerating the computation time of Charlier discrete
orthogonal moments for three-dimensional (3D) images, based on two fundamental
notions: The first is a new representation of 3D images called image cuboid represen-
tation (ICR) in which the 3D image is decomposed into a set of cuboids of the same
gray level instead of voxels, enabling a considerable reduction in both the amount of
treated voxels and the computation time of Charlier moments. The second is a matrix
calculation of the Charlier moments instead of direct or recursive calculations. The
significant reduction in the computation time for Charlier moments, in combination
with the ICR method, motivated the development of this new method for 3D image
reconstruction. Simulation results confirm the effectiveness of the proposed method in
terms of the calculation time of 3D Charlier moments as well as the speed and quality
of image reconstruction.

Keywords 3D Charlier moments - 3D image cuboid representation - 3D image
reconstruction - Matrix computation

1 Introduction

The dynamic development of 3D imaging technology has prompted researchers to
improve methods of analysis and processing of 3D images, including those based on
the theory of moments. Indeed, the latter has been applied for image reconstruction,
compression, watermarking, classification, and indexing as well as pattern recognition
[5, 10, 20, 24, 25, 31, 41].

Theoretically, moments can be classified into three main categories:
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(a) Nonorthogonal moments such as geometric and complex moments, which
have been applied by several researchers for reconstruction and classification of two-
dimensional (2D) images [7—-15], although they are limited by two major problems,
namely information redundancy and noise sensitivity [30].

(b) Continuous orthogonal moments such as those of Legendre [30, 34, 39], Zernike
[3, 30, 40], Hermite [3, 14], Gegenbauer [13], and Jacobi [32], which have been
applied by many researchers. Their advantageous feature of orthogonality can solve
the problems of information redundancy and noise sensitivity, but they are limited
to problems that can be spatially discretized on domains defined by polynomials and
suffer from divergence of the values of moments, especially those of high order.

(c) Discrete orthogonal moments such as those of Tchebichef [2, 33], Krawtchouk
[38], Hahn [25, 36, 37], Charlier [8, 19], and Meixner [10, 26]. The main advantage of
these moments is that they do not require spatial discretization, thereby addressing the
problems encountered when using continuous orthogonal moments, albeit at the cost
of increased time consumption. Indeed, computation of such moments is a complex
and costly task in terms of time, limiting their application, especially for large image
sizes and in the case of calculations online. This slowness is mainly due to two factors:
the computation of a set of complex quantities for each order of moments, and the
evaluation of the values of the polynomial for each pixel of the image.

To reduce the cost of such moment computations, several algorithms have been
introduced in literature for 2D images [1, 6, 10, 11,22, 26, 28]; Most of these algorithms
are based on either:

e Acceleration of the time required to calculate the values of the polynomials using
new approaches such as recursive or matrix computations [6, 11, 17, 19, 33]

e Use of new image representations based, e.g., on blocks or slices, to reduce the
amount of the image that must be processed [28, 29]

However, no work has been dedicated to acceleration of the calculation of Charlier
discrete orthogonal moments to make them usable for 3D images, especially for 3D
objects of large size and for processing in real time.

We propose herein, for the first time, a new algorithm to accelerate the calculation
of Charlier discrete orthogonal moments for 3D images. The algorithm is based on a
new representation called image cuboid representation (ICR), in which a 3D image is
decomposed into a set of cuboids of the same gray level instead of voxels, allowing
a considerable reduction in both the quantity of voxels to be processed and thus the
computation time of the moments.

In addition, we adopt and compare three methods for calculating the Charlier
moments of a 3D image, viz. direct, recursive, and matrix, then choose the fastest.
Simulation results confirm the efficiency of the proposed method in terms of reducing
the time required to calculate the Charlier moments.

These results encouraged us to apply this representation for reconstruction of 3D
objects using Charlier moments. We therefore also propose a new method for recon-
struction of 3D images using Charlier moments, based on partial reconstruction of
3D images from the cuboids instead of global reconstruction. The proposed method
offers two advantages: acceleration of the computation and enhanced reconstruction
quality.
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The remainder of this manuscript is organized as follows: Section 2 defines the
three-dimensional Charlier moments and presents the three methods to calculate the
Charlier polynomial values. Section 3 presents the new 3D image representation based
on cuboids, called image cuboid representation (ICR). Section 4 presents the novel
algorithm to calculate the 3D Charlier moments rapidly based on the ICR and the matrix
calculation of the moments. Then, Sect. 5 presents the new 3D image reconstruction
method based on the cuboids extracted using the ICR algorithm. Section 6 presents
simulation results that confirm the efficiency and speed of the proposed algorithm.
Finally, Sect. 7 concludes the paper.

2 3D Charlier Moments

The three-dimensional Charlier moments are defined as the projections of a 3D image
onto the orthogonal basis of the Charlier discrete orthogonal polynomials. Therefore,
for a 3D digital image f(x, y, z) with size N xM x K, thatis, x € [0, N — 1],
y € [0,M — 1], and z € [0, K — 1], the (n + m + k)th-order Charlier moment is
defined as

N—-1M—-1K—-

CMumk = ) Ci' @) Cal NCE (@) f (x, 3, 2) ()
x=0 y=0 z=

—_

where C5' (x) is the nth Charlier normalized polynomial.

