MATEMATUYHE MOJIEJIIOBAHHA TA YHMCEJIBHI METO/JI

KIBEPHETMKA
a KOMM'IOTEPHI
TEXHONOTi

Hasedeno egexmusHuil 3a weuokooicio aneo-
PUMM O0OYUCAEHHS NEePBUHHOI OYIHKU Chekmpa-
JbHOI  WinbHOCMI  CMAYIOHAPHUX — epP2OoOUYHUX
BUNAOKOBUX NpOYECi8 13 HYIbOBUM CepeOHiM
3HAYEHHAM 3  3ACMOCYBAHMAM  ANCOPUMMY
LITI®. Ompumaro oyinku nOXubOKU 3A0Kpye-
JEeHHs. ma HeyCy8HOi NOXUbKU HAB8e0eH020
ancopummy.

Knwwuoei cnosa: nepeunna oyinka cnekmpaib-
Hol winbhocmi, weudke nepemeoperus Dyp’e,
Oouckpemne nepemsopenns Dyp’e, noxubka
3A0KpY2ieHHs, NOXUOKA 3a0aH s BXIOHUX OAHUX.
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Beryn. IlIBuaki anroput™Mu po3B’s3aHHS 33a1a4 CIIEKTpa-
JILHOTO 1 KOPEJIALIMHOTO aHaji3y BHUIIAJKOBUX IPOLECIB
TIOYaJH 3’ SIBIIATUCS, B OCHOBHOMY, Tricist 1965 poky, xomun
B O0YHCITIOBAaJIbHY TPAKTHKY YBIHIIOB aJITOPUTM IIBU-
koro neperBopeHHs ®@yp’e (IUIID) [1, 2]. I3 #ioro mos-
BOIO OYJI0 po3p00JIcHO Psifi OOUHCIIOBATIBHHUX AJTOPUTMIB
MIPUCKOPEHOTO PO3B’sI3aHHS JEesSKUX 3amad mudpoBoi 00-
poOKu curHainiB, moOyaoBaHi eEeKTUBHI 3a IIBUAKOIIEO
ANTOPUTMH OOYHCIIEHHSI TAaKWX OIIHOK iIMOBIPHICHHX Xa-
PaKTepUCTUK O0’€KTIB KEpyBaHHS, SIK OLIHOK 3TOpPTOK,
KOpeNAinHuX (PyHKIIN, CIeKTpaIbHUX MIUTEHOCTEH CTa-
LIOHAPHUX 1 JESIKUX THUIIIB HECTAI[IOHAPHUX BUIAJIKOBHX
mporecis [2, 3].

PosrissHeMo e(eKTHBHUN 3a IIBHIKOMIEID aAJTOPUTM
o0YMCIIeHHS TIEPBUHHOI OIIHKA CHEKTPAIBHOI MIITHHOCTI
CTalllOHAPHUX EPrOJAMYHHUX BUIIAJIKOBHX IPOIECIB i3 HY-
JLOBUM CEpellHIM 3Ha4eHHsM. Haifuactime ams #oro o0-
YHUCJICHHSI BUKOPUCTOBYIOTH METOJ] MPSIMOTO II€PETBO-
penHsa Oyp’e 3 BukopucTtanusaMm anroputmy IO [2, 3].
HaHa ctaTTs mpoJOBKYE JOCHIHKEHHS 1 OOTpYHTYBaHHS
OTO METOJAY B HAIpPSIMKY OTPHUMAaHHS OUIBII SKiCHUX
OLIIHOK ITOXUOOK 320KPYTJICHHS.

1. ITocranoBka 3agaui. Hexait x(t) — BumaaxoBuii cra-

LIOHAPHUH eprofWYHHU MpoIiec 3 HYJIBOBUM CEpEIHIM
3Ha4yeHHsM 1 3afgaHa BuOipka X, =X(t,), v=0,N-1, 3
HOXUOKOI0 0, , TOOTO
X, —%,|<8,, v=0,N-1. (1)
OniHka CHEeKTpaJbHOI LIITBHOCTI BH3HAYAETHCS CIIiB-
BiJTHOIICHHSM [2, 4]

hi~ 2
Sx(K)=Sc(@) =X - k=ON-1, @

ne h — kpok mo uacy, )Zk =X (o) — mucKpeTHe mepert-
Bopenuss ®yp’e (JAIID) mouarkoBoro curnamy X(t),
o, =k/(Nh), k=0,N-1.
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st obuuciieHHs >2k , k=0,N -1, 6ynemo BukopuctoByBatu anroputm LITID [2, 5]

