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1. BBEOEHUE
B Hacrosimiee BpeMs HOBBIE BO3MOKHOCTH,
MpelOCTaBIeHHbIE pa3paboTYNKaM CO CTOPOHBI
JJIeMEHTHOW  0a3pl, pa3peuIyiii  3HAYUTETHHO

NOBBICUTH MPOU3BOIUTEIBHOCTh CPEICTB HHU(POBOM
obpabotku curnanos (ILIOC) u pomuthcst Apyromy,
aNbTEPHATUBHOMY  TOAXOQY K  HOCTPOCHHUIO
BBICOKOIIPOHM3BOUTEIEHBIX BBIYHMCITHTEILHBIX
cucteM. OCHOBHas NpUHOMITHAIBHAS O0COOEHHOCTD
3TOT0 TMOJAXOJa COCTOMT B TIOCTPOCHUHM TaKUX
cpeactB  o0OpaboTku  HH(pOpPMAanWH,  KOTOpHIE
BCJIEJICTBHE HEKOTOPOI M30BITOYHOCTH, 3AJI0KEHHOM
B HX AapXHUTEKTypy, JOIMYCKAlOT BO3MOYKHOCTh
IPOTPaMMHO  PEKOHCTPYHPOBATBCS  OT  OJHOTO
amroputma 1[OC x gpyromy. Taxoit moaxon
MO3BOJISIET pa3padaThIBaTh OTHACIBHBIC yCTPOWCTBA
cpazy mia menoro kiacca 3amad 1[OC. Xemanwme
uMeTh Ooliee YHHBEpCaJIbHBIE CPEACTBA MPHUBENO K

CO3/IaHUIO0 aHaOr0-nU(POBHIX, MPOrpaMMHO
YIPABIAIOIIAX MPOIIECCOPOB, KOTOpBIC B
JambHeWlIeM Havyadd Ha3blBaTh  CUTHAIBHBIMH
mporeccopamu (CIT).

Jlo HacTosero BPEMEHH B  alTOPUTMAaxX

nudpoBoii 00paOOTKH CHUTHAJIOB, KOTOPBIC OBLIH
pCaIN30BaAHbI B CHUTI'HAJIBHBIX mpoueccopax,
OCHOBHBIMH  OIEpalisMUA  OBUIM  YMHOXCHUE,
CJIO’)KEHUE W BbIYMTaHUE. BhIYMCiIeHUs] HETUHEMHON
(yHKIIME B oOmepanusx JeJIeHUS, HU3BICUCHUS
KBQJIpaTHOTO  KOpHS,  IOJIy4eHUs  OOpaTHOMU
BEIMYMHBI, BCTPEYAMCh KpailHe peaKo, He Ooiee
5% obmero umcna omepanuid. IlosTomy oTH

OIIEpaLUH BHIIOJIHAIACH IPOrPAMMHBIMUA METOAAMH,
YTO CYNICCTBEHHO HE CHIDKAIO OBICTPOACHCTBHSA
CIl. C mosiBIeHHEM HOBBIX, OoJiee CIIOKHBIX
anroputMoB [1], B KOTOpBIX 3TH oOIEpaluu
SIBIIIIOTCS. OCHOBHBIMH, BO3HHKJIA MOTPEOHOCTh HX
pealuzallid Ha amnmnapaTHOM YPOBHE, IOCKOJIBKY
POrpaMMHBIE METOIBI CTald TOPMO30OM Ha IIyTH
nmoBeIieHuss TiponsBoguTenbHocTr CII. B atmx
aNropuTMax TpeOyercs aHaAJIM3UPOBATh
SHEPreTHYECKHH  CIEKTP CUTHANa, BBIYUCIATH
MOJYJIH KOMIUICKCHBIX YHCEJI, OTPaHNYUBATh KaKOi-
mbo mapamerp cHurHajga (amIbITyIy, YacToTy)
IyTeM JIeJIeHHUs Ha KOHCTaHTy [2] u np. UHorma atu
Olepaluy BCTPEYAIOTCsS OJHOBPEMEHHO, HalpHMeED,
anroputM (a3opasHOCTHON MOAYJALUH, YTO €IIE B
OonplIel CTENEHU BIUSET HAa MPOU3BOAUTENHEHOCTD
CII. Ananu3upys BBILIECKAa3aHHOE, MPUXOIUM K
BBIBOAY, YTO BECbMa AaKTyalbHbIM CTAHOBUTCS
BOIPOC TIOMCKAa HOBBIX METOJOB BBIUMCICHUN
YacTHOTO, OOpaTHOW BEMUYMHBI M CHOCOOOB HX
peanu3anuy.

2. MOCTAHOBKA 3A0AYU

B mudposoit GuibTparuu METOIBI BRIYHCIICHUS
CBEPTOK HMEIOT SIPKO BBIPAXKEHHBIA LUKINYECKUI
XapakTep. TO 03HAYaeT, YTO OHU BBINOJIHIIOTCS HE
OJIMH pa3, a MHOTOKpaTHO B nukie. Hampumep, mis
MOJyuYeHUs]  BBIXOJHOTO  OTcueTa  1udpoBoro
¢unpTpa HEOOXOJMMO MHOTOKPATHO MEPEMHOXATh
BXOJIHBIC OTCUETHI Ha KO3((PHUIMEHTHI, a pPe3yibTaT
CyMMUPOBaTh B HakalUIMBarolmeM cymmarope. U,
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HECMOTpA HA TO, 4YTO A OoJpllIeT0  YHCA

OTIepaH/I0B (oTueroB CUTHaJa) HaiiieH
5GQEKTUBHBI ~ WHCTPYMEHT  BBIYUCICHHH — —
anroput™M  Obictporo  mpeobpasoBanus  Dypse,

KOTOPBI 3HAYMTENHLHO COKpallaeT YHCIO TaKUX
LUKIOB, UMEHHO 3TH MHOTOKPATHO BBHIMIOJHSEMBIE
CJIO)KCHUSI, BBIUMTAHUS M YMHOXXEHUS ONPEACTSIOT
OBICTPOJICHCTBIE CHUTHAIIBHOTO Tporeccopa. Takum
00pa3oM, 4TOOBI HE YCIOXKHSITh apXUTEKTYypy M HE
yMeHpmaTh  ObicTponeiicteue  CII,  anroputm
NEJIEHUs, CIIeyeT peaJu30BBIBATh IPH TOMOIIN
3THX JK€ ONepallii Ha OCHOBE OBICTPBIX METOJOB.
Cpenun MHOTOUHCICHHBIX METOJIOB  YCKOPEHHUS
orepary JAeNIeHHs, OCOOBIl WHTEpeC BBI3BIBAIOT
CUHXPOHHBIE METOABl YCKOPEHHS, BBITIOTHIEMbIE
“00XOAHBIM” TMYTEM C HCIIOJIB30BAHUEM OIEpaIlluu
yMHOXeHus. [1oaToMy, U pelieHns mocTaBIeHHON
3a/1a4d, HeOOXOUMO TTPOAHATN3IUPOBATH N3BECTHBIC
CHHXPOHHBIC METOJIbI, IO3BOJISIIOIINE BBIYUCIATH
YaCTHOE C MCMOJb30BaHUEM OMNEpalNil YMHOXKECHHUS,
CIIO’)KEHUS ¥ BHIYUTAHUSI.

3. AHAJIU3 CUHXPOHHbLIX METONOB

U3BecTHBI METOABI JICNCHHS, TPEIIIOKECHHBIC
Credpanemnu [3], OCHOBY KOTOPBIX COCTaBJISIOT
HECKOJIbKO ~ QJITOPUTMOB  TOJY4YeHHs] OOpaTHOMN

1

BEJINYUHBI E JIBOMYHOTO JIEITUTEIIS C

PaCIOJIOXKEHHOTO B Auamna3zoHe Mexny 1/2 u 1. Ot
METOABI MOTYT OBITh PACIIUPEHBI U JISI BEIYUCIICHIS
YaCTHOTO OT JCTICHUS ABYX YHCEIL.

DopMUpOBaHUE YACTHOTO

1
QNC

MPOM3BOJUTCS B JiBa 3Talla — BHAyaJle 4YacTHOC

BBIpa0aThIBacTCsI B BHJE JBOWYHOIO 4YHUCIA C

M30BITOYHBIM TIPEACTABIICHUEM ITHGP, 3aTeM OHO

peoOpa3oBBIBACTCS B MPOCTYIO IBOUYHYIO (OpMY.
B u30BITOYHOM TBOMYHOM YHCIIE

X=x-2"+x,-27+...

B KauecTBe LU(P X, HCIONB3YIOTCA, BOOOIIE

roBops, 00BIe TOJIOKHUTENBHBIE
OTPHIIATENBHBIC [ENBIC YUCIIA.

OcHOBHasi Wyess METOAa COCTOUT B TOM, dYTO
W30BITOYHBIE TTUQPBI TOIOUPAIOTCS TAKUM 00pa3oMm,
4TOOBI CyMMa YJIEHOB, CTOSIIIUX B OJIHOM KOJIOHKE, B
TOYHOCTH DAaBHSIACH EIUHUIE, T.e. OYEPECIHOMY
paspsay mpoussencuus C-(Q. B pabore [3]
OIHCAaHO MAaTPUYHOE YCTPOMCTBO, KOTOPOE BEChbMa
IPOMO3/IKOE, 9YTO BBI3BAHO, B IIEPBYIO O4Yepe/b,

i

OOJBIITIM THAITa30HOM BO3MOXKHBIX 3HAUCHUH TTHD.

Crnemyrommii paccMaTpUBaEMBIi METOJT
Ha3bpIBAlOT “‘TapBapACKOW HTepanueil”. 9TOT MeTox
MOXXHO TIPUMEHSTh TOJHKO B TOM Cllydae, €Clid
apupmernyeckuit  moxynbp CII  oOpabatwiBaeT
HOPMaJIM30BaHHBIE OINEpaHAbl ¢ (PUKCHPOBAHHOM
3aIIATOH, MPHYEM TEKYIIHEe MHOKUTEIH HCITONB3YIOT
3HAKOBBIA pa3psy Kak HHPOPMaITHOHHBIH.

3anumiem GpopMyITy A BRIYHCIEHHUS YaCTHOTO:
N
C:B’ N<D, D=0, (1)

rae N — nenumoe, a D — nenutens. Ilockonpky D —

HOPMaIM30BaHHOE  4YUCJIO, TO  OHO  MOXET
1
W3MEHSATLCS B JIMANA30HE E+1 . OTcroga uucio
D MOHO 3amicarh B BUJIE:
D=1-x, 2

rae x — gonoiHenue K 1 mgiug uucna D. IlogcraBus
3Hauenue D B popmyny (1), momyunm:

c-2_ 3)
1—x

B dopmyne (3) uumcnimrens W 3HaMEHaTEINb
YMHOXUM Ha (l+x), Toraa

N(l+x).

1—x?

C= )

Tak xak, cormacHo ¢opmynsl (2), 9ucIo X

1
W3MEHSETCS B JUAala3oHE O+E , TO X’ Oyner

1
W3MEHSETCS B HMANa30HE 0+Z . Yactaoe C, u3

¢dopmyner (3), YMHOXKHM 7 Pa3 Ha CONPSHKCHHBIE
MHOKUTENN 3HAMEHATEIS:

N+ x)- (1 x2) [+ 62

C= )
1—x
1
Ecnu x usmensercsa B guanaszone | 0+— |, To
2" 1
X Oymer M3MEHAThCA B JUAaNa3oHe O+7
2

) 1
OueBHUIHO, YTO hm—" = (. 3HauuT 3HAMEHATENb
n—om 22

B ¢dopmyne (5), mpu n —> oo, crpemurcs k 1.
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Otcrona BeIpakeHue (5) MOKHO 3aIiucaTh B BUIE
CzN-(1+x)-(1+x2)-...-(1+x2""). (6)

Takum 00pa3oM, TPyIOEMKOE JICIICHUE 3aMEHEHO
Ha yMHOXCHHE, YBEIMYCHHBIX Ha EIUHUIY,
nmornoaHeHuH. Jlnmsa  yBenwdeHus OBICTPOACHCTBHS

n—1

2
apudmernueckoro moxayist CII, 3nauenue |\l + x

MOXHO TIOJy4YaTh W3 TaOMUIl. OTOT METOx
[eNIeco00pa3HO HCIONB30BaTh B apU(pMETHUYCCKUX
omokax CII, rme pa3psagHOCTH oOmnepaHia He
MpeBhIMaeT 8§ OUT, B OCTANBHBIX JK€ CIydasx OH
MIPOUTPHIBAET B OBICTPOAECWCTBUU U O0OPYIOBaHHUU
merony HeroToHa.

Jamee, nans BeramciaeHus dYactHoro B CII,
paccMOTpUM BO3MOKHOCTh TPUMEHEHHS OBICTPBIX
WUTEPAIlMOHHBIX  METOOB. B pabore [4]
WTEpalMoOHHbIN MeToa HploToHa ObLT BBIOpaH ISt
oTiepaliid W3BICYCHHS] KBAJAPATHOTO KOPHS, UYTO

IIO3BOJINUIIO 3HAYUTCIIBHO YBeJII/I'-II/ITL
MIPOU3BOAUTEIHHOCTh apU(PMETHIECKOTO  MOJYJIIS
CII. MHMcxomd w3  BBIIIECKA3aHHOI'O, OLIEHHUM

BO3MOXHOCTb TIPUMEHECHHSI UTEPAIIMOHHOTO METOAa
HeroToHa 111 BBIYUCIIEHUS YaCTHOTO.
W3 paboter [5] m3BecTHO, uTo MeTon HproToHa

WIM  METOJ  JIMHeapH3alUd  ONpPEeAeIsIeTCs
(hopmyoii:
Xn+l = Xn - fgxn)a
1) )
f(x,)#0, n=012,.
ITycTs wacTHOE:
c=2-v.1 dxo ®)
d d

rae d — genutens; b — nemumoe. IS BBIUKMCICHHS

1
00paTHOW BENWYWHBEI JCITATEISA ; =y WM A
pelIeHus] ypaBHEHHS

f)=y"-d, )

ucnonb3zyem popmyny (7):

-1
y, —d
Yot =V =7 2 =V '(2—d-y,,), (10)
(=1)-»,
TOE Vn HadaJlbHOE TPUOMIKECHUE, Vy+; —
NpUOJIMDKEHHOE 3HAYCHHE OOpaTHOW BEIMYUHBI

nemurens d. [lomcTaBnss 3Ha4YCHUE V,+; B GOPMYITy
(8) momyunm mpubIMKeHHOE 3HaYeHne yacTHoro C:

Czb.ynﬂzb'yn.(z_d'yn) (11)

W3BectHO

[31,

Z=y-y", tne y - TpUONMKEHHBIH KOPEHb

qTo JJIA MOrpeIHOCTU

ypaBHeHus (10), uMeeT MECTO COOTHOLICHHUE:

Zn _ f//(y*)
2/(v")

lim—;
n—>0 Zﬂ

(12)

daktuyeckn cootHommenue (12) o3HadaeT, 4TO
Ha KaXIOW WTEpaluy IMOTPEIIHOCTh BO3BOIUTCS B

KBa}Z[paT, T.C. YUCJI0 BepHBIX 3HAKOB KOpHH
A

y'Z[BaI/IBaeTCSI. EC.]'II/I " ~ 1 . TO JICT'KO
2f\y

MI0Ka3aTh, YTO INPH |Z | < 0,5, nocae AT — mmecTu

UTEpalyii MOrPEeIHOCTh CTAHET BEIMYMHON MOpPsIIKa
2% D10 HaWMeHblIEC BO3MOKHOE 3HAYCHHE
MOTPEIIHOCTA NPU BBIYUCIIEHUSAX Ha COBPEMEHHBIX
OBM naxe ¢ yIBOGHHOH TOYHOCTBIO. 3aMETHUM, UTO
JUISL TIOMYYEHHUS CTOJb MaJioi MOTPEIIHOCTH B
METOJIe JAUXOTOMHH TOTpeboBanock Obl Oomee 50
uTepanmi [5].

Meron HbroToHa cxoAauTcs € KBaJApaTUYHOM
CKOPOCTBIO, UTO 3HAYUTENIBHO BBIIIE, YEM B IPYTUX
MeTomax (METON TMPOCTOW HTEpaIlié CXOIUTCS CO
CKOPOCTBIO T'eoMeTpudeckoi mporpeccun). Kpome
TOro, OH HMEET BBICOKMHI IIOKa3aTelb TOYHOCTH
BBIUMCIICHUH, npu OTHOCHTEIBEHO MaJjioM
KonmuecTtBe urepauuid. Iloatomy meron HeroTona
Hanbojee MOAXOAUT B KadecTBe 0a30BOro ist
BEIYMCIICHUST YaCTHOTO W OOpaTHOW BENWYHMHEI B
apupMETHICCKOM OJIOKE CUTHAIILHOTO TPOIECcopa.

4. OCOBEHHOCTHU NPUMEHEHWUA

B OGonpmuHCTBE cioyyasx B apu(METHUECKHUX
onokax CII ans omepanmoB ucnonssyercs Gopmar c
(UKCUPOBAaHHOW 3aIIATOW, KPOME TOro, Ha JFOOOH
AITOPUTM, KOTOPBIN peanuzyercs B
apudmernyeckom Onoke CII, HakIaabpIBaIOTCSA
JKECTKHE BPEeMEHHBIE OTPaHMUYCHHUSI, YTO UMEET CBOU
0COOEHHOCTH  IPU  peajM3alud  aJropuT™a
BBIYHCIICHHE YACTHOTO.

Hns Beruucnenus yactHoro C no ¢gopmyne (8), B
¢dopmaTe ¢ (PUKCHPOBAHHOW 3amATOH, HEOOXOAMMO,
4TOOBI BHINONHAIKMCH yeiaoBus d >bu d #0 . Kak

W TP BBIYHCICHWHW KBagpaTHOTO KOpHA B [4],
BBIYHCIICHHE OOpaTHON BEIHMYMHEI E Tpebyer

Hopmanu3anmuu d. Torma dopmymy (8) 3ammmem B
BUJIC:
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b-H 1
=2=—°=b-HO-—/, (13)

d d-H, d
e d =d -H, — HOpManM30BaHHBII JEIHUTENb,

o /
KOTOpBI mM3MeHsercss B auanasone 0,5<d’ <1.
Teneps 0OpaTHyI0 BEIMYMHY V, ., MOXHO 3alUCaTh

CIIeIyIoNUM 00pa3oMm:

Yan=v, 2-d"y,) (14)

Kon HOpManu3zauuu  Hy u
1

d’
MPEACTABUTEISIMA ~ MHOXKECTB
UCTONB30BAINCH B QINTOPUTME  BBIYMCIICHUS
KBaZlpaTHOTO KOpHA [4], 4YTO TO3BOJIUT HE
yBEJIUYMBATh AlIapaTHbIC 3aTpaThl MPH pa3paboTKe
apu(MeTH4IECKOro MOIYJIS peaIu3yoLero
orepanMyi M3BJIEUEHHUS KBAaJpPaTHOTO KOPHI U
nenenHusi. C y4yeToM BBILIECKa3aHHOTO, 3aIlUIIEM
(dbopMynbl U TIEpBOM WTEpAlMM IPU BBIYUCICHUH
00paTHOM BETUYNHBL;

Ha4dYaJIbHOC

ycnoBue K, =y, = SBIISTIOTCSI

KOOOB, KOTOPBIC

M =y0~(2—d/ 'J’o):Ko'(Z_d/ 'Ko)-(15)

3HadeHWEe YacTHOrO OyAeT BBIYHCICHO TIO
dbopmyne  (16) TONBKO  TOCTE  OKOHYAHMS
WUTEPAIMOHHOTO TpoIlecca, T.€. MOCIE BBIYMCICHUS

3HAYEHHS ), :

C=b-H,-y,, (16)

KonuuectBo  wrTepamuii, KOTOpOe  HYXHO
BBIMOJHUTD JIJI51 TIOJTYYCHHSI HEOOXOTUMOMN TOUHOCTH
pe3yabTaTa, OYeBUIHO, 3aBHCUT OT BHIOOpA MEPBOTO
npubmkenust. [losToMy s BbIOOpa HaYalbHBIX
YCIOBUM B apU(PMETHYSCKOM  YCTPOUCTBE
CHUTHAITLHOTO npoiieccopa HEOOXOTUMO
UCIIOJIb30BaTh OJIOKH MMOCTOSHHO 3alOMUHAIOIINX
ycrpoiicts (I13Y), koropeie cMOryT o00eCHequTh
TpeOyeMyl0 TOYHOCT ), . MOMEHT OKOHYaHHS

Orepanu HM3BJICUCHHUA KOPHS OHNPCACIICTCA HE

Yy n+l Yy n
HEKOTOPBIM ~ JIONTyCKOM, a IyTeM [oJcYeTa
KOJINYECTBA UTEpaLuii, KOTOPbIE 3apaHee U3BECTHBI
B 3aBUCHUMOCTH OT pa3psIHOCTH HCIIOJIb3YEMBIX
onepannoB. Ilpu BeiGope II3Y i XxpaHeHus
HayYaJIbHBIX YCJIOBUH )y, HEOOXOIUMO CTPEMUTHCA K
MUHUMAJIBHOW  Pa3pAgHOCTH  MEXAY  UYHCIOM
pa3psioB ONEPAHAOB U UYUCIOM aAPECHBIX BXOJOB
[13Y. Hampumep, ecnu omepaHisl 1 -pa3psiiHbIe,

yn+1

C

MyTeM CpaBHEHHS  Pa3HOCTH

TO, MAJdA BBIYHUCICHUA TOJBKO C OHHOﬁ

. m
urepanueir Heooxoaumo 113V pazpsaHOCTRIO 2> E ,

TaK KaK Ka)KJasi uTepaius yABauBacT YKUCIO BEPHBIX
pa3psaoB.

[MockonbKy TpY KaXKAOM JCIIEHUH TI0 T00MY 13
PACCMOTPEHHBIX 3[€Ch METOJOB HYKHO BBIIOJHATH
HECKOJIbKO YMHOXXEHWH, TO 3TH METOIBI OCOOEHHO
3pPeKTUBHBI B apu(METHYECKUX YCTPOMCTBAX ¢
OBICTPBIMH (manpumep, MaTPUYHBIMH )
YMHOXXHUTETSIMU, KOTOpBIE, KaK OTMEYalOCh paHee,
SIBIIIIOTCS 00s13aTeNbHBIME B apxuTekType CII.

C yueToM BBIIIECKA3aHHOTO U PEKOMEHIAIUH
[6], MoxHO cocTaBUTh OOOOIICHHBIH aITOPUTM
puc.l s  MECTHOrO yCTpPOMCTBa  YINpaBJICHUS
CUTHAJIBHOIO  Mporneccopa. JlaHHBIA  anropuTm
pa3paboTaH ¢ y4eTOM OTpaHWYCHUUN ISl ACTUTENS U
JIENIMMOT0, KOTOpble HaKIagbIBalOTCA B (hopmyiie
(13).

JomyctuM, 4TO AenuTenbh d UMEET m pa3psjioB,
IpUYEeM KOJHMYECTBO pPaspsioB, KOTOpbIE HE
MOJIKIIIOYCHBI K afpecHbIM BxojaM [13Y, 0603Haunm
MepeMeHHo k& ¢ HEOOXOIUMBIM  YCIOBHUEM

m
(m—k)>— Torma k anmpecusiM Bxomam II3Y
OyZeT MOJKIIOYEHO m—Fk Pa3psloB HenuTens d uin
JIIBOMYHBIA KONl dy, Tipu 3TOM, Ha BbIXoge [I3Y
MOJY4YUM m — pa3psIHOE HadallbHOE ycioBue Ky B
clly4ae, €Clid CcTapiiue paspsabl  jgenutens d

paBusitorest Hymo, T.e. d, =0, To HeobxomumMo

MIPOU3BECTH KOPPEKIINIO NEIUTENs d U IEeIUMOTO b,
CHABUHYB HX IO Pa3psiAHOil ceTke BieBo Ha 2%
paspsmoB. B mporiecce BBIONHEHHUS WTEPAIMMA, K
Bxogam [I3Y Bmecro mBomuyHOTO KOoma dy OydyT

IMOAKIYAThCA BBIYHMCICHHBIC 3HAYCHUA yn J0 TEX

nop, TMOKa 4YHCIO WUTepaluil He CTaHET paBHBIM,
paHee 3agaHHOMYy umciy. Jlamee Mo alropuTmy,
UCIONB3ys KOJI HOpManu3anuu H,, Tmoixydaem
HOPMATH30BaHHbIA jenuTens d, TOCHe —4ero,
cormacHo Qopmymam (14) u (15) BEIIOTHSAIOTCS
UTEPAIUOHHBIC maru JUTSE BBIYUCIICHUS

npuONIMKeHHoW oOpaTHOW BenuuuHel y, ., . Ilocie

OKOHYAHHSI HTEPAI[IOHHOTO TMpOoIecca, COTIACHO
dopmyne (16), BBHIIOTHSAIOTCA 3aKIIOYATEIHHBIC
onepanuu ajid BIYUCICHUA YaCTHOT'O.

Tak xak coBpemenHble CI1 00OBIYHO HCIIONB3YIOT
JBYXKaHAJIbHbIC apU(PMETHYCCKUE MOJIYIH MpH

00pabOTKE  KOMIUIEKCHBIX  OIEpPaHiOB, Jayee
paccMOTpuUM BO3MOYKHOCTE MPUMEHEHUS
BBIIICOIIMCAHHOIO  METOIAa  [UIA  BBIYHCIIEHHSA

KOMIIJIEKCHOT'O YaCTHOTO.
OOBIYHO Omepanus JeICHUS JBYX KOMITJICKCHBIX
YHCeN 3alHChIBACTCS CISIYIOMIMM 00pa3oM:
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. A ReA-ReB+ImA-ImB — MHUMBIE YaCTH KOMIUIEKCHBIX YHCEIl A U B
C=<= (Re 3)2 n (Im 3)2 + COOTBETCTBEHHO.

B ) (17) Kpome BBINOIHEHHs ONEpaldd  JEIEHHUS 10

ReB-ImA-ImB-Re A4 dopmyne (17), cymecTtByer crmoco0 JelieHus,

+J 3 B KOTOPBI MOXHO IOCTPOUTH Ha  CIIEAYIOLIEM
(Re B ) + (ImB ) NPEATIONIOKEHUH.

rae ReA, ReB — neiictBUTEIBHBIC YacTH, a ImA, ImB

[ START ]

do
Ha (yes)
Urenue (read):
b, 2%, Urenne (read): d, 2.
Brim. (execution): ) Beim. (execution): do=0
b . 2k+l d . 2k+1
| > Her (no)
v
Urenue (read): Hy; d.
Beim.(execution): d Hy =
A 4
Urenue (read): d'; K.
Beim. (execution): (2 -d K i)
v
Urenue (read): Kj; (2 —d -Ki)
Bein. ( execution): K, ~(2 —d ~Kl.)
Her (no)
Konen

JeicTBUTEIbHOro YactHoro C

utepanui (finish)

Urenue (read): Hy; b.
Beim. ( execution): b Hy

A 4

Urenue (read):
Hb; K,-(2-d'-K,)
Brim. ( execution):

b-H,-K-(2-d-K)=C

v

Puc.1. — BJjiok — cxemMa 00001IEHHOT 0 AJAropuTMa BHIYMCJICHUSA [ STOP ]
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Iycts x — uactHoe, 4 — nenumoe, B —

JCITUTEb.
PaBEHCTBO:

Torna MOJKHO 3anucaTtb CJICAYIOMIce

A=x'B. 18)

[lepexons or xomruiekcHoro paBeHcTBa (18) k
JBYM BEILECTBEHHBIM PaBEHCTBAM, HOIY4UM:

ReB-Rex—-ImB-Imx=Re4

, (19)
ImB-Rex+ReB-Imx=Im4

rae ReA, Rex, ReB — neficTBUTENLHBIC YacTh, a ImA,

Imx, ImB — MHHUMBIE YaCTH KOMIUIEKCHBIX YHCEI

A, x 1 B coorerctBenno. Cucrema ypaBHeHMi

(19) mnpencraBnser cobOOH CHCTEMY JIMHEHHBIX

anreOpanuecKux ypaBHEHHH BTOPOTO MOPSIKa,
KOTOpasi B MATPUYHOH (hopMe UMeeT BT
ReB —ImB| [Rex] |Re4
= . (20)
ImB ReB Imx| (ImA4

Takum o0Opa3oM, omepanust MACJICHUS MOXKET
paccMaTpuBaThCsa Kak pelieHrne CUCTEMbl JIMHEHHBIX
anrebpanueckux ypaBHeHHHA. HeTpynHo yOeanutscs,
YTO pELICHHE YKa3aHHOW CUCTEMbI IpPU IOMOILU
ompeienuTeneil HemeaecooOpa3HO, TaKk KaK 3TO
MPUBEIET K BBYHCICHUSAM aHaJoTHIHBIM (17),
MIPUYEM pEIICHUs MOJOOHBIX CHCTEM BBIMTOIHSIIOTCS
MetonoM “mmdpa 3a mudpoit”’. [lo cpaBHeHUIO C
YCKOPEHHOW orepalnyed YMHOXKEHUSI TakoW MeToJ

neneHuss  OyAeT  OTpUIATENbHO  BIMATH  HA
npousBogutenbHocte  CII,  pabotaromero B
peambHOM  BpeMeHu. llosTomy wenecooOpas3HO

pean30BaTh OIEPAMI0 KOMIUIEKCHOTO JICTICHUS,
WCIIONIB3YSl ONEPAIUI0 YMHOXCHHSI W YUCIICHHBIC
MeToabl. [l peanu3anuu 3ToH 1eiau, oopaTUMes K
dbopmyne (17), HO 3amuImeM €€ B BHAE JBYX
BEILIECTBEHHBIX YPABHECHMIA:

ReC = ReA-ReB+ImA-ImB =£
(ReB)’ + (Im B)’ D on

s ReB-ImA—-ImB-Re 4 :L’
(ReB)’ + (Im B)’ D

rae R u I — nmeiictBuTenbHBIE YncauTend B ReC u
ImC coorBeTcTBEeHHO, D — JICHCTBHUTCILHBIN
3HaMmeHaTenb. Ha mepBoM 3Tamne, B ABYXKAHAJIBHOM
apuPpMETHICCKOM MOJTyJIE, HMMEIOIIETO bi:¥:]

YMHOXHUTENS — HaKOMUTENS, ONpe/essieM 3HaAaYCHUS
R, I u D. 3areM, B COOTBETCTBHH C MPEIIOKCHHBIM
anroputMoM ( puc.l), BeraucisieM 3HadeHus: ReC u
ImC Ha cOOTBETCTBCHHOM KaHAaJIe.

5. BbIBOAbl
[IpuMeHeHne  TPENJIOKEHHBIX ~ METOJOB B
CUTHAJIBHBIX TIPOLIECCOPAX II03BOISIET TPYIOEMKOE
JeNiCHHe ~ 3aMEHUTh  HA  yYMHOXEHHE,  C

MUHHMAJIBHBIMU  3aTpaTaMu  000pYOBaHUS,
JIaCT BO3MOXKHOCTB!
e pa3paboTtaTh apuMETUUECKUA MOIYNIHh C
MUHUMAJILHBIMU alllapaTHBIMU 3aTpaTaMu;

4qTo

e HC  yBEIMYMBATH  KOMAHAHBIA LUK
npoleccopa;
® [IOJIyYUTh  BPEMEHHOH  BBIMIPBHI  TIO

CpPaBHEHHUIO C MPOTPAMMHON pean3alnei;
® BBIYHMCIISATH YaCTHOE KOMILIEKCHOTO YHCIia B
JIByXKaHaJIbHBIX apr(PMETHIECKUX OJI0KaxX;
® BBINOJIHATH BBIUMCIICHUS OCHOBHOT'O
aNropuTMa B peaslbHOM BPEMEHH.

Kpome storo, pazpaboTanHblii apuMeTHIECKAN
MOAYJb, PEATU3YIOIUN INPEAIOKECHHBINA aIrOPUTM
BBIYHMCIICHUSI YAaCTHOTO, MOXXET OBITh HCIIOJIb30BaH
KaK OTIENbHBIA BBIYMCIUTEIBHBIA JJIEMEHT core —
re’eparopa, B  CHCTEeME  aBTOMAaTHYECKOTrO
npoektupoBanus Xilinx u gp.

JlanpHelIe WCCIIeIOBaHMS B 3TOM o00aacTu

HamnpaBJeHbl Ha CO3JaHHE HOBBIX aPXUTEKTYP
CUTHAJIBHBIX ~ IIPOIIECCOPOB, KOTOpPHIE ITO3BOJST
pacmuputh Kpyr 3amad  [[OC, BeIUHCIAEMBIX

anmapaTHO, C BBICOKHM OBICTPOAEHCTBHEM.
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Manazun AnekcaHop Bacunb-
esu4, akadeMuk HauuoHanbHoU
akademuu Hayk YKpauHsbil,
O0OKMOp  MEeXHUYeCKUX  Hayk,
rnpogheccop, 3amecmumernb Ou-
pekmopa WHcmumyma kubep-
Hemuku B.M. mywkosea, Hayuo-
HanbHOU akademuu Hayk YKpau-
Hbl

Cemomwk Mupocnae Bacunbesu4, kaHOudam
MeXHUYECKUX HayK, 8edyuull Hay4YHbIli compyOHUK
UHemumyma kubepHemuku HAH YkpauHbl. B 1973
2. OKOHYun AselbapOxaHCKul nosumexHuYyecKul
uHcmumMym o creyuanbHOCMU 8blI4UC/IUME IbHas!
mexHuka. Asmop 52 onybruKo8aHHbIX Hay4HbIX
pabom, umeem 2 nameHma Ha u3obpemeHus.
Obnacmb  Hay4yHbIX  UHMepecos:  meopusi
yHuUgepcasbHbIX u creyuanu3uposaHHbIX
KOMIMbIOMEpHbIX cucmemM; aneebpa u meopus
qucesi; meopusi yughposoli obpabomku cueHaros.

Busop Slpocnae Eecmadhb-
esuy, KaHoOudam mexXHUYECKUX
Hayk, cmapuwuti Hay4HbIl
' compyOHUK MIHcmumyma Kubep-
Hemuku HAH YkpauHbl. B 1979 e.
OKOHYUJ1 3ieKmpomMexaHu4eckul
& gakynbmem JIb808CKO20 MOIIU-
MexHUYeCcKo20 uHcmumyma.

Asmop 28 onybnukoeaHHbIX Hay4yHbIX pabom,
umeem 11 nameHmoe Ha u3obpemeHus.

Obnacmb  Hay4yHbIX  UHMeEPecos:  meopus
yHU8epcarsibHbIX u crieyuanu3upo8aHHbIX
KOMMblomepHbIX cucmemM; aneebpa u meopus
quces; meopus yugpoesoli obpabomku cuzHarsos.

YuyupuH EeeeHuli Hukona-
eeuy, kKaHoudam mexHUYeCcKuXx
HayKk,  cmapwuli  Hay4HbllU
compyOHUK UHecmumyma
KubepHemuku umeHu B.M. ny-
wkosa HAH YkpauHbl. B
1974 2.  okoHuyun Kuesckuli
nonumexHu4yeckuli uHcmumym
o crieyuaabHOCMU 8bI4UCIIU-
mersnbHas mexHuka. Aemop 20

onybnuKoeaHHbIX Hay4HbIX pabom, umeem 7
nameHmMo8 Ha u3o0bpemeHusi.
Obrnacmb  Hay4HbIX  UHMeEpPecos:  cxamue

OaHHbIX, Mmeopusi KoOUPOBaHUsI, CcriekmpasbHbil
aHanus, yughposble CcuzHasbHble pPoueccopbl U
cucmembil.
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1. INTRODUCTION

Computing non-linear functions in the division
operations, square roots and and the reciprocal
operations used to be quite scarce until recently,
amounting to less that 5% of the total number of
operations. Thus, they were easily carried out in
software mode, having low negative impact of the
signal processor speed. With the advent of the new,
more complex algorithms [1] employing these
operations as the basic ones, a need to ensure a
hardware implementation of the said operations
arose, for the software methods became the brake
hindering the drive to increase the signal processors’
(SP) speed. Such algorithms deal with analyzing the
signal spread spectrum, computing the complex
number modulus or limiting one of the signal’s
parameters (like amplitude or frequency, for
instance) by dividing it by a constant [2], etc.
Having analyzed the stated above, the authors came
to a conclusion that the search for the new methods
of computing the particular and the reciprocal and
ways of their implementation has become necessary.

2. THE TASK AT HAND

Analysis of the contemporary digital signal
processing (DSP) algorithms shows that the DSP’s
processing speed is most influenced by the addition,
subtraction and multiplication operations, which are
frequently used. Thus, in order not to make the DSP
architecture overly complex and avoid decreasing
the DSP processing speed, the division algorithm
should be implemented using the same operations to

carry the computing out in accordance with
advanced methods. Among the numerous methods
of speeding up the division operation execution the
most interesting ones are the synchronous methods
which use the “roundabout” way employing the
multiplication operation. Thus, in order to solve the
problem at hand, the known synchronous methods of
computing the particular with the aid of the
multiplication, addition and subtraction operations
are to be analyzed.

3. ANALYSIS OF THE SYNCHRONOUS
METHODS

The division methods proposed by Stefanelli [3]
are the first to be reviewed in the article. The main
idea of the method boils down to arranging the
redundant digits so that the sum of the members
belonging to one column would be equal to the
current position of the C -Q multiplication product.

The research paper [3] describes a matrix device
which is quite cumbersome due to the wide range of
he acceptable digital values.

The following method is called “Harvard
iterative method” and is used when the DSP
arithmetic unit is working on the fixed point
normalized operands while the current multipliers
are using the sign bit as an information one. As a
result of replacements the formula (1) is transformed
into expression (6), where X is a complement to 1 for
D (2) divisor, N — dividend, and C — quotient. This
approach is feasible for the DSP arithmetic units
supporting 8-bit operands or lower, in all the other
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cases it turns out to be less effective than the
Newton method.

The Newton iterative method application is also
reviewed as a way of computing the quotients in a
DSP. This method is employed in the paper [4] for
implementing the square root operation, leading to a
noticeable increase in the DSP arithmetic unit’s
processing speed. By using the expression (7)
defining the Newton iterative method, the authors
have arrived at the iteration formula (11) for
computing the real quotient C. It has been proven
that the Newton method converges at quadratic
speed which is much faster than the other methods
mentioned above. Besides, it also has a quite high
computing accuracy at a comparatively low number
of iterations. That’s why the Newton method’s been
chosen as the base for computing the particular and
the reciprocal by the DSP arithmetic unit.

4. APPLICATION FEATURES

The main thing to keep in mind in order to ensure
correct computation of a particular using the formula
(8) is the usage of normalization code Hy and the
initial reciprocal value Kg, stored in read-only
memory (ROM). These quotients belong to the set of
codes used in the square root computation algorithm
[4], thus allowing for lower hardware overhead
when designing a arithmetic unit performing the
square root and division operations. After the
necessary transformations of formula (8), the authors
have arrived at expression (15) for the first iteration
of the y; reciprocal value computation. The
particular value is computed using the formula (16)
only after the iteration process is completed, i.e.

when the value Yni1 is obtained.

The number of iterations needed to obtain the
required result accuracy is known beforehand and
depends on the choice of first approximation. When
storing the initial conditions Y, in the ROM a note
should be taken to keep the difference between the
operand bit width and the number of ROM address
outputs minimal. Following the recommendations
listed in paper [6], a generalized algorithm (Fig.1)
for computing the real particular has been created.

The possibility of employing the Newton method
for computing the complex particular in the double-
channel DSP arithmetic units is described below.
The authors have also described a way of using the
real particular computation algorithm  for
implementing the complex number division
operations by transforming the complex equation
(17) into a system of two real equations (21) in the
paper. At the initial stage, the double-channel DSP
arithmetic unit equipped with two multiplication —

storage units computes the R, I and D values. Then,
in accordance to the algorithm (Fig.1), the
corresponding channel computes the ReC and ImC.

5. CONCLUSION

Employing the proposed method in the DSPs
allows to replace the resource-taxing division
process with multiplication, having minimal
hardware overhead which, in turn, allows to:

e develop an arithmetic unit with minimal
hardware overhead;

e refrain from prolonging the processor’s
instruction cycle;

e obtain a better execution time in comparison
to software implementation;

e perform the particular computation with the
double-channel DSP arithmetic units;

e perform real-time execution of the core
algorithm;

Besides that, the developed arithmetic unit
employing the proposed particular computation
algorithm can be used as a separate computing core
element — generator in the Xilinx CAD system, etc.

Further research in this field shall be directed
towards developing the new signal processor
architectures capable of widening the spectrum of
digital signal processing tasks solved by high-
performance hardware-based systems.
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