Calculation of the 3D Charlier moments proceeds by calculation of the values of the
Charlier polynomials for each voxel of the 3D image. We present herein three methods
for calculating the values of the Charlier polynomials: the direct and recursive methods
with respect to the order n, and the recursive method with respect to the variable x.

2.1 Direct Method

The nth Charlier polynomials can be represented using the hypergeometric function
as [21]

Cil(x) = 2F0<—n, —X; —i>, 2)

ai

where x,n =0,1,2,..., N—1,N >0, and a; > 0.
The normalized form of the Charlier polynomials is defined by [21]

C%(x) = C9(x) @, 3
p(n)
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where w(x) is the weight function of the Charlier discrete orthogonal polynomials,
viz.

w(x) = , 4

and p(n) is the squared norm of the Charlier discrete orthogonal polynomials, defined
as

n!
pn) = —. 5
aj

Calculation of the Charlier polynomial values using Eq. (2) is very demanding in
terms of time, requiring excessive operations including a certain number of multi-
plications and additions (factorials, powers, sums, etc.). To address this problem, we
introduce the recursive computation method.

2.2 Recursive Method with Respect to the Ordern

The Charlier polynomials satisfy a recurrence relation between three successive terms,
defined by the following relation [8]:

a —X+n—
Ci(x =12 f 1 (X) — \/ Zo(®) (6)

withn=2,3, ...
Cy' (x) and C{' (x) are the initial values, defined as

o) = % and €310 = % @)

The calculation of the Charlier polynomial values using this recurrence relation with
respect to the order # is limited by the numerical fluctuation problem of polynomial
values and for large values. To solve this problem, Hmimid et al. [9] suggested using
the recurrence relation with respect to the variable x instead of the order n to calculate
the values of the Charlier polynomials.

2.3 Recursive Method with Respect to the Variable x

The Charlier discrete orthogonal polynomials satisfy the following recurrence relation
between three successive terms with respect to the variable x:

—l+4a — —1
chiy =N Rea )~ T cn(x —2). 8)
al ai

Birkhduser



Circuits, Systems, and Signal Processing (2019) 38:3715-3742 3719

According to Eq. (3), the normalized form can be expressed by substitutions as
follows:

X —

neare, _—1
N T )

Ch(x) =

Jo(x) [x —1+a —
ay Jolx —1)

wherex =2,...,N —1..
The initial values are defined by

Ci1(0) = ‘/;% and C(1) = alaj " (:((’113 (10

This section has presented the different types of calculations for the 3D Charlier
moments, namely the direct and recursive methods with respect to the variable x
and order n. The resulting definitions and properties are used throughout the work.
However, these calculations of the moments are very slow and complex, limiting their
wide use for 3D images. To address these problems, we propose, in the next section,
a new method based on the 3D image cuboid representation (ICR).

éﬂu—zq, )

3 3D Image Cuboid Representation (ICR)

A 3D image is a three-dimensional representation of an object or set of objects in the
real or digital domain. In the case of a discrete representation, the 3D image is often
projected into a three-dimensional space with the three axes x, y, z. The notion of a
voxel in 3D images is the equivalent of a pixel in 2D images.

Therefore, a voxel represents the elementary unit of volume, defined by its position
in space, its dimensions, and its intensity. In addition, voxels are often considered as
elements that have the same dimensions, although there may be cases where voxels of
the same image are of different dimensions, as in magnetic resonance imaging (MRI)
medical images. In the case of voxels having the same dimensions, we consider that
the volume can be represented by a discrete function f(x, y, z) where each voxel at
coordinates (x, y, z) is represented by an intensity f;; alternatively, this function can
be represented as a 3D matrix (Fig. 1).

Herein, we suggest a new method for representing a 3D image using cuboids that
include voxels of the same intensity (homogeneous), considering the work of Spiliotis
[29] and Papakostas [23], who presented the concept of representing a 2D image using
a set of homogeneous pixel blocks.

Using this representation, called the image cuboid representation (ICR), an image is
defined by a set of cuboids, each of which contains a single gray level. This also allows
the image to be divided into larger elements than simple voxels but with homogeneous
intensity, thus reducing the number of elements that must be treated. Based on this
proposal, for 3D binary images, one no longer needs to describe the voxels of level
0, but only those of level 1. However, for gray level images, the intensity takes values
between 0 and 255, which results in cuboids represented by n (1 <n <255) values of
intensity, while cuboids of zero intensity are neglected. Thus, to represent a binary or
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Fig. 1 Representation of a 3D image

grayscale 3D image of size N x M x K, we propose the following algorithm, called
image cuboid representation (ICR):

ICR algorithm

Step I: Divide the image f(x, y, z) such that x € [1, N], y € [1, M]and z € [1, K] into a matrix K of
size N x M

Step 2: Consider each line y of K; withz =0, ... K — 1 and find object-level intervals for each
intensity value that exists in line y

