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DEVELOPMENT OF WFTA BASED ON THE HASHING ARRAY

Context. A method of efficient computation of DFT using cyclic convolutions for sizes of integer power of two has been considered.
The further development of Winograd Fourier transform algorithm based on a hashing array has been proposed. The research object is the
process of the reformulation the basis matrix of DFT into the block-cyclic structures. The research subject lays in the technique of the
reformulation the basis matrix of DFT for sizes of integer power of two into the block-cyclic structures.

Objective. The purpose of the work is the analysis of the structure specifics the left-circulant submatrices of the basis square matrix

W, for sizes of transform N = 2’ using the hashing arrays.

Method. The article considers a technique for the efficient computation of DFT using cyclic convolutions for sizes of integer power
of two, which is based on the cyclic decomposition of substitution. A hashing array has been proposed for the compressed description of the
block-cyclic structure of discrete basis matrix and for the efficient computation of DFT for sizes of integer power of two.

Results. A generalized block-cyclic structure of discrete basis matrix for the efficient computation of DF using cyclic convolutions for
sizes of an integer power of two based on the hashing arrays has been determined. The proposed technique is relevant for concurrent

programming of DFT and for its implementation in parallel systems.

Conclusions. A general block-cyclic structure of basis matrix of DFT is regularly formed with an increase in the value of the exponent
of two and is recommended for use in practice when developing the efficient means of DFT. The prospects for further research will include
the formation of block-cyclic structure of basis matrix of DFT for arbitrary sizes.
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NOMENCLATURE

CC - cyclic convolution;

DFT — discrete Fourier transform;

FFT — fast Fourier transform;

LC - lefi-circulant;

WEFTA — Winograd Fourier Transform Algorithm

a,, — arguments of the functions of the discrete
exponential basis;

D(n) — hashing array;

D’(n) — simplified hashing array;

d,.J. — element of a subarray of a hashing array;

d T simplified element of a subarray of a hashing array;

g — primitive root;

k — number of subarrays of a hashing array;

L, — number of elements in a subarray

m — number of multiplications;

N — length of transform;

n — size of the hashing array;

p — prime number;

s — number of additions;

W, exponential basis of discrete Fourier transform

X(k) — output data of discrete Fourier transform;

X1(k) — real part of output data of discrete Fourier
transform;

X2(k) — imaginary part of output data of discrete Fourier
transform;

x(n) — input data of a finite length N of a discrete signal;

Zc(k,n) — matrice of signs of the cosine functions of the
discrete exponential basis;

Zs(k,n) — matrice of signs of the sine functionsof the
discrete exponential basis;

Y — set of the substitutions.

INTRODUCTION

DFT is one of the main concepts in information technology.
According to this concept a periodic or an irregular signal is

© Prots’ko I. O., Teslyuk V. M., 2018
DOI 10.15588/1607-3274-2018-2-15

presented in the form of combinations of pure frequencies,
which are widely used in different electronic systems. Efficient
algorithms of DFT — FFT are widely used in many fields of
science and technique. There are numerous variations of FFT
algorithms that use properties of periodicity and symmetry of
the basis of DFT [1, 2].

Another direction of development of the efficient
algorithms is a possibility of computation of FFT through
cyclic convolutions [3, 4]. In 1968 C. M. Rader proposed the
possibility of effective computation of DFT of prime length
N via cyclic convolution of length N—1 [5]. Further
development was presented by Winograd Fourier Transform
Algorithm [6, 7] especially for transformation of the size of
power of p — prime number. Winograd algorithms use the
data reindexing, where the specific reordering is based on
Chinese remainder theorem, the properties of the direct
product of matrices and fast cyclic convolution algorithms.
Algorithms of DFT using convolutions are collected and
thoroughly considered in the books [8, 9].

The purpose of the work is the analysis of the structure
specifics the left-circulant submatrices of the basis square
matrix W, for sizes of transform N = 2’ using the hashing
arrays.

1 PROBLEM STATEMENT

Initial data of the efficient algorithms WFTA are: x(n) —
input data of a finite length N = 2i (i > 2; n=0,1,..., N-1); m —
numbers of real multiplications, s — number of real additions for
computation X(n) output data of DFT through fast cyclic
convolutions. However, WFTA algorithms lead to some
irregular structures of basis matrix of DFT. This complicates
the application of algorithm into actual software or hardware
implementation and accordance the number of operations m, s.