N-1
X=X (o) = Y %, Wy, 3)
v=0

ne k,v=0,N-1, W =e N .
Bimomo [2], mo eBkitijoBa HOpMa OLIHKH MOXUOKHU 3a0KpyrieHHa anroputmy LIIID obumcnenHs

5 5 (N-L N-1 v .
Al X ={Xk}0 yis N=2", y>0 — wine, Mmae BUIIISIT

curnany X ={X, },

|Ex|. <8-1.06-7-27"

‘X“E “)

Je T — KiJIbKICTh JABINKOBUX PO3PS/IIB Y MAHTHCI YKCTa A7l OOUMCIIEHb Ha KOMIT I0TEpi B pEXUMi 3 Tia-
BAIOYOI0 KOMOIO.
[lepBunHa omiHka cnekrpanbHoi minbHOCTI Sy (K), kK=0,N —1, mo BH3HAYa€THCS y BUIIISAAL CITiB-

BiTHOMIEHHS (2) € TOCHUTH «TPYOOIO», OCKITBKU BiI0OYBAETHCS BETUKE «IIPOCOTYBAHHS €HEPTii» uepes «0o-
KOBI TIEITFOCTKI [2].
PosrnsHeMo anroputy, akuii 1o3Boisie oouncmoBat S, (K) [1]. OCHOBHI KPOKH anropuT™My.

Kpoxk 1. «HabuBka» L Hymsmu Buxigsoi mocmimoHocti X, v=0,N; =1, tak mo6 N; =N +L =27,
v >0 — mine, y Bunanky, skuo N # AR
Kpok 2. OGuucnenns (3a oszHakor) 1D Xk , k=0,N; -1 orpumaHOi mOCHiZOBHOCTI X,
v=0,N; —1, 3rigHo cniBBiHOmMEHH (2) 3 BUKOpUCTaHHAM anroputmy LTI,
Kpox 3. O6uncnenns S, (K), k =0,N; —1 3rigHo cniBigHomenHs (1).
Kpox 4. Kiners.
Binomo [2, 6], 1m0 omiHka moBHOT aOCOOTHOT MOXHOKKH E HaOMMKeHOTO po3B’sI3Ky 3ajadi Mae BH-
LIS
E<Ey +Ey +E;, (5)
ne Ep — ominka HeycyBHOi moxmOKu po3B’s3Ky 3aj1ayi ab0 MOXMOKH 3a PaxyHOK HETOYHOCTI BXIJIHMX
nanux, Ey, — ominka noxubku mMerony, E; — ominka moxuOkM 3a0KpyriieHb, 10 BUHUKAE NPH peatizanii
OOYHCITIOBATILHOTO AJITOPUTMY Ha KOMIT FOTEP.
OCKINBKY PO3MIISIA€THCS 3a/1a4a O0UHCIICHHS CaMe OIIHKU CIIEKTPAbHOI MIUTBHOCTI, 8 He caMoi crie-
KTpanbHOi minsHOCTI, T0 Eyy =0. Toni
E<E, +E;. (6)
B po6orti oTpriMaHi OIIHKKM MOXUOKHU 3a0KPYTJICHb Ta HEYCYBHOI MOXHUOKH HABEJIEHOTO AITOPUTMY
obuncnenns S,(k), k=0,N-1, (muB. cniBBimHOmeHHsa (3)), IO BHUHUKAIOTH NPH peaiizamii Ha

KOMIIT OTepi JIJIsl KIIACUYHOTO MPaBHJIIa 3a0KPYTIICHHS JUIsl OOYHMCIICHHS B PEXKHUMI IJIABAIOY0i KOMH 3 T
pO3psAIaMH Y MAHTHUCI YKCIIa, 3 YPaxyBaHHIM MOXUOKHU 3aaHHs BXiAHUX AaHuX (1).

Ouninka noxudoku E aaropurmy odumciaenns S, (k), k=0,N —1. IToznaunmo fl(*) — pesynbrar
O0YHCIICHHS BHPa3y, KUl CTOITh y MYXKKaX, Y PEKUMI 3 IJIABAIOUOI0 KOMOK 3 T PO3psIaMHU Yy MaHTHCI

YUCoa,

* ”E — eBKJIiIoBa HOpMa. CripaBeiMBa TeopeMa.
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Teopema. Hexait N=2", y>0 —mine, X, =X(t,), v=0,N —1 — HaGminkeHO 3a/aHi 3HaYCHHS BU-
MaIKOBOTO CTAI[iOHAPHOTO eprogudHoro mpoiecy X(t) 3 HyJIbOBHM CepeHIM 3HAYCHHSM, VIS SKHX Ma€e
micue criBBigHOIIeHHS (1).