Step 3: Compare intervals and blocks having the same intensity in line y — 1

Step 4 If an interval does not match with any block of the same intensity, it is the beginning of a new
block. If a block matches with an interval of the same intensity, the end of the block is in line y

Step 5: Compare blocks having the same intensity in the matrix K,_1. If a block does not correspond
to any cuboid of the same intensity, then it is the beginning of a new cuboid

Step 6: Output the L cuboids described by their intensities f; and positions (x1, X2, y1, ¥2, 21, 22)

To illustrate the proposed algorithm, we apply it to a 3D image taken from the
McGill database [16], which represents a 3D “Airplane” with size of 128 x 128 x 128
(Fig. 2). Applying the ICR algorithm to this image, we obtain the different cuboids
that form the image, as shown in Fig. 2.

The number of cuboids in this image is 586, thus one can treat these 586 elements
instead of the 128 x 128 x 128 = 2097 152 pixels, which shows the importance of
this new representation for image processing.

In the next sections, a new method for calculating the 3D Charlier discrete orthog-
onal moments and their inverse based on the 3D ICR is suggested, to reduce the
computation time and thereby accelerate the process of 3D image analysis (recon-
struction, shape recognition, classification, etc.).
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Fig. 2 Several views of the representation of the “Airplane” image using cuboids

4 Fast Computation of 3D Charlier Discrete Orthogonal Moments

In this section, we propose a new method to compute the 3D Charlier moments based on
the new representation presented in the previous section. Applying the ICR algorithm,
the 3D Charlier moments can be calculated using two methods:

e Direct calculation from the cuboids instead of the whole image
e Calculation as the product of the matrices for each cuboid
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4.1 Direct Computation of 3D Charlier Moments

For a 3D image f(x, y, z) containing L cuboids extracted using the ICR algorithm,

255

fy, =) filx, ), (11
i=1

where {f;,i =1, 2,...,255} is the ith intensity of the 3D image and

fix.y.2) = Cubl, (12)

where Cub‘jfi is cuboid j of intensity f;, j = 1, ---, and L; is the jth cuboid of intensity

255
fi.while L = )" L;, where L; is the number of cuboids of each intensity f;.

i=1
Using the ICR algorithm, the 3D Charlier moments of order (n + m + k) for a 3D
image f(x, y, z7) of size N x M x K in Eq. (1) can be computed as

b
:
>

CMumk = Ca)CH M () f(x, 3, 2)
x=0 y=0 z=0
N—-1M—-1K-1 255
=Y > Y @M@ Y fitx.y.2)
x=0 y=0 z=0 i=1
N-1M-1K-1
= Ca ) CUMEC @) fi(x, 3, 2)
x=0 y=0 z=0
N-1M-1K—1
+ CHCHMC @) fa(x, y, D) e
x=0 y=0 z=0
N-1M-1K-1
+ C' () Cil () CEM(2) fass (x, y, 2). (13)
x=0 y=0 z=0

Since a cuboid is determined by the coordinates (xp, x2, y1, ¥2, 21, 22), Eq. (13)
can be written as

CMumi = f1 )Y Y Cr et N CL (21)
X yrooz1

+ Y Y Y Ca )l (n)CY (22)
22

X2 »n

+o fass DY Y Cil(xass) Gl (v255) Gy (255)

X255 Y255 2255

= fICM!  + HLCM2 | +- .- fr5sCM>>

nmk
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255

= > fiCM,.. (14)

i=1

where CMflm ¢ 18 the (n + m + k)th-order 3D Charlier discrete orthogonal moment of
intensity f;.

The moments corresponding to an intensity f; can be calculated from the cuboids
of each intensity using the relation

xz,Cubf" yz,Cubf" Z2.Cubfi
J J J

3 3 cal

nmk—Zﬁ X, G Y Glo Y Gl'e
x:XI,Cubfi y:yl.Cub‘.fi Z:Zl‘Cubj.ﬂi
J J J

Li Cubj'
= ZCMW, (15)

fi
Cub!
where CM, kj is the (n + m + k)th-order 3D Charlier discrete orthogonal moment of
intensity f; for each cuboid.
Thus, the 3D Charlier discrete orthogonal moments can be written as

255 L; x2 Cubfi _V2 Cubfi Z2 Cub

CMumk = > Z Z Z C G N (@ fix, ¥, 2)

i=1 j=lx=x___f) YIbeZI fi

fi
1,Cub! 1,Cub!

255 L; cub

= ZZCM (16)

i=1j=1

with
5 Y Cubfi %, Cubfi %, Cub'/i
Cub?!
CM,,; = Z Z Z CANCA M @ fitx,y.2). (U7
71be’ lefZZICubf

4.2 Matrix Computation of 3D Charlier Moments

In this section, to accelerate the computation of the 3D Charlier moments, we combine
the ICR algorithm with that based on matrix multiplication proposed by Wu et al. [35].