The task of research is to develop a reformation of basis
matrix of DFT to the regular left-circulant structures. The
efficient technique of the reformation the basis matrix of
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DFT for the computation through the cyclic convolutions
use the hashing array D(n) with the parameters: n — a size of
an hashing array; k — a number of a subarrays of a hashing
array; Li — a number of elements in a subarray. The values £,
Li define the minimum amount and sizes of the cyclic
convolutions and the correspondence of the number of
operations m, s of the efficient algorithm.

2 LITERATURE REVIEW

WEFTA has important theoretical result for computational
complexity of DFT algorithm. It took some effort to translate
the theoretical algorithm into actual software or hardware
implementation. Therefore, these algorithms are researched
and updated by many authors [10-13].

The developed in detail of WFTA by S. Zohar in [14, 15]
the algorithm is presented by a series of sequential tables,
which are convenient, compact, graphical representations
of the sequences of arithmetic operations. The one-out-of-
nine part of the paper [14, 15] sufficiently proves the basic
DFT of algorithms for N = 8, 16 sizes. In the developed
tables for N = 8, 16 there are the complications due to the
fact that N= 2" (i > 2) has no primitive roots. In the developed
of WFTA by S. Zohar there is a complication due to the fact
that N = 27 (i > 2) has no primitive roots. Non-primitive
elements of the cyclic group generate only a part of the set.

In the paper [14, 15] has been considered a modification
of the relabeling scheme to handle this with the case N = 16
= 2% The primitive root g = 3 generates half of elements in
the interval (I, N) of these with powers (mod N). Applying

this (r = gp mod N), and (s = g5 mod N) for other half with
elaborate definition o the author gets the following matrix
as shown in Table 1.

In view of the complexity of the present case, the Table
1 is obtained in two stages. As a result, for S. Zohar of DFT
the algorithm of size N = 16 needs m = 36 numbers of real
multiplications or m = 20 numbers of real multiplications
(with excluded from count multiplications by 1 and j) and
s = 148 number of real additions.

There fore the DFT of the size of N = 2/ (i > 2) has no
primitive roots. Non-primitive elements of the cyclic group
generate only a part of the set. Thus, the efficient technique
of the reformulation the basis matrix of DFT into the block-
cyclic structures for the computation through the cyclic
convolutions needs to use another forms.

3 MATERIALS AND METHODS

DFT is based on the sum of the product of the input
signal values and the complex trigonometric functions. DFT
directly is computed by the equation given below

N-1
X(ky= Y x(m)Wy"™, k=0,1,., N-1,
n=0
where Wy, = exp(-j 2 n/N); X(k), x(n) output and input data
of a finite length N the discrete signals. The discrete
exponential basis W), of the DFT (1) may be represented by
the real and the imaginary parts

M

X(k)=X1(k) +x(0)—- jX2(k), k=0,L..,N-1, (2
where
N-1
X1(k)= Y x(n) cosQnkn/N), k=0,1,..,N-1, (3
n=1
N-1
X2(k)= Zx(n) sin(2rnkn/N), k=1,.., N-1. (4)
n=1

All the N of DFT components X(k) can be obtained after
computation of X1(k) and X2(k) parts (3).

The efficient FFT algorithm using cyclic convolution is
based on the decomposition [16] of the matrices of the real
X1(k) and the imaginary X2(k) parts of DFT taken separately.
Let us analyze the arguments of the functions the discrete
exponential basis W,,

agp=knoy, k=L.,N-1, 5)
and especially the integer (k n) components, without
oAy = 2n/ N.

Table 1 — The LC structure of basis matrix of arguments DFT for size N = 16

s’ 0: [ 4 [8 [12: [2: [6: [10: [14: [15 [13: [7: [5 [1: [3: [9: [1I:
: [0 0 0 0 0 0 0 0 0 0 0o 0 0 0 0 0

& |0 0 0 0 8 8 8 8 12 4 2 4 4 12 4 12
8 |0 0 0 0 0 0 0 0 8 8 g8 8 8 8 8

12: o 0 0 0 8 8 8 8 4 2 4 12 12 4 12 4

22 |0 8 0 8 4 12 4 2 14 10 14 10 2 6 2

6 |0 8 0 8 12 4 12 4 10 14 10 14 2 6 2

0: [0 8 0 8 4 12 4 2 6 2 6 2 10 14 10 14
4: |0 8 0 8 2 4 12 4 2 6 26 14 10 14 10
15 |0 12 8 4 14 10 2 1 3 9 11 15 13 7 5