Orinka eBkninoBoi Hopmu noxuoku E ob6umcnenns S, (K), k=0,N —1, srizHo Bupasy (2) 3a gomo-
Moroto anroputmy T mis pexumy 3 MIaBalOY00 KOMOIO 3 T PO3pAAaMH Y MaHTHCI 4YKcia Ma€ BU-

T
2

| €, “E <8.1,06-y-27- h-[1+1,06-2‘T (16y+\/ﬁ)](||)?||E +[6] ) @

Hosedennsn. GakTHIHUM 3HAUCHHAM OLIHKM crieKTpanbHOi minbHOCTI S, (K), k=0,N -1, mo Bu-

3HAYAETHCA CITIBBIIHOMICHHSM (2), TpH OOYMCIICHHI HOTO Ha KOMIT FOTEPi B PEXKHUMI 3 TUIABAIOUOI0 KOMOKO
3 7 PO3psAAaMH y MaHTHCI 4yuciia Oyje Bupa3

(S, (k) = i (%\ka :%\Xk +Eg (0 @re(k) s%[\)ﬁkf " El(k)j, (®)

ne Ey (k) = Ey P MOXHMOKa 3a0KPYTIICHHS O0YMCICHHS >2k anropurmom LTI, & (k) — MMoXuOKa 3a0-

KpPYTJICHHS, 1[0 BUHUKA€ IPH MHOXeHHI 1Box uucen [7], E;(K) 3 TounicTio 10 BeNMYHHM JPYroro mopsi-

Ky Manocti BiHocHO & (k) Ta Ey (k) Bu3HauaeThcs BHpasom:

1 (k) = 2[ Xy |- [Eg )+ R [ w1 (k). )

Ockinbku 3amaHi HaOmwkeHi 3HadeHHs X,, v=0,N -1, BunagkoBoro curnaiay X(t), cmiBBigHo-

meHHs (8) 3 ypaxyBaHHIM HaOJIMKEHOTO 3aaHHsl BXiHUX JdaHuX (1) Oyae MaTtu BUIJISA
h ~A 12
fl(S, () < X[ B |, (10)

e >Zk — JI® curnany X,, v=0,N —1, ra orpumaemo Bupa3 nisa BuzHauenHs E (k), k=0,N -1.

V!

3rigno (1), mnpeacraBumo: X, =X, +9,, v=0,N—-1. Toxi wmarTs Micue CHiBBiJHOIIEHHS:
=X +0 1 E)Z,k = E)?,k + ES,k . I3 (8) 3 TOUHICTIO IO BEIMYMHHU JPYTOro MOPSAKY MAJIOCTI BiTHOCHO

Xy
E)?,k’ s Ta &(k) orpumaemo

2

2 A 2 2 |a A 12
fI(SX(k))s%( Xic+ 8| +|Eg , +Es) Xi| 2 X | +[8i[

)2 (1+sl(k))s%{

2 2 2 2 A
+2|X, +2|X, X, sl(k)+2‘XkH6k‘sl(k)+

‘E:
X

+2‘8'<HE>?,I<

‘Eé,k‘+2‘8k“E8,k‘+

k

[ m0] = X2+ B0
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e
E, (k) =‘>2k Zgl(k)+2‘>2k‘ (‘Sk‘Jr‘Ei,k‘* ‘Esvk‘+‘8k‘sl(k))+
+z\sk\(
h

zw)zﬁ{if+ﬁ(m]

BuzHaunMmo OIHKY H Es, HE — noxu0ku 3aokpyrinenns oobuncnenus S, (kK), k=0,N -1, 3 Buxopuc-

(11)
+‘E8,k D + ‘Sk ‘2 g1 (k) + ‘Sk ‘2 .