After specifying the cuboids of a 3D image using the ICR algorithm, we first apply
the matrix calculation of the Charlier moments as follows: First, for each matrix of
cuboidjof size Nj xM; x Kjwith N; = xo —x1+1, Mj=y,—y1+1, and K; =
z2 —z1+1 by the coordinates (x1, x2, y1, ¥2, 21, z2) that are based on the decomposition
of this cuboid j in K; matrix, which represents the blocks bizj, z1 < z < z». Then, for
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each block in the following step. Thus, it is evident that each block is determined by
the coordinates (x1, x2, y1, ¥2).

The 3D Charlier orthogonal moments for each cuboid in Eq. (17) can thus be
expressed as

£ Z2,Cub';’. 2 Cubf }2 Cubf
Cub’ \ -~
a
o™,/ = > '@ Z Z Cat ()it () fix, ¥, 2)
Z:Zl,Cubj.ci *= xl Cubf’ r= }1 Cub]f.
ZZ,Cub‘(i
J JE:
= C (2)CM,0) 18
= Y Cl'CMy; (18)
Z:Zl,Cubfi
J

bt
where CM,,;;, are the Charlier moments in each block of cuboid j, which can also be
written as

A I A
b2 2.Cubj 2,Cubj
CMun = > Y. COmCRfilx,y.2), (19)
= xl Cul bf‘ r= yl Cubf

which can be reexpressed as a matrix product thus

be.
CM,, = PiI P}, (20)
where
B 3 n=M-—1,m=N-—1
CM"f.f:{CM,,',g} , 0<n<M-—1, 0<m<N-1
n,m=0

- n:M—l,x:xzc bfi
=lcH b <n<M-— < x < .
P {C" (x)}n=o,x_x s r, O0=n=M-1, Trewli =1 =% )
].Cubj’ '

_ m_Nfl,):y2C Wi
= c4 " <m<N — <y < :
p={Cim| S 0sm<N-1, PESE SN

I = _ _y < x < 2 <y <
{iGx, y, Dk X_ iV el xl,Cub]f,' =x= x2,Cub';” yL,Cub]f,' =YY= yZ,Cub';’
J ’ J !

The calculation of the 3D Charlier moments for each cuboid proceeds through the
two following steps:
Step 1. Compute the matrix K along the z-direction using Eq. (20) to yield temporary

b,
matrices of the Charlier moments at each block of cuboid j, where CM,,”, denotes
the element in the nth row and mth column of the kth plane in the z-direction.
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b,-j‘- (
CM Z) z=z .,z .+l z =1z
nm \" )2 Leubl? TLewli T Tocwli 7 T2,cubfi
oM M) My |
00 Zz,Cub-j’f 01 Zz,ch{f o Om Zz,Cuh-}?
My M M
10\ % cupf n\Zewp | T tm \ Za,cunf
M M’y M’
A n0 Zz,Cub{f nl ZZ,Cub_ fi o nm ZZ,Cubjf"

b b B
ij ij v ij
CM,; (21,cubjf ) CM,) (21,cub]i ) CM," (Zl,Cub/i )

Step 2. Rearrange the matrices obtained in step 1 and multiply by the polynomial
k:K—l,Z:Z f,
. _ ~ay 2,Cub..’ < < _ < < .
matrices P3 = {Ck (Z)}k:O — i, 0<k<K-1, Zl,Cubf' <z=< Zz,Cubf'
’ i

1,Cub’;
to obtain a (n + 1) matrix of size (m + 1) x (k + 1) and thereby the 3D Charlier
moments of order (n, m, k) for each cuboid.
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The 3D Charlier moments of order n = 0 can then be written for each cuboid as
the following matrix:

fi fi fi r Al ~al ~ay 7
Cub’ Cub? Cub*/ Cy' |z i) Collz r+l) - Cy'lz fi
0 Ji 0 i 0 i
CM? CMo,” CM J 1 ,Cub] l,Cubj 2,Cubj
000 001 00k
CMCubJJ‘ CMCubjj-’ CMCubf Clz s ez s41) - Cz,
1 i 1 i 1 i
010 011 01k _ 1,Cub 1 Cub/ 2,Cub/
C“b{i CUbei CUb? ~a| ~ajg ~a|
Mg Moy - CMg, L Gk Frew? ) G (Frew ¥1) - G\ Zcwt ) |
femli (2 ) ez ) ez )]
00\ *1,Cub 0L \ *1,Cubf Om \ *1,Cubf

b} b;! b;!
CMoo <Z1,Cubf + 1> CMoy <Z1,Cubf + 1) - CM, (Zl,Cubf + 1)

oMl (- oMl (- el
00 \ “2.cub’i ot \ “2.cub’i Om

Meanwhile, for order n = 1, the 3D Charlier moments for each cuboid can be
written as the following matrix:

fi fi £ [ Aal ~ai ~ai 7
Cub’ Cub’ Cub’! Cy'l z ) C (z r+l) - Cy'lz f;i
J o i 0\ “1,Cub’t 0\ “1,cub 0\ “2,cub’
CM CM101f CM, . oj o uoj
Cub’? Cub’? Cub’? ~ay ~ai ~ai
CMyp" CMyy,” - CMyy " | G %1 cub o (Zl.Cub’;’ +1 ¢ “2.cub’
i i i ’ ) ' :
Cub! Cub*! Cub’! ~ ~ ~
J J J ai aj _ aj _
CMy,5 My, o CMy _Ck (Zl,Cub-/’f) Ci (Z]’cub-j(i + 1) G (Zz,Cuh-](') ]
r b;! bl bl T
] 1 1
M, <21 Cubf"> M, {2 gyl w CMy (2 gyt
’ J ’ J ~ J