13: |0 4 8 12 10 14 2 6 3 9 m 1 137 5 15
72 |0 12 8 4 1410 2 9 i1 3 7 5 15 13
55 |0 8 12 10 14 6 noo1 39 5 15 13 7

|0 8 122 6 10 14 15 13 7 5 1 3 9 1
33 |0 12 8 4 6 2 14 10 13 7 515 3 9 11 1

9: |0 4 8 122 6 10 14 7 5 15 13 9 11 1 3

m: [0 12 8 4 6 2 14 10 15 13 7 111 3 9
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Basis functions W, are periodic of N. Therefore,
according to the periodic property the matrix of arguments
X (kn) of the basic functions contains the components

X,(k,m)=[(k nymodN |=|dy |, k=L...N~1.(6)

each parts (3, 4) respectively is equal to the matrix of
arguments

(1(N —1)) modN

(2(N -1)) modN

X, (k=" 7 7 7 ™
((N-1)1)modN, ...,((N —1)(N —1)) modN

Arguments d, of the basic functions of DFT is the
decomposition of group representations <N-1, ¢ > for prime
N, where o — is the group operation (6). In accordance with

Cayley’s theorem [17] the use of the substitutions { ‘¥,

Y, , ¥s...., ¥y_ .} of according rows/columns the matrix

(7), where algebraic structure <W, O > with o — the
substitution operation, is isomorphic to structure <N-1, ¢ >.

In result, the D(n) cyclic decomposition of substitution y;

is formed. Using of cycle notation, we can write in the form

Dny=(d 1415 11 1 Ny e - o) iy 158105 -y 1> (8)
where & — a number of a subarrays, dij — an element of a
subarray, L, — a number of elements in a subarray, n — a size
of an array. The form (8) is a short representation of the set
of left-circulant submatrices (LC) in the structure of basis
matrix of DFT and will be called hashing array D(n).

Let us consider the hashing array D(n) for indexing rows/
columns of the matrix of the arguments (7) of DFT for sizes N
= 2. The properties of symmetry and periodicity of DFT basis
leads to decrease of values representing components of d,
of LC submatrices with the supplement of the respective
submatrices Zc(k,n) and Zs(k,n) of signs, which contain the
value of elements +1,—1, 0 (indicate short +,—, 0). The simplified
matrix components of the arguments d’, is determined for
sizes N=2' through a sequence (9, 10) of operations:

d'y ,=N—(dy , modN) , if (dj , modN)>N/2;(9)

N/4~(dy_, modN —N/2),
if  N/8<(dj,modN—N/2}<N/4;
'y =1 N/4-[N/2~(d}_, modN —N/2)], (10)

if 3N/8<(dy, ,modN—N/2}<N/2;

dy , » otherwise.

+1, if 3N/4< ¢, <N/4;
Zelkn)=1 0, if ¢ ,=N/43N/4; 1)
-1, if N/d<q,<3N/4.

+1, if 0<¢, <N/2;
Zs[k,n]=4 0, if ¢, =0,N/2; (12)
-1, if N/2<¢,<N.

The subarrays of D(n) reproduce Hankel circular
submatrices in the structure of a basis square matrix W,
what leads to computation of cyclic convolutions Z(n)D’(n)
and input data x(n). For example, DFT for the size N = 16
have the hashing array:

D(15)=(8)(4,12)(2,6)(10,14)(1,3,9,11)(15, 13,7, 5).
Using the property of symmetry of DFT the simplified
hashing array D’(8) contains the simplified components d’,

, that supplements by respective components of signs
Zc(k,n) and Zs(k,n) components:

D(N=0)#)(2,2)(1,3,1,3),

ZC(7) = (1) (O) (+a 7) (+a +- 7)& ZS‘(7) = (O) (+) (+a +) (+a +- 7)'

Applying hashing array D(15) we reduce and define the
following matrices of simplified arguments of basis with
addition of sign for the cosine part as shown in Tables 2, 3, 4.