E.
X,k

Ilo3Haunmo

taHHAM anroputMy LITI®. 3rigwo (4)
H Es, HE <8-1,06-y-27"-

2HE ' (12)

Jmst omiHKM “2“E i BEKTOpaMH X, X, 8, g, 6ynemo posymitu (N x N )-matpuri, mepmi psaku

SIKUX CHIBIAJAl0Th BIJMOBIIHO 3 KOMIIOHEHTaMHM BKa3aHMX BEKTOPIB, a PEIITa €JICMEHTIB JOPiBHIOIOThH
uymo. Toxi [7]

A h NG ~
el < { <. e )
e
~ ja) 2 ol A A N
84 = %], et +2] %] (Il ], + 1Esle *[Ble el )~ 2Bl ([ el )+
B el +19].
BpaxoByroun, mwo [ <1,06-27", orpumyemo
leafl < VN -1,06-27%,
3rigno (4)
HEH <8.1,06-y-27°|X
T : (13)
”ES“E <8-1,06-7-27" S“E.
BukopucToByrouu Toii akT, mio
| %] <VN-[Rle. (14)

OCTaTOYHO OTPUMYEMO

1 -1||g v -1

B <1052 B 157 ) 2 O (1208 208 D)«
+[0[ (1+2,06-27 16y +N)

Ta

2l <[1+1.08-2 @61+ JN) ([, +[ole )" )
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[TincraBuBmu (16) y criBBinHomeHHs (12), oTpuMyeMo OLIHKY (7).
Teopema noBeieHa.

Hacaigok 1. 3 TOYHICTIO 10 BEJIUYMHHU JPYTOrO MOPSAKY MAJIOCTi BITHOCHO 2 ' BUKOHYETHCS CITiB-

BIIHOIIECHHS

&g, | <8:1.08-y-h-27 (|, +||5||E)2. (17)

Hacuainok 2. V Bunajky, xomu o, =0, Tomi X, =X,, v=0,N —1 ouinka (7) Oyae MaTi BUIJI]

VA

IEs e =| Es, | <8-206-v-27-h-| x|¢ [1+1,06- 27 16y +N) |, (18)

a00, 3 TOYHICTIO 10 BENMYHHH JIPYrOro MOPSIKY MaloCTi BifHOCHO 2,

|Ess, ] <-8-2.06-v-h-27 x| . (19)

OCHOBHMMH XapaKTEPUCTHKH HABEACHOT'O arOPUTMY OOYMCIICHHS IEPBUHHOI OL[IHKH CHEKTPaJIbHOI

IIUTBHOCTI € TOYHICTH Ta OOYMCIIOBAIbHA CKIIAHICTh. B po0OTI OCHOBHA yBara mpuiieHa aHaji3y TO4-
HocTi. 30KpeMa, JOCIIiKeHa OLiHKa MOXUOKH 3a0KpyrieHHs E;, mo BuHMKae npu peanisalii 00umCIIIo-

BaJILHOTO aJITOPUTMY Ha KOMIT IOTEPi JUIS KIACUYHOTO MPaBHiia 3a0KPYTIICHHS, UIsl OOUUCIICHb Y PEKUMI
MUIaBal0vY0i KOMU 3 T PO3psIaMH B MAaHTHUCI YHcTa.
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Introduction. Fast algorithms for solving problems of spectral and correlation analysis of random pro-
cesses began to appear mainly after 1965, when the algorithm of fast Fourier transform (FFT) entered computa-
tional practice. With its appearance, a number of computational algorithms for the accelerated solution of some
problems of digital signal processing were developed, speed-efficient algorithms for calculating such estimates
of probabilistic characteristics of control objects as estimates of convolutions, correlation functions, spectral
densities of stationary and some types of non-stationary random processes were built.

The purpose of the article is to study a speed-efficient algorithm for calculating the primary estimate of
the spectral density of stationary ergodic random processes with zero mean. Most often, the direct Fourier
transform method using the FFT algorithm, is used to calculate it. The article continues the research and sub-
stantiation of this method in the direction of obtaining better estimates of rounding errors.

Results. The research and substantiation of the method in the direction of obtaining more qualitative es-
timates of rounding errors, taking into account the errors of the input information specification, has been con-
tinued. The main characteristics of the given algorithm for calculating the primary estimate of the spectral den-
sity are accuracy and computational complexity.

The main attention is paid to obtaining error estimates accompanying the process of calculating the prima-
ry estimate of the spectral density. The estimates of the rounding error and ineradicable error of the given algo-
rithm for calculating the primary estimate of the spectral density, which appear during the implementation of
the algorithm for the classical rounding rule for calculation in floating-point mode with t digits in the mantissa
of the number, taking into account the input error, are obtained.

Conclusions. The obtained results make it possible to diagnose the quality of the solution to the problem
of calculating the primary estimate of the spectral density of stationary ergodic random processes with a zero
mean value by the described method and to choose the parameters of the algorithm that will ensure the required
accuracy of the approximate solution of the problem.

Keywords: primary estimation of spectral density, fast Fourier transform, discrete Fourier transform,
rounding error, input error.
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