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OYHKIIUU PETPECCUU U METOJ HAUMEHBIINX KBA/IPATOB
B 3AJAYAX HAPAMETPHYECKOTI'O MOJAEJIMPOBAHUSI
B CUCTEMAX OBMEHA TH®OPMALIUEN AKYCTUYECKUMHU CUT'HAJTAMUA

HccrenytoTest pemieHnss 3aaddl BOCCTaHOBIIEC-
HUS 3aBHCHUMOCTEH METOJOM TIIOCTPOCHHUS (YHKIHU
perpeccuy, METOJIOM HAaWMEHBIIUX KBajapaToB. Pac-
CMaTPUBACTCS OI[CHUBAHUE MAPAMETPOB aKyCTUYCCKHUX
CUTHAJIOB METOJIaMU TapaMETPUUYCCKON ONTUMU3AIIHH.
PaccmatpuBaroTCs METONBI PETYIISIPU3AIUK TIPU PeIlie-
HUHW HEKOPPEKTHBIX 33/1a4 BOCCTAHOBJIICHHS 3aBHCHAMO-

cTell JUHEWHON perpeccuu. MccnenyroTcss BONpPOCH
HACHTH(HUKAINH [IPOLECCOB U alPOKCHMANNH.

KiroueBble ci1oBa: aKyCTHUECKHE CHUTHAIBL,
JUHEWHas perpeccus, HeIHMHEWHas PerpeccHs, MeTOoJ
HaNMEHBIIUX KBaJpaTOB, MapaMEeTPUUECKOe MOAEIH-
poBaHue, KBaJpaTuiHas PyHKIHS [IOTEPH.

Yu.A. Kropotov, N.E. Kholkina

REGRESSION FUNCTIONS AND LEAST-SQUARES METHOD IN PROBLEMS
OF PARAMETRIC MODELING IN INFORMATION EXCHANGE SYSTEMS
BY ACOUSTIC SIGNALS

This paper reports the solution investigations of
dependencies recovery problems through the method of
regression function formations with the least-squares
method. The assessment of acoustic signal parameters
by methods of parametric optimization is considered.
Regulation methods at the solution of ill-conditioned
problems of linear regression dependences recovery are
under consideration. The identification problems of
processes and approximation are under investigation.
The investigation object is acoustic signals. The pur-
pose of the work consists in the development of a sig-
nal parametric model and also in that of algorithms for
the identification and assessment of processes against a
background of interference.

Dependences recovery by methods of a linear
regression and also belongs to the class of ill-
conditioned problems. The incorrectness of a linear
regression is explained by a possible growth of an error

BBenenue

OreHka MMapaMeTpoB  AKyCTHUECKHX
CUTHAJIOB U TIOMEX OCHOBBIBACTCS HA SMIIH-
PUYECKUX pe3ynbTaTaX W3MEpPEHUH, I0Iy-
YEeHHBIX U3 dKcnepumenTa [1]. M3secten psin

in continuous metrics, despite the fact that in a discrete
metrics an error tends to zero.

A peculiarity of the generalization, based on the
method of regression and least squares, consists in the
realization of operators manifesting discrete data in the
space of continuous or piecewise-continuous functions.

The obtained results on the development of me-
thods and algorithms, directed on the recovery of
smooth functions according to discrete data, open po-
tentialities for the solution of problems of local
processing and smoothing both stationary signals and
non-stationary ones, the problems of the analysis of
acoustic signals and speech dynamics, problems of the
analysis of multi-extreme dependences.

Key words: acoustic signals, linear regression,
non-linear regression, least-squares method, parametric
modeling, loss quadratic function.

MCTOHNOB MOJYUYCHHUSA TAKUX OICHOK. K mum
OTHOCATCSl TIapaMEeTPUYEeCKHe M Herapamer-
PHUUCCKHUEC, TPAMBIC W KOCBCHHBLIC MCTOIBI.

AJIFOpI/ITMbI I/IIIeHTI/l(l)I/lKaHPlPl B HCCICIOBAHUAX BPEMEHHLIX PAJIOB M B OLICHUBAHUM

npoueccoB Ha (pOHe MOYTH MPOU3BOJIbHBIX TOMEX

Kak m3BecTHO, pyHKIHS perpeccuu, Ko-
TOpasi 3aBHCUT OT HEKOTOPOTO YHUCJa Tapa-
METPOB, MOXET pPacCMaTPUBAThCS KaK OTO-

OpakeHHe OJIHOTO MPOCTPAHCTBA IIEPEMEH-
HBIX B Jpyroe [2 - 4]. Ilpu sToM 3anaya mo-
CTpOCHUsSI (PYHKIMH PErpecCHr 3aKITI0YaeTCs
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B HAXOX/ICHUM €€ HEM3BECTHBIX MapaMeTpPOB.
be3 orpannueHuss OOIHOCTH 3Ta (YHKUIHUSA
MOXET OBITh 3alKCaHa B BUJE

y(x)=o(x,0), xeR", 6cR™, yeR.

O6o0mmenre 3amayn Ha Ciy4ai, Korja
HpOCTpaHCTBO 3aBUCUMBIX HepeMeHHBIX SIB-

JsleTcss MHOTOMEpHEIM, To ecth Y € RY, oco-

ObIX 3aTpy/IHEHUH HE BBHI3BIBACT.
Ha nmpakTtuke vaiiie Bcero UCoJib3yercs
JTUHEeWHas perpeccus ¢ GpyHKIuen

Y(x) = ((x),0) = éekcpk(x) — 4T (400,

3necs @K (x), k=1...,m, obpasyior
CHCTEMY JMHEHHO HE3aBHCHUMBIX ()YHKIIMH.
T

() = (@09, om ()’
9=(91,...,9m)T. M3BecTHa Takke M KBa3H-

[5],

Bexkrop

JIUHENHAs
bynkuunei
y(9) = 9((9(x).0)).

rae Gyakuus g(y) yroBieTBopseT He0OXo-
JTMMBIM YCIOBHSIM JU(HEpEeHIIHPYyEMOCTH.

perpeccust OIMChIBagMast

[Tapamerper 04,...,0,, Haxoxnarcs B pe-

3yJbTaTe MHUHHMHU3AIMK HEKOTOPOH (YyHK-
MU, 33JaHHOM Ha JIUCKPETHOM MHOXECTBE
HaOMI0IeHUH. DTy 3a7a49y MOXKHO 3aIllicaTh B
3791 (&
Qyy, ¢(x,0).k =1,...,m)— min.

OOBIUHO 3Ta 3amava JOTOIHSETCS psi-
JIOM OTPaHUYECHUH, BBITEKAIOINX U3 YCIOBUM
3a/1a4d WM 00CCTICUMBAIONINX €€ KOPPEKTHOE
u pobactHoe pemieHue. [lpu 3ToM MpUxoaUT-
Cs UMETh JIEJI0 C 3aJla4yeid yCIOBHOM MUHUMH-
3aIlMH. @

B nanpHelinieM B KayecTBE HE3aBHUCU-
MOW TIepEMEHHOH OyAeT, Kak MpaBWIIO, BbI-
CTynaTh OJHOMEpHAas MEpPEMEHHas — BPEMS.
CootBercTBeHHO U 0OasucHble  (QYHKUIUHU
oK (X) Oymyr 3aBUCETh OT OIHOW IMEpeMeH-
HOI1.

B 3amauax nuHEHHON M KBa3sHUIMHEHHOU
perpeccuu 4acTo MCHOJIb3YeTCS KBaJpaThy-
Has QYHKIUS TOTEPh

Q(0) - ,%(y i ~{olx; Jo)f wm Qo) = %(yj ~gl(obx;)0))f -

Munumu3zanus nogo0HsIX (GyHKIUN cO-
CTaBJIICT COJICP)KaHUE METOJla HAMMEHBIIUX
KBaJ[paTOB.

MeTo HaMMEHBIIMX KBAJPAaTOB W JIH-
HeifHas perpeccus MPUMEHSIOTCS B aJlalTHB-
HBIX U 00YYaIONUXCsl CHCTEMaX, alropuTMax
UACHTUDUKAIIMKM, TPH aHAIU3E BPEMCHHBIX
PAZIOB W OIICHMBAHHWH IPOILIECCOB Ha (hoHE
MOYTH MPOU3BOJIBHBIX ToMeX [5; 6]. Bo Bcex
YKa3aHHBIX 00JIaCTSAX HAOII0JAEeMbI CHUTHAJ
y(t) paccmaTpuBaercs, KaK MpaBHIIO, B BHJIC

aJTUTHBHON CMECH OIICHWBAaEeMOI'0 CHTHAJa
X(t)u ciydaitHOH momexw wiau myma N(t):
y(t) = x(t) +n(t).

OneHka cursana Impu 3TOM IpeaCTaBIIs-
eTcsi MHorowsieHoM (1) mo cucreme JIMHEHHO

HE3aBUCHUMBIX Oa3MCHBIX (DYHKITHI {(pk (t)}[n :

(t) = k%ek@k () =0T o(t).

Ecnu onenke mNOAIEKUT BEKTOPHBIN
CUTHQJI Pa3MEPHOCTH [P, TO €CTh BEKTOP
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X(t) = (Xl(t),...,xp(t))T , TO €r0 OLIEHKY MOX-
HO 3aIucarh B
. T
X(t)=0"o(t).

BekTop Ha0MOMaeMBIX JaHHBIX TIPH

3TOM MOXHO allpOKCUMHUPOBATH BBIPAKEHU-
eM

BUIC

o T

y(t) =0 ¢(t) +n(t),

roe n(t) —BekTop momexu, a O — martpuna
KO2(DPUITMEHTOB MHOTOWICHOB:

e11 e1p

0 0
0= 21 2p

eml emp

BekTop ommbku annpokcuMaiiy MOx-
HO 3aIlicath B BUJIE

d(t) = y(t) - y(t) =0  o(t) — y(t).

Ero HOopM™ma omnpenensieTcst BoIpakeHUEM

A= (" o) - y(0.0" o) -y@)



BecTHuK BpsiHCKOro rocy1apcTBeHHOI0 TeXHMYECKOI0 YHHBEPCUTETa

Ne 1(62) 2018

OTtcroga ciieqyer, 4To 3ajada armpok-
CUMaIM 3aKJIKYACTCA B HAXOXIACHHUU MaT-

punsl ©@ ko3 dunmeHToB, odecneunBaronen
MUHHMaJIbHOE 3HAY€HHE HOPMBI OLIMOKM Ha
untepBane 1 . Mcnone3ys unTerpan CTHITh-

eca, YCpeIHEHHOE Ha yKa3aHHOM HHTEpBaJie
3HAYCHUC OI_HI/I6KI/I MOXHO 3armcarb B BHUC
BBIPOKEHUS, CIIPABENIMBOTO KaK ISl HeIpe-
PBIBHOI'0, TaK W IJId OAUCKPCTHOI'O CUTHAJIA:

0r () = (8" () -y (1), 07 0(t) - y () u(dlt).
T
JU1st TUCKPETHOTO CUTHAJIA 3TO BBIPAKEHUE IIPUHUMAET BUJL

0r (0)= 3 (070t) -y () 0 o) -y () 2)

tgeT
Torma omeHKy MaTpHIBl TapaMeTpoOB
MOXHO TIOJYYUTh B PE3yIbTaTe MHUHUMH3A-
1 GyHkimu (2):
® =arg min g7 (O).
(0]

CHGI[yeT OTMCTHUTb, YTO B MPUHIUIIC
BO3MOYKHA ¥ MHUHHUMAaKCHas OI[EHKa TapameT-
pOB:

r

© = min min|d(t)|
0 teT

B nensax obGecrieuenuss poOacTHOCTH 3a-
Jadyyd MHUHHMMH3allUKU, TO €CTh AJIsI CHUIXKCHUA
YyBCTBUTEIBHOCTH PEHICHUH K OONBIIMM
omurOKaM M3MEpEeHHs, PEKOMEHIYeTCs Mpu-
MEHEHUE KBa3UJIMHEMHOMN perpeccun

0, (%)= 3 3 w;0ToW(t) -yt

j=0k=0
r/e B KauecTBe QYHKIMA  j (X) MOTYT BbI-

cTynarh GyHKIUHU XbroOepa, MemankuHa u
Jlemupenko [7], onpenensieMbie COOTBETCT-
BEHHO KakK

X, |x|<c
2¢|x|-c?,|x|>c’

x2
yp(X)=——,c>0
X +C
OneHuBanue mapaMeTpoB  (YHKIUN

perpeccuu OCyIIeCTBIIsIeTCS (PaKTUYECKH Me-
TOJIaMH TIApaMETPHUECKOW ONTHUMU3ALNUU [7;
8]. Tloxoxum crmocoboM B psac Clydacs

MOXKHO PpCIIUTh M 33Ja4y HWACHTU(DHKAIMU
oreparopa A(0) cuctemsl. [lycts, Hanpumep,
HaOmonaembie AaHHble Y(f) oOmHMCHIBaKOTCS
BBIPAKCHUEM
y(t) = A@)x(t) +n(t) .

3nech, Kak M BBIIIC, IIYMbl U3MEPEHHUS
o0o3HaueHbl kKak N(t), a @ — BEeKTOp OLEHU-
BaCMBIX ITapaMeTPOB.

Kputepuii kauectBa MOKHO 3aJaTh BbI-
paxxeHueM

g7 (8) = [(A@)X(t) - y(t), AB)X(t) - y(t)u(dt).
T

[pu 5TOM mapameTpbl HaXOIATCSA B pe-
3y/lbTaTe ero MHHHMH3AIWK. B criydae cuc-
TEM C TMIEPEMEHHBIMHU MapaMeTPaMH OTEPaTop
A(@)MoxeT 3aBUCETh OT psda (QYHKIHIA

OE o(t), TO eCTh
A@)zA@I@ﬁ)k:L“qq)

UMCETb BUJ

Metoabl pery/sipu3alMy NPH pellieHNH HEKOPPEKTHBIX 321a4 BOCCTAHOBJIEHHMS 3aBH-

CHMOCTel JTMHEeIHOH perpeccuu

Ilo cBoemy onpeneneHuo (yHKIUU
perpeccu — 3T0 (YHKIHUU HENPEPHIBHOTO
BPEMEHH, HE3aBUCHMO OT XapakTepa HalJIo-
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JaeMbIX JaHHBIX. Ecimu mocieqHue HMEoT
TUCKPETHBIN XapakTep, TO Ha HHTEpBAJIax
MEXy BEIOOpKaMH TOBe/IeHnEe QYHKIIUUA PEr-
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pecCHMM MOXET OKa3aTbCsl HEKOHTPOJIHPYE-
MbIM. Perienue 3Toi mpobiaeMbl 10CTUTAETCs
IIPUMEHEHUEM COOTBETCTBYIOILEIO PETYIIAPU-
3upyrouiero (yHKIHMOHAa, OMpPEeeIEHHOTO
Ha BCEW BpPEMEHHOW ocu. Perymspusupyro-
IIMMU CBOMCTBaMH 00JIafaloT, Hampumep,
YaCTOTHBIE U MHTETPAIbHBIC XapaKTEPUCTUKU
(GyHKIMH Ha COOTBETCTBYIOIIMX KOHEUHBIX
MHTEpBaJlaX. Tak, pEryIapu3aluil0 MOXKHO
o0ecreynTh OrpaHUYEHUSIMH Ha HHepreTuye-
CKHH CIIEKTP BOCCTAaHOBJICHHOTO CUTHAJIa B
00JIaCTH BBICOKMX YacTOT M (JOPMY CUTHAIA B
L[EJIOM.

Ecnmu mpeobpazoBanue Dypre B3Be-
meHHoit  ¢ynkmumm  X(t) ¢ Becom

ag,te [T, T,]
oy teT, o]

rae 0<ay <a, <1, 0003Ha4UTH KaK

%, (0)= jfw(t)x(t)e‘j(”tdt |

TO COOTBETCTBYIOUINI (YHKIIMOHAN B Yac-
TOTHOW 00JaCTH MOKHO 3aITUCATh B BUJIC

o (Ru0) = W(o)f (o) do.

r7e BecoBas (YHKIHS B YaCTOTHOM 00JIaCTH
YIAOBJIIETBOPSAET YCIOBUIO

o (Ru0) = W0 (o) do.

IIpy anmpokcumamuu C  IMOMOIIBIO
BCIUIECKOB B KaueCTBE OIPAaHUYUBAIOLICH
(GYHKIIMH MOXHO BOCHOJIB30BATHCS BBICOKO-
YaCTOTHOM YacCTbIO Pa3JIOKECHUS

w(t) =

io: §:<X1Wnk >‘Vnk ®,

n=j k=—o0

3anucaB 3Ty QYHKIHUIO B BUJIE

© 0 0 2

Qw = I w(t) 2 Z<X’\Vnk>\|’nk (t) dt.
—0 n=j k=—o0
Perynspusariiio MokHO 00€eCTIEUUTh U C

MTOMOIIBIO0 OTPAHUYEHUH, HATaraeMbIX Ha WH-
Terpo-audpepeHnnaTbHbIE  XapaKTePUCTUKH
GyHKIIUI perpeccuu B Mpeneiax COOTBETCT-
BYIOIIMX WHTEPBAJIOB:

b r .
H(x(0) = f] [dox(t)? + Zfa ] .
a =t
roe d j— HEKOTOpBIC kod(purmentsl. [1omgo6-
HOC BBIPOKEHUE WCIOIB3YETCS, HaIPHUMeED,
IpU OICHKE KavyecTBa CUCTEM aBTOMAaTHYe-
CKOTO peryJIHpOBaHHUS.

CMBIC.H 3TOTO OI‘paHI/I‘IeHI/IH MOXKHO
paccMOTpeTh Ha puMepe GyHKITHOHATIA

H(x(t) = [ (0622 + 0kt

a

OyHKIUS X(t), oOecrieunBaromas JKc-
TpeMajabHOe 3HaueHne (GyHKuuoHana (3), sB-
nsercs  pemieHueM  aud@epeHuanbHOro
ypaBHEHHUS X(t): dozx(t), TO €CTh pPELICHHEM
ypaBHEHHsI Dijepa SKCTPEMAJIbHOM 3ajauu.
Ero oOmee pereHue AMEET BUJI
x(t) = ce 70" 4 c et
9TOOBI OHO B TOYKax & W D ymoBieTBOpsIIO

3aaHHBIM T'paHUYHBIM YCJIOBHUAM, TO HCKO-
MOC 4aCTHOC pCHICHUC

Ecnmn  motpeboBarts,

R(t)= %(X(a)edob B x(b)ed°a>e_d°t N %(_ x(a)e ™40 + X(b)e—doa%dot ,

do(b-a) _ —dg(b-a)

rne D=e e

[Ipunumast Ha 3TOM (GYHKIUM MUHH-
MajdbHOE  3HAYEHUE,  paccMaTpUBaECMBbIi
(GyHKIIMOHAN  SBIIAETCA  XapaKTEPUCTUKOM,
oTpaxkaromei O0aM30cTh (QYHKIMH K KPUBOMH
HKCIOHEHIIMAILHOTO THUIA, MPOXOASIIEH ue-
pe3 3a/1aHHbIe TpaHUu4HbIe Toukd. [Ipu cTpem-
aeHuu ko3 duimenta dy K HyJIIO 9Ta KpUBas

IpeBpamaeTcs B MPSAMYIO JIMHHIO, MPOXOAs-
mryro uepes Touku X(a) u x(b),

- b-t t—a
R(t)= x(a)b_a +x(b)b_a,

32

a (QyHKUMOHAN, ONpeAeNeHHBIH Ha MPOU3-
BOJILHON (YHKIIMH X(t), SIBJISIETCSI MEPOU ee

OTKJIOHEHHMSI OT JTOW JMHUU. AHAJIOTUYHO
(byHKIIMOHATIaM OOIIEro BHIa COOTBETCTBYIOT
muddepeHnmranbaple ypaBHeHHS 00jiee BBICO-
KOTO TOpSJIKA, PEHICHUS KOTOPHIX MOXKHO
cuMTaTh dTaloHamMH. Bce 310 00ycnoBnuBaer
BO3MOYKHOCTh ~ HCIOJIB30BAaHUS  MOAOOHBIX
(GYHKIIMOHAJIOB MPH alpPOKCUMALUU B LIETSAX
NPUIAHUS PE3YAbTHPYIOIUM (YHKIHUAM 00-
Jiee peryssipHOi (POPMBI.

Taxkum 006pazom, CyIecTByeT MHOMXKECT-
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BO pAa3JMYHBIX CIOCOOOB peryJsIpU3aIli,
MPUBOIAIINX K MUHUMHU3ALUUU (YHKIIMOHATIA
BHA

0 =arg min(Q(0)+eQ(x(1),0)),

4TO TpeOYeT, KaK MPaBHIIO, IPUMEHEHHUS YHC-
JICHHBIX METOZOB onTuMu3aruu [9].

TexHuKa peryaspu3anuyd IIHPOKO HC-
MOJIB3YETCSl TIPU PCLICHUH W JIPYTUX HEKOP-
PEKTHBIX 3a/1a4, HAIPUMEP 3aJa4 BOCCTAHOB-
neHus curHanoB [9; 10], cBsI3aHHBIX C pellie-
HUEM HHTETPAJIbHBIX YPaBHCHHM

T h(t=1)x(z)de+n(t) = y(t),

rae Y(t) u n(t) — HaGmogaeMelii Tiporiecc u
IITyM M3MEpPEHUs COOTBETCTBEHHO; X(t) — mc-
KoMblii Tipouiece; h(t) — ummynbcHas QyHK-
1ust (PO ypaBHEHHS). 3a/iada B 3TOM cliydae
CBOIMTCS] K MUHUMH3AIUHU (DYHKIIMOHATA

3akaroueHne

Oco0eHHOCTh 0000IIEHHS, OCHOBAHHO-
roO Ha METOJC PErpecCMd W HaUMCHBIIHUX
KBaJ[paTOB, 3aKJIFOUACTCS B PealU3alliy OIle-
paTopoB, OTOOPAKAIONIUX TUCKPETHBIC JTaH-
HBIE B IIPOCTPAHCTBE HENPEPBLIBHBIX WIH KY-
COYHO-HEIPEPBIBHBIX (PYHKIIHH.

[Tonmy4yeHHble pe3yabTaThl IO pa3padboT-
K& METOJOB M aJTOPHUTMOB, OPHUEHTHPOBAH-
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2
rae A-x= [ h(t—t)x(t)dr.
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