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BeepeHue

udposas Gunbrparyst — onuH U3 Hau6o-
Jlee BOCTPeOOBAHHBIX AJITOPUTMOB LU(PPOBOIL
o6paborku curxanos (IIOC). B coBpemeHHBIX
¢ POBEIX cHcTeMax [0 HuppoBoit HUIb-
TPAIIIK MOYKET COCTABILITD JI0 IIOJIOBUHBI OT 06~
1mero o6bemMa 1udpoBbIX BEIYHCIeHNI. [Ipu
9TOM OCHOBHBIMU 3aiadaMy HUPPOBOiL Priib-
TPAaLUH SABJIIOTCS, IIPEK/E BCETO, IaCTOTHOE
pasfiesieHNe CUTHAJIOB, U3BJICYeHHE U3 CUTHAIOB
10J1e3HOM HHGOPMAIIUH U TOfABJIeHUE IOMeX.
Tax kax nu¢posble GUIBTPLI — ITO YCTPOI-
CTBA JAaCTOTHOM CeTeKI[MK BXOLHOTO CUTHANA,
17X 0OBITHO Pa3pabaTHIBAIOT Ha OCHOBE TPeOOBa-
HU K IX YaCTOTHBIM XapaKTePUCTHKAM.

B 0611eM BUie KOMIIEKCHBII YaCTOTHBLI
xoaunuent nepegadu mudposoro puibTpa
CTAHJAPTHO MOXKHO 3aITHCATh KaK:

H(e®) = |H(e/®)lef@,

TaxuM 06pa3oM, OCHOBHBIMHU XapaKTePUCTH-
kamu (IIBTPA B YaCTOTHOU OOJIACTH SBIISIIOTCS:
® AMIUIUTYIHO-YACTOTHAS XapaKTePUCTHKA KaK

Momyb Koo dunuenta nepenayn | H(e)l;

o (a3o-7acTOTHAS XapaKTEPHCTUKA KaK apry-

MeHT kKoa¢dunnenta nepegain ¢(m);
® I'PYNIIOBOE BpEMSI 3aIla3/IbIBaHU !

Tgr = —00/00;

o azoBast 3aepiKKa Kak IpsMast 3aepiKKa

UIBTPOM rapMOHUYECKOTO CUTHAA:

7, =—0(0)/o.

B wacroTHOIt 061aCTH, OTIpeneIsIonIei ce-
JIEKTUBHBIE CBOICTBA, COBPEMEHHBII 11 POBOIT
buIbTp fODKEH 061afaTh COBOKYIIHOCTBIO Xa-
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MouckoBblie TeXHOJZIOrUU
NPOEKTUPOBAHHUA LI€/IOYUCII@HHbIX
LU poBbIX PUNBLTPOB.

YacTb 1

B cTtaTbe paccMaTp1BalOTCSi OCHOBHbIE BOMPOCH MOAENMPOBAHUS LU POBOro
PEeKYpPCHUBHOIO (pUIbTPA OTHOCUTENIBHO AAMCKPETHOW LIe/IOUUC/IEHHON MaTeMaTH-
KM, COOTBETCTBYIOLIeH 6a30Boi hU3HKe paboTbl hUnbTPa B peasibHOM BpeMeHH
Ha UM POBbIX NAAT(OPMaxX C LEeSIOUUCIEHHON apU(PMETUKON BbIUUCTAEHUN.
MpuBOoAKTCA aHANIU3 KOCBEHHbIX METOAOB NPOEKTUPOBAHUA PEKYPCHUBHbBIX
¢unbTPOB GUNUHENHHBIM NPeobpa3oBaHWeM aHANIOrOBOrO NPOTOTHUNA, OLlEHEHbI
nx ocobeHHOCTH U HegocTaTKK. NpoaHannsnpoBaHa LUenoUUCNeHHasa Moaenb
PEeKYPCHBHbIX (PUALTPOB B hOPMe KAaCKafgHOro COefUHEHHUS 3BeHbeB BTOPOro
nopsaaka. [laetcsa oueHKa 6bicTPOAEHCTBUA U LLIYMOBbIX CBOMCTB PEKYPCUBHbBIX
LleNIoOYUCNIEHHDbIX (PUIBTPOB, NOKa3aHa BO3MOXKHOCTb X MPAMOro CHHTe3a no-
MCKOBbIMU METOAAMM LIe/IOUHUC/IEHHOrO HEJIMHEHHOTO NPOrPaMMHUPOBaAHUA.

PaKTEePUCTUK, TAKUX KaK aMILUIUTYIHO-4aCTOT-
Hast (AYX) u aso-1acTOTHAS XaPAKTEPUCTUKY
(PUX), a TakkKe XapaKTePUCTUKHU IPYIIIOBOMI
(I'B3) unu ¢asosoir 3agepxkku. [ToaTomy akTy-
aJIbHa 3a7ava pa3pabOTKU METOOB CHHTe3a -
POBBIX GHUIBTPOB C YIETOM COBOKYIIHOCTH Tpe-
6yeMbIX XapakTepucTHK. Takoi CHHTe3 IPUHSTO
Ha3bIBaTh MHOTO(YHKIHOHATBHEIM B OT/IHIME
OT MHOTOKPUTEPHAILHOIO CHHTe3a — CHHTe3a
TOJIBKO I10 OLHOM TpeOyeMOll XapaKTepHUCTHKeE,
KOTJIa YaCTHAsI YaCTOTHAsI XapaKTePHUCTHKA, 3a-
HaBaeMast Ha k IUCKPETHBIX TOYKAX JaCTOTHOTO
[UAIa30Ha, IPH [OCTAHOBKE 3a/[adl CUHTe3a yiKe
IPUBOIUT K MHOTOKPUTEPHAIBHON 3a1ade.

ITo KpUTEPHUIO CeTeKTUBHBIE CBOUCTBA/
9¢bdeKTUBHOCTE PabOTHI B pealbHOM BpeMeHU
(6pIcTpOmericTBIE) HanbOIee BHICOKOE Kade-
CTBO UMEIOT PeKypCUBHBbIe U(POBbIe HIIb-
Tpsl (BUIX-dunbrpsr). BaskusM akropom mpu
9TOM SIBJLIETCS aprMeTUKa BEIYHCIEHUI, HC-
HOJIb3yeMast B aroputMe g poBoit GpuibTpa-
. O630p myO6IMKAIN IO METOfaM pacieTa
U CHHTe3a PeKyPCUBHBIX (UIBTPOB [IOKA3bIBa-
€T, ITO B HACTOsIIIee BpeMs IpeobirafaeT Koc-
BEHHOE [TPOEKTUPOBAHUE PEKYPCUBHBIX (PrIb-
TPOB IIO AHAJIOTOBOMY IIPOTOTHUILYy Ha OCHOBE
Merofia GunnHeinHoro npeobpasoBanus [1-3]
60 PasIUIHBIX IONXOM0B, Ha HeM 6a3upyo-
muxcst [4-6]. ITpu aTom anropuTmel 1upoBoi
(UIbTpPALUK BellleCTBeHHOM apr(MeTHKH BbI-
IUCTeHNI 0OBIYHO UCIOIB3YIOTCS B hopmMare
¢ GUKCHPOBAHHOI TOYKOI, KOT/Ia a6COTIOTHAS
BEJIMIMHA BCEX BEI[eCTBEHHBIX IIePEMEHHBIX
anropur™a puabrpanuu (KosdbuiueHToB
¢bunbTpa, pe3yabTaToOB IPOMEKYTOIHBIX BbI-
UCIIeHUI) [0 MOLYJIIO He IIPEBOCXOMUT e~

Huity. O4eBUIHO, YTO 3TO 0OCTOSTEIBCTBO UK~
TYeTCsE 0COOEHHOCTSIME PaCieTHOrO MeTofa 6u-
JIMHEHOTO IPeo6pa3oBaHusl, KOIa IPOEKTHOE
pelIleHIe MOKET OBITh ITOJIYIEHO TOIBKO OTHO-

CUTEJIbHO HEIIPEPHIBHON MAaTeMaTHKH, TO €CTh

B BEII[eCTBEHHOM MHOTOMEPHOM IIPOCTPAHCTBE

cocrossuuii E", u Bce epeMeHHbIE COCTOSHUSA

CUHUTAIOTCS BEIIECTBEHHBIMY BETMINHAMH, TOU-

HOCTb IIPeJCTaBICHUS KOTOPBIX MOXeET OBITH

CKOJIb YTOJTHO OOJIBIIION.

OueBUAHBIE HELOCTATKU KOCBEHHOTO IIPOEK-
THPOBAHUS PEKyPCUBHBIX (PUILTPOB B Bellle-
CTBEHHBIX IHCIAX OMIMHENHBIM MpeobpasoBa-
HYeM aHaJIOTOBOTO IIPOTOTHIIA TAKOBBL:

o IlpuHnunuanpHas HEBO3MOKXHOCTh MHOTO-
¢yHKIIHOHATBHOTO CHHTE3a HUPPOBOTO
¢unbTpa, Tak KaK HUKaKUe TpeOOBaHUS, KPO-
Me TpeboBarnit k AUX ¢uibTpa, BBIIOTHEHBI
6b1Th He MOTyT. Tak, B 1uTepaType, HaIpu-
Mep, IPSIMO YKa3bIBaeTCsl HEBO3ZMOKHOCTh
KOHTPOJISL 1160 yIOBIETBOPEHMUs TpeboBa-
HUH 110 (Pa30BBIM HCKKEHHUSM IPH pacieTe
PeKypcHBHOTO GUIBTPA 110 AHAIOTOBOMY
IPOTOTHUIIY, He TOBOPSI yKe 0 Tpe6OBaHU-
X TI0 [PYTUM XapakrepucruxaM. [Toatomy
U HEYIUBUTEIbHO, ITO PEKyPCUBHbIE (DIIb-
TPBI BEICOKOTO [IOPSIIKA, CIIPOEKTUPOBAHHbIE
Yepe3 aHaJIOTOBBIN IPOTOTUI METOIOM 611~
JIMHENHOTO TIPe0OPa3OBaHMs UIIU €0 MOJIH-
¢duxranusmu 8 MATLAB, umeror HenuHeit-
Hocth @YX mopska coTeH IpamycoB, TO eCTh
[IPAKTUYeCKU HETIPUTOMHBI /15 GOJIbIIHHCTBA
mpunoxenutt LIOC.

e TIpakTudyecKas HEBO3MOXKHOCTh CHHTe3a
PeKypcHUBHOTO PUIBTPA ¢ IPOU3BOIBHOMN
(bopMoit YaCTOTHO XapaKTePUCTHUKH, TaK Kak
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npo6iieMa anmpoKCHMAIUU IPOU3BOJIBHOM
AYX sBiseTcs CaMOCTOSITEIbHON U BeCbMa
HenpocToi 3agadei. [ToaTomy o aHanoroBo-
MY IIPOTOTHITY CHHTE3UPYIOTCS JIUIID (DIIb-
TpHI ¢ THIOBOI popmoit AUX (OHY, OBY,
[I0JIOCOBOA, 3arpaJUTeNbHbIIT) HA OCHOBE UX
armpoxcuMaruu 1o barrepsopry, YebObimesy
160 Kayapy. Heo6xomuMo MOMHUTE TaKKe,
4TO 3Tall anmpoxkcuManuu AYX sgBisercs, Kak
U3BECTHO, HeJIMHEHO-(ha30Boit IpoLienypoiL,
ITO MOKET IPUBOLUTH K PE3KOMY YBeJIHde-
HUIO (Da30BBIX HCKAKEHHUI.

o HesnuHerHble 1eOpMay 9YaCTOTHOM IIIKa-
J1bI PUIIBTPA, TIPSIMOE HecOoBITafieHHe (PAa3oBbIX
U IMITYJIbCHBIX XapaKTePUCTUK 1 POBOTro
(uUIBTpa € €r0 AaHATOTOBBIM IPOTOTHUIIOM.

o BerrrecTBeHHBII OPMAT IPEICTABICHIS TaH-
HBIX BBIHY’)K/[deT KBAHTOBATDb UX 3HAUCHUS,
TO €CTb IEePeBOAUTDH OMHCaHHe I[UPPOBOro
¢bunbTpa U3 HEMPEPHIBHOTO IPOCTPAHCTBA
cocrosiHnil E" B [UCKPETHOE BEIIeCTBEHHOE
(kBaHTOBaHHOE) IpocTpancTBo Q" (puc. 1),
HCIIOJIb3YsI U3BECTHBIN AITOPUTM KBAHTO-
BaHUs faHHBIX. OfHAKO IpoLeaypa KBaH-
TOBAHUS TaHHBIX B [UGPOBBIX PUIBTPAX,
onepupy X ¢ GUKCHPOBAHHON TOYKOMN
(OPT), npuBOAKT, KaK U3BECTHO, K HCKa-
JKEHUIO IaCTOTHBIX XaPaKTEPUCTHK QUIBTPA,
HOSIBJICHHIO LITYMOB KBaHTOBAHUS, @ TAKKe
K He0OXOMMOCTH MaCIIITAONPOBAHUS Bellle-
CTBEHHBIX K03 dunrenToB GUIbTPa, 4TO
BBI3BAHO X KBAaHTOBaHIUEM.

o TIpoeKTHOe pelieHNe B BEIIeCTBEHHOM IIPO-
CTPAHCTBE COCTOSIHUI HIKAK He COOTBETCTBYET
apudMmerrKe 1UPPOBOro BHIUUCIUTENS, pea-
nu3yomero ToT wiu uHou aaroputM LHOC,
1 1udpoBoit pUIbTpAUK B YaCTHOCTH. Benb
6azoBast apudmerrKa 1060ro IuppPOBOro BbI-
YUCTUTENIS — 9TO LeJIOIUCIeHHAs apudMeTH-
Ka, OTIEPHPYIOLLAst TOJIBKO C LIeIBIMH THCIAMU
B IBOMYHOM KX TIpe/iCTaB/ieHuH (Guramu, 6ait-
TaMH, CJIOBAMH) H IO3BOJISIONASI OCYIIeCT-
BJISITh BBIYUCIEHUS 34 MUHAMAIbHOE BPeMs
[IPU MUHUMAJIBHBIX PECypPCax OIepaTUBHOMN
maMsTy. Y JIHIIb OTCYTCTBHE IeTOIHCIeHHBIX
anroputMoB [JOC BeIHYXJaeT IepexXofuTh
K BelIleCTBEHHOI! WM KOMIUIEKCHOI apudMe-
THKe IU(GPOBLIX BHIYUCICHUI, 9TO TpebyeT
3HAYUTEIBHBIX PECYPCOB, KaK 10 IAMSITH, TaK
U IO TAKTOBOM IaCTOTE BBITUCIUTENS. A 3TO
IPUBOJIMT K CYIIIeCTBEHHOMY YCJIOKHEHHIO €T0
CTPYKTYPpHI (3a cuer BBenenust FPU — apuc-
METHIEeCKHX COIIPOLIECCOPOB U T.11.) U 3HAYH-
TeJILHOMY YBEIHICHUIO S9HEPTONOTPeOIeHISL.
To ects LIODT xax cucrema ¢ BeleCTBEHHOM
apudMeTHKOI BBIYUCIEHNI MOKeT OBITh pe-
QJIM30BaH TOJIBKO HA CHENMATU3HPOBAHHBIX
CHUTHAJIBHBIX IIPOLIECCOPAX, TOIMA KaK Hau6o-
JIee IepCIeKTUBHAS Ha CETOfHS IPOTPaMMIL-
pyeMast JIOTHKa, Kak ¥ MUKPOIIPOL[eCCOPHbIE
KOHTPOJLIEPH, TpeOyeT MPUHIUIHNATLHO
LIeJIOYUCIIEHHBIX PeleHn, [1eI0YNCIEHHON
apudMeTUKN BbIYUCIEHHUIL.

o Huxakue [OIONHUTENbHbIE BHEIIHUE YCII0-
BUsI, GYHKIMOHAIbHbIE OTpaHIYeHUs (Ha-
[pUMep, YCIOBHS MACIITaOUPYeMOCTH yCIIIe-
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KBaHTOBaHMe
C

E" — HenpepbiHoe
NPOCTPaHCTBO

cQ

Q" — auckpetHoe
BelLeCTBeHHOe
NPOCTPaHCTBO

Cint
L]

I" — yenouncnenHoe
NpOCTPaHCTBO

Puc. 1. LienouncneHHoe onucan1e uucpoBoro dubtpa

HUS B KACKaAHBIX 1[I(POoBbIX PpriibTpax) mpu

KOCBEHHOM CHHTe3€ PeKyPCHBHOTO GpuibTpa

I10 QaHAJIOTOBOMY IIPOTOTHITY HETIOCPENCTBEH-

HO He MOTYT ObITb yUTEHBL

ITepeducaeHHBIX HELOCTATKOB CIUIIKOM
MHOTO0, YTOOBI CIUTATh KOCBEHHOE IIPOEKTUPO-
BaHNe PEKYPCUBHBIX (DUIBTPOB II0 AHATIOTOBO-
My IPOTOTHITY B BEI[eCTBEHHOM IIPOCTPAHCTBE
COCTOSIHUII COBPeMeHHBIM, 3(peKTUBHBIM
1 KadecTBeHHBIM. Heo6X0a1MO HCKaTh HOBBIE
IOAXO/MBI K MOJETHPOBAHUIO PEKYPCUBHBIX
($UTBTPOB U K UX PacyeTy, IOLXOAbI, COOT-
BETCTBYIOIINE COBPEMEHHBIM TPeOOBaHUAM.
OZnHUM U3 TAKUX IePCIeKTUBHBIX HallpaBiIe-
HUIA SIBJISIETCSs pa3paboTKa METOLOIOTUH IIPO-
eKTHPOBaHUsS HU(PPOBHIX QUIBTPOB B IIEJIBIX
quciIax. JlefCTBUTEIBHO, IepeInCIeHHBIE BBIIIIe
OTpHIaTeIbHbIE IIOCIECTBUS IPENCTaBICHNS
IAaHHBIX B Bell[eCTBEHHOM opMaTe MOTyT OBITH
BO MHOTOM yCTpaHeHbI IIPH LIepexofie K MaTe-
MAaTHYeCKOMY OIMCAHHIO IU(POBBIX PHILTPOB
OTHOCHUTEIbHO NUCKPETHON €09 CIEHHON
MAaTeMaTHKH, TO eCTh IIPU IePexofie K MaTeMa-
THYeCKOMY OIHCAHUIO, COOTBETCTBYIOIIEMY ba-
30B0i1 (pusuke nudppoBoro GUILTPa KaK peasb-
HOTO (H3UYECKOTO YCTPOICTBA.

Ludposoit puibTp Kax pusnIecKkoe yCTpo-
CTBO M3HAYAJIBHO SIBJISETCS UCKPETHOI 18I0~
YHUCIIEHHOU CUCTEMOI1, KOTOPYIO U He0OX0IUMO
OIKCHIBATH, MOLEIUPOBATH OTHOCUTEIBHO IHC-
KPEeTHOI IIeJI0IUCIeHHOM MaTeMaTHKY, CIUTAsI
M06YI0 MepeMEeHHYI0 TOYKO MHOTOMEPHOTO
IUCKPETHOTO I[eI0INCIEHHOTO IPOCTPAHCTBA
cocrostauii I* (puc. 1). Takum o6pasom, B 1e-
nouucieHHbIX nudpoBsix punbTpax (LID)
BCe IIepeMeHHble COCTOSHIUS (K09 UImeHTs!
¢buIbTpa U pesyIbTaThl IPOMEXKYTOUHBIX BbI-
IUCIIEHNH, UTOTOBBLI OTKINK (PUIBTpA) SIBIIS-
I0TCSI LIeIOYUCIIEHHBIMHY, KaK [{eI0IUCIEHHBIMU
SIBJISIIOTCSL M BCe BHYTPEHHUE ONlepalliu B ajl-
ropurMe nudposoi Guabrpanuu. (BxogHas
KU1 X-mocnenoBatebHOCTD X,, C aHAIOTO-ITHD-
POBOTO IPeoOPa30BATEINS SIBISETCS LETOTHC-
JIEHHOI TI0 OIIpefieIeH IO, IPUHIMAs [eJI0IUC-
neHHble 3HavYeHus ot 0 1o 2", rme Wx — pas-
psimHOCcTh ALITT)

BaxupiMm gmoctonnctBoM I[P cunrTaercs
OTCYTCTBHE IIPOLIeyPbl KBAHTOBAHIS JAHHBIX
(xax xoadduiuenToB GuUIBTPa, TAK U Pe3yiIb-
TATOB IIPOMEXYTOUHBIX BBIYUCICHUIT) B XOfie
pacdera OTKINKA QUIBTPA B PealbHOM Bpe-
MEHH, a CJIeIOBATEIBHO, U OTCYTCTBUE HETaTHB-

HBbIX HOCJICILCTBI/Iﬁ KBAaHTOBAaHUS JaHHBIX, II€pe-
YHCJIEHHBIX BbIlIe. To eCTh KBAHTOBaHUE KaK
HeoOXOfuMas MpoLeaypa OKPYITIeHUs Bellfe-
CTBEHHBIX K09 (DUINEHTOB IOC/IE UX HAXOXK-
neHust GruIMHEHBIM IpeobpasoBanueM B [I1]D
3aMeHeHa IIeJIOYUCICHHON NUCKpeTH3anuel
MHOTOMEPHOTO IIPOCTPAHCTBA K03 dunnen-
TOB II€pEN CUHTE3OM (bHHpra C IIOJIY9€HUEM
IIeJI0YHCIIEHHOTO PEIIIeH S C HY/IeBOI OIIHOKOM
€ro peau3alluy Ha [eIOIUCIEHHON [ POBOI
wiaTopMe WK KPUCTAJIIE C 3a[aHHON IJIMHOM
cnoBa K03 urmeHToB.

YT0 KacaeTCs MIPOEKTUPOBAHUS U CUHTE3a
H1L®, To cymiecTByIoIIue B HACTOSAIIIEE BpeMs
HOAXO/BI K Pealn3aliui PeKypCUBHBIX Hud-
PpoBbIX GHIBTPOB Ha MIaTHOPMAX C [[eIOTUC-
JIEHHOU apu(METUKOM BBIYUCIEHUI COCTOSIT
B TpaHC(OpMan Ui, IEPeBOLie BEI[eCTBEHHOTO
LHOOT B LI Ha 0cHOBe Pa3IMIHBIX OO~
HUTEIbHBIX Ipouenyp. Tak, B METOLOIOTUHI
ezIIR 11e10InCIeHHOr0 OKPYIIeHNs OUITHHET-
HOTO IpeoOpasoBaHust, pazpaboTaHHOro up-
Moit Texas Instruments [8], mocie monydeHust
BEILI[eCTBEHHOTO PeIIeHNsI OXUIMHEHHBIM IIPe06-
pasoBaHUeM aHAJIOTOBOTO IIPOTOTHUIIA TIEPEXOL
K [II1® ocy1iiecTBIIseTCs ¢ IOMOIIIBIO IBYX CIIEIl-
uUIeCKUX MPOLeyP: CIIOKHOMU IIPOLIeAyPbL
HOPMUPOBKH BeL[eCTBEHHBIX K09((DUIIEHTOB
KackagHoro BUX-uabTpa mo ero uMIyIbCHOM
XapaKTePUCTUKe Ha IEPBOM Talle U HeTHHel-
HOU IPOLeNypbl IIPUBEIEHNS HOPMUPOBAHHBIX
BeIl[eCTBEHHBIX K03(h(DUIIHEHTOB K I[eJI0IHCIIeH-
HOMY BUly Ha BTopoM. KoppekTHOCTb 3THX 3Ta-
0B BO3MOJKHA B PAMKAX OIIPe/IeIeHHBIX XKeCT-
KUX TpeOoBaHUl, PU3NIECKUX OTPAaHUICHNI,
BBIXO/[] 3a IIp€ieIbl KOTOPBIX IIPUBOIUT K PE3KO-
My BO3PACTaHHUIO IIOTPEIIHOCTH ITHX IPOLELYP,
9TO NPUBOIUT B UTOTE€ K 3HAYUTEJIbHBIM NCKA-
JKEHHUSIM XapPaKTePUCTUK «OLEIOIUCICHHOTO»
pexypcuBHOro GUIbTPA U JaKe K BO3MOKHOM
IIOTEPE €r0 YCTOMYMBOCTH.

Jlpyroi u3BeCTHBIH IMOAXO/], COCTOUT B MC-
[OJb30BAHHUY B KAaIeCTBE [[eJIOIUCIEHHOTO pe-
IIEHUS [[eJIOYUCIIEHHOTO KBaHTa (KOia), IOJy-
4aeMOT0 CTAaHJAPTHOW MPOIeNy POl KBAaHTOBA-
HUS M KOMUPOBAHM [9] BellleCTBEHHBIX TAHHBIX
(x0apdunuentos GpuIbTpPa B JAHHOM CIIydae),
KOTZIa K&)KIOMY BellleCTBeHHOMY Koadduriu-
eHTy mpucsauBaercs onuo us 2"* snavenmit
IUCKPETHBIX [eJIOYHCIIEHHbIX KOJIOB, Tie Wk —
AnuHA GETOBOTO CJI0BA IIETOYUCIEHHbIX KOId-
¢uruenToB pubTpa.
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HaHOMHI/IM, 49To L{e.HO‘IHCJ'[eHHbeI KBaHT
C,,, semecrBenHoro unciaa C € E" B BapuanTe
OKPYIJIEHUS paBeH I1e€JI0M YaCTU BbIpaKeHUsA
B CKOOKaxX:

C,, = int(Cx2"*+0,5). (1)

Torma BelecTBEHHbBIN KBAHT CQ € Q" aToro
YHCIIa OIIPeNiesIsIeTCs TaK:

Cfloat = CQ = Cint/2Wk'

Hanpumep, BemjectBennoe quciuo C =
=0,96623245 114 3aaHHOH IJIUHBI OUTOBOIO
nipenicrasieHuss Wk = 7 KBaHTyeTcs Tak:

C.

nt

= 0,96623245x2740,5 ~ 124,
Co = 124/27 = 0,96875.

[llymM KBaHTOBAHUS B TAHHOM IpHMepe
MOJKHO BBIYUCIUTE: € = 0,96875-0,96623245 =
=0,002517.

HecocTosTenbHOCTD HONOOHBIX TOAX0I0B
[IepeBOJa BEIeCTBEHHOTO IIPOEKTHOTO pellle-
HUS B IIeJIOYUCIeHHOe OYeBULHA B COCTOUT
B CJIEAYIOLIIEM:

o Bce BblIIenepednCIeHHbIE HETOCTATKU KOC-
BEHHOTO NPOEKTHPOBAHUS PEKYPCUBHBIX
uIbTPOB OGUNTKNHENHBIM ITPe06pasoBaHuEM
AHAJIOTOBOTO IPOTOTHUIIA IOTHOCTHIO COXPa-
HSIOTCSL ¥ B IOJIYIEHHBIX I[eJOYHCIeHHBIX
BEPCHSIX.

o Peanusanust (IporpaMMHast MU allllapaTHAs
B IIJTUC) nonyvennsix [P Ha wiardhopmax
C IIeJIOUUCIIEHHO apuMeTHKOM BHIIUCIIe-
HUH HCKITIOYaeT IPOLefyPy AUHAMUIECKOTO
KBAaHTOBAHSI BEIIECTBEHHbIX 3HAYCHUI B Pe-
QIHOM BPEMEHH, a CJIEAOBATEIbHO, U IIIYMO-
BbIe CBOICTBA IIPOU3BOJHBIX [[E/IOIUCTCHHBIX
¢uIbTPOB HUKAK He OYAyT COOTBETCTBOBATH
1rymMoBol Mozenu ucxonssix LIOOT, mocrpo-
€HHO ITyTeM IUHAMIIECKOr0 KBAaHTOBAHIUS
BEIIIeCTBEHHBIX JaHHBIX. TO Ke camoe, ode-
BHIHO, MO>KHO CKa3aTh X OTHOCHTEIBHO Ma-
JIBIX IIPeieIbHBIX I[UKIOB B 9TUX JUCKPETHBIX
IMHAMUYECKUX CHCTEMaX C pasHOU apudme-
THKOU IU(PPOBBIX BEIYUCICHUIT U Pa3IUIHON
CTPYKTYPOI IIOCTPOCHHUS 3BeHbeB (DUILTPOB,
XOTSL 9TOT BOIIPOC U TpebyeT HOMOIHUTEb-
HOTO M3YIeHUSL.

o Bce MeTOBI IPOEKTUPOBAHUST, 6a3UPYIONTH-
ecst Ha OMIMHETHOM IIpeoOpa3oBaHUM aHa-
JIOTOBOTO IIPOTOTHIIA, 3aBUCAT OT XOPOLIETO
HAYaJIbHOTO MPUOIIIDKEHNSI, XOPOIIIETO IIPO-
totumna. [Ipy HaIMIUK TAKOBOTO B MIPOCTHIX
3aJagax MOXeT OBbITh IOJIydeH BIIOJIHE IPU-
eMJIEMBILII Pe3yJIbTaT, HO B CJIOXKHBIX 3afadax
MHOTOYHKINOHATLHOTO CHHTe3a Hudpo-
BBIX (pHIBTPOB, KOTA XOPOILIEro Hadalb-
HOTO IIPUOJIIDKEHNSI HET U ObITh He MOJXKET,
IpUMeHEeHHUe TOTOOHBIX METONOB K YCIIeXy
He IIPUBOJUT.

Db dexTuBHBIN MHOTODYHKIIHOHAIBHBIN
CHHTE3, TO eCTb CHHTe3 I[eIOUHCIEHHBIX IH-
POBBIX (PUIBTPOB 110 COBOKYITHOCTU TPeOyeMbIX
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XapaKTePUCTHK B MHOTOMEPHOM LIeJIOIUCIICH-
HOM IIPOCTPAHCTBE COCTOSIHUIA, B HACTOAIIIEE
BpeMsI BO3MOKEH TOJIbKO IOUCKOBBIMU Me-
TOLAMHU [[eJOYUCICHHOTO HeJIMHEHOTO Ma-
TeMaTUIeCKOro mporpammuposanus [10, 11].
MaremaTudeckoe IpOrpaMMHUPOBAHIIE — 3TO
UHBapHaHTHas ¥ 3¢ (eKTUBHAS METOLOIOTHS
perrenust popManu30BaHHBIX 3a1ad (3amad
IPOEKTUPOBAHIUS B TaCTHOCTH ), METOLOIOT U,
MAaKCHMaJIbHO OPUEHTHPOBAHHAS HA COBPEMEH-
HbI€ BHIUUCIUTEIbHBIE CUCTEMBL.

O611ast uziest MaTEMATHIeCKOTO IPOrPaMMHU-
POBAHUS, KAK H3BECTHO, COCTOUT B IIPUBSI3KE pe-
IIIeHUs 000 3a1ady K YeTKOMY HHBAPUAHTHO-
My MaTeMaTHIeCKOMY IIPU3HAKY — 9KCTPEMyMY
¢dyukiun kavecrsa (nenn) F(X), rue Bexrop X
OIpefessieT HCKOMBIe ITapaMeTphbl YCTPOUCTBA.
7151 06031 TIPOEKTHO 319K TAKYIO (QYHKIHIO
BCeria MOXXHO chOPMUPOBATH UCXOIS U3 3a[aH-
HBIX TPeOOBaHMUII K IPOEKTUPYEMOMY yCTpPOIi-
c1BY. (B KOMIBIOTEPHBIX [TAKeTaX CHHTE3a IielTe-
BYI0 GQYHKIHIIO 06bIYHO opMupyeT QyHKIU-
OHAJIBHBIN pefakTop.) Eciu BbI mMeeTe Takyio
(YHKIHIIO, TO pellleHye 3a/iady CHHTe3a CBOLUT-
s K mponenype munumusarun F(X), To ects
K OIIpefie/IeHHI0 KOOPAHHAT [I06ATbHOTO 9KC-
TpeMyMa (OITHMAJIbHBIX TAPAMETPOB YCTPOIL-
crBa X°), 4TO OOBIYHO JIeIaeTCsA IOUCKOBBIMU Me-
tomamu [12-15]. IIpu aToM BakHBIM (DAKTOPOM,
ompefensomuM padoty nudposoro GUILTPa,
SIBJISIETCS Pa3PSIIHOCTD Le/I0YHCICHHBIX TAHHbIX,
C KOTOPBIMH OH omepupyeT. Tak, B HacTosIIee
BpeMsI B 0011iell HOMEHKIAType KOMMEPUeCKHIX
1ippOBBIX IIATHOPM CYIIIECTBEHHYIO TOIIO 32-
HHUMAIOT 8-pa3ps/IHbIe, C 1IeJTOYHCIeHHON apud-
MeTHKOU Beraucienuit. [1pu peanusanuu BbIco-
xockopocTHbIX [I1D Ha creruaan3upoBaHHBIX
w1aThopMax paspsiHOCTD IPENCTABICHIUS TaH-
HBIX MOXET OBITH ellle HIKE (10 YeThIpex MK
Iaxe JIo Tpex GUTOB).

Vneostorust e I09uCIeHHOTO HeTHHEHHOTO
nporpammuposanus (LIHII) mo3soiser ad-
(beKTHBHO IPOEKTUPOBATH LU(DPOBBIE DHIb-
TPBI C 3aIaHHOM PA3PSITHOCTHIO IIPECTABICHIS
IDaHHBIX (I1eJ0YUCIEHHBIX K03 PUINEHTOB)
IIpY MaKCHMaJbHOM BBIIOJHEHUU TPe6OoBa-
HUI K YaCTOTHBIM XapaKTepUCTUKaM (PUIbTPa.
Takoe LeJIOINCIEHHOE IPOEKTHOE PelleHue
HaeT MPUHIUITHATBHYIO BO3MOXKHOCTb peajin3a-
mun IJTHIT-GuibTpoB He TONBKO Ha CIenUanu-
3UPOBAHHBIX CUTHATBHBIX Ipoleccopax (DSP),
HO U Ha IIPOCTBIX U JEIIEBBIX MUKPOIIPOLIECCOP-
HBIX KOHTPOJIIEPaX, B KOTOPBIX HeT QYHKIUK
BEIIIeCTBEHHBIX BHIYHUCIeHNIL. []enouncieHHoe
IIPOEKTHOE PellieHue SIBISeTCs, 6e3yCI0BHO,
IPEAMOYTHTEbHEIM IIPH AIIIapaTHO peansa-
1 ITHIT-¢dunsrpa Ha IUIVC, a Taroke Ha Kpu-

CTaJUIaX 3aKa3HBIX WK nosry3akasHbeix CbUC.
B 37011 CTaThe pacCMOTPEHBI OCHOBHBIE BOIIPO-
CbI MOJIEJINPOBAHUS KaCKaIHBIX PEKYPCUBHBIX
LII®. Borpocs! e ux MHOrO(pyHKIHOHATBHO-
TO CHHTE3a METOJAMU I1eJI0YNCIIEHHOTO HeJlu-
HEHOTO IIPOrPaMMUPOBAHUS MBI IIOJPOOHO
06CyIM B TIOCTEAYIOMINX 1Ty OIUKAIUSIX.

C1pyKTypHO-(hyHKLMOHaNbHOE
onucaHue yudposoro hunbTpa

CTpyKTypHO-(QYHKIIMOHAIBHEIN IOAXOT,
JIeXAIUI B OCHOBE MOJICIUPOBAHUS 1 CHHTE3a
g poBoro GuIbTPa, IBISLETCS peanusannein
CHCTEMHOTO IIOfIXO/jd, U3/IaraeMOr0 B TEOPHU
nosHanus (16, 17]. B HeM BoiensioTcst GyHK-
I[UY CHCTEMBI, HY)KHbIe [JIS1 yIOBIETBOPEHMUS
OIIpefie/IeHHbIX IOTPeOHOCTEN, U CTPYKTypa CH-
CcTeMbl, peanusyroras 911 ¢yHkiun. COrIacHO
CTPYKTYPHO-PYHKIHOHATHHOMY HOAXOAY
11 poBoi GUIBTP MOXKET OBITH OXaPAKTEPU30-
BaH C IBYX IPUHIUIINAIBHBIX CTOPOH (pPHC. 2).

S[No, Vij] LincbpoBoit Y015 Y25 +v0s Vi)

unsTp

X (X, X35 +vvs Xy) Y017 32" s v

Puc. 2. CtpyKTypHO-(hyHKLMOHANbHOE ONHUCaHKe hunbTpa

BHyTpeHHee ero COCTOSIHUE IPUHATO ONU-
CBIBATh Ha [[BYX HePapXUIeCKUX YPOBHAX —
CTPYKTYPHOM U IapaMeTpuIeckoM. UTo Ka-
CaeTCs CTPYKTYPBL mocTpoeHus ¢puibrpa S,
omperensieMoit yucioM No GpyHKIHOHAIBHBIX
aeMeHTOB (QUIBTPA U UX B3AUMOCBS3bI0 Vij,
TO B paboTe [18] mpuBeneHo cpaBHeHHe Ka-
CKa[HbIX, [apaJIeNbHbIX, IPSMBIX X BOJTHO-
BBIX CTPYKTYp IOCTpoeHus nudposbix BIX-
(uIbTPOB, U TOKA3aHO, ITO KACKaLHAS CTPYK-
Typa SIBJISIETCS HAWTydIIelt, TOCKOJIBKY:
® I103BOJISIET PEATU3OBBIBATD P EPeIaTOq-

HbIX (yHKUHI 111 poBoro GuIbTpa HeGOIIb-

M Ha6OPOM OCHOBHBIX (DYHKIIHOHAIBHBIX

9JIEMEHTOB (3BeHbEB) HU3KOTO IOPSIIKA;
® JyBCTBUTEIBHOCTb XaPAKTEPUCTUK UIBTPA

K U3MEHEHUIO mapaMerpoB (koaduiiuen-

TOB) HAUMEHbIIIAs IPU IOCIEN0BATEIbHOMN

CTPYKType HOCTpoeHust QUIbTPa;
® KacKagHas CTPYKTypa ynoOHa B CIydae HOM-

CTPOMKH IIOCIIe CHHTE3a, TAK KaK KaXKI0e 3Be-

HO GUIbTPA H30IUPOBAHO APYT OT APYTa.

IToaToMy B HacToOsIIIIee BpeMs IIOCTPOEHIE
pexypcuBHBIX (PIBTPOB B popMe KaCKafHOTO
coenuHeHus (pUC. 3) 3BEHbEB BTOPOTO IOPSKA
IPSMO WK 06paIieHHO (GOPMBI Ha IPAKTHKeE

3BeHo 1 3BeHo 2

3BeHo 3

3BeHo 4 3BeHO M

Puc. 3. KackagHas (nocnegosarenbHas) dhopma nocTpoeHns duabtpa
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ncnob3yercst Hanbosee dacto. Takum o6pasom,

eCJU CTPYKTypa peKypcuBHOro (uibTpa 3ama-

€TCsI IUCTIOM ero 3BeHbeB N3 B KacKaaHOII pea-
nusanuy, T BeKTop X(x;, Xy, ..., X,) OIpeesseT

BapbpHUpyeMble mapamerpsl (kodpdunneHTs!)

3BeHbeB I[I(POBOro GUILTpA.

BHerH010, QYHKI[OHAIBHYIO CTOPOHY IIPO-
eKTHPYeMOTO IudPOBOro GUIbTPa IPUHATO
XapaKTepu30BaTh BEKTOPOM TaCTHBIX a6COMIOT-
HBIX ITOKa3aTesIel KadecTBa ero (OyHKIMOHUPO-
BaHMSA Yj(yl, V2> ++o> ¥)> OIIUCBIBAIOIIUM Ty I
HHYIO YaCTOTHYIO XapaKTePUCTUKY QUIbTPA,
3aIaHHYIO Ha 111 JUCKPETHBIX TOUYKaX TpedyeMo-
O 9aCTOTHOrO AuanasoHa. I1pu aToM abcomoT-
Hble mokaszaTenu y;(X), bopMupymomue 3T0T
BEKTOP, CAUTAIOTCA OTHOPOIHBIMY, €CIIN UMEIOT
OJITHAKOBBII (PH3UIECKHIT CMBIC]T, PA3MEPHOCTD
M BBIYUCIAKOTCA II0 OJHOTUITHBIM COOTHOIIIEHHU -
M (MozensimM). MaTeMaTu4ecKu OJHOPOIHBIE
(bYHKI_[I/IOHaJ'IbHLIe IIOKa3aTeJIn U KpuTepuu
UMEIOT IPUMEPHO ONUHAKOBYIO 9YBCTBUTEIb-
HOCTh K U3MEHEeHHIO apameTpoB (koadduiu-
eHTOB (prIbTpa).

Bexrop Y;(yy, 5> --» ) B OTHCAHUN TIPO-
eKTHpyeMOoTro GUIbTpa 3agaeT TpebOBaHUs
T10 KKJOU j-11 XapaKTePUCTUKE, OIIpeleIIIONei
ero pyHKIHOHIPOBaHHKe. YacTo TOBOPST, 4TO
9TOT BEKTOP OIpefie/IsleT TEXHUIeCKOe 3ajaHue
Ha IPOeKTUPOBaHue IU(POBOro GrIbTpa o co-
BOKYIIHOCTH €I'0 YaCTOTHBIX XapPaKTEPUCTUK.

Texymee Gyukunonuposanue punbrpa Y
CBSI3aHO C €r0 BHYTPEHHUM COCTOSIHIEM OIlepa-
TopoM MM, 0H siBjIsieTCss MaTeMaTHIeCKON MO-
Henbio (PUBUIECKHX IIPOIIECCOB, IIPOTEKAIOITIX
B cucreme Y = MM(§,X).

ITpuBeneHHOE CTPYKTYPHO-(DYHKINOHATD-
HOe OIKCaHUe I03BOJIsIeT cOPMYIUPOBATH OC-
HOBHBI€ 3a/1a9!, BOSHUKAIONINE IIPU IIPOEKTHU-
poBanuu 11udpoBoro GUILTpa:

o Tlpsamas 3agava (3ajjaqa aHaIM3a) — OmIpe-
menenue GYHKIMOHUPOBAaHUS PUIBTPA
IJIS1 3a[aHHOTO BHYTPEHHETO ero COCTOs-
HHUSL, 9TO YCJIIOBHO MOXXHO OTOOPA3UTh Kak
§$,X — Y. Pemrenue npsMo# 3agauu, Kak
BHU/IHO, CBOIUTCS K MaTEMAaTUIECKOMY MO-
IeNUPOBAHUIO HI(PPOBOTO LIeTOIUCIEHHOTO
¢dunbtpa.

o OG6parHas 3aa4a (3aa9a CHHTE3a) — OIIpe-
meneHue onucanus nudposoro GpuasTpa
110 3aIaHHOMY €T0 (YHKIIMOHUPOBAHUIO:

YT — §OX°. (2)

Omnrumanproe cocrosuue S X nudposo-
ro GunbTpa, IpU KOTOPOM TeKylee ero GpyHK-
IUOHUPOBAaHKE COBIIA/IAET (B TOM MAM MHOU
TPAHCKPUILUK) ¢ TpebyeMbIM (PyHKIHOHUPO-
BaHUEM, IIPHHATO HA3bIBATh TEXHUYECKUM pe-
mrenueM. Takum 06pa3oM, UMEHHO OOpaTHas
3ajiada OIpefeNsieT CYIIHOCTb IPOeKTHPOBAHMUS
(Kax mporecca cosanust) CHHTE3a NUQPOBOro
¢dbubTpa ¢ 3aJaHHOM COBOKYIIHOCTBIO Tpebye-
MBIX XapaKTePUCTHK. [IpH 3TOM B COOTBETCTBUH
C IBYMsI YPOBHSIMH OIIUCAHKS BHY TPEHHETO CO-
CTOSIHHSI [IPOEKTUPYEMOTro (PHUIIbTPA BO3MOKHBI
CIefyIolIiyie BUAbI 3314 eT0 CHHTe3a.
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CmpyxmypHoii cunmes

CTpPyKTypHBILI CHHTe3 KaK OILpefesieHre OIl-
THMAJIBHOM JUIS 3aTaHHOTO PYHKIIHMOHUPOBA-
HUS CTPYKTYpPbI I(poBOro GUIbTpa, I4To yC-
JIOBHO MOYKHO 3arucaTh Kak Y — S°.

CuHHTe3 CTPYKTYPHI TI060r0 YCTPOHCTBA MO-
KeT OBITb OCYIIIECTBIICH, CTeCTBEHHO, TOIBKO
Ha Ka4eCTBEHHOM YPOBHe, TaK KaK CTPYKTypa
[aeT JIUIIb KaueCTBEHHOE ONMUCAHIE BHYTPEH-
HETO COCTOSIHUS IPOEKTUPYEMOTO YCTPOICTBA.
ITpu 3TOM [JIs CHHTe3a CTPYKTYphI Haubosee
TaCTO UCIOJIB3YIOT MOAXOABI CTPYKTYPHOU
IEeKOMIIO3UI MU, IBPUCTUIECKHAE METOIBI.
Onnako Haun6osee 3pPexkTUBHO perrarh 3aza-
4y ONTHMM3ALUHU CTPYKTYPhI XOPOLIO pa3pa-
6otaHHBIM Mopdomorudeckum MetonoMm [14,
17]. Tlpu kackagHO ke peanusanuu [udpo-
BOTO (HUIbTPA €ro CTPyKTypa Oyzmer onpese-
JIATH 9UCIIO UCIIOJIb3YEMbBIX 3BEHBEB BTOPOTO
LOPSIAKA, TO €CTh OOIINI MOPSOK IPOEKTH-
pyemoro ¢unbrpa N. [Ipu npoexTupoBaHum
udposoro ¢punsTpa Meromom ITHII atot mo-
PAIOK 6yIeT OIpeNesAThCs B IOITAIHOM IPO-
Ijecce IOMCKOBOTO CHHTE3a [eOYHCICHHOTO
nudposoro puisTpa.

Iapamempuneckuii cunmes
yugpobozo punvmpa

DTO mOUCK MO 3aTaHHOMY (DYHKI[HOHHPO-
BAHUIO ONITUMAJIbHBIX 3HAYEHU I IapaMeTpoB
¢ubTpa py GUKCHPOBAHHOM €r0 CTPYKTYpe:

Y’ - XO'S:conSt' (3)

3ajaya pelraeTcss Ha CTPOTOM KOJIMYECTBEH-
HOM yPOBHE C HCII0/Ib30BAHIEM Pa3paboTaHHOM
MaTeMaTHIecKoi Mofeay nudpoBoro puisrpa
TOY MJIM UHOH CTPYKTYpHI. B HacTosee Bpems
[apaMeTPUIeCKUll CHHTe3 SIBJISeTCS Hauboiee
PacpoCTpaHEHHOM B IPOEKTUPOBAHUY 3a/1a-
qe#t. BoJbIITMHCTBO KOMMEPYECKUX CHHTE3UPY -
IOLIUX ITAKETOB PEIAI0T UMEHHO TaKYIO 3a1aqy.

CmpyxkmypHo-napamempu4eckuil cunme3s

3pech s 3afaHHOTO QYHKIMOHUPOBA-
HUA YT oInpefedeTcsa He TOJIbKO OITUMAJIb-
Hadg CTPYKTYpa, HO U OIITUMAJIbHbBIE ITapaMe-
TpeI Hudposoro ¢puistpa (2). CTpyKTypHO-
mapaMeTpHUeCKUH CHUHTe3 Haumbomee
a¢ddexTuBeH 110 Ka4eCTBY, OMHAKO U HanuboIIee
TpynoeMoK. IToHbII 3aMKHY TBIN UK CTPYK-
TYPHO-TIAPaMETPHIECKOTO CHHTE3a HUPPOBBIX
¢$bunbTpOB MOXKET OBITH pPeanu3oBaH Ha Gase
CMEIIIAHHOTO MaTeMAaTHIeCKOTO IPOrPaMMHU-
POBAHHUsI, KOTZA TOMCK TEXHUIECKOTO PelIeH s
BeIeTCsI ONHOBPEMEHHO B CTPYKTYPHOM U TI1a-
PaMeTpUIeCKOM IIPOCTPAHCTBE COCTOSHMUI IIPO-
ekTupyemoro duisrpa [19].

B nmanbHetiem 6yner paccmorpena addex-
TUBHAs U Hanboiee pazpaboTaHHAS METOMIO-
JIOTHUS pellleHus 3a4auy IapaMeTPUIeCKOTO
cuHTe3a (3) peKypPCUBHBIX [[€T0YUCIEHHBIX
¢bunbTpoB. OXHAKO IS ee IOCTAHOBKHU U pe-
HICHU H€O6XOHI/IMO HUMETb MATEMATUIECKYIO
MOJIeIIb, KOTOPAsi II03BOJIUT Ha CTPOrOM KOJIHYe-
CTBEHHOM YPOBHE PaCCIUTHIBATH HEOOXOMUMBIE
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(yHKIHIOHAIBHBIE XaPAKTEPUCTUKY IIPOEKTH-
pyemoro nudposoro ¢unsrpa. PaccMoTpum
BOIIPOCHI MOJIEJINPOBAHIIS [[€JIOYHUCIIEHHOTO pe-
KypcuBHOTo pribTpa 60s1ee HOEpOOHO.

LlenouvcneHHoe MmoaenupoBaHue
peKypcuBHOro punbTpa

Pexypcususbie LI ®, aBissach [UCKPETHBI-
MH JITHEHHBIME CUCTEMaMU C 0OPATHOM CBsI-
3pI0 (peKypcueir), 061aal0T 3HAYUTEIBHO
66HBLHHMH CCJICKTUBHBIMUH BO3MOXHOCTIAMU
10 CPAaBHEHUIO C HEPEKYPCUBHBIMU, ITI0ITOMY
OHU I103BOJISIIOT Peanu3oBarh Tpedyemsie Hop-
Mbl 9aCTOTHBIX XapaKTEPUCTUK III/I(prBOI‘O
¢$buabTpPa CO 3HAYUTENHHO MEHBIIUM TTOPSII-
KOM. PexypCHBHBIN 1[eJI0YHCIeHHBIN QUIBTD
ABJIAETCA NUCKPETHON NTUHENHON CUCTEMOH,
1L KOTOPOM COOTHOILIEHNE MEXIY BXOIHOM X,
U BBIXOJHOM ¥, BPEMEHHBIMU I10CJIENOBATENb-
HOCTSIMU OIIpeNEIA€TC] YPaBHEHUEM B KOHEY-
HBIX Pa3HOCTSIX:

Y oa Y b

_ }: k z k
yn - ynfk-‘r xnfk’ (4)

k=1 4y k=0 4o

a mepefaToYHast PyHKUUSI — ero z-Ipeobpa-
30BaHHUEM.

K npunnunuansHoi ocobennocru LD ot-
HOCHUTCS IPUHAIJIEKHOCTD €r0 K03 durien-
TOB b} U g, 3HAKOIIEPEMEHHOMY PSILY LIe/IBIX Y1~
CeJI, KOTOPBIIT MOXKeT OBITh KaK HATyPaJIbHBIM,
TaK 1 GUHOMHUAIBHBIM (I HOPMHUPYIOIIETO
koo dunuenra 4,). MuTEpBaN CyMMupoBa-
HHS 110 k IOJTY9HIT Ha3BaHUe «OKHa» (PUIIbTpa.
BxopHoe oxHo ¢uibTpa cocraBisier N+1 orcde-
TOB, BBIXO[HOE — N OTCYETOB, IIPH 3TOM 3Ha-
gyenre N ompefensier MOPSAIOK PEKYPCUBHOTO
¢unprpa. Hanuaue o6parHoit cBsa3u (pexyp-
cun) B (4) ompenesnsier 6eCKOHEYHbII XapakTep
HMITYJIbCHOJ XapaKTePUCTHKU PUIBTPA, IIPH-
YeM ero 4acToTHbIIl KoapurmeHT nepenayn:

N .
(1-z,™®)
o T —

N .
H (l_pieijm

i=1

HOJIHOCTBIO OIIMCBIBACTCS PACIIpeiesIeHHeM 110~
JIOCOB U HYyJIeH B z-1IocKocTH. Eciu cucrema
yCTOﬁqHBa, TO BCE IIOJIKOCHI Pi JOJIKHBI JIEKATh
BHYTPHU €[UHUIHOTO KPyra 1 001acTb CXOAH-
MOCTH OYZIeT COfePKaTh efUHUIHYIO OKPYXK-
HOCTS (2, 3].

JIuHeltHO-pasHOCTHOE ypaBHeHue (4) co-
OTBETCTBYeT NpsAMOi ¢popMe anmapaTHOMH
peanusanuu GUIBTPA, XOTS, KaK IOKA3aHO
BBIIIIEC, HaI/IJIY‘{LHeI;I SIBJIACTCA IIOCIEN0BATE/Ib-
Hasl CTPYKTypa mocrpoenus ¢puabrpa (puc. 3)
B BAJI€ KaCKaTHOTO BKIIOYEHUS 3BEHbEB BTOPO-
TO TIOpsIAKa.

[Nepenarounast GyHKIUS [T PEKYPCUBHOTO
HLII®, cocTosirero 13 KaCKaHOr0 COeMHEHUS
m-3BeHbeB BTOPOro mopsiaxa (m = N/2), umeet
crepyrorumit Bup [20, 21]:
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m by+b z +b, 27
H(z) =HM (5)

1 IR
=1 Qogitayz +ayz

rjie Z= e/ — KOMIUIEKCHAs TIepeMeHHast;
o = 2nf/F, — mudposas gacrora.

Bce k0adduruenTs! cucTeMHON GyHKINH
(5) SIBIAIOTCS LENOYUCIIEHHBIMH, A X HHTEPBAI
U3MeHeHUs! (BapHaliu) OTpe/essieTcs 3a1aH-
HOWU IJIMHO¥ GUTOBOTO CJI0Ba (Pa3psIHOCTHIO)
ko3 unmenros puabrpa. llenounciaeHHprit
PeKypCUBHBIN GUIABTP OyIeT yCTOMIUB, eCIu
BCe HOJIIOCHI p; IepefaTouHoi (yHKImY (3) Je-
5KaT BHYTPH €JUHIYHOTO KPyTa B Z-TIIIOCKOCTH:

1Zp) < 1. (6)

U3 cootHomeHus (5) st ONEPaTOPHOTO
kxoadduInenTa nepegaun Ierko MoaydaeT-
Cs1 pPa3HOCTHOE ypaBHEHUe IJIsI ONHOTO 3BeHa
¢dunbTpa:

_ by X, by X, +DyX, =Y, =0,

, ()

n ao
IZie X, — BXOJHasl BpeMeHHasI II0CIeI0BaTeNb-
HOCTb; ¥, — BbIXOJHAsI [IOCTIeI0BATEIHHOCTD.

Cyns mo cooTHOUIEHNO (7), TP BBIYUCTIE-
HHH OTKJINKa Cl_)I/UII)Tpa JOJI>KHA BBIIIOJIHATHCA
OIepaIys AeJeHus Ha [[eJI09UCIeHHBII K0~
(bUIIeHT 4, KOTOPast MOKET OBITh pean3oBaHa
olepanuel CIBUIa IPU yCIOBUU IIPUHALJIENK-
HOCTH KaXKAOTO0 i-r0 Koaduriuenta 6unomu-
AIBHOMY IIeTIOYHCIICHHOMY PSILY:

a, € {21, q=0Wk i=1,m, (8)

rne Wk — miuHa GUTOBOTO CJI0Ba IEIOTUCIICH-
HbIX K09¢duimenToB puabTpa.

Ha puc. 4 mpuBefeHa THINIHAS CTPYKTypa
3BEHBEB PEKYPCUBHOTO [EIOIUCICHHOTO (IIb-
TpPa, COOTBETCTBYIOIIAsl PA3HOCTHOMY ypaB-
Heruio (7). Kak BUIHO, IPHU €ro alapaTHoO
peanusanuy Ha KPUCTAJIIe AJIs1 BHIYUCTICHUS
OTK/IHKA GUIBTPA ¥, KPOME TPATUIUOHHBIX
OIepaINil CIOKEHHS, YMHOKEHHS U 3a/iePiK-
KM Ha TaKT MPHUCYTCTBYeT OLepanus CABUIA
Ha B = log,a, 6UT, ¢ IOMOIIIBIO KOTOPOII peau-
3yeTCsl LeIOUUCIeHHOE fieJIeHue Ha OMHOMUANb-
HbIiT Koo uruent a4,

TakuM 06pasom, IpHU pacueTe OTKIUKA pe-
kypcusHoro LII® ucnonb3yeTcs MUHEMANIbHOE
KOJHN4eCTBO 0a30BBIX ONEPAIHil, IPUIEM BCe
9TH OIePALNHU LIeJIOUUCICHHBIE, ITO OLIpefe-
JISIeT BHICOKOE OBICTPOIENCTBHE PEKyPCUBHOTO
LIIP mpu paboTe B peabHOM BPeMEHH.

Jpyrum BaskKHBIM TOCTOMHCTBOM II€JIOTHC-
JeHHBIX UGPOBLIX GUIBTPOB SBILETCS, KaK
yKe OBLIO CKa3aHO, OTCYTCTBUE IIPOIeNYPBI
KBAaHTOBAHUS JAHHBIX (Kak K03 dunueHToB
buIbTpa, TAK U Pe3yIbTATOB IIPOMEKYTOIHBIX
BBIYUCIICHUIT) B XOfIe pacieTa OTKINKA (QUIIb-
Tpa B peaJbHOM BPeMEHH, a CJIe[0BATeIbHO,
1 OTCYTCTBHE TAKUX HETaTHBHbIX ITOCIIEACTBHUI
KBAaHTOBAaHMS JaHHBIX, CBOUCTBEHHBIX [IDDT,
KaK HCKa)KeHHe YaCTOTHBIX XapaKTEePUCTUK
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Puc. 4. CtpykTypa 38eHa pekypcusHoro LIHM-cunbtpa

¢unbTpa [7] IpuU KBAHTOBAaHUU €ro Bellle-
CTBEHHBIX K09 PHUIHEHTOB, HEOOXOTUMOCTD
MaciuTabupoBanus kodddunnentos Guibrpa,
[OSIBJICHNE TUHAMHUIECKUX IIYMOB KBaHTO-
BaHMA [4], a TaK’Ke BO3MOKHOCTD IIOSABIEHU
MaJbIX IpeleNbHbIX IUKIOB IPU KBAHTOBA-
HUM Pe3yJIbTaTOB BHYTPEHHUX BBIUUCICHUI.
To ectb kBauToBanue B LI11P 3ameneno 1emo-
YUCIEHHON JUCKpeTU3anueil MHOTOMEPHOTO
IIPOCTPAHCTBA KO UIUEHTOB [Iepel CHHTe-
30M pUIBTPA C MOTyIeHUEM LIeJOIUCICHHOTO
pemternst (BeKTOpa LeJOIUCICHHBIX K09 du-
ruertoB IX° B MHOrOMepHOM IeJI0YHCIIEeHHOM
IIPOCTPAHCTBE COCTOSIHMIT [") ¢ HyIeBOi oIn6-
KO¥ ero peanusanuu Ha 1udpoBoit mwiargopme
WUTH KPHCTAJLIe C 3afaHuoi anunoit Wk crosa
I[eJIOIUCTICHHBIX K03 DULIIeHTOB.

Yro ke KacaeTcsl pe3yabTaTOB IIPOMEKYTOU-
HBIX BBIYHCICHUI, TO BCe OHU TAKKe SBJIIOTCS
11eJIOYNCIIEHHBIMHY, U IIPU 3aJlaHHONI 6UTOBOM
PaspsIHOCTH KBAaHTOBAHMUS BXOTHOTO CUTHAIIA
Wx (8 ananoro-mudpoBom npeobpasosarere,
HAIIpUMep) JIETKO BBIAEIUTb BHYTPEHHMUI aKKY-
MYJISITOPHBII PETUCTP C Pas3pPsITHOCTHIO (61T):

Wak = Wx+Wk+2 9)

IJTsL XpAHEHUSI Pe3yJIbTara [eI0YHCIIEHHOTO YM-
HOXEHHUS C HAKOIIJIEHHEM, OCYI[eCTBIISIEMOTO
110 aropurmy (7).

Kone6aHuii mepenoaHeHus], TO €CTh BO3-
HUKHOBEHUs OOJIBIINX Ipefie/IbHBIX I[UKIIOB,
BBI3BAaHHBIX I€PEIIOJHEHUEM Pa3psAIHON CeT-
KH PerucTpa-akKyMyIsaTOpa, IPH TAKOM pac-
9eTe ero pa3psIHOCTH MPAKTHYECKH HIKOT/A
He Bo3HHUKaeT. OCOOEHHO eCIIN YIeCTh, YTO Ha-
KOIUIEHHE Pe3yJIbTaTa LeJ0YNCIEHHOTO YMHO-
KeHus B (7) OCYIIeCTBIIsAeTCs anrebpandecky,
C y4eTOM 3HaKa CJIaraeMbIX, 9TO CYIIeCTBEH-
HO CHHJ)KaeT Pas3psiiHOCTb pedyibrara. [lpu
9TOM Pa3psIAHOCTD B LesIX 0OpaTHOM CBSI3U
[eJIOYUCIEHHOTO QUIbTPA He PACTET OT TaK-
Ta K TaKTy, TaK KaK pa3psiiTHOCTb OTKJINKA pe-
KYPCUBHOTO IIJIOUHCICHHOTO 3BEHA ¥, BCETAa
MeHbIIIe (4 BeCbMa CyI[eCTBEHHO) PaspsiIHO-
CTH pe3y/ibTaTa BHYTPEHHEro IeJI0YHCIEHHOTO

YMHOKeHHSI C HAKOIUICHHEM 3a CUeT IOCTIef-
Helt omepanuu GOPMUPOBAHUS ITOTO OTKIIL-
Ka — OIIepaLlUK PETUCTPOBOTO CABUTA BIPABO,
BEJITIUHY KOTOPOTO OIpefessieT 3HadeHue Ou-
HOMHAJIBHOTO HOPMEPYIOIIEro ko3 dunnes-
Ta d,; [[eIOYUCIEHHOro 3BeHa. TakuM o6pasom,
HeraTUBHBIE NIPOOIeMbl KBAHTOBAHUS, IPU-
cymue nudpoBsIM GUIBTPAM C BEIIECTBEH-
HOIT apu(MeTUKOI BBIYUCIEHUN, OTCYTCTBY-
I0T B IIJIOYUCICHHBIX [UGPOBBIX GUIBTPaX
BBU/LY OTCYTCTBHUS CaMOII IIPOLIENyPBI KBAHTO-
BAHUSI NAaHHBIX B AITOPUTME [[eJOINCICHHOM
¢dunpTpanum.

Kax usBecTHO, B KacKagHbIX (popMax Io-
crpoenus nudpoBbIX GHIBTPOB HEOOXOTUMO
MacuITabupoBaHUe CUT'HANA, ITO [O3BOJISET
KacKagHOMY uibTpy paboTaTh B HIXPOKOM
IUHAMUYECKOM JMAIIa30He BXOTHBIX CUTHAJIOB.
[Tpu stom B Kackapublx IODT ato o6bruyHO
HeaeTcsi IO MeTofuKe [XKeKCOHA ITyTeM BBO-
Ia B CTPYKTypy 3BeHA CIEIUATbHOIO MAaCIITa-
6upyoIero yMHOXHUTENS ¢ KoadduimeHrom
YMHOJKEHUS A, PABHOTO CTENeHHU YUCIIA [Ba,
IpU KOTOPOM He BO3HUKAET [epPErOTHeHHUE.
To ecTb 31ech MacIITaOUPYIOIIKE YMHOXKEHUS
B 3BEHBSIX CBOISATCS K IIPOCTHIM caBuram [1, 9].
Ho TouHO Takas e Ipoleaypa perucTpoBOro
CIIBUTIA SIBJLIETCS TOCTIEHEN B pacieTe OTKIIH-
Ka [[eJIOYUCIEHHOTO 3BeHa, a 3HAYHT, e¢ BIIOJIHE
MOYKHO HCII0JIb30BATh U /I MACIITAOMPOBAHUS
ero ycuaenus. OfHaKO pacueT TAKOTO MacIIITa-
OUpPOBAHUS IIJOTUCICHHOTO 3BeHa TOPasfio
JIerde OCYIIeCTBIIATH He IIPUMeHeHeM, Hallpu-
Mep, Lp-HOpMBI miin u3MeHeHHeM K03 du-
I[MeHTOB YUCIUTENIS IePefaTOIHON QYHKINY
3BeHa [1, 4], a IpsIMbIM BBefieHIEM TPEOOBAHUS
obecregeHns Manoro pasbpoca koadduiues-
TOB IIepefadu OTAEIbHbIX 3BeHbeB (B Ipere-
Jie — paBeHcTBa K09 PunueHTOB mepenaun,
XOTSI 9TO U IPHUBENET K HEKOTOPOMY CHIDKe-
HUIO CEJIEKTHBHOCTH) HETIOCPENCTBEHHO B XOLie
[IHTI-cunTe3a KackagHOro uudposoro Guib-
tpa. PopMabHO TpeOOBaHIe MaCIITaOHPOBa-
HUS1 yCHUTCHS 3aIIHCBIBAETCSI KAK IBYCTOPOHHEe
(yHKIMOHATbHOE OTPaHIYeHNE IKCTPeMalb-
noit 3agaun [THII-cunTesa.
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OueHka 6bicTpoaencTBUA

[Ipu pacuere oTknuKa pexypcusHoro IO
HCIIOJIb3YeTCs] MUHUMAIBHOE KOJIUIeCTBO 6a30-
BBIX OIIEpAIIMIi, IPUYEM BCe ITH OLEPAL[UH IIe-
nouncieHHble. Pacder oTkimka GHIbTpa Ha pe-
QJIHOM CHTHAJIe HJIET 09eHb ObICTPO, IPAMO
1o onpenenenuto (monenu) puiabrpa (7), mist
3TOTO HMCIIONB3YIOTCS BHIYUCIEHHbBIE 3apaHee
esoyrciIeHHble Koaddurmentsl. EcrecrsenHo,
1[eJIOYHCIIEHHBIE OTlepaIiy Ha 060t nudpo-
BOI ITaTGOpMe BBIIOTHSIIOTCS 3HAYUTEIBHO
ObICTpee, YeM OIepalliy BeleCTBEHHbIX ITHd-
pOBI)IX BBIUMCJIEHUM. qI/ICTIO TAaKTOB I_[eHTpaJ'[b‘
HOTO mporeccopHoro ycrpoiicrsa (LIITY), Heo6-
XOIMMBIX IS peanu3auy 6a30BbIX OIeparuii,
CymeCTBeHHO MEHBIIEC OJIA TEJIOYUCICHHBIX
BBIYUCIIEHUM.

Dr0, HanpuMep, YOeTUTENBHO TOKA3aHO
B pabore [22], rjie IPUBOIATCS TaHHbIE CPaB-
HUTEJIBHOTO paC‘IeTa nu I/ISMepeHI/IH KOJIN4YeCTBaA
takToB 1[ITY 6a30BbIx omepanuii (CI0XKeHUs
U YMHOKEHHUS) IJII MUKPOKOHTPOJUIEPHOTO
npoueccopa C8051F120, uMero1iero BO3MOX-
HOCTH PaboTaTh KakK C [[eJIOYUCIEHHBIM, TaK
" C BEIIECCTBEHHBIM CbOpMaTOM HpeﬂCTaBHeHHH
nauHbIX. Snpo CIP-51 aToro mporeccopa moj-
,Hep)KI/IBaeTCH aHHapaTHbIMI/I n HpOFpaMMHbIMI/I
cpencrBamu paszpaborku ot Silicon Laboratories.
ITpu aToMm 114 onpeneseHus KOJIUIECTBA TaK-
TOB 6a30BBIX OIEPAIHIl HCIIOIH30BAIICS O[H
13 TaiiMepPOB MUKPOKOHTPOJLIEPA, TAKTUPYe-
MBIIl BHYTPEHHUM TeHepaTopoM. Pesynbrar
cdera TaliMepa IIOKA3bIBAET, YTO MJISL 3TOM
1udpoBOi MIaTHOPMBI OTIEPAI[UH CIIOKEHHS
peanusyroTCs B CeMb pas ObICTpee, a Oleparum
YMHOXeHUsI 60Jiee 4eM B 4eThIpe pasza ObicTpee
ITSL LeJIOYHCITeHHON apu(METHKU B CPaBHEHUH
C BEIIECTBEHHBIMU BBIYUCIICHUAIMU.

AHanoruYHasA METOIMKA OILEHKH OBICTPO-
HeﬁCTBHH MOXET 6I>ITb HpI/IMeHeHa u 11 BCE-
ro 1enouncieHHoro gpuibtpa. Tak, mo Komy
accembiiepa IIpUBEIEHHON [ajiee IPOrPaMMBbI
pacdera OTKJINKA KACKAJHOTO PEKyPCHBHOTO
LIII® 6bUI0 OIpeneneHo KOTUIeCTBO TAKTOB
LITTY, He06XOAUMBIX IS pacdeTa ero obuie-
rO OTKJIMKA IpU peanusanuu GUIbTPa yKe
Ha MHOTOQYHKIMOHATbHOM MUKPOKOHTPOII-
nepe MSP430F1611 ¢pupmsr Texas Instruments,
KOTOPBIH SBJISIETCS IO CYTU [leJla OGHOKPU-
cTanbHO DBM Manoi mpous3BofuTeIbHOCTI
¢ 16-paspsapabeiM RISC-anpom. OTnuausamu
3TOTr0 KOHTPOJUIEPA SIBJISIETCS €r0 HU3KOe SHep-
ronotpe6eHre, HEBHICOKAsE CTOMMOCTb, @ TAKXKe
BO3MOYKHOCTb [IPOBEIEHUS TOIBKO [EIOIHC-
JICHHBIX BBIUMCIIEHUN.

[TporpamMMupoBaHue MUKPOKOHTPOJIIEpa
OCYIIECTBIIIOCH C TOMOIIBIO IIPOTrPaMMaTopa
MSP-TS430PM64 uepes unrepeiic JTAG:

// mporpamma pacuera OTKJIMKA KaCKajHOTO peKypcusHOro LI
#define IIR16_NBIQ 2 // auciio 3BeHbeB GuibTpa

/Ixoaddumuentsr BOi, B2i, B1i, A2i, Ali, log2(A0i)

const short [IR16_COEFF[6*IIR16_NBIQ+1]={
1618,-4234,-2798,-4632,2007,13,

-1069,-1677,-1940,-1736,6517,13

I
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int DBuffer[2*1IR16_NBIQ+1]; // mmxuu 3apepxki
int EBuffer[2*IIR16_NBIQ-+1];

int IIR_Filtr(int Data) {
int32 temp;
short *COEFF=(short*)IIR16_COEFF;
short *D = (short*)DBuffer;
short *E = (short*)EBuffer;
short Xc, pvalue;
int i;

pvalue = (short)Data;
for(i=0;i<IIR16_NBIQsi++)
{
Xc = pvalue;
temp=(long) (*COEFF++)*Xc + (long)(*COEFF++)*(*D++) +
(long)(*COEFF++)*(*D--) + (long) (*COEFF++)*(*E++)+
(long) (*COEFF++)*(*E--);
D+ ="D;
*E++ =*E;
pvalue = (short)(temp>>*COEFF++);
*D++ = Xc;
*E++ = pvalue;
}

return (int) pvalue;

Kak mokaspIBalOT pacyeTsl, 06IIee IHCI0
TakToB LIITY, HeOOXOMUMBIX I1JI BHIYUCIEHUS
B peaslbHOM BpeMeHH OTKJIMKA BCETO KaCKaIHO-
ro pexypcuszoro LITI®, wrst nannoi 11¢hpoBoOit
wiatopmbl MSP430F1611 cocraBuito 43+92m
TAKTOB, I'Jle M — 9YUCIO0 KaCKaJoB (3BEHbLEB)
¢dubTpa. I1o 3TOMY COOTHOIIIEHHIO MOXKHO BbI-
YUCITATH BPeMsI pacdeTa OTKIMKA (IS TAKTOBOI
wactorsl LIITY fr= 8 MI'[) 4 BO3MOXKHYIO da-
CTOTY JMCKPETU3AIMU BXOJHOTO CUTHAIA MHO-
TOKAaCKagHOro (PUIIbTpPA IPH ero peanusainm
Ha 9TOM MUKPOKOHTpOJLIepe (Tabiiuia).

Ta6nuua. Pacuet BpeMeHH BbINONHEHWS LiUGHPOBOH
unbTpaumun Ha MUKpokoHTpoiepe MSP430F 1611

Konuuecteo | Konuuecteo Bpemsa MakcumanbHas

3seHbeBm | TaktoB LIMY | BhinonHenus, Mc Fa, My
1 135 0,016875 59259,2
2 227 0,028375 35242,4
3 319 0,039875 25078,7
4 411 0,051375 19464,2
5 503 0,062875 15904,5
6 595 0,074375 13445,4
7 687 0,085875 11644,8
8 779 0,097375 10268,3
9 871 0,108875 9184,7
10 963 0,120375 8307,4

Kax y>ke 6bUI0 YIIOMSIHYTO, BayKHBIM (DaKTO-
POM, OIpeesIoIUM ObICTpOneiicTBYE HHd-
poBoOro GpuiIbTpa, ABIETCS Pa3psAHOCTD HUd-
POBOII IUIAT(OPMEL, @ CIIE[OBATENBHO, U I[eJI0-
YUCJIEHHBIX IAHHBIX, KOTOPBIMU OH OIlEpUPYeT.
Kax cripaBemnBo oKasaHo B [4, 5], CHIKeHue
Pa3psIHOCTH TAaHHBIX JaKe Ha 1 OUT MOXeT €3~
KOHOMMTSD 10 50% onepaTUBHOM IIaMATH IIPU
CYIIeCTBEHHOM YMEHbIIEHHH BPEMEHU pac-
JeTa OTKIMKA PUIBTPA, IOITOMY AJISL BEICOKO-
ckopoctHbIXx HIII® Ha KpucTanie pa3psagHOCTh
IIpeCTaBJICHUs JaHHBIX BO MHOTOM SIBJISIETCS
onpeze/soIuM (hakTopoM.

LLlymoBble CBOMCTBA LIeJIOYUCIEHHOTO
peKypcvBHOro unbTpa

B coBpeMeHHOII TUTepaType IO IPOEKTU-
POBAHUIO THHEHHBIX HUPPOBBIX GUIBTPOB,

ONEPUPYIOIUX C GPUKCHPOBAHHON TOUYKOIL,
LIYMbI KBAHTOBAHUS UCCIIEIOBAHbI IOCTATOYHO
nozpo6Ho [1, 2, 9]. Tak, B pabore [1] mpuse-
JieHa II0JIHAA IIYMOBasd MOJe/Ib PEKYyPCUBHOIO
LIODT B kackagHON peasyn3alui C IATHIO HC-
TOYHUKAMU LIyMa OKPYTJIEHUS, HOAKIIOUEH -
HBIMH K 00111eMy Y3JIy CYMMHUPOBAHYsI, U Oy~
YEHO COOTHOLIEHHUE IJISl JUCIEPCUU BBIXOIHOTO
IyMa C y9eToM Lp-MaciTabupoBaHus KacKa/-
Horo ¢uibTpa. B pabore (23] mist obienpuHs-
TOM BEPOATHOCTHON MOJIEJIA OKPYTJIEHUS YHCET
¢ GUKCHPOBAHHOI TOUKOI, AUATIA30H H3MeEHe-
HUS KOTOPBIX 10 MOZLYJIIO He IIPEBOCXONUT €1~
Huty, a1 BUX-¢buibTpa Ha 3BeHbSIX BTOPOTO
IIOpAAKa IPAMON MU HOPMAJIbHOU CTPYKTYPbI
IIOCTPOEHUA IPUBENEHO CIeAyIolee OTHOLIe-
HUe IlIyMa KBaHTOBAHUs K CUTHaJIy Ha BBIXOZIE
KacKajiHoro puiprpa:

¥ e G e
S 1,5H

rie G— ycuwieHHe 1ryma; H — MaKkcUMasIbHBIN
koo dunuent nepenadn GUILTPa; R — IHUCIO
6HUTOB, COXpaHsIEMOe [IOCTIe OKPYITICHISL

ITpu 5TOM MHOTHe aBTODBI [OJIATAIOT, YTO
IIIYMBI JUHAMIIECKOTO KBAHTOBAHIS Ha CyMMa-
TOpe IIPOMEKXYTOIHBIX Pe3Y/IbTATOB YMHOMKEHIS
BeriecTBeHHBIX qucen B LIOPT 6ynyT moaHo-
CTBIO COOTBETCTBOBATD IIyMaM IIPOU3BOIHBIX
10 COOTHOIIEeHUO (1) menovnciIeHHbIx GuiIb-
TPOB, XOTS OUEBUIHO, YTO B PeaIbHOM (QUIbTpe,
OIEPHUPYIOIEM C IIeIOINCICHHbIME JAHHBIMU
Ha I[eJOIHCIeHHBIX Nu(POBLIX MIaTdopMmax,
IpoLeNypa AUHAMIIECKOr0 KBAHTOBAHISI JaH-
HBIX OTCYTCTBYeT B IpuHIuie. B aaropurme (7)
pacdeTa OTKINKA LEIOINCICHHOTO PEKYPCHBHO-
TO 3B€HA EMUHCTBEHHBIM CITyIaiiHBIM IIPOLIECCOM
(TO €CTh UCTOIHMKOM IITyMa) SIBJISIETCSI OLIePAI[Hs
HOPMHUPOBKUY, JeJIeHHs HA HOPMUPYIOIINIT 611~
HOMUAIbHBLIT MHOXKUTEJIb dj, KOTOPAst, KAK ITOKa-
3aHO BBIIIIE, PEAIU3YETCSI PETUCTPOBBIM CIBUIOM
BIIpaBo Ha B = log,a, 6UTOB ¢ moTepeii JaHHbBIX
B MJIA/IIIIUX Paspsiiax.

ITombITKA OL[eHKH IIIyMOBBIX CBOMCTB KacKaji-
Horo pexypcusnoro LII® cpenana B pabore
[24]. O603Hauast B cooTHOIIeHNH (7) pacuera
OTKJIUKA BbIPQ)KEHUE B CKOOKAX Kak:

[ J—
Vo= boX,tbyx, 1+ byx, a1y, =@y,

ABTOPBI ONPENEISIOT IIYM I[eJT0UYUCIEHHOTO
3BeHa KaK Pa3HOCTb MEXIY Pe3yIbTaTOM Be-
IIeCTBEHHOTO U I[eJIOIUCIEHHOTO NeIeHUS ¥,
Ha HOpMUPYIOIIuil KoaddurimeHT:

e,= float22 —int 22 (10)
4 4y

CYMTas IIPH 3TOM, 4TO €, UMeeT PaBHOMEpPHOe

pacupenesenue. [Janee, genas cTaHTapTHBIE

IIPENTIONIOKEHUS O TOM, UTO:

e y00BIe 1BA OTCYETA LIyMa OT ONHOTO
U TOTO K€ UCTOYHUKA HEKOPPEJIPOBAHbI;

® IIYM OT UCTOYHHUKOB HEKOPPEIHUPOBAH
C BXOJIHOII IIOCJIeZIOBATEIBHOCTBIO X,

KOMIMOHEHTbI U TEXHOJIOTWN « Ne 6 2014

www.kit-e.ru

45




46

KOMMOHEHTbI

aBTOPBI IPEJIATAI0T CIEAYIOLIYIO IIYMOBYIO
MOJIeJIb PeKyPCUBHOI YaCTU LeI0YUCIIEHHOTO
3BeHa GpuwibTpa (puc. 5).

Ba)KHO OTMETHUTDH, UYTO B IECJIOYHUCICHHOM
(buIbTpe Ha KaXKIoe 3BEHO ITPUXOJUTCS 110 Ofl-
HOMY I/ICTO‘IHI/IKY H_IyMa, CBOUM HpOI/ICXO)K,HeHI/I‘
eM 00s3aHHOMY omepanuu casura. Jlucrepcus
LIIyMa TOT/IA OIIPEMeNISeTCs TaK:

o0
o =0,y h'[n]=c]|H|;
n=0

a OTHOILIeHUE CUTHAI/IIYM JIJI ONHOTO 3BeHa
PpaBHO:

[S]

il
SNR:-lOlngG‘j 2, (11)

rie G— MaKCHMaJIbHbIN KO3 UIHEHT mepe-
maun GUIbTpa.

B ciy4ae sxe pabOTBI ¢ MHOTOKACKATHBIM Iie-
JIOYUCIeHHBIM (UIBTPOM OTHOLIEHUE CUTHAIA
Ha BBIXOJIe K IIIyMY PaBHO:

2 2

mll 1
Z—H =

i=1 a‘ =i+1 (X, Q

SNR = o =

—-101 g ,
(12)
e k09 PUIHEHTE! o U [} OIpeesIsIOTCS TaK:

| Qy;

i

ro joy —j® —j® ;
a;(e™) o tage’o,e

1 1 )

joy —jo —jo’
o(e”) ayta,e’ro,e

Bi(e”) =

OueBUIHO, 9YTO U3JIOKEHHBIN B [24] mox-
XOJl HOCUT IIpefBapUTEIbHBIN, OLeHOYHBIN
XapakTep, U [MOJTydeHHble COOTHOIIeHus (11)
1 (12) BBI3BIBAIOT PSIT KPUTUIECKUX 3aMeTaHMUIA.
Heo6xonuMpl manbpHeNIINe TeOpeTHIeCKIe
1 9KCIIepHMEHTAJIbHbIE UCCIENOBAHUS [IIYMO-
BBIX CBOWCTB I[€JIOUHCIIEHHBIX PEKYPCUBHBIX
(puIbTPOB, PaBHO KaK ¥ UCCIIEOBAHIE BO3MOK-

—jo® —jo
by+b,e”7 +b, e
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y'(n) e(n)
1/30 y(n)

Puc. 5. LLlymoBas Moaenib peKypCHBHOIO LiEIOUHCIEHHOTO 3BEHA

HOCTHU BOSHUKHOBEHUA MAJIBIX ITPENCIIbHBIX TN~
KJIOB B TAKHX CUCTEMaAX.
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