In summary, the developed algorithm of DFT for size N =
16 leads to the computation of one four-point cyclic
convolution and two two-point cyclic convolutions. This
needs m = 8 number of real multiplications for real input data

Table 2 — The matrix of simplified arguments of basis for the

cosine/sine part, N =16

: | 2: | | | 3: |
0 0

—

_— W = W NN R O -

O | = o N &| o7,
© © o o o o o o2
A A A A 0 0 © Ok

6: 1:
0 0
8 4
4 2
4 2
2 1
2 3
2 1
2 3

NN NN R R ®
—_— W = W NN
W = W= NN RO

—
— et

Table 3 — Complementing matrix of sign for the cosine part

" 0: [4 [2: [6: [1: [3: [9: [11:
0: 1 1 1 1 1 1 1 1

4: 1 1 -1 -1 0 0 0 0

2: 1 -1 + - + -

6: 1 -1 _ 4

1: 10 o+ - o+ o+ - -

3: 10 - o+ o+ - -

9: 1 0 + — _ _

1m: |10 - + - + -

Table 4 — Complementing matrix of sign for the sine part

OJ0 T4 22 [e [ [3: [9: [
0: [0 0 0 0 0
4 o o 0o 0 41 -1 41 -l
22 [0 0o 41 -1+

6: |0 0 -1 41+

1: 0 +1 + + + -
310 -1+ o+ = -

9: |0 o+ o+ o+ - -

m: o -1+ o+ -+ -
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x(n) or m = 16 for complex input data x(n) before m = 20 of
real multiplications for S. Zohar of DFT the algorithm with
excluded from count the multiplications by 1 andj. As result,
the comparison of the Table 1 and Table 2 of the left-circulant
structure of basis matrix of arguments DFT for size N = 16
indicates that basis in Table 2 consists entirely of block-
cyclic matrix structures.

4 RESULTS

Let us consider the specifics of the structure the LC
submatrices of the basis square matrix W, for sizes of
transform N = 2. Being based on substitutions of matrix
rows/columns of data components of arguments the basic
functions of DFT are formed by the hashing arrays D(n).
The examples of the hashing arrays D(n) and D’(n), Zc(n),
Zs(n) (excluded (0) elements) are presented. For N=32 the
hashing array consists of k=4 subarrays:

D@31)=
=1,39.27,17,1925,11)(5,15,13,7,21,31,29.23)2,6,18 22)(10,30,26,14)4,12),
(20,28)(8,24)(16).

The simplified hashing array with the decrease values of
elements d’,  of the arguments (11) correspond to: D'(31) =
=(1,39,5,15,13,7,11)(5,15,13,7,11,1,3,9X2,6,14,10)((10,2,6,14)4,12)(124)
(8,8) (10).

The reduced simplified hashing array with the decrease
values of elements d’, of the arguments is represented:

D’(15)=(1,3,9,5,15,13,7,11) (2,6,14,10)(4,12)(8)(16),
D(15)=(1,3,7.5,1,3,7,5)(2,6,2,6) (4,4) (8) (0),
and complemented with according arrays of signs
ZC(IS) = (+a +, ) +a T +, 7) (+a +a ) 7)(+a 7) (7l)a
ZS(IS) = (+a +, +a T Ty Ty T +) (+a +a B 7) (+a +) (+) (0)
The left-circulant structures of basis matrix of arguments

of DFT for size N = 32 for the real or the imaginary part is
presented in Table 5.

For N = 64 the hashing array consists of £ = 5 subarrays:
D(63)=
=1,3927,1751,25,11,33 3541,5949,19,5743)(5,1545,721,63,61,55 37 47,13,

39,5331,29.23)2.6,18,5434.38,5022)(10,30,26,14:42,62,58 46)4,12,3644)
(20,60,52,28) (8,24) | (40,56) (16,48) (32).

The reduced simplified hashing array with the decrease
values of elements d’,  of the arguments is presented:
D’(31) =
(139271732511 312923 515197212618 103026 142)4 1228 0(3A(16)32

D’(31)=
=(1,3,9,5,15,13,7,11,1,3,9,5,15,13,7,11)(2,6,14,10,2,6,14,10)
(4,12,4,12)(8,8) (0),

ZC(3 1) = (+a +a +a BERE) +a B +a T T T +a +a B +a 7) (+a +a B
+a R +, 7) (+a +a ) 7) (+a 7) (71),
ZS(3 1) = (+, +, +a +a +a B +a +a R +a B 7)(+a +a +a )

— = = ), A+ = ) () (0).

The hashing array D’(n) of DFT for size N=2' (i>2) could
be described in general form:

D'(27-1)=D’ {271} D*,{272}...D’, {21} D", {2%},(13)
where D’ {number of elements of the arguments} (=I....,k)
of hashing subarrays. Therefore, the general structure of
basis matrix of DFT for the real or the imaginary part can be
represented in form of Table 6.

Analysis of the structure of submatrices in basis matrix
of DFT in Table 5, 6 defines, that some LC submatrices have
first row in the form of the reiteration the group of elements,
because the simplified hashing subarray D’(n) has the form:

Dy =(d 1> d 25 - D ipp g1 g -5 d ) (14)
and respectively we have the reduction of the size of cyclic
convolution in twice.

The conversion of DFT into left-circulant structures is
performed on the basis of the hashing arrays. As a result,
block cyclic structures of basis matrix of DFT for sizes N =
2" can be described by the versions of the hashing arrays as
shown in Table 7.

Table 5 — The LC structure of basis matrix of arguments DFT for size N = 32

J 0: [ 1: [3: [9: |5 [15 [13: [7: [11: [2: [6: [14: [10: [4 [12: [8:
0: |0 [0 0 0 0 0 0 00 00 0 0 00 0
4 o [1 3 7 5 1 3 75 2 6 2 6 4 4 8
8 |0 |3 7 5 1 3 7 5001 6 2 6 2 4 4 8
12: [0 [7 5 1 3 7 5 13 2 6 2 6 4 4 8
22 |o |5 1 3 71 5 1 307 6 2 6 2 4 4 8
6 [0 |1 3 7 5 1 3 75 2 6 2 6 4 4 8
10: o [3 7 5 1 3 7 5001 6 2 6 2 4 4 8
4: |0 (7 5 1 3 7 5 13 2 6 2 6 4 4 8
15 |0 |5 1 3 7 5 1 37 6 2 6 2 4 4 8
13: [0 |2 6 2 6 2 6 26 4 4 4 4 C 16
72 |0 |6 2 6 2 6 2 6 2 4 4 4 4 8 8 16
55 |0 |2 6 2 6 2 6 2 6 4 4 4 4 G 16
|0 |6 2 6 2 6 2 6 2 4 4 4 4 G 16
32 [0 |4 4 4 4 4 4 4 4 8 8 8 8 16 16

9: |0 |4 4 4 4 4 4 4 4 8 8 8 8 16 16

1m: o [8 8 8 8 8 8 G 16 16 0 0 16 16 0
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Table 6 — The left-circulant general structure of basis matrix DFT for size N = 2"

D {2} D,(2°
D,(2°)
D,1{2"} D,(2%
D{2"7} D,(2°
D {2} D,(2°
D,(2°)
D2 D2y D,(2")
D’,(2°)
D, {2% D’,(2°%)
D’,(2°%)
D2 o D2 D,(2°%
D’,(2%
Dya{2") D,(2°)
D’,(2%
D{2"} D,(2%
D,(2°)
Daz{zn—Z} D,2{2n72}
D, 1{2'} Dy Dy Dy Dy Dy Dy D, 1{2"}
D, | | | | | | | | D,
Table 7 — The versions of hashing arrays D(2"-1) of DFT for sizes In case, DFT for sizes N = 32 = 2° has such versions of
N=2" hashing arrays:
The versions  Hashing arrays D(2"-1) 3) D(2571):
=H15252917219,13)3,1511,23,1931, 27,72, 10,1826X63022, 14Y420)8) 24 1228)
n-2) DQ-1)  Dy{2"%) Dy{2" %) D5 (2"} Duf2") .. (16).
Di2 {2y Dt {2'y Dif2°; The structure of processing module is shown in Fig.1,
n-3) DQ'=1)  Di{2"} Ds{23) Dsf2"%) Daf2") that computation of cosine or sine part of DFT of size N = 2"
Ds{2" 1 Ds{2"™ .. D2 {23 D {21 D {2°); corresponds to the Table 6 and defines the half of output
data.
The matrix structure of DFT for size N = 2" defines serial-
1) D2"-1) Di{2"YDy (2" ..D 22"y Dy 1 {2°) ... D {2°); parallel combination in the U of the results of cyclic

convolutions (CC) for sizes N =2/, i=2,3,...,n—2 (Fig. 1). The
implementations of efficient computation (CC) use
availability of the fast convolution algorithms [3].

W [D(m)]
] . B AN
L CC 2n2p. Xk] = r >
A - E= 1
22z | A — > X[k]
£ > —
cC 2"3p. F573 I n U
— p Szl 1 cc{2""} )
5 ) /I :
,2 =] |________.I 1
N CC 2%p. 2 T g: j ccpty :
a — 4 oa&8= ——— :
% ?E‘gé L ‘ 1
- xEeE o \ 1
CC 22p. <& @yl
— P ] )I b |
U - vector union —_—> '—-r""‘ ——%—————%
— CcC2%. CC -  cyclic convolyer i
T | b)

Figure 1 — Structure of processing module for a) concurrency and
b) sequential computation of cosine or sine parts of DFT for size N = 2"
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The performances of the computation using general
block-cyclic structure of basis matrix DFT is an advantage
of the proposed developed WFTA. The representation of
the structure of basis matrix of DFT via hashing arrays
covers the whole structure and is not studied separately as
the developed of WFTA by S. Zohar.

The developed algorithm of DFT for size N = 32, 64, 128
leads to the computation with the numbers of real
multiplications m = 24, 68, 198 for real input data x(n) with
excluded from count multiplications by 1 and j. In case, we
use the fast cyclic convolution algorithms with a minimum
number of multiplications. The minimum known the numbers
of multiplications have the so-called split-radix algorithm of
DFT for an arbitrary fixed N=2"[18]. The numbers of
multiplications of our solution are less in the comparison
the split-radix FFT with the numbers m = 34, 98, 258
represented in [19] as shown in Fig. 2.

300
200

100
0 l—|_|'|_|_|'

32,m 64.m 128 m

O Our

Figure 2 — Comparison of our solution and [19] by the numbers of
multiplications of DFT for size N =32, 64, 128

5 DISCUSSION

The computation of real or the imaginary parts of DFT
traditionally is executed during three sequential stages: pre-
processing, processing, post processing. The computation
of cyclic convolutions includes all multiplications of
algorithm DFT using of cyclic convolutions on processing
stage. The number of arithmetic operations on the basis of
this approach is largely dependent on the choice of fast
cyclic convolution algorithm (with a minimum number of
multiplications or the balance of the operations the additions
with the multiplications, and so on).

The proposed algorithm is more flexible in the comparison
with the conventional algorithms as it can be applied for
realization with length of any power of two. The analysis on
the level of simplified hashing array D’(n) with supplement
of respective subarrays of Zc(n), Zs(n) signs reduces the
amount of computation of cyclic convolutions. The
formulation of DFT into left-circulant structures has been
found to be very efficient for hardware implementation using
VLSI technology [20].

Separate computations of cyclic convolutions (Fig.1),
on which we structure the basis matrix of DFT according to
the hashing arrays D(2"—1), and the combinations of
convolutions results make the proposed technique
important for concurrent programming and for its
implementation in parallel systems.

CONCLUSIONS

The article represents the formulation technique of the
efficient algorithms of DFT based on the cyclic convolutions
for sizes of integer power of two. The developed algorithms
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are more general than the Rader-Winograd algorithms. The
article is further development the algorithm of WFTA by S.
Zohar for length of power of two. The number of arithmetic
operations on the basis of this technique is defined of fast
cyclic convolution algorithms. We have good results in the
comparison with of well known algorithms of FFT in case
using the fast convolutions with a minimum number of
multiplications.
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PO3BUTOK ABII® HA OCHOBI TBIPHOI'O MACHUBY

AkTyanpHicTb. Po3misinyro Meron edektuBHOro obuncineHus JI1P 3 BUKOpUCTAHHAM LUKIIYHUX 3TOPTOK It OOCATIB LILIOT CTEeneHi JBa.
IpoananizoBaHo nofaibIINiA po3BUTOK AnroputMmy Binorpana neperBopenns ®yp’e Ha ocHOBI TBipHOro MacuBy. O0’€KTOM HOCHIIKEHHS €
npouec pedopmyoBanns 6asucHoi matpuni AP B 610uno-nuKIIYHI CTpYKTYpH. [IpeamMeT 1ociifkeHHs 1oysrae B MeTo i peopMyItoBaHHs
6asucHoi matpuni AP obcsriB 1inoi crenexi ABa B 6JOYHO-LUKIIYHI CTPYKTYpH.

MeTa po00oTH IOJIArae B IPOBEJEHHI aHAaIi3y 0COOIMBOCTEH PO3MIILEHHS JTiBO-IUPKYISHTHUX MiIMAaTPHLb B CTPYKTYpi 0a31CHOI KBaapaT-
HOT MaTpuLi W, anis 06csris nepeTopenHs N = 2/ Ha OCHOBI BUKOPMCTaHHS TBIPHUX MacHBIB.

MeToz. Y cTaTTi po3mIsAacThest MeTonuka eexTuBHoro odouncienHs 1P 3 BUKOpUCTAHHAM LUKIIYHUX 3TOPTOK IS 00CSTiB PIBHUX LTI
CTemneHi JBa, 10 0a3yeTbCs Ha LUKIIYHOMY PO3KJIAJi MiJCTAHOBKH. 3alPOIIOHOBAHO 3aCTOCYBAHHS TBIPHOTO MAacUBY JUISl CTUCJIOTO OIMCY i
00uMCIIeHHsT OJOYHO-LUKIIYHOI CTPYKTYpH AUCKpeTHOI Oa3ucHoi MaTpuui JAI1d obcsri ninoi cremnexi asa.

Pe3yabraTn. BusHaueHo 3arajnbHy OJOYHO-LMKIIYHY CTPYKTYPY AMCKpETHOI 6asucHoi Matpunui ans edexkruBHOro obuucnenns AP 3
BUKOPUCTAHHAM LHUKIIYHUX 3TOPTOK JUIsi 0OCATIB LiIOI CTEeNeH] Ba Ha OCHOBI TBIPHMX MAacUBIB. 3aIpOIIOHOBAHA METOJMKA aKTyajbHa AJIs
napaienbHoro nporpamysanss JAI1® Ta peanizawii B napaneabHUX 00YUCTIOBAIBHUX CHCTEMAX.

BucHoBkH. 3aranbHa 0104HO-LMKIIIYHA CTPYKTypa 6a3ucHoi MaTpuni AI1D peryaspHO HapoLy€eThes 31 30UIbLICHHIM 3HaUEHHS TI0Ka3HUKA
LiIoi cTemneHi JBa 1 peKOMEHIYEThCS ISl BUKOPUCTAHHS Ha NPAKTULl IpH po3pobui epexTuBHux 3acobis JI1P. IlepcrnektyBu mopanbmux
JIOCIIIKEHb BKIIFOYATUMYTh (HOPMYBaHHS OJIOYHO-IUKIIYHUX CTPYKTYp 6asucHoi Matpuui JI1M 1 10BUTBHEX pO3MIpiB.

Kiro4osi ci1oBa: mBuke nepersoperns yp’e, anmroput™ BiHorpana neperBopenns Oyp’e, TBipHHIT MacuB, OIOYHO-IHUKIIIYHA CTPYKTY-
pa, MUKIIiYHA 3TOPTKA.

IMpousko U. E.!, Tecmok B. M.?

'Kanz. TexH. HayK, TOLEHT Kadeapsl HHHOPMAIMOHHBIX CHCTEM U TexHOoruii, HarmonanpHblii yHEBepcHTeT “JIbBUBCHKA MOJTUTIXHUKA,
JIpBUB, YKpanHa

JI-p TexH. HayK, podecop Kadeapsl aBTOMATH30BaHHBIX CHCTEM yIpaBieHus, HanmoHansHbli yHuBepcuTer “JIbBHBChKA MOJIUTIXHUKA,
JIbBUB, YKpanHa

PABBUTHE ABII® HA OCHOBAHHUHU OBPA3YIOLIEI'O MACCHUBA

AKkTyajbHOCTb. PaccmoTtpen meron 3ddextrBHOro BeruncneHus AP ¢ ncrnonp3oBaHUEM MUKIMYECKUX CBEPTOK JUI JUIMH PABHBIX LIEJION
cTerieny JBa. [Ipoanann3upoBaHo ganbHelIIee pa3BuTHE anroputMa Burorpana npeodpasoanust @ypbe Ha OCHOBAHHH 00Pa3yIONMIEro MacCHBa.
O06’€eKxTOM HCCIeN0BaHNUS €CTh Iporece pedopMynupoBaHus OasucHoi Matpupl 1D B GnovHO-IIMKIMUEcKe CTPYKTYpHI. [Ipeamerom nceneno-
BaHMSA €CTh METOJ pedopMyarpoBanus 6a3ucHoi MaTpunsl AI1D st 1miH paBHBIX [ENOH CTETICHH [jBa B OJIOYHO-IIUKINYECKHE CTPYKTYPHI.

Lesab padoThbI 3aKIrOYacTCs B IPOBEICHUH aHAIN3a OCOOCHHOCTEN pa3MEIIEeHHs JIeBO-IIUPKYIITHTHBIX MOAMATPHIL B CTPYKType 0a3uCHON
KBaIpaTHOH MaTpHIE! ¥, 1 JumaH npeobpasoanms N = 2/ ¢ HCITOMB30BaHHEM 00pa3yIONIKX MaCCHBOB.

O06’ekToM HOCHiMKEHHs € mporec pehopmynroBanHs 6a3ucHoi marpuii AP B Gnouno-tmKkIiuHi crpykTypu. [IpeaMer mocmimkeHHs
mossirae B Metofi pehopmynroBanust 6aszucHoi Matpuii JI1d obcsri minoi crerneHi ABa B GI0YHO-IUKIIYHI CTPYKTYPH.

Mertoa. B cratee paccmarpuBaercst Meroauka 3¢ ¢exrusHoro Berauciaerus 1P ¢ ucnomb3oBaHHEM NUKINYECKUX CBEPTOK NS JUIHH
PaBHUX IIEJOH CTETICHU JjBa, OCHOBAHHAS Ha IIMKIMYECKOM Pa3IOKEHHHU MOACTAaHOBKH. [IpeioxkeHo NCIonp30BaTh 00pasyomuil MacCHB AT
C)KaTOTO OMMCAHUS M BBIYUCICHNS OIIOUHO-IIUKIMYECKOH CTPYKTYpBI AUCKPETHOH Oa3ucHoi Matpuis! 11D nimH paBHUX IENON CTETIeHH /IBa.

PesyabTaThl. OnpenencHa 06001meHHas OIOYHO-IIMKINYECKask CTPYKTypa AUCKPETHOH 6a3MCHOI MaTpHbl 11 3P QeKTHBHOro BIUUCTE-
Hust JIT1O ¢ ucnonp3oBaHUEM IUKINYECKUX CBEPTOK JUIS IUIMH PABHBIX LIEJIOH CTENICHN JJBa HA OCHOBAHWH 00pa3yronux MaccuBoB. [Ipemoxen-
Hasi METO/IMKA aKTyaJlbHa IS TapauieabHoro nporpammupoBanns AI1® u peannzanum B mapaienbHbIX BEIYUCIUTENBHBIX CHCTEMAX.

BeiBoabl. O6mias 6109HO-IIUKIMYECKast CTPYKTypa 6a3ucHoi Matpuist 11D perynspabiM o6pa3om popMupyercs ¢ yBeIUdeHHEM 3Hade-
HUSI TOKA3aTelIs LIeJI0H CTENEHH! JIBa M PEKOMEHTyeTCs IS HCIIOJIb30BAHNUS Ha MPAKTHKE IPpH pa3padoTke 3¢ dpextuBHbIX cpeacts AI1P. [Tepcnek-
TUBBI JATbHEHIINX HCCIEIOBAaHUN OyIyT BKIIFOUaTh (POPMUPOBaHKE OIOYHO-IIUKINIECKHX CTPYKTYp 6a30Boii Matpuis! JII1D s mpon3BonsHBIX
pa3MepoB Ipeobpa3oBaHHUS.

KaroueBnle cioBa: OvicTpoe mpeodpas3oBanne Dypoe, anmroput™m Bunorpama npeobpasosanust Oypee, obpasyroomuii MaccuB, 6JI09HO-
LOUKJINYECKasi CTPYKTypa, HUKIMIECKasi CBEPTKA.
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