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1. Notation and Preliminaries

In this section, we introduce the notations required for the subsequent sections. We follow [12]
to define all notations. We use lowercase letters to denote scalars, e.g., x, capital letters to denote
matrices, e.g., X € R1*2 and boldface Euler script letters to denote higher-order tensors, e.g.,

. . I ;
X € Rixlx-xIv The Frobenius norm of a tensor X is defined as ||X||r = \/Zi:—l D AT
- n— 9 bl ofn

The nuclear norm (NN) of a matrix X is defined as the sum of all singular values of X, denoted by
[1X]l. = 2; 0i(X), where o;(X) is the i-th largest singular value of X. The unfold operation along
the k — mode on a tensor X is defined as unfoldy(X) = Xy, € RixU-liwtli-l) - The opposite
operation fold is defined as fold;(Xx) = X. Tucker rank or multilinear rank which is introduced
by Tucker is defined as rank,.(X) = (rank(X(y)), rank(X(z)), . . . , rank(Xy))).

Definition 1.1. Let UZV? be the SVD of A. The thresholding operator D is defined as:
D.(A) = UD.(2)V', D-(X) = diag(max({o; — 7},0)).

Definition 1.2. The shrinkage,() operator is the elementwise shrinkage-thresholding operator of
a matrix, defined by

. . [Al;;
[Sh”nkagea(A)]i,j = [A]i,j — min(a, |[A]i,j|)-—

[AT; ;1
Definition 1.3. Let Q be the index set of the tensor A due to the observed data. The operator Pq

is defined as below:
PQ(.) . %lelzx---xln N %lelzx---xln

) K, (i, ..., i) €Q
Po(Xis..i) = { 0 otherwise
Let X = QR where Q and R are given by QR factorization. In this paper, QR(X) = Q. Most of
notations are given in Table 1.

2. Introduction

It is well known that every day a huge amount of data is generated in a variety of fields such as
data mining, pattern detection, machine learning and image processing. Therefore, handling big
data is an interesting field for many researchers. However, working with big data usually presents
some difficulties such as incomplete or lost data. Reconstructing this information is usually very
costly and sometimes impossible, making the method of recovery very important. In the meantime,
matrix and tensor completion methods are particularly important [1, 3, 5]. Meanwhile, the rank
of a matrix (tensor) is a powerful tool to finding the general information of a matrix (tensor) when
some of its entries are missing [6, 15]. For this reason, we examine the low-rank matrix (tensor)
completion problem. In the sequel, we will briefly explain the work that has been done on low
rank matrix and tensor completion and express the corresponding algorithms.

*Corresponding author
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Table 1: Notation
| Notation | Type
X A tensor in the space R/
X A matrix in the space R"™"
X' Transpose of the matrix X
Xi The entry (i, j) of the matrix X
2(X) The diagonal matrix given by SVD of X
oi(X) The i — th largest singular value of X
[1X]I+ The trace norm of the matrix X
|| X|| ¢ The Frobenius norm of the matrix X
shrinkage, | The shrinkage-thresholding operator
D, The thresholding operator
Q The set of observed data
OR(X) The orthogonal matrix Q of QR factorization
2.1. Matrix completion
We begin with the well-known optimization problem for matrix completion (MC):
min rank(X),
X (2.1)

st.  Po(X) = Po(A),

where X,A € R"™" and the elements of A in the set Q are given while the remaining elements
are missing. We aim to use a low-rank matrix X to approximate the missing elements. The
optimization Problem (2.1) is non-convex, since the objective function rank(X) is non-convex.
One common approach is to replace rank(.) by the trace norm |[.||. [7]. A main advantage of the
trace norm is that it is the convex hull for the rank of matrices. This leads to the following convex
optimization problem for the MC [2, 13, 14]:

min || X]|,,
X

2.2)
st. Po(X) = Po(A).

Therefore, to find the answer for the MC problem, we can solve Problem (2.2) instead of Problem
(2.1). The solution to this problem using the iterative truncated SVD is given in Algorithm 1 [20].

In Algorithm 1, 7 > 0 is the threshold for the singular value, ¢ is the step length, and Y is the
initial value. Due to the use of SVD decomposition, this algorithm is associated with challenges
such as being time-consuming or the inability of SVD decomposition for large matrices [20]. To
overcome this problem, Liu et al. used the approximate SVD for MC to increase the speed of SVD
and make it easier to compute the SVD of large matrices in [13], as presented in Algorithm 2. In
this method, they have used the factorization X = LMR, in which:

° M € %rxr’
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Algorithm 1: Algorithm for matrix completion (MC)

Input : An incomplete data matrix Y° € R™*"_ the observation index set Q, step length &
and thresholding value 7
Output: Completed data matrix X**!
1 while not convergence do
2 Xk+l — DT(Yk)
3 Y = YR 4 6Po(A — X<
4 end

o LeR™r IT] =1,
e ReR™ RRT =1,
e r < min{m, n}.

In addition, we have [13]:
IX|l. = ILMR]|. = [IM]l..

Therefore, by applying X = LMR, the Problem (2.2) can be expressed as follows:

min ||M]].,

LMR

st.  Po(LMR—A) =0, (2.3)
L'L=1,
RRT = 1.

Problem (2.3) can be solved by using the Alternating Direction Method of Multipliers (ADMM).
To do this, an auxiliary variable can be added, which allows the Problem (2.3) to be equivalently
rewritten as follows:
min_ [|M]l.,
LM,R,.Z

st.  Po(Z-A) =0,

7Z = LMR, (2.4)
L'L=1,
RRT = 1.

Then, the partial augmented Lagrangian function of Problem (2.4) is given by:

A*
GULMRZY.)=  min [|M].+41Z- LMR+ |2,
M.RZYu u

st.  Pqo(Z) = Po(A), (2.5)
L'L=1,
RRT =1I.

where A is the Lagrange coeflicient and u is the penalty parameter, the iterative method to solve
the Problem (2.5) can be given by [13]:
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Algorithm 2: Fast Tri-Factorization Matrix Completion (FTF-MC)

Input : An incomplete data matrix Z° € R"™ " the observation index set Q, the size r of
matrix M € R and thresholding value u

Output: Completed data matrix Z+!

while not convergence do

2 | M= D (Y2 + Y RYT)

3 7M1 = L*MMIRE — YR+ Po(A — LEMFR* + Y* /)
4 | L= OR((ZF + YH [ (@®RYT)

5 (Rk+1)T — QR((Zk + Yk//,t)TLk+l)

6 AR+ — PQ(Ak + p(Zk - Lk+1Mk+1Rk+1))

7 Yol = YR + 6Po(Z° — ZHT)

s end

—

2.2. Tensor completion

The tensor generalizes the concept of the matrix. We extend the completion algorithm for the
matrix mode to higher-order tensors by solving the following optimization problem:

rrgn rank;.(X),

(2.6)
s.t. PQ(X) = PQ(T)

According to the definition of Tucker rank and using the tensor matricization along each of its
states, the above problem can be equivalently rewritten as:

min rank(X),
X 2.7)
S.t. PQ(X(i)) = PQ(T(,‘)), i= 1, 2, R (B

One can replace the non-convex function rank(.) in (2.7) with a convex objective function ||.||. as
follows:
min || Xl
Xo (2.8)
S.t. PQ(X(,')) = PQ(T(,')), i= 1, 2, N (B
To solve Problem (2.8), Liu et al.[12] proposed Simple Low-Rank Tensor Completion (SiL-
RTC) Algorithm.
In Alg. 3, 7 > 0 is the threshold of the singular value and Y? is the initial value.
In this paper, by using the approximate SVD of matrices for tensor surface, we present a method to
accelerate the SILRTC Algorithm. Additionally, to enhance the accuracy of the mentioned algo-
rithm, TV regularization was incorporated into the problem, leading to the introduction of a new
algorithm.
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Algorithm 3: SiLRTC Algorithm
Input : An incomplete data tensor X € R/*2xxIthe observation index set Q and
thresholding value 1
Output: Completed data tensor X**!

1 while not convergence do

2 Xé‘l.)“ = D (unfold;,(X¥))

3| XM= 1Y foldi(Xfy!
i=1

s | X=X

5 end

3. Main Results

It is well known that the unfolded matrices along each tensor mode are generally large scale
and the SVD decomposition for these matrices is time-consuming or sometimes unstable. In order
to accelerate the convergence speed of the SILRTC algorithm, we use the approximate SVD. In
fact, we combine the SiILRTC Algorithm with the approximate SVD algorithm to derive the new
algorithm that converges faster than the SiLRTC Algorithm. In the following, the computational
complexity of the stated algorithms is examined in each iteration. At the end, we evaluate the
convergence of the stated algorithms.

3.1. Fast tri-factorization simple low rank tensor completion

To increase the speed of convergence in Algorithm 3, we use the approximate SVD. The Prob-
lem (2.6) can be rewritten as follows:

min 1Ml
LMy Rey.Zi)
st Po(Zi = Tw) =0,
Zi = LoyMuR), (3.1
L(C)L(,‘) = I,

R(,‘)RZ;):I, i:1,2,...,n.

Then, the partial augmented Lagrangian function of Problem (3.1) is given as follows:

Ag
(L, Moy, Riy, Zip, Aiy) = IMll. + 511Z) — LoyM Ry + 7”2 ,

S.t. PQ(Z(i) - T(,')) = O, (32)
L'L=1,
RRT =1, i=12,...,n

Since simultaneously minimizing all terms of £, (L, M), R, Z), A)) 1s hard, we apply an al-
ternating direction method of multipliers (ADMM) to solve Problem (3.2). This is computed by
successively minimizing the Lagrange function £,(L, M, R, Za), Ai) one at a time while fix-
ing the others at their latest values.
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Updating {M(i)}fil: In the SiLRTC Algorithm, to find M;,, the optimization problem can be for-
mulated as follows:

M(i) = a”flmi”l Qp(L(i), M(i), R(i)’ Z(i)’ A(i)),
@
) p Ay s (3.3)
= argmin ||M(,')||* + §||Z(i) — L@M(,‘)R(l‘) + THF

M)

where u is the penalty parameter. Then, based on SILRTC Algorithm the optimal solution M; of
Problem (3.3) is [13]:

A
My = Dyrs(Lo)' (Zo + = )R ). (3.4)
Updating {Z;, }f;]: The optimal solution Z;, of Problem (3.3) can be computed as follows:

Zi = argmin L, (Ly, My, Riiys Ziiys Aoy, Po(Ziy — X)) =0,
0
L Ay ) 3.5
= ar(gmm 50 Zi) — LioyM iRy + TIIF, Po(Zi) — X)) = 0.
0

In addition, by deriving the KKT conditions for Problem (3.5) simply, the optimal solution Z;
satisfies the following equations:

A
PQ(Z(t) - X(l)) = 09 PQC(Z(Z') - L(l)M(t)R(t) + 7) = 0’ (36)

where QC is the complement of Q, i.e., the set of indeces of the unobserved entries, according to
(3.6), the solution Z;, of Problem (3.5) can be explicitly computed as follows:

2 LoMoRe =20 pox oy Ry DO 3.7
o = LoyMa) (i)—7+ Q( o — LoyM) (i)+7)- (3.7

Updating {L)}", and {R)}Y,: To find L, and R, the following subproblems are to be consid-
ered:

Ly = n H0Ze — Lo Mo Ro 4 X010 L' Liy=1
@ = argmin  5||Zg — LM (i>+7||, 5.t. o =1,

@)
to (3.8)
o Ao s T '
R(i) = arimm EHZ(I') - L(,')M(,')R(,‘) + THF, S.t. R(i)R(i) =1.
U]
Both subproblems in (3.8) are least-squares problems with orthogonality constraints on columns
and rows, respectively. Following [13], L;) and R;) are updated as follows:

A
Li = OR((Zoy + —)RE),
H (3.9)
r Ag
Ry = QR(L(I.)(Z(,-) + . )).
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Updating X: Finally, updating the variable X is done as follows;

1 n
X == fold(Z). 3.10
n L Sfold(Z) (3.10)

such that
Pqo(X) = Po(T). (3.11)

Consequently, by using the ADMM method and the preceding updates for solving Problem (2.3),
we propose a new method that is explained in Algorithm 4 (FTF-SiLRTC).

Algorithm 4: FTF-SiLRTC Algorithm

Input : An incomplete data tensor X € R/>*2%Ix the observation index set Q, the size
r of the matrix M € R™" and thresholding value u

Output: Completed data tensor X*+!

while not convergence do

it

2 fori=1,2,...,ndo
Aby

3 MEY = Do (L) (un foldi(XF) + 7)(R'g,.))T)
4 zo =k age ~ 20 p (X9, — L MERE + A—Ig”)

o = oMo toT 7, oo T Moo T T,

A

k+1 _ k ! k \T

5 Li = QR((Z@ + 7)(R<i>) )
Aby

o || RGN = RGN @+ - D)

k+1 _ k k+1 k+1 p gk+1 pk+1
7 Ay =P Q(Aa) +u(Zgy = Ly Mg R )
8 end
9 | XM =13 fold(Z'

i=1

10 XE = X
11 end

3.2. Fast tri factorization simple low rank tensor completion via TV regularization

Although the FTF-SiLRTC Algorithm is fast and convergent, it has low accuracy and the
recovered images are accompanied by vertical or horizontal lines. In order to solve this problem,
we add the total variation regularization to it. Then, problem (3.1) reformulated as follows:

N N
min 135 |F(,~)Z(i)| ++ 2 1 Zlls
{Zo}o, = =1

S.t. PQ(Z(i)) = PQ(T(i))’

(3.12)



Ebrahimi, Tavakoli / Wavelets and Linear Algebra 11(2) (2024) 32-51 40

by adding the auxiliary variables X, Y and {Q;}Y |, we have:

N N
1 1
min A% Bi|Qu|+ % X IMoll.,
{Q(i>,X(i),Y([),L(,'),M(,'),R(,-)}i:I i=1 i=1
s.t. O = FoyXa, Xy = Zay, Yoy = Ziys
(3.13)

Yo = LoyMoRa, L Loy = I, RoR, = 1,

(@) (O

Po(Zi) = Po(Tw),

where F; is a (J,-1)-by-J, matrix, such that [F, (,-)]j’j =1, [F (,-)]j’j .1 = —1 and the other entries are
zeros. Moreover, we define the operator |.| by |A] = 3, 3, |[A] i j| for developing TV constraint. A is
a tunable parameter; 31, - - - , By is 0 or 1, which indicates whether we have a smooth and piecewise
prior on the n—th mode of recovered tensor. The values of 81,8,, -+ , By depend on the domain.

The augmented Lagrangian formulation of (3.13) can be given by:

A
¢ (/1 |Q(i)| + %]HQ(I') - FpXa + ﬁ”%),

N

=35

N 2 Ly
2M|%rm+—m,
i=1 P2

N

+3

D
P3 02
” l|| ” i i i i ” 5
(— Ml + = 1IYe) = LoyMo Ry + S F) (3.14)

kot
+ Z (—||Z(z) - Y(z) + p()||2)
S.t. PQ(Z(L) - T(L)) =

L(I)L(,) =1,

RoR: = 1.

where A, I';) and ;) fori = 1,---, N are the Lagrange coefficients and also p;, p2, p3 and pq4
are the penalty parameters. Since simultaneously minimizing all terms of £ is hard, we apply
the ADMM to solve Problem (3.2). This is computed by successively minimizing the Lagrange
function £ one at a time while fixing the others at their latest values.

Updating {Q;)}Y : We update {Q,}Y, with fixing the other variables based on the following
optimization problem

P1 A 2
min Zﬁn(/l |00| +5 > 190 = FoXo + —=I ) (3.15)
{on), =1 P

Because of the independence of Qy, O,, -+, Oy in the optimization problem, they are updated as
follows:

Ay
Qu = Bishrinkage + (FoXo — —). (3.16)
P1
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Updating {X(,)}l .+ We update {X,)}Y, with fixing the other variables based on the following opti-
mization problem:

min Z,Bz ||Q(z) FyXi + (l)||2
ki (3.17)

+ Z,Bi(—IIZm Xy + &IIF)
= 2 02
The optimizing solution of X, is given as follows:
X = Bilp1 Fo Fly + p2) ™ (F{ Ay + o1 Fl, Qi) + p2Zy — Ty (3.18)

where [ stands for the identify matrix.
Updating (M}, {Yo)X,, {Lo)y, and {R;)Y,: Based on FTF-SiLRTC Algorithm updating
M(i)’ Y(i)’ L(i) and R(,‘) are as follow:

Ag
Mo = DT((L(i))T(Y(i) + p—)(R(i))T),
3
Z, Lo MeR N0 o kg O
A o(To — LoyMq) (i>+p—3),
A(l) T
L) = QR((Z([) + p_)(R(’)) )

A
R)" = QR((L(i))T(Z(l) + L))

Updatlng {A(,)}l 1 {F(l)}l 1 {(D(,)} —1 and {\P(l)} By following [11] updatlng {A(’)}z 1 {r(i)}f\il
N
and {¥(,},_, are presented as follow:

Awy =Ny +p1(Qu — FoyXay)s

Loy =Tu+p2(Ziy— X,

O, =P Q((DU) +u(Yo) — L(i)M(i)R(i)))
Yo =Yo+psZo—Yae)

Updating Z: Finally, Z can be updated based on the following optimization problem:

1 q)l
min Zﬁ,( X0 = Zoy + ﬁnZ) + 2 (;“uY@ Zoy + —2I12). (3.19)
{z(,)} P4

Then, the update formulae of Z are computed as:

[Zﬁ\;] (f old;(I';y + p2X (i) + fold;(¥ i) + paY, (i)))

[Z]q =
“ Np, + Zﬁ]ﬁi{h

las (3.20)

such that
[Z]a = [T]a.

By these update formulas, we summarize the solution of Problem (3.12), named FTF-SiLRTC-
TV, in Algorithm 5. It is an iterative algorithm under ADMM framework [11]. In lines 3 — 8 and
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13, the auxiliary matrices {Q)}Y |, (X}, AMo)Y,, (Yo}, Lo}, {Ro}Y, and target output

=1 i=1° i=1° i=1° i=1°
variable Z are updated according to our derivations. In lines 9 — 11, we renew the Lagrange
multipliers {Ay}Y , {T}Y, and {¥}Y, as the standard ADMM framework.

=1 i=

Algorithm 5: FTF-SiLRTC-TV Algorithm

Input : An incomplete data tensor Z° € RI1>2¥Iv the observation index set Q, the size
r of the matrix M € R", thresholding value p and tunable parameter A

Output: Completed data tensor Z*+!

while not convergence do

p—

2 fori=1,2,...,Ndo
Ak

3 Z)H = B,-shrinkagepil(F(,-)Xé‘i) — ﬁ)
) X' = BilorFoF G + o)™ (FoAG + prFG O+ paZ0 = )
s MG = Dy (L) unfold(Z)(RE,)")
‘ Yo =LoMg Ry +P Q(Z(i) - L(i)M(i)R(i))

k+1 _ k k \T
7 L(;)— - QR((Y(Z'))(R(Z')) )

k+1NT — kT 1k
8 (R(i-; - QR((Y(I)) L(i))
9 Aflf)rl = A’(‘l_) +p1(Ql(<;)rl _ F(l_)Xé;rl)
10 I"ggl = F’(‘i) + pz(Z(kl.) - X{Ci-)i—l

k+1 _ k k+1 k+1 7 gk+1 pk+1
1 (D(i) - PQ((D(I') +:u(Y(,') - L(i) M(i) R(i) )
12 \Pﬁf)rl = \P’gi) + p4(Z(’<l,) - y(l;)ﬂ
13 end
w | 7= T (fold (T + p2XG) + foldi (" + pa¥ (")

Npy + Zﬁilﬁip4

15 end

3.3. Computational complexity

In this part, we discuss the time complexity of mentioned algorithms, SiILRTC, FTF-SiLRTC
and FTF-SiLRTC-TV Algorithms.
The computational complexity of each operator for matrix X € R™" is presented in Table 2 [8].

The computational complexity of SiLRTC, FTF-SiLRTC and FTF-SiLRTC-TV Algorithms in
each iteration for solving the tensor completion problem is presented in Table 3:
where K; = [] 1.

i=1

i#j
Particularly, for image tensor T € R™3_ the computational complexity of the three algorithms
is given in Table 4.
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Table 2: Computational complexity of operators
’ Operation \ Computational complexity ‘
SVD(X) 4m’n + 8mn’ + 9n’ ifm>n
SVD(X) 4m’n + 22n° ifm>n
OR(X) 2mn® — §n3
D. (%) 2n
UD.Z)VT 2m*n + n®> —mn
A+X, AecR™" | mn
cX, cer mn
Pao(X) mn
Table 3: Computational complexity of algorithms
| Algorithm | Computational complexity
N
SILRTC ((6K; +81; = DKL + 129, + 1))
j=1 ‘
N
FTF-SiLRTC % (37 + (61, + 4K; = D) + (61,K; - 2I; - K))r + 9K,
J=
N
FTF-SiLRTC-TV Zl (53—91"3 + (61] + 4K] - 1)7"2 + (6I]KJ - 211 - Kj)r
J:
+413 + 82K + 612 + 31K + 21, — 10K}
In the following, we show that the following relation always holds for r < min{m, n}:
n(FTF — SiLRTC) < n(SiLRTC), (3.21)

that means

5973 + (4mn + 18(m + n) + 15)r* + (53mn — 5(m + n) — 6)r — 81mn
< 18m?n® + 9(m?® + n’) + 78(m*n + mn?) + m* + n®> + 6mn + 594,

Let r = n, then we have:

(68 + 4m)n’ + 9n? —

6n < 18m*n* + 9m® + Tm?n + 78mn> + m?> + 92mn + 594,

As aresult, assuming that m = n
14m* + 26m> + 84m? + 6m + 594 > 0,

It is clear that the above relations are always established for m > 1.

Remark 3.1. By a simple calculation, it can be seen that for r < min{m, n}, the inequalities (3.21)
hold true.
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Table 4: Computational complexity of algorithms
’ Algorithm \ Computational complexity ‘
SILRTC 18m?°n* + 9(m> + n®) + 78(m*n + mn?) + m* + n* + 6mn + 594
FTF-SILRTC 597 + (4mn + 18(m + n) + 15)r> + (53mn — 5(m + n) — 6)r — 81mn
FTF-SiLRTC-TV 501 + (dmn + 18(m + n) + 15)1”2 + (55mn —5(m+n)-— 6)}’ + 168
+4(m® + n?) + 24m’n + mn®) + 6(m* + n?) + 89mn — 28(m + n)

4. Numerical Results

In this section, we present some examples to show the efficiency of our proposed FTF-SiLRTC
and FTF-SiLRTC-TV Algorithms. Moreover, a comparison between them is presented. In all of
the examples, for corrupted images, 90 percent of the original images are randomly lost.

All codes have been run by MATLAB R2018a software on the computer 64-bit Intel(R) Core(TM)
15-5200U CPU.

Figure 1 shows a set of coloured images in which Figure 1(a) is the original image, Figure 1(b) is
the corrupted image, Figure 1(c) is the reconstructed image by SILRTC Algorithm and Figure 1(d)
through Figure 1(i) are the reconstructed image by FTF-SiLRTC Algorithm with r = 5, 10, - - - , 35,
respectively. Also, the stop criterion is thought of as ||X**! — X¥|| < .2 and the PSNR and RMSE
formulas used in the examples are defined by

255°
PSNRG) = 10logyy (37)
RMSEX) = VMSEX),

Mz

where MS E(X) = ﬁ
i=1

n 3
> X ik — xip)*
oy ey

Tables 5, 6, and 7 show the CPU time, PSNR and RMSE for FTF-SiLRTC Algorithm with
r=>5,10,---,35, respectively.

Table 5: The CPU time of FTF-SiLRTC Algorithm with » =5, 10, 15, 20, 25, 30 and 35 on the images of
Figure 1.
Image Size FTF-SiLRTC

r=5|r=10]r=15[r=20|r=25|r=30|r=35
Peppers | 194x259x3 [ 8 13 27 36 75 86 178
Dog 213%x238%x3 | 9 11 21 26 62 67 145
House |256x256x3 | 17 | 21 22 31 52 53 64
Parrot | 256 x384x3 | 5 6 15 18 27 33 37
F16 512x512x3 | 15 17 37 52 53 82 119
Squirrel | 553x800x3 | 67 | 132 | 199 | 580 | 1251 | 1810 | 1531
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Table 6: The PSNR of FTF-SiLRTC Algorithm with r = 5, 10, 15, 20, 25, 30 and 35 on the images of Figure
1.

Image FTF-SiLRTC

r=5]r=10|r=15]r=20|r=25[r=30|r=35
Peppers | 18.70 [ 21.71 | 23.78 | 26.11 | 26.17 | 26.64 | 28.21
Dog 24.04 | 29.06 | 30.76 | 32.16 | 32.66 | 33.95 | 34.45
House | 2220 | 24.48 | 27.24 | 28.61 | 30.65 | 30.88 | 32.25
Parrot | 22.33 | 26.36 | 26.79 | 28.48 | 29.44 | 29.75 | 30.28
F16 21.69 | 23.12 | 25.10 | 2544 | 26.90 | 27.04 | 27.28
Squirrel | 21.63 | 23.05 | 23.74 | 24.31 | 24.19 | 24.79 | 24.68

Table 7: The RMSE of FTF-SiLRTC Algorithm with r = 5, 10, 15, 20, 25, 30 and 35 on the images of Figure
1.

Image FTF-SiLRTC

r=5]r=10|r=15]r=20|r=25[r=30|r=35
Peppers | 29.60 [ 20.95 | 16.49 | 12.61 | 12.53 [ 11.87 [ 9.91
Dog 16.02 | 898 | 739 | 629 | 593 | 512 | 4.83
House | 19.80 | 1522 | 11.08 | 946 | 749 | 7.28 | 6.23
Parrot | 19.51 | 12.26 | 11.67 | 9.61 | 8.61 | 830 | 7.81
F16 20.99 | 17.81 | 1419 | 13.64 | 11.52 | 11.33 | 11.04
Squirrel | 21.12 | 17.95 | 16.57 | 15.52 | 14.70 | 15.75 | 14.92

As is seen in Tables 5, 6 and 7, choosing the appropriate r (the size of matrix M) has a significant
effect on the result of the FTF-SiLRTC Algorithm. The CPU time and RMSE of FTF-SiLRTC Al-
gorithm is significantly decreased and the PSNR of the images are almost increased by increasing
the value of r.
Figure 2 shows a set of coloured images in which Figure 2(a) is the original image, Figure 2(b)
is the corrupted image and Figure 2(c) through Figure 2(f) are the reconstructed image by FTF-
SiLRTC-TV Algorithm with r = 5, 15,25 and 35, respectively.

Tables 8, 9, and 10 show the CPU time, PSNR and RMSE for FTF-SiLRTC-TV Algorithm
with r = 5,10, -- -, 35, respectively.

As is seen in Tables 8, 9 and 10, changing the r value does not have much effect on the recovery

result and the FTF-SiLRTC-TV Algorithm works almost independently of the r value.

Figure 3 shows a set of coloured images in which Figure 3(a) is the original image, Figure 3(b) is

the corrupted image and Figure 3(c) through Figure 3(f) are the reconstructed image by TRLREF,

HaLLRTC, SiLRTC, FTF-SiLRTC and FTF-SiLRTC-TV Algorithms with r = 15, respectively.
Tables 11, 12, and 13 show the CPU time, PSNR and RMSE for TRLRF, HaLRTC, SiLRTC,

FTF-SiLRTC and FTF-SiLRTC-TV Algorithms with r = 15, respectively.
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Table 8: The CPU time of FTF-SiLRTC-TV Algorithm with » =5, 10, 15, 20, 25, 30 and 35 on the images
of Figure 2.

Image FTF-SiLRTC-TV
r=5|r=10|r=15|r=20|r=25|r=30]|r=35
Peppers | 9.24 | 8.56 8.90 8.68 6.63 8.49 8.52
Dog 7.51 | 10.83 | 10.78 | 7.62 9.00 8.37 7.32
House 970 | 9.41 8.77 8.61 9.06 9.18 9.63
Parrot 8.36 | 8.64 7.64 8.01 8.89 8.45 7.96
F16 6.28 | 6.16 6.01 6.44 6.33 6.29 6.29
Squirrel | 170 180 185 187 195 192 199

Table 9: The PSNR of FTF-SiLRTC-TV Algorithm with » =5, 10, 15, 20, 25, 30 and 35 on the images of
Figure 2.

Image FTF-SiLRTC-TV

r=5]r=10|r=15][r=20|r=25[r=30|r=35
Peppers | 27.09 [ 28.54 [ 27.56 [ 27.71 | 29.88 | 28.54 | 29.60
Dog 32.64 | 30.31 | 30.81 | 32.35 | 32.62 | 32.28 | 33.76
House | 28.43 | 30.14 | 30.25 | 30.23 | 31.34 | 31.81 | 31.92
Parrot | 30.15 | 30.52 | 29.99 | 30.93 | 29.62 | 29.89 | 31.16
F16 26.54 | 25.67 | 26.81 | 26.37 | 26.03 | 26.86 | 26.51
Squirrel | 26.23 | 26.99 | 26.56 | 26.52 | 25.85 | 26.27 | 26.43

As is seen in Tables 11, 12 and 13, the best results are related to the FTF-SiLRTC-TV Algorithm.
FTF-SiLRTC-TV Algorithm has higher speed and accuracy compared to other algorithms.

5. Conclusion

In this paper, we presented the algorithms called FTF-SiLRTC and FTF-SiLRTC-TV to ac-
celerate the SILRTC Algorithm. By comparison of SiLRTC Algorithm (Alg. 3 and our proposed
algorithms, it is shown that for image tensor in R the CPU time of SiLRTC Algorithm can
be reduced by FTF-SiLRTC and FTF-SiLRTC-TV Algorithms with choosing appropriate r. Also,
we can see that in general, for FTF-SiLRTC Algorithm the bigger r, the more PSNR and the less
RMSE. Therefore, it is concluded that increasing the value of r will increase the accuracy of FTF-
SiLRTC Algorithm. On the other hand, FTF-SiLRTC-TV algorithm provides higher accuracy in
less time than other algorithms. The efficiency of our proposed method will be increased if the
number of dimensions and/or the size of dimensions grow up.
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Table 10: The RMSE of FTF-SiLRTC-TV Algorithm with r = 5, 10, 15, 20, 25, 30 and 35 on the images of
Figure 2.

Image FTF-SiLRTC-TV

r=5]r=10[r=15[r=20[r=25][r=30]r=35
Peppers | 11.27 | 9.54 | 10.68 | 1050 | 8.18 | 9.54 | 845
Dog 595 | 778 | 734 | 615 | 597 | 620 | 523
House | 9.67 | 793 | 7.83 | 7.85 | 691 | 6.55 | 6.46
Parrot | 9.55 | 7.59 | 8.07 | 7.24 | 841 | 8.16 | 7.05
F16 12.01 | 13.28 | 11.65 | 12.26 | 12.73 | 11.58 | 12.06
Squirrel | 12.45 | 11.41 | 11.98 | 12.04 | 13.01 | 12.39 | 12.18

Table 11: The CPU time of TRLRF, HaLRTC, SiLRTC, FTF-SiLRTC and FTF-SiLRTC-TV Algorithms
with r = 15 on the images of Figure 3.

Image TRLRF | HaLRTC | SiLRTC | FTF-SiLRTC | FTF-SiLRTC-TV
Peppers 150 43 45 35 9

Dog 168 46 35 25 11

House 164 50 34 22 9

Parrot 157 46 33 15 8

F16 157 63 40 37 6
Squirrel | 1817 1655 504 199 186
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Figure 1: A dataset of images. The columns show (a) original image, (b) corrupted images and (c) to (f) reconstructed
by FTF-SiLRTC algorithm with r = 5, 15,25 and 35, respectively.
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Figure 2: A dataset of images. The columns show (a) original image, (b) corrupted images and (c) to (f) reconstructed
by FTF-SiLRTC algorithm with r = 5, 15,25 and 35, respectively.
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Figure 3: A dataset of images. The rows show (a) original image, (b) corrupted images (c) to (g) reconstructed by
TRLRF, HaLRTC, SiLRTC, FTF-SiLRTC and FTF-SiLRTC-TV Algorithms with r = 15, respectively.
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