J

bl bl bl
ij i ij
CM, <Z1,Cub‘fi + l> CM}; <Z11Cubjf.i + l> - CM,;, (Z]'Cub{’ +1

! o NG
_CMIO “2.cub’ CMyi “2.cub? o My,
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For order n, the 3D Charlier moments for each cuboid can be written as the following
matrix:

fi fi fi B ~ay ~aj ~ay 7
Cub’i Cub’ Cub’ C <z f) C, (z £+ 1) - Col\ z fi
j i j 0 \ “1,cub’ 0\ “1,Cub’! 0\ “2,cub’
CMnOOf CMnOlf CMnOkf 0 i i
Cub’? Cub’? Cub’? ~ai ~ai ~ai
. +1) -
M, ;" CM, " - CM,, " | i “1.cubf! < “1.cub ! “ (ZZ'C“b‘iﬂ>
;i i fi ’ ' . '
Cub? Cub? Cub? ~ ~ ~
J J J aiy a N ap N
CMan CMnml o CMnmk Ck (Zl Cub/i) Ck (Zl Cub(" + l) e Ck (12 Cub(i)
L D Rt )
[ CMb;-/1 CMb;-/1 CMb”] i
70 \ “1.cubli at (Frew’ ) mm \ %1 cub’
oM’ 1) oM’ 1) oM 1
n0 \ 21 capli ¥ nl \Zpcwfi 1) nm \ 2y cgpfi
X J J J
oM’ oM’ oMl
L 70 \ “2,cubi nt \F2cwl ) e\ S,cunl )]

Then, having calculated the 3D Charlier moments for each cuboid using the blocks
in each, one sums the resulting matrices for each cuboid to finally compute the 3D
Charlier moments using Eq. (16).

The direct and matrix calculations based on the 3D ICR require less computational
time. The significant reduction in the time required to calculate the 3D Charlier discrete
orthogonal moments when using these two computational methods encouraged us to
apply them for several image processing tasks such as reconstruction and classification.

5 Fast 3D Image Reconstruction Using 3D Charlier Moments

In this section, we present a fast and accurate approach for 3D image reconstruction
using Charlier discrete orthogonal moments. The approach is based on the new ICR
algorithm. Thus, the acceleration of the reconstruction process for a 3D image is due
to two factors:

The rapid calculation of the Charlier moments using the cuboids extracted from
each image
The partial reconstruction of the image from the cuboids instead of the whole image

Two versions of the proposed reconstruction method are presented:

A local reconstruction of the 3D image using a direct computation on the cuboids
A method based on the matrix calculation for each block at each cuboid, to calculate
the local Charlier 3D moments
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5.1 Local Reconstruction of 3D Image by Direct Computation of 3D Charlier
Moments

In theory, an original 3D image function f(x, y, z) of size N x M x K can be represented
by an infinite series of 3D moments:

00 00 00 0<x<N-1
[0 3,0=) Y MG 0 (NG @),  {0<y<M—1 D)
n=0 m=0 k=0 0<z<K-1

The local reconstruction of a 3D image f(x, y, z) of size N x M x K can be obtained
by direct calculation from the 3D image cuboid representation (ICR), using the defi-
nition of the 3D Charlier moments in Eq. (17):

X i SX=X Ji
255 Li oo o0 o0 l,Cubj’ 24,Cubj'

fay.=) >33 Zcm,,m,g Cr ) Cal (DCY (), Yicul =Y =Y cupli

i=1 j=1n=0m=0k=0 Zl,Cub‘;[ EZEZZCubf

255 Li

= ZZfC“bJ (x,y,2), (22)

i=1 j=1

where f CubJ (x, y, z) is the partial reconstruction for each cuboid:
o o o Mcult =F = cupl
Ci b = = )
[y = ZOZ(”;)CMnka CCn (NC ), 1.cun’ =y= Y2.cunli - (23)
n=0m
“1.cubl == “2.cub’

5.2 Local Reconstruction of 3D Image by Matrix Computation of 3D Charlier
Moments

In this subsection, we present a new method for reconstructing the 3D image, called
the local reconstruction method; it allows reconstruction of the 3D image using the
Charlier 3D matrix calculation of the blocks of each cuboid j. If the 3D moments are
limited to one order, the partial reconstruction of the 3D Charlier moments for each
cuboid using Eq. (23) can be rewritten as

Max Max Max xl’cub{i =r= xz’CUblfi
FO0 e,y 2) = >y x [ZZCMM;J ¢ (x)df'(z)}, Vel SV =Y o
=0 N0k Zl,Cub{f =z EZZ,Cub_‘;[
ax ”
=Y x i, 2), (24)
m=0

where F%5 is the partial reconstruction of the 2D Charlier moments in each block of
cuboid j.
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F bij can also be written as

i Max Max Cub‘.fi
Fli(r,2) =YY M,/ CA ()Y (2). (25)
n=0 k=0

We calculate F% in Eq. (25) by using a matrix form for a 2D image, which can be
reexpressed as

F%i = ofem”i s, (26)

where F bij , CMb"ZJ' s QT, and Q5 are defined as

z =. . ,2=2 . . < x < X :
. pi 1 ¥=X fi »2=2 f; X fi = = fi
Fhif _ {ny } 2,Cub! 2.Cub! ) 1,Cub; 2,Cub;
re <z < .
T o T cun i ZI'Cub_j/c" == ZZ‘CUbft
2 ) n,k=Max !
cMi = {CMnZ } , 0 <n, k <Max, for each m with 0 < m < Max
n,k=0
n=Max,x=x . L < < .
0, = {éal(x)} 2.cavl Trew! =1 =% e
- n )
n=0x=x _ % 0 <n < Max
)
k=Max,z=z ] . <z < .
orm o) T [ow =55
k:(),z:zl cunti 0 < k < Max

The local reconstruction of a 3D image using the matrix computation of the 3D
Charlier moments for each cuboid proceeds through the following three-step algo-
rithm:

Algorithm for the local reconstruction of 3D Charlier moments
Step I1: Compute the matrix K; along the m-direction using (26) to obtain temporary matrices of the

partial reconstruction of the 2D Charlier moments in each block of cuboid j, where Fy i’ denotes the

4

element in the xth row and zth column in the yth plane of m-direction. F, f] (m),m =0,1,..., Max.
Step 2. Rearrange the matrices obtained in step 1 and multiply by the polynomial matrices Q3 =
m=Max,y=y fi
~ 2,Cub’! . . .
{Cf,? (y)} " ;i £y < y2,Cubfi , 0 <m < Max to obtain a matrix N; of size

» Y
m_O,,\_yl,CUb]f.i l.Cubj i
Cubi
M; x K, which yields the local reconstruction of the 3D Charlier moments for each cuboid f 7
of size (NJ', Mj, Kj).
Step 3. Merge the partial reconstruction of the 3D Charlier moments of each cuboid to reconstruct a 3D
image with the same size as the original 3D image.

Figure 3 shows the flowchart for calculating the 3D Charlier moments and their
inverse using the matrix computation via the ICR algorithm.

The proposed method focuses on reducing the computation time required to obtain
the 3D Charlier discrete orthogonal moments of a 3D image, vastly enhancing the
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reconstructed cuboid |« each cuboid by the
S (x,0.2) J L matrix computation

Fig. 3 3D image reconstruction process diagram

quality of the 3D image reconstruction. Clearly, our method is based on two main
concepts:

e The image cuboid representation (ICR)
e The matrix calculation of the 3D Charlier moments and their inverse

The 3D image decomposition therefore starts with the extraction of cuboids for
which only weak-order moments are needed, based on the ICR algorithm. The
extracted cuboids are then applied to calculate the 3D Charlier moments using the
matrix calculation for each cuboid. Each cuboid is then rebuilt using the 3D Charlier
moments computed for each cuboid. Finally, the matrices of the reconstructed cuboid
are summed to complete the 3D image reconstruction.

6 Simulations and Results

To validate the theoretical results developed in the previous sections and test the
performance of the proposed method in terms of time and reconstruction performance,
several simulations were carried out. This section is divided into two subsections:

e Firstly, we compare the calculation time of the 3D Charlier moments and their
inverse using the recurrence calculation method with respect to the variable x and the
two versions of the proposed method, viz. based on direct and matrix calculations.

e Secondly, we test the ability of the 3D Charlier discrete orthogonal moments to
reconstruct 3D images when using the global and the proposed local methods. We
also test the proposed method for other types of 3D discrete orthogonal moments
such as those of Tchebichef, Krawtchouk, and Hahn, and compare the four types of
moments in terms of computation time and image reconstruction performance.

6.1 Computation Time of 3D Charlier Moments

In this subsection, we compare the time required to compute the Charlier discrete
orthogonal moments using the recursive and the two versions of the proposed method
based on the 3D image representation using cuboids according to the ICR algorithm
presented in Sect. 3.
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In the first test, we present the simulation results obtained in terms of the number
of cuboids extracted from each 3D image. We use images of size 128 x 128 x 128
voxels, viz. four 3D images extracted from from the McGill 3D shape benchmark
database CVonline [16] (Fig. 4) and three MRI images (Fig. 5), as a three-dimensional
matrix, where each image is composed of a different number of cuboids.

After extracting the cuboids from each 3D image using the ICR algorithm, the
ICR and the number of cuboids in each image are shown in Figs. 4 and 5; this new
representation of the 3D images effectively reduces the number of elements to be
processed, as the number of cuboids in a 3D image is much smaller than the number
of voxels.

In the second test, we compare the time required to calculate the 3D Charlier discrete
orthogonal moments using both the recursive and the proposed methods based on the
3D ICR with either the direct or matrix calculations. The process of calculating the
3D Charlier moments is performed for orders ranging from 0 to 90 for two 3D images
(“Ant” and “Bird”) of size 128 x 128 x 128 (Fig. 4).

Figure 6 shows the time required to compute the Charlier moments using the three
methods, viz. the recursive, direct, and matrix approaches, revealing that the two
proposed methods are faster than the recursive one, with the matrix version being faster
than the direct one. These results confirm the importance of the proposed method for
calculating the 3D Charlier moments compared with the recursive method. Note that
the time required for cuboid extraction from each 3D image is approximately 0.1 ms,
being much shorter than the time required to calculate the 3D Charlier moments by
the recursive method.

In the third test, we compare the time required to reconstruct a 3D image using
the 3D Charlier moments computed by the three methods presented above. The
reconstruction process is performed using the 3D Charlier moments of order from 0 to
90 for the two previous 3D images (“Ant” and “Bird”) of size 128 x 128 x 128 (Fig. 4).

Figure 7 shows the reconstruction times for the two images using the 3D Charlier
moments computed by the three methods, viz. recursive, direct, and matrix. The results
in this figure confirm that the reconstruction time using the moments calculated by
the two proposed methods is shorter compared with the recursive method, and that
the proposed matrix method is faster than the direct version. These results confirm the
importance of the two methods proposed for 3D image reconstruction.

In the fourth test, we test our proposed method but with other types of 3D dis-
crete orthogonal moments, namely those of Tchebichef [35], Krawtchouk [12], and
Hahn [4]. We compare the computation time for the 3D image “Bird” when using
the Tchebichef, Krawtchouk, and Hahn moments with the reconstruction time for this
image using the three methods presented above. The calculation and reconstruction
processes were performed using moments of order from 0 to 90. To compare the three
computational methods, the execution time improvement ratio (ETIR) is used as a
criterion [27], defined as ETIR = (1 — Time1/Time2) x 100, where Time1 and Time2
are the execution times of the recursive and the proposed methods. ETIR = 0 if both
execution times are identical.

Tables 1 and 2 present the average computation time for the 3D moments of
Tchebichef, Krawtchouk, Hahn, and Charlier of order from O to 90 for the 3D “Bird”
image using the three methods presented above. Note that ETIR; [11] is calculated
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Fig. 4 Image cuboid representation (ICR) of 3D images

between the direct method and the recursive method, while ETIR; [11] is computed
between the matrix method and the recursive method.
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Fig. 5 Image cuboid representation (ICR) of 3D MRI images

The simulation results in Tables 1 and 2 show that the computation time for the
moments and the reconstruction of the two images by the two methods (direct and
matrix) is much shorter than when using the moments obtained by the recursive
method. This confirms the speed and robustness of the two proposed methods for
the calculation of the 3D moments and the reconstruction of 3D images, compared
with the recursive method. The computational time required for the 3D moments of
Tchebichef, Krawtchouk, Hahn, and Charlier is considerably shortened, where the
acceleration reaches 99 %.

Note that the results in Figs. 6 and 7 and Tables 1 and 2 were obtained for the
case a; = 80 for the Charlier polynomials, for the case p = 0.5 for the Krawtchouk
polynomials, and for the case a = 10 and b = 10 for the Hahn polynomials.
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Fig. 6 Time required to compute the 3D Charlier moments for the 3D images “Ant” (a) and “Bird” (b) using
the recursive method and the proposed direct and matrix methods
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Fig. 7 Reconstruction time for 3D images “Ant” (a) and “Bird” (b) using the 3D Charlier moments obtained
by the recursive method and the proposed direct and matrix methods

6.2 3D Image Reconstruction by Global and Local Methods Using 3D Charlier
Moments

In this section, we discuss the capacity of 3D Charlier moments for 3D image recon-
struction using the proposed local and global methods presented in Sect. 5, applying
objective criteria commonly used in literature to measure the quality of reconstructed
3D images. To evaluate the performance of the two methods, we calculate the mean
squared error (MSE) between the original and reconstructed image, a criterion that is
widely used in the field of image analysis as a quantitative measure of reconstruction
accuracy.
The mean squared error for a 3D image of size N x M x K is defined as

1

A 2
MSE = RN <f(x, y,2)— flx,y, z)) , (27

Birkhduser



Circuits, Systems, and Signal Processing (2019) 38:3715-3742 3735

Table 1 Average calculation time for the 3D moments using the three methods and the reduction percentage
for the 3D image “Bird”

Type of 3D moments  Average moment calculation time using the three ETIR; % ETIR; %
methods

Recursive method  Direct method  Matrix method

Tchebichef [35] 2.8117 x 10* 1.0612 x 103 3.1579 96.2256 99.9888
Krawtchouk [12] 2.8104 x 10* 1.0723 x 103 3.0156 96.1844 99.9893
Hahn [4] 3.0996 x 10* 1.0698 x 103 2.7255 96.5486 99.9912
Charlier 2.8643 x 10* 1.0500 x 103 2.6955 96.3343 99.9906

Table 2 Average 3D image reconstruction time using 3D moments obtained by the three methods and the
reduction percentage for the 3D image “Bird”

Type of 3D moments  Average 3D image reconstruction time using the three =~ ETIR; %  ETIR; %
methods

Recursive method  Direct method  Matrix method

Tchebichef [35] 3.108 x 10* 13125 x 103 3.8166 95.7770 99.9877
Krawtchouk [12] 3.5860 x 10* 15123 x 103 5.9180 95.7828 99.9835
Hahn [4] 3.3808 x 10* 19123 x 103 4.6928 94.3436 99.9861
Charlier 3.3860 x 10* 13066 x 103 4.2965 96.1412 99.9873

N
where f(x, v, z)is the reconstructed version of the 3D original image functionf (x, y, z)
for each voxel (x, y, 2).
In Ref. [18], the peak signal-to-noise ratio is defined in decibels (dB) as

k2

where k is the maximum value in each voxel of the 3D original image.

To illustrate the performance of the proposed local method, we tested our algorithm
on two 3D images of size 128 x 128 x 128 voxels, viz. “Crab” and “Image 1"’ shown
in Figs. 4 and 5, respectively. The reconstruction test was performed using the two
methods on the different 3D images: the proposed local method and the global one
using the 3D Charlier discrete orthogonal moments of order from O to 90.

Figures 8 and 9 show the mean squared error (MSE) and the peak signal-to-noise
ratio obtained for the 3D image “Crab” using both methods. Note that the mean squared
error (MSE) decreases as the number of orders of Charlier 3D moments is increased,
approaching zero.

When the maximum order of the moments reaches a certain value, the recon-
structed image becomes very similar to the original image. The PSNR ratio increases
with increase of the Charlier moment order, until reaching a stable value where the
reconstructed image becomes closest to the original image.
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Fig. 8 a Mean squared error (MSE) and b peak signal-to-noise ratio (PSNR) obtained using 3D Charlier
moments for the 3D image “Crab” with the global and proposed local methods
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Fig. 9 a Mean squared error (MSE) and b peak signal-to-noise ratio (PSNR) obtained using 3D Charlier
moments for the 3D image “Image of MRI” with the global and proposed local methods

Moreover, this figure also shows that the proposed local method is efficient in terms
of the quality of the 3D image reconstruction in comparison with the global method,
illustrating the power of this method for different 3D images.

In the second test, we test the 3D image reconstruction capability of the proposed
method using other types of 3D discrete orthogonal moments, viz. those of Tchebichef,
Krawtchouk, and Hahn. The reconstruction test is performed on the same 3D image
(“Crab”) using the three sets of moments obtained using the proposed local methods
and the global one.

The simulation results in Figs. 10, 11, and 12 further demonstrate the effectiveness
of the proposed method for 3D image reconstruction using the different types of 3D
discrete orthogonal moments. Having shown the robustness of the local method for 3D
image reconstruction, these results confirm its image reconstruction capability when
using the moments of Tchebichef, Krawtchouk, Hahn, and Charlier.
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moments for the 3D image “Crab” with the global and proposed local methods
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Fig. 14 Columns 1 to 5 show reconstructed 3D “Airplane” images up to order 10, 20, 30, 50, and 80,
respectively

The simulation results in Fig. 13 confirm the capacity of these moments for recon-
struction of 3D images with a slight advantage for Charlier and Krawtchouk moments
compared with those of Tchebichef or Hahn.

Finally, Figs. 14, 15, 16, and 17 show the original 3D images “Airplane” and “Table,”
chosen from the McGill database [16], with size of 128 x 128 x 128 voxels and the
original 3D MRIimages “Image 2” and “Image 3,” reconstructed from the 3D Charlier
moments using the two methods, viz. the proposed local and global method, at orders
10, 20, 30, 50, and 80.
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Fig. 15 Columns 1 to 5 show reconstructed 3D “Table” images up to order 10, 20, 30, 50, and 80, respectively
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Fig. 16 Columns 1 to 5 show reconstructed 3D “Image 2” images up to order 10, 20, 30, 50, and 80,
respectively

With increasing order of the moments, the quality of the reconstruction increases,
and the proposed local method presents better reconstruction quality than the global
method for the different 3D images, confirming its effectiveness.
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Fig. 17 Columns 1 to 5 show reconstructed 3D “Image 3” images up to order 10, 20, 30, 50, and 80,
respectively

7 Conclusions

A fast and efficient method to calculate the 3D Charlier discrete orthogonal moments
for a 3D image is proposed based on a new representation of the 3D image and a
matrix computation of the 3D Charlier discrete orthogonal moments from cuboids of
the 3D image. The method has been applied for local reconstruction of 3D images from
Charlier moments extracted from the cuboids of the 3D image. The simulation results
confirm the speed and quality of the 3D image reconstruction using the proposed
method. In the future, we plan to apply this method for classification of 3D images
using invariant Charlier moments.
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