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[udposas od6padoTka curnanos Ha Python. Ot unxenepa k
pa3padorunky. / A. IBaHoB — «ABTOp», 2026

[MudpoBast 00padOTKa CUTHATIOB — 3TO HE Marusi. 9T0 aJITOPUTMbI, KOTOPbIE
MOJKHO MOHSTh, HanmucaTh Ha Python u nmpuMeHUTs K peasbHOMY 3BYKY. DTa KHUTA
JOKa3bIBAET TO Ha KaxJ10u cTpaHuiie.Bac KIET CKBO3HOM MyTh: OT IUCKPETU3ALIAN
u Teopembl HallkBHCTa 10 CMHTE3a 3BYKa U aJalTUBHBIX (pUIIBTPOB. Bl Hanuiere
DFT u FFT ¢ nynsa — u yBuaurte, nouemy FFT uzmenuin mup. Bol cripoektupyere
KMX- u BUX-]punbTpbl 1 MpoBEpUTE UX HA CBOEM rojioce. Bel ocBoUTE CBEPTKY U
co3aanTe peBepoepaluio, Kotopasi IpeBpaTUT OOBIYHYI0O KOMHATY B KOHIIEPTHBIN
3as1. Bel peasinzyere LMS-anroputm 11 nogaBiaeHus] HECTAIMOHAPHOTO IIyMa. Bl
HAaIUIIeTe IETEeKTOP BBICOTHI TOJI0ca Yepe3 KercTpaibHbii aHam3. Y codepére cBoi
CUHTE3aTOP — OT aJJUTUBHOIO A0 (PU3UUECKOr0 MOJEIUPOBAHUS CTPYHBL. [Lis
CTYIAEHTOB, KOTOpPbIE XOTAT 0cBOMTh DSP 6e3 6omu. [{71s1 pa3paboTunKoB, KOTOPbIE
XOTSIT BOWUTU B MUP ayauo. st co3uarenient KOHTeHTa, KOTOPbIE YCTAJIM ITPOCTO
HA)XUMAaTh KHOIIKM U XOTAT YIIPABJIATh 3BYKOM IO-HACTOSIIIIEMY.

© UsanoB A., 2026
© Astop, 2026
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IIpeaucioBue

ITouemy s1 HanUcaJI 3Ty KHUTY

[ndpoass 06padOTKa CUTHATOB — YAMBHUTENbHAsE 00nMacTb. OHa COEAMHSET MATeMaTHKY,
(usuky 1 nporpammupoBanue. OHa MO3BOJSET 3alIIHYTh BHYTPb CUTHAJIA M YBUJETh €TI0 CTPYKTYPY.
OHa JaéT BO3MOKHOCTb HE ITPOCTO KUCTIOIb30BaTh TOTOBBIE MHCTPYMEHTHI, a cO3aBaTh cBou. Ho myTh
K 9TOMY 3HaHHUIO OOBIYHO JIGKHUT Yepe3 TOJICThIe YYEOHUKH C MyraomiMu (bopMyIaMy U aOCTpaKT-
HBIMU JIOKa3aTesIbcTBaMK. MHOTMe TaJIaHT/IMBbIE JTIOAM, KOTOpPbIe MOIIIM Obl IIPUMEHUTH (D POBYIO
00pabOTKy CUTHAJIOB B CBOMX IIPOEKTAaX, TaK U HE JOXOIAT A0 CYTH — OHH CIIOTHIKAIOTCS O MaTeMa-
THUUYECKHIA A3bIK U OTCTYMAIOT.

4l HarMcaut 3Ty KHUTY, TOTOMY YTO YOEKAEH: CIIOKHBIE UJIEW MOKHO OOBSICHSATH IIPOCTHIM SI3bI-
koM. He xepTBys riyOuHoi. He 3amMeHss NOHMMaHue 3alOMUHaHUEM. A HaXoJlsl IPaBUJIbHbIE MeTa-
(bopel, paBUJIbHBIE BU3yaIU3all1, IPABUIIbHBIE TIPUMEPBI KOJa, KOTOPBIE JIeJaloT abCTpakKTHOE —
KOHKPETHBIM, & HEIIOHATHOE — OYEBHIHbIM.

B ocHOBe KHUTM JIEKUT NPUHLMIL: KaxJas ujaes JoJKHA ObITh He MPOCTO MPOYMTaHa, a Mpo-
kuTa. Yutaresab He MPOCTO y3HAET O MpeoOpasoBaH Pypbe — OH MUIIET er0 CBOUMH pPyKaMu U
IIPUMEHSET K cBoeMy royiocy. OH He POCTO CJIBIIUT O (PUIIBTPax — OH CO3/1AET (PUIIBTP, MPOITYCKAET
yepe3 HEero CUrHajl M cpasy BUIUT pe3ysbTaT. Teopusi HEMEJIEHHO CTaHOBUTCS MpakTHKOM. [Ipak-
THKa HEME/IJIEHHO MOATBEPKIAET TEOPHIO.

OTa KHUTA He OTIyrMBaer, a npuriamaer. OHa TOBOPUT: «TO CJIOKHO, HO Mbl pa3depemcs
BMecTe». OHa yBakaeT yuTarelis U BEpUT B €ro CIIOCOOHOCTh MOHSATH ITyOOKHE UJIeH, €U UX Mpa-
BUJIBHO OO'BSICHUTb.

Yem 3Ta KHHra OTJIHYAETCS OT APYTHX

Cy1mecTByIOT OTIMYHbIE YYeOHUKH 110 UpPOBOIt 00padoTKe cUrHaoB. OHM CTPOTH, IOJTHBI U
MaTeMaTU4ecky TouHbl. Ho OHM HammcaHbl AJ11 MaTeMaTHKOB U Oynymux yuéHblx. OHu npeanosna-
raloT, YTO YMTATElIb yKe BIaJIeeT BhICILIE MaTeMAaTHUKOI Ha XOPOLIEM YPOBHE U F'OTOB BOCIIPMHUMATh
uHpopmaiio yepes3 opmysbl. s GOIBIIMHCTBA JIIOIEH, KOTOPBIE XOTAT 00pabaThBaTh 3BYK —
MY3BIKaHTOB, 3ByKOPEKUCCEPOB, pa3padOTUMKOB ayquocodTa, — Takoi nogxon He padotaet. Pop-
MYJIBl MyTaloT. AOCTpaKTHBIE JOKA3aTelbCTBA KaKyTCsl HE UMEIOLIMMU OTHOLIEHHUS K PEaJbHOCTH.
Yuratenb OpocaeT KHUTY Ha TPEThel CTpaHuIe U UIET UCKaTh TyToprat Ha YouTube.

CyliecTByIOT OTJIMUHBIE MPAKTUYECKHE PYKOBOACTBA. OHM IOKAa3bIBAIOT, KaKylo (PyHKIMIO
BBI3BaTh M KaKMe MapameTpsl nepeaarb. OHU 1al0T pe3ysbTaT ObicTpo. Ho OHM He 1aloT NOHMMAaHHUS.
Korza yto-To 1€t He Tak — a B 00pabOTKe 3ByKa YTO-TO BCET/a UAET HE TaK, — YUTaTeIb OCTAETCs
OecriomoliHBIM. OH 3HaeT pelienT, HO He 3HaeT, royemy perent padoraer. OH He MOXET aJJalTHpPO-
BaThb €ro M0 CBOIO CUTYALIUIO.

Dta KHUTA UAET 110 TPETheMY IMyTH. 51 OOBSCHSIO TEOPHIO — HO HE KaK JIEKIIMIO, a KaK JIHaJIor.
Kaxmoe HOBOe MOHSTHE BBOAUTCS Yepe3 BOIpoc: «3aueM 310 HyxkHO? Kakyio peanbHyo mpooieMy
3TO peraer?» 3aTeM s a0 MHTYULUI0 — MeTahopy WM aHAJIOTUIO U3 IOBCEAHEBHOM KU3HU, KOTO-
pas enaet ujelo MOHATHOM /10 BCAKUX (hopMyJ1. 3aTeM 5 oKa3blBalo (hOpMyJTy — HO HE KaK UCTHHY
c He0a, a KaK eCTECTBEHHOE Pa3BUTHE WAEU. 3aTeM Mbl IIMIIEM KOJ, KOTOPBII peanusyer 3Ty (op-
MyJTy, 1 CMOTPUM Ha pe3yabrar. Padoraer i oH? [Toxoxk M pe3y/nbrar Ha TO, YTO MBI OKHIATA?
Ecnmu Her — nouemy?

ITOT LUMKJ — UHTYULMS, TEOPHUs], KOJl, MPOBEPKA — MOBTOPSIETCA B KAXKA0M I71aBe. Bbl He mpo-
CTO YuTaeTe o mpeodpazoBaHuu Pypbe — BbI MUILIETE €r0 C HJIs ¥ IPIMEHsIETe K CBOeMy rojiocy. Bbl
He MPOCTO y3HaéTe 0 (pUIbTpax — Bbl co3aéTe (PUIBTP, IPOITyCKAeTe Yepe3 HEro 3BYK U CIIbILINTE
pe3yibTar. Teopust HeMeAJEHHO CTAHOBUTCS MMPaKTUKOM. [TpakTKa HeMeJIeHHO OATBEPIK1aeT Teo-
puo.

Kak ycTpoena 3Ta kHura
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Knura cocrout u3 meBatu riaB. Mbl HaunHaeM ¢ (hbyHAaMeHTa: B IEPBOH IJIaBe pa3dupaeM,
KaK aHaJIOToBBbIM 3BYK IpeBpallaercs B LU(POBOW, YTO TaKOE JMCKPETU3alMsl U KBAaHTOBAaHUE, U
MoYeMy MX MapaMeTpbl UMEHHO Takue, Kakue ecTh. 1o 6a3a, 6e3 KOTOpoi HEBO3MOXKHO MOHSTh BCE
OCTaJIbHOE.

Co BTOpPO¥ MO YETBEPTYIO IIaBYy MBI M3y4aeM npeoOpazoBanue Pypbe v ero Bapuarmu. 1o
[JIaBHBI MHCTPYMEHT aHAIM3a 3ByKa. MBI IPOWAEM MyTh OT HAMBHOTO TUCKPETHOTO Mpeodpa3oBa-
HUs Pypbe, KoTopoe padoTaeT MeIeHHO, K ObicTpoMy anroputMy Kyimu-ThloKH, KOTOPBIT U3MEHUT
Mup. Mbl pa3zdepéMcsi ¢ OKOHHBIMU (DYHKIMSIMH, YTEUKOM CIIEKTpa M KPaTKOBPEMEHHBIM peoOpa-
3oBaHueM Pypbe, KOTOPOE JIEKUT B OCHOBE CIIEKTPOTrPaMM.

B nsaToit 1 mectoi raBax Mbl 3aiMEMCS (PUIIbTpPaAMU M CBEPTKOM. Mbl IONMEM, 4TO (PUIIBTP U
CBEPTKA — 3TO OAHO U TO ke, MPOCTO C Pa3HbIX ToYeK 3peHus. Mbl Hanuiem ceou KNX- u BUX-
(bUIBTPBI, HAYYUMCS CTPOUTh YaCTOTHBIE XaPAKTEPUCTUKU U MPUMEHATh (PUIBTPBI TSI peasTbHBIX
3a7a4: SKBAIM3AIMH, ITyMOMOJABJIEHUs, CO3/1aHUsT 3(PPEKTOB.

B cenpMoii r1aBe MBI MiepeiiéM K aJalTHBHBIM aIrOpuTMaM — (bUIIbTpaM, KOTOpbIe TIOACTpa-
MBAIOTCS 071 U3MEHSIOMMUICS CUTHA. DTO YK€ YPOBEeHb MPO(ECCHOHATBHBIX CUCTEM IIIyMOIIOIAB-
JIEHU ST U SXOKOMIIEHCAIHH.

B BocbMOI1 I1aBe Mbl 3alIMEMCSI @aHAJIM30M BBICOTHI IOJIOCA — 3a/laueil, KOTopasi Ha MepBbIi
B3IJISI/T KQXKETCs IIPOCTOM, HO Ha Jiefie TpeOyeT XUTPbIX arOPUTMOB.

B neBsTOM 171aBe MBI CMEHUM HaIlpaBJIeHUE U 3aiMEMCS CHHTE30M 3BYKa — CO3/IaHAEM 3BYKOB
C HyJ1s ¢ nomMotsio Python.

Kaxnas rnaBa cnenyer equHou crpykrype. CHauasia s HOKa3bIBalo MpoOIeMy U Aai0 MHTYUITHIO.
3areM MbI pa3drpaeM TEOPHIO IIar 3a IaroM, 06e3 MpOoITyCKOB U 03 «0YEBHUIHO, UYTO». 3aTeM MUIIIeM
KOJI. 3aTeM CMOTpPUM, YTO MOXET MOWTH HE TaK — U KaK 3TO UCIIPABUTh. 3aTeM 51 Jal0 TBOPUECKOE
3aJjaHue JJIsl CAMOCTOSITENTBHOTO HCCieioBaHus. Y B KOHIIE — YeK-JIUCT JIsl CAMOTIPOBEPKH.

Yr1o BaM moHag00uTCA

Jl71s1 paGOTHI C KHUTOM BaM HykeH Kommbiotep ¢ Python Bepcrnu 3.9 v Beie. Bee Heobxonu-
Mble OUOTMOTEKH — numpy, scipy, librosa, soundfile, matplotlib — GecriiaTHbI 1 yCTaHABIMBAIOTCS
OZIHOM KOMaHAoil. B niepBoii r1aBe 51 NOKaxy, Kak BCE HACTPOUTb.

Bam nonano6sitcss 6azoBbie 3HaHus Python. Bel 1OmKHBI TOHMMATh, YTO TaKOE TEpeMEeHHas,
(ynkums, cnucok, Uk for 1 ycnoBHbIi onepatop if. Bbl 10/KHB yMETh OTKPBITh (paidsl B peJakTope
KOJIa ¥ 3aITyCTUTh CKPUNT U3 KOMaHIHOW CTPOKHU. DTOrO JOCTATOYHO. BceMy ocTanbHOMY s Hayudy.

Bam monaoOuTCsl TOTOBHOCT JiyMaTh. DTa KHHUTA He JJIsl TACCUBHOTO uTeHus. Bbul Oynere
nucaTh Ko, SKCIIepUMEHTHPOBATh, OIIUOATHCSI ¥ UCTIPABIIATh OMMOKK. DT0 HOpMasbHO. Ha ommo6-
Kax ydJarcs ObIcTpee, YeM Ha ycrexax. Ecim 4To-To He mojtydaercsi ¢ epBoro pa3a — Bbl HA BEPHOM
My TH.

Bam nonayio6utcst moOonsITcTBO. JKenaHue 3arisiHy Th O[] KaroT U MOHSTh, KaK BCE YCTPOEHO.
Ecnu BBl U3 Tex Jmoaei, KTO B IETCTBE pa3OUpasl UTPYIIKH, YTOObI TOCMOTPETh, YTO BHYTPU, — 3Ta
KkHUTa 115 Bac. LludpoBas 00paboTKa CUTHAJIOB — 3TO pa300paHHasi Ha AETaIu ayIuOBCeIeHHas.
N ona norpscaromie Kkpacusa.

§1 GnarogapeH Bam, yMTaTelNb. 32 TO, YTO B3SJIM STY KHUTY. 32 TO, YTO TOTOBBI IOTPATUTh BPEMsI
Y YCHJIMS Ha TOHUMaHKe, a He TOJIbKO Ha MPUMEHEeHHe. DTO pelleHre pasienisieT TeX, KTO MPOCTOo
UCTIONB3YyeT TEXHOJIOTUH, U TeX, KTO UMM yIipaBJsieT. [locie 3Toi KHUrH Bbl OyJeTe BO BTOPOU TpyIIIe.



A. Uanos. «Iludposas oO6padoTka curaanoB Ha Python. Ot unxkenepa K pa3padOTUHKY.»

Beenenue. [loueMmy noHMMAaTh — 3TO BBITOIHO

O 4ém Ta KHUTra

Bospmute moOyio mporpamMmy ajist 00padoTku 3ByKa. OTKpoiite B Hell 3(peKT mymornoaas-
neHus. Bel yBuante nonsyHku ¢ HazBaHusAMU: «Ilopor», «CooTHomeHue», «ATaka», «Pemus». Bol
JBUTraeTe UX TyJa-CIoAa, CIyIIaeTe Pe3y/IbTaT U B KaKOM-TO MOMEHT aymaere: «Bpoze Hernoxo». Ho
MIOHMMAETE JIM Bbl, YTO UMEHHO Bbl caenanu? MoxeTe Jii Bbl NIpeAcKa3aTh, Kak MOBEAET ceOs 3TOT
s ekt Ha Ipyrou 3ammcy, ¢ IPyruM TUIIOM IIIyMa, C JPYruM rogocoM? MosxeTe 1 Bbl OObSICHUTh
APYroMy 4eJsIoBeKY, oueMy Noi3yHOK «Ilopor» HyKHO MOCTaBUTh MMEHHO B 3TO MOJIOKEHHE, a He
Ha O4Th JEJICHUN JieBee?

BonpimHCTBO co3aTenell KOHTEHTa OTBEYAIOT Ha 9TH BOMPOCH! «HET». OHU IEUCTBYIOT METO-
J0M ThiKa. OHUM 3alIOMUHAIOT YJauHbIE TOJIOKEHUS IOJI3YHKOB JJI1 CBOEM KOHKPETHOM 3alucu U
MOJIATCS, YTOOBI B CIEAYIOLIMIA pa3 cpaboTao Tak sxe. OHM He yIPaBJIAIOT 3ByKOM — OHHU YTa/IbIBaIOT.

DTa KHUTra HalMCaHa JJIsl TOrO, YTOOBI BBl TIEPECTAIH YTa/IbIBATh U HAYaIH yIpPaBsaTh. YToObI
Bbl IOHUMAJI HE TOJIