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Abstract: Fast algorithms for type-five discrete cosine transform (DCT-V) for sequences of input data
of short length in the range of two to eight are elaborated in the paper. A matrix—vector product
representation of the DCT-V is the starting point for designing the algorithms. In each specific
case, the DCT-V matrices have remarkable structural properties that follow from the localization of
identical entries within the matrices. Each matrix of the DCT-V has only a few distinct entries that are
repeated at different positions in its structure. Using simple transformations such as permutations
of the rows and/or columns of this matrix or its favorable decomposition into two or more matrix
components, it is possible to obtain efficient matrix structures that lead to useful factorization schemes.
Based on the suitable factorization schemes we obtained, we developed fast algorithms that reduce
the number of arithmetic operations when calculating the DCT-V. The correctness of the obtained
algorithmic solutions was justified theoretically using a strict mathematical background of each of
them. The developed algorithms were then further tested using MATLAB R2023b software to finally
confirm their correctness. Finally, an evaluation of the computational complexity for each obtained
solution is presented. The evaluation results were compared with the computational complexity of
the direct calculation of matrix—vector products. The resulting factorizations of the matrices of the
DCT-V reduce the average number of multiplications by 57% but increase the number of additions
by 29%.

Keywords: discrete cosine transform; matrix factorization; fast algorithms; computational complexity;
digital signal processing

1. Introduction

Discrete cosine transform (DCT) [1-3] is widely applied in image compression [4,5], im-
age denoising [6-8], healthcare systems [9,10], steganography and image encryption [11,12],
image watermarking and image authentication [13,14], data analysis [15], image
retrieval [16], video coding [17], audio signal enhancement [18]. The advantages of this
transform are real-valued processing of data compared with discrete Fourier transform.
This reduces the number of calculations required and simplifies further analysis of the
transform results. In the literature, eight types of DCT have been proposed [1-3]. The
most popular and researched transform is still DCT types I-IV [19-21]. DCT variant types
V-VIII seem to be rarely used in practice [17,22,23]. One reason, perhaps, is that corre-
sponding algorithms are generally more complicated than algorithms for DCT types I-IV.
There are, however, several works concerning the efficient implementation of DCT types
I-IV [24-26]. This paper is devoted to designing computationally efficient algorithms for
small-size DCT-V.

Electronics 2024, 13, 4165. https://doi.org/10.3390/ electronics13214165

https://www.mdpi.com/journal/electronics


https://doi.org/10.3390/electronics13214165
https://doi.org/10.3390/electronics13214165
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0001-5512-894X
https://orcid.org/0000-0002-4513-4593
https://doi.org/10.3390/electronics13214165
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics13214165?type=check_update&version=2

Electronics 2024, 13, 4165

20f19

The publication review shows that two approaches to the elaboration of fast algorithms
for DCT can be found in the literature, specifically, structural and analytical ones. The first
approach is structural [27-30]. It is usually employed to develop fast algorithms for small-
size discrete orthogonal transforms. It is based on a deep analysis of the structures of
base transform matrices, identifying individual features of the arrangement of identical
entries and, if necessary, changing the matrix structures for subsequent use of certain matrix
identities that lead to the suitable factorization of these matrices.

The structural approach does not limit the length of the original data sequence, for
example, to a power of two or three. However, as the size of data sets increases, fast
algorithms become more cumbersome and difficult to implement. The second approach
is analytical and is based on the use of the most general patterns of factorization of the
basic transformation matrices of arbitrary order [31-33]. It allows the development of
efficient algorithms for long-length input sequences. However, in the case of short-length
sequences, this approach does not always give good results. The effectiveness of this
method in constructing a fast algorithm usually depends on the availability of an analytical
representation of the transform’s coefficients. For the same reason, the length of the input
data sequence is often limited to a power of two. Since short-length input sequences are
considered in our research, the structural approach is selected to design computationally
efficient algorithms. So, the aim of the article is the elaboration of reduced-complexity
algorithms for DCT-V for short-length input sequences of length N =2, 3,4,5,6,7, 8.

2. Materials and Methods

The DCT is one of the orthogonal transforms used, among other things, to analyze
and process audio or other types of signals. DCT-V can be represented by the following
expression [2,34]:

nrk

Xn€n€k COSm,

k=0,1,..., N—1, (1)

_ 2 21\171
AN

where yy is the output sequence after the DCT-V transform is performed; x;, is the sequence
of input data; and N is the number of signal samples,

1
R v 1 n,k =0,
ns ©k — .
’ 1, otherwise.

DCT-V can be represented in matrix notation as follows:

Ynx1 = CnXnxi, 2)

T T
where Ynx1 = [Yo, Y1, --- s YN-1] » Xnx1 = [X0, X1, -+, XN-1], g = €n€k
coszzl’f,fkl,k,lz 0,..,.N—-1

In this paper, we use the following markings and signs:

-2
2(N—1)+1

Iy is an order N identity matrix;

H, is a 2 x 2 Hadamard matrix;

1nxMm isa N x M matrix of ones (a matrix where every entry is equal to one);
® is the Kronecker product of two matrices;

@ is the direct sum of two matrices.

Voids in a matrix mean that the entries at those positions have a zero value. The

(N)

multipliers were marked as s,
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DCT-V in matrix notation is as follows:
Yo €,0 €01 .. CG,N-1 X0
n €10 €11 C1,N—1 X1
: - : . : : (3)
YN—1 CN-1,0 CN-1,1 o CN—1,N-1] LXN-1

For a two-point DCT-V, the corresponding expression in matrix notation is represented
as follows:
Yox1 = CoXox1, (4)

ap
by

Now, let us take into account the structural properties of the matrix C, [18,27]. Then,
the expression for DCT-V for N = 2 can be presented as follows:

where Yo..1 = [yo, y1]7, Xox1 = [x0, x1]T, G2 = [ b; ] ap = 0.5774, b, = 0.8165.
—d2

Yo.1 = Woy3D3W3,0X541, ()
where D3 = diag(séz),sgz),séz)), S(()z) = ap, — by, ng) = —(ay,+ by), ng) = by,
1
1 1
W2x3=[ 1 1]/W3><2: 1{.
1 1

Figure 1 shows a data flow graph of the synthesized algorithm for the two-point
DCT-V. As can be seen, the number of multiplication operations may be reduced from 4 to
3, but the number of addition operations is increased from 2 to 3.

Figure 1. The data flow graph of the proposed algorithm for computation of two-point DCT-V.

Consider the elaboration of the algorithm for three-point DCT-V. The expression for
three-point DCT-V is as follows:
Y31 = C3X3x1, (6)

b3 ¢ c3
where Y3><1 = [yo, yl,yz]T, X3><1 = [XO, X1, XZ]T, C3 = |C3 as —d3 with az = 0.2764,
3 —dz a3
b3 =0.4472, c3 = 0.6325, d3 = 0.7236.
The matrix Cs is decomposed into two components:

= +cf, @)
bg Cc3 (3
where Cga) = |c3 , Cgb) = as —ds|.
3 —d3 a3

Taken into account properties of structural matrices [27,28], the computational proce-
dure for the three-point DCT-V is represented by expression

Y3.1 = W35 W5sDs W5 W5, s We,3X341, (8)
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where D5 = diag (s((f’), 553), sés), s§3), s§3)), s(()s) = b3, 553): (a3 —d3)/2, sgs)z (a3 +d3)/2,
S§3) = C3, W5 = 1H212,

1

Wsy5 = 1 1], Wexz = )
1 1 1 1

A data flow graph of the proposed algorithm for the three-point DCT-V is shown in
Figure 2. The number of multiplication operations can be reduced from 9 to 5, but the
number of addition operations is increased from 6 to 8.

Figure 2. The data flow graph of the algorithm for computation of three-point DCT-V.

Let us design the algorithm for four-point DCT-V. The four-point DCT-V is expressed
as follows:

Yix1 = CaXgx1, )
by dy dy dy
d c —a4 —e
where Yu1 = [y0, y1,y2,y3]", Xax1 = [x0, x1, X2, x3]", C4 = d4 _4 B N *
4 a4 €4 (4
dy —ey ¢4 —ay

with a4 = 0.1682, by = 0.3780,c4 = 0.4713, d4 = 0.5345, e4 = 0.6811.
To change the order of columns of Cy4, the permutation

(1 23 4
4= \1 24 3

is defined. After permutation of the columns of C; according to 74, we obtain the matrix

by dy dy dy 1
Cfla) = Zi f;4 _Ci4 :Zj with permutation matrix Py = 1 1l
d4 —e4 as —C4 1

The matrix Cia) is decomposed into two components:

¢’ =¢’+cf, (10)
by dy dy dy by dy dy  dy
where C?) _ |4 ca —es —ag| (o _ |da cx  —es —ay
* dy —ay oy —ey| T4 dy —ag ¢y —eq|’

dy —ey a3 —cy dy —ey ag —cy
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(a)

To process the matrix C;/, we use the expressions for calculating the entries of a

hoy hy Iy
circular convolution matrix Hy = |hy hg hy| for N =3 [28,29]:
hy hy hg
H; = TV 5,4 di Ty T 11
3 3 3x4 1‘18(50/ 51152153) 4x343 ( )
where sy = (h0+h1 +hy)/3,81 = hyg—hy, 80 = hy —hy, 83 = (h0+h1 — 2hy)/3;
1 1 1 1 1 1 1 1
TV = |1 -1 —1|, Tau=]| 1 1|, Tys = . T = |1 1.
1 1 1 -1 1 -1

11
Taking into account the properties of structural matrices [28,29], the computational
procedure for the four-point DCT-V is represented by the formula

1 0
Yix1 = W4><6wé )W6><7D7W7><6Wé JWe sWsaPsXy 1, (12)
where Wél) = 1T§1)IZ,W6X7 = 1T3x4lp, Dy = diag(s(()4),554),s§4),s§4>,si4),sé4),sé4)),
564) = by, s§4) = (cyg —ay —e4)/3, 554) = C4 + ey, s§4) = —a4 + ey, 54(;4) = (c4 —ag +
4 0 0
2e)/358) = dyWree = 1Teab WY = 1TVLWes =  LPyg,
1 }
1
1 1 1
1 1 1 11 1
w4><6 = 1 1 7 P2><4 == |:1 :|/ W8><4 = 1 . A data
1 1 1
1
1

flow graph of the proposed algorithm for the four-point DCT-V is pr;esented in Figure 3. In
particularly, the number of multiplication operations may be reduced from 16 to 7, although
the number of addition operations is increased from 12 to 17.

ooy oume’ o

XK R X

o
&

Figure 3. The data flow graph of the algorithm for computation of four-point DCT-V.

Xy Yo
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X
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Let us obtain the algorithm for five-point DCT-V. The five-point DCT-V is expressed
as follows:
Y5x1 = C5X5x1, (13)
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where Ys.1 = [Vo, Y1,Y2, Y3, y4]T, Xs5x1 = [x0, X1, X2, X3, x4]T, as = 0.1158, bs= 0.3333,
b5 Cs Cs5 Cs Cs
Cs d5 as —b5 —eé5
C5 = 0.4714, d5 =0.5107, €5 = 0.6265, f5 =0.6667, C5 = |C5 as —eé5 —b5 d5 .
s —bs —bs f5 —bs
Cs —¢€5 d5 —b5 as
To change the order of columns and rows of Cs, the permutations 75 and 76 are
defined in the following form:

(1 B 45 (1245
> \1 42 5 3)7° 1 2 3 5)
The columns of Cs are permutated according to 75, and the rows of Cs are permutated
according to 7g. After permutations, the matrix acquires the following structure:
bs ¢ o 5 G
w e fs —bs —bs —bs
C5a = |C5 —b5 d5 —é5 as

cs —bs as ds —es
cs —bs —es a5 ds

Then, the matrix Céa) is decomposed into two components:
cl =cl+cl, (14)

bs ¢ s 5 s
s fs —bs —bs —bs

where Céb) = |cs —bs and Céc) = ds —es as
s —bs as  ds —es
cs —bs —é5 a5 ds

Matrix Cgb) has the same entries except on the main diagonal in the first column and
first row, and the second column and second row, which allows reducing the number of
operations without the need for further transformations. After eliminating the rows and

columns containing only zero entries in matrix Céc), we obtain matrix Céd):
g d5 —e5 as
C:(,, ) = as d5 —é5

(d)

To process the matrix C;” we use the expressions for calculating the entries of a
circular convolution matrix Hs for N = 3 (Equation (11)) [28,29]. Taking into account the
properties of structural matrices [28,29], the computational procedure for the five-point
DCT-V is represented by the matrix—vector procedure

1 1 0 0
Y551 = Pé )W5><9wé )W9x10D10W10x9Wg )W9><10W10><5Pé X541, (15)

where s ) .
Woy10 = ISP§X)5/ Wé ) = IzTé )14,W9x10 = I T3x4ly,

0 1
Wioxg = I Taxsly, Wéx)g = IzTg )14,

D = diag (565),555), séS),sf), sf), sés),sg),s;S),séS), sés)),
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S(()S) = b5,5§5) = fs, S§5) = (d5 +as—es)/3, SéS) =ds5 + es, SA(LS) = a5 + e5, Sé5) = (ds + a5 + 2e5)/3,

(5) (5) 5) _ 3. B _

S¢ =Cs5,8, =585 = —bs,s5’ = —bs,
1111 1 1
(3) 1 (0) ! (1) !
Py = , Py = 1 , Py = 1 ,
11 1
, 1 1
1 1
o -
1
1 1 1 ,
1 1 1 ,
Wsyg = 1 1 1|, Wioxs = 1
1 1 1 ,
1 1 1 ,
1
. 1_

A data-flow graph of the proposed algorithm for the five-point DCT-V is presented in
Figure 4. In particularly, the number of multiplication operations may be reduced from 25
to 10, but the number of addition operations is increased from 20 to 23.

% (5) Yo

: ' --'«.gm — V.I;..IB :

XN SRR
NN NG /|

Figure 4. The data-flow graph of the algorithm for computation of five-point DCT-V.
Let us now synthesize an algorithm for a six-point DCT-V, which is expressed as follows:

Yex1 = CsXpx1, (16)
where Yo1 = [Y0, Y1, Y2, Y3, Y4, yS}T, Xex1 = [X0, X1, X2, X3, X4, X5}T, ag = 0.0858,
b= 0.2505, c = 0.3015, dg = 0.3949, e¢ = 0.4264, f¢ = 0.5073, g6 = 0.5786,

C6 € €6 €6 €6 €6

e6 fo bs —as —ds —gs
e6 by —do —% —as fo

e6 —as —8 bs fo —ds|
e —de —as fo —86 be

e —8 fo —ds bs —ag

Ce
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To change the order of columns and rows of Cg, the permutations 7; and 7g are
defined in the following form:

(1t 2B 456
7= \1 26 4 5 3

),7[8

(

1 23 4 5 6
1 23 5 4 6

)

The columns of C4 are permutated according to 7y, and the rows of Cg are permutated
according to 7. After permutations, the matrix acquires the following structure:

cl =

C6 €6
e fo
es b
e —de
€6 —dp
e —86

€6
~g6

fe

be
*dé
—ag

€6
—ag
—86

fe

be
—de

€6
7d6
—ag
—86

fe

bs

€6

b
—dg
—ag
—g6

fe

Then, the matrix Cé“) is decomposed into two components:

c=c 4l (17)
where
Co €6 €5 €5 €5 €4
e fo —8 —as —ds bs
Céb) _ |es ’ Céc) _ be fo —8 —as —ds|

€6 —de bse fo  —8 —a6
e —as —ds b fo —S6
e6 —86 —as —d¢ bs fe

Matrix Céb) has the same entries except on the main diagonal in the first column and
first row, which allows reducing the number of operations without the need for further
transformations. After eliminating the rows and columns containing only zero entries in

() ()

matrix C¢”, we obtain matrix G
fo —8 —as —ds bg
@ bs fo —8 —as —ds
Co'=|-ds bs fo —8 —as|-
—as —ds bs  fo —86
—8 —as —d¢ bs fe
To process the matrix Céd), we use the expressions for calculating the entries of a
ho hy hs hy Iy
hi ho hy hs hy
circular convolution matrix Hs = |hy hy hy hg hs| for N =5][29]. Then,
hs hy hy ho hy
hy hs hy hi ho

ho = fe,h1 = be, ha = —dg, h3 = —ae, hy = —gs,

and the computational procedure for the six-point DCT-V is expressed by formula

1 0 0)xar(1 0
Yex1 = Pé )w6><8W1(3 )WS><10W10><13D13><13W13><10W10><8W5(; >W§ )W8><12W12><6Pé )X6><lr (18)
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where
1
1
0) _ 1 1) _
P = 1 , Pgl =
1
1
1
1
1
Wgx10 =
1
o _
1 1 ]
1 1
1 1
1 0 1
Wioxg = 1 , Wé ) 1 /
1 1 1 -1
1 1
L 1]
. 1_
1
1 _
W' = 1
1
"l _
1
1
1
1
1 1
Wiaxe = 1 , Wexs 1
1 1
1 1
1
- 1_

1
Wigx13 = I Tox3Tox3Toxsla, Wizxio = I T3x2T3x2T3x212, Toxs = [ 1

1
T3xp =
1 1

(2)

1{, Wgx12 = L¢Py /¢,

2%x6

11111]

1
1
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Dis =g (59,4, 40,519, 59,490,519, 89,4050, ),

S((Jé) = C6,S§6) = (I’lo +h+hy+hs+ h4)/5,5§6) =hy —hg+hy— h3,5§6) =—hy+hg+hy— h3,5516) = h3 — hy,

Sé6) = h1 — h4 + h() — hz, Séf)) = h3 — h1 + ho — hz, 5;6): hz — ho,Sg’) = h4 — ho,Sgé) = hl — ho,Sgg) = ]’lo — 586),

6
Sgl) = €6.
A data-flow graph of the proposed algorithm of the six-point DCT-V is presented in
Figure 5. We are able to reduce the number of multiplication operations from 36 to 13, but
the number of addition operations is increased from 30 to 41.

Figure 5. The data-flow graph of the algorithm for computation of six-point DCT-V.

The seven-point DCT-V transform in matrix notation can be represented by the follow-
ing expression:
Y7:1 = CrX7x1, (19)

where Y7><1 = [y(), Y1,Y2, Y3, Y4, Y5, y6]T, X7><1 = [XQ, X1, X2, X3, X4, X5, xdT, ay = 0.0669,
by = 0.1967, c; = 0.2774, d7 = 03151, e7 = 0.3922, f, = 0.4152, g7 = 0.4912, J1; = 0.5386,

[c7 ez ez ez ez e7  e7 ]
ez g d7 az; by —f; —hy
e; dy —b; —h; —f; a; g
Cr=\|es az —hy; —b; g d7 —f7].
ez —b; —f; g a; —hy; dy
ez —f; ay d7 —hy; g7 by
le; —hy g7 —f; d7 —=by ay |

Now, we need to change the order of columns and rows. Let us define the permutations
9, 7719 in the following form:

o (t B 4567 (1234567
°=\1 27 4 6 5 3)7"07\1 23 5 6 4 7)
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Permute columns and rows of Cy according to 79, 7119. After permutations, the matrix
acquires the following structure:

[c; ey ez ez ey ey er ]
ez & —hy a7 —f; —b; d
@ ez d7 g —hy a; —f; b7
C7 = |ey —b7 d7 87 —h7 ay —f7 .
ez —f7 —b; dy g —hy a
ez ay —f; —b; dy g —hy
le; —hy; a; —f; —b; d; g7 |

Then, the matrix C;a) is decomposed into two components:

) =c +cl, (20)
where

[c; e7 ey e; e7 ey e7] I i
ey g7 —hy a; —f; —b; dy

) ey @ d; g7 —hy a; —f; —by

C7 = |éy ,C7 = —b7 d7 87 —h7 ay —f7 .

ey ~f7 —=b; d7 g —hy; ay
ey a;  —f; —b; d7 g —hy
Lez i . —h; a; —f; —b; d; g7 |

Matrix C;b) has the same entries in the first column and first row, which allows us
to reduce the number of operations without the need for further transformations. After
()

eliminating the rows and columns containing only zero entries in matrix C,”’, we obtain
matrix Cg.d):
g7 —hy a7z —f; —b; dy
d; g —hy a7 —f7 —b7
- | g —hyoa —f7]
—fr —b; d7 g —h7 a7
a7 —f7 —b; d7 g7 —hy
—h; a7 —f7 —b; d7 &

The obtained matrix acquires the structure of the expressions for calculating the entries
ho hs hy hy hy Iy
hi ho hs hy h3 hp
hy hi ho hs hy h3
hs hy hy ho hs hy
hy h3 hy hi ho hs
hs hy hs hy h ho

of a circular convolution matrix Hg = for N =6 [29].

Then, denote

s = cris\) = (g7+br—f;+h7)/6;5)) = (d; + by + a7 +17) /6;

S§7) = (d7+ﬂ7 —g7+f7)/6; Sf) = <g7+b7 + f7—hy)/6; Sg) = (dy—by—ay;+hy)/6;

527) = (g7+f7—a7+d7)/6; Sy) = (g7—d7—b7 + fy+az+hy)/6; Sé7) = <g7+d7—b7—f7+a7—h7)/6; S§7) =ey.

Based on properties of structural matrices [28,29], the computational procedure for
the seven-point DCT-V is represented by expression

1 1 0)ar(1 0 0 0
Y7.1 = P; Wy, oW Wi )W(l)Dnt )ngéx)llwgl)xgww14W14x7P; X7.1, (1)

1
9x117 711 "1 1
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where

7) (@) () (7)) (7)) (7) () [(7) (7) [(7) ()

Dllzdiag<so /81,85 ",83 7,84 ,85 " ,8¢ ,87 " ,88 ;89,8 ),

(0

0)  _ 4100 1 _ @) ) 0) _ 17r(2)(2)
W9x11 = 1T6><812’ W9x11 - 1T6><812’ W11><9 = 1Tgxel2, W11 = 1Ta T

1 3) (4 1
ng) = 1T§ )Té JH, 1, ng)xg = 1Tex4ls, Woyx14 = I;Toy7,

M ) M
1 1
(0) ! (1) !
Pl = 1 P = 1
1 1
1 1
L 1 i L 1]
M1 1
1 1 1 1
1 1 1 -1
0) 1 -1 . 1 -1
T6><8_ 1 -1 /T8><6_ 1 1
1 -1 1 1 -1
1 1 1 1 -1
L 1 1]
1 1 1 1
1 -1 -1 1
M -1 ~1 1 -
T6><8 - 1 _1 _1 7 T6><4 - 1 7
1 1 1 1
-1 1 -1 1 1
o_ |, e ! w_ |1 !
=1 1 1|,19=1 1, T = |1 -1
1 1 1 1 1 -1
1 11111
Tox7 = 1 ,
- }
1
1
1 : 1 _
1 1 1
1 1 1
Wigy7 = 1 W7y = 1 1f.
1 1 1
1 1 1
1 L 1 1]
1
1
. 1_

3

Figure 6 shows a data flow graph of the synthesized algorithm for the seven-point
DCT-V. As can be seen, we were able to reduce the number of multiplications from 49 to 11,
although the number of additions increased from 42 to 55.
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Figure 6. The data-flow graph of the algorithm for computation of seven-point DCT-V.

Let us design the algorithm for eight-point DCT-V. The eight-point DCT-V is expressed
as follows:
Ysx1 = CgXgx1, (22)

T T
where Yg.1 = V0, Y1, Y2, Y3, Ya, Y5, Y6, Y7] » Xsx1 = [Xo, X1, X2, X3, X4, X5, X, X7,

[cs es es es es es es es |
es g8 dg by —ag —cg —fs —hg
es dg —ag —fs —hg —cs by g3
Cs— |8 bs —fs —fs bg gz by —fs
es —ag —hg by g —cg —fs dg
eg —Cg —Cg (qg —C —C g —C8
es —fs bs bg —fs g3 —fs bg
les —hg g —fs dg —cg by —agl

with ag = 0.0540, bg = 0.1596, cg = 0.2582, dg = 0.3455, eg = 0.3651, fg = 0.4178, gg = 0.4718,
hg = 0.5051, g3 = 0.5164.
Let us define the permutations

o (1245678 (1245678
H=\1 64 7 285 3)7""2"\1 67 42 3 5 8

to change the order of columns and rows, respectively. As a result of the permutations, the

)

matrix Cé” is obtained:

[cs s es es es es es es

eg —Cg 4s s —Cg —Cg —C§ —Cg
es qs bs —fs —fs by —fg bg

Cg”) _|es a —fs bs  bs —fsg bs —fs|

es —cg by —fs g8 —hg —ag ds

eg —cg —fg by dg g —hg —ag

es —cg by —fs —ag dg gg —hg
les —cg —fs bs —hg —ag dg  gs |

(a)

Further, the matrix Cg’ is decomposed into two components:

c” =cl+c, (23)



Electronics 2024, 13, 4165 14 of 19

where

[cs es es es es es es es
eg —Cg (s qs —Cg —Cg —Cg —Cg
es qs bs —fs —fg bs —fg bs

cl) _ |es a8 —fs bs  bs  —fg bs —fs| (o _
8 g

eg —cg bg —fg B g8 —hg —ag ds

es —cg —fs bg dg g8 —hg —ag
eg —cg by —fg —ag dg g8 —hg
les —cg —fs bg i L —hg —ag dg  gg |

Matrix Céb) has the repeated entries in the first, second, third, and fourth columns and
rows, which allows us to reduce the number of operations without the need for further
transformations. After eliminating the rows and columns containing only zero entries in

(c) )

matrix Cg~, we obtain matrix Cff :

88 —hg —ag dg
clo_ |48 g —hs —as
4 —ag dg g8 —hg|’
~hg —ag dg g8
(e)

To process the matrix C,”’, we use the expressions for calculating the entries of a

hy hy hy I
. . . hi ho hz hy
circular convolution matrix Hy = for N =4[29]:
hy hy ho hs
hi hy hy hy
H; = T( )T4X5dzag( (() ),sgo),séo),sé ), (0)>T5X4Tf}0), (24)

where

Sy = (g8+d8 — ag —hg)/4,s§0) _ (gs _dg —ag + hg)/4,s£o) = (gS—O—ag)/Z,séO) = (gS —d8+ lZs—hg)/Z;

Si0> = (gg+dsg+ag+hg)/2;
1 1 11 11 1 _11
1 1 1 0 1 1 1 -1
Ti)z 1 _1 ,Tfl): 1 _1 s Taxs = 1 1 s Toxa = 1 1j.
1 -1 1 -1 1 -1 1

Based on properties of structural matrices [29], the computational procedure for the eight-
point DCT-V is represented by expression

1 1 0 0
Ygx1 = Pg(; )w8><18w§8)W18><19D19W19><18W58)W18><16W16><8P§(3 X1, (25)
where
Wisxi1e6 = IsT1oxs, ng) = IszT( )H2H216/ ng) = IszT( )Hszle/ Wigx1s = I4Tsx4l10, Wigx19 = I3 Tyxs110,

. 8 8 8 8 8 8 8 8 8
1 = g (9,9, 19,9, 5,19, 9, 99,9, 8,9, 9, 8,9 0, 8,9 O,

s = cs,5®) = —cg, sl = (bg — f5) /2,5 = (bg + f5) /25 =5,

A1 = = 80 = 00 = 40D = 2 ==
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Wgy18 =
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1
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1
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1

A data-flow graph of the proposed algorithm of the eight-point DCT-V is presented in

Figure 7. Based on this algorithm, the number of multiplications can be reduced from 64 to

19, but the number of additions is increased from 56 to 61.
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Figure 7. The data-flow graph of the algorithm for computation of eight-point DCT-V.

3. Discussion of Computational Complexity

The computational complexity of the proposed algorithms is evaluated in this section.
The proposed algorithms significantly reduce the number of multiplications in DCT-V
algorithms for a 1D signal with the number of samples in the range from two to eight. At
the same time, the number of additions was increased by an average of 29%. The number
of multiplications was reduced by an average of 57% in the range of number of samples
from two to eight. The results obtained based on the elaborated algorithms are shown in
Table 1. In parentheses, the percentage difference in the number of operations is indicated:
plus means that the number of operations has risen compared to the direct method, and
minus means that it has reduced.

The reduction in multiplications significantly contributes to speeding up the signal
processing since the multiplications are more expensive to use than additions. As a result,
the amount of resources used on the signal processor is significantly reduced, while allow-
ing for easier operation in real time. The correctness of each proposed algorithm is verified
by implementation in the MATLAB environment.

Analyzing the obtained results, we note the following. First, it is necessary to empha-
size that the number of arithmetic operations in proposed algorithms depends on how
successfully the transform matrix can be factorized. And success closely depends on the
structural properties of this matrix. That is why often, in such algorithms, the reduction
in the number of multiplications is achieved by increasing the number of additions. For
example, in the DCT-V algorithms proposed by the authors, the number of additions
increases, and not always delicately. However, if the structure of the transform matrix is
“suitable”, we obtain a reduction in both multiplications and additions. For example, this is
the case with the developed in [28] fast DST-II algorithms.
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Table 1. The number of additions and multiplications of the direct method against the
proposed algorithms.

N Direct Method Proposed Algorithms
Additions Multiplications Additions Multiplications

2 2 4 3 (+33%) 3 (—25%)

3 6 9 8 (+33%) 5 (—44%)

4 12 16 17 (+42%) 7 (—56%)

5 20 25 23 (+15%) 10 (—60%)

6 30 36 41 (+37%) 13 (—64%)

7 42 49 55 (+31%) 11 (—78%)

8 56 64 61 (+9%) 19 (70%)

Secondly, designers usually try to reduce the number of multiplications as much as
possible, even at the expense of a small increase in the number of additions. The problem
of reducing the number of multiplications is especially relevant when designing parallel
VLSI processors. This is because, compared to a hardware adder, a hardware multiplier
occupies a significantly larger area in VLSI, consumes more energy, emits more heat, and
creates a very large delay.

Thirdly, this paper considers DCT-V algorithms for short-length input sequences.
Processing short-length blocks of signals requires less memory to save temporary data,
which is critical for mobile phones and other resource-constrained devices [35]. Fast DCT
algorithms for short-length block handling allow detailed signal processing and reduce
overall system complexity and delay, which is especially useful for real-time applications
such as voice control systems and video conferencing [35].

The development of fast algorithms based on structural properties of transform ma-
trices may be extended to larger input sequences processing in two ways. The first one
is applying fast algorithms for short-length sequences as typical modules in synthesizing
more complex algorithms [1]. Once constructed, the fast algorithms for short-length se-
quences can be successfully applied in various projects to unify the process of developing
the final algorithm. The second way is designing the intelligent system to obtain the
“suitable” matrix structure, for example, with a genetic algorithm applied [36].

4. Conclusions

In this paper, fast type-V DCT algorithms designed for processing short input data
sequences were developed and investigated. Fast algorithms for short input data sequences
are of particular interest because they are subsequently used as building blocks for devel-
oping fast algorithms of large-sized discrete transforms.

As a result of the literature review, two main approaches were identified for designing
fast algorithms for DCT. The structural approach analyzes and considers the compositions
of identical entries, using heuristic tricks to find successful transformation base matrix
factorization schemes [27]. The search for successful factorization schemes largely depends
on the intuition and experience of the designer of such algorithms. The analytical approach
is based on searching and identifying general principles for factorizing the base transform
matrix for arbitrary lengths of the input data sequences. To obtain the fast algorithms for
short-length data processing, we use a structural approach. With its help, we analyzed
the structural properties of the type-V DCT coefficient matrix and found algorithmic
solutions that allow us to reduce the computational complexity of implementing the DCT-V
transform. The calculations we carried out, as well as the comparison of the obtained
solutions with naive calculation methods, prove the usefulness and cost-effectiveness of
the developed algorithms. The resulting factorizations of the DCT-V matrix reduce the
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number of multiplications by 57% but increase the number of additions by 29% on average
in the range of signal sample numbers from two to eight.

As the future development of the research might be the implementation of the de-
signed algorithms to elaboration of time—frequency dictionaries of functions [37,38]. Such
dictionaries allow obtaining a compact representation of signals and images to increase the
performance of their processing [39,40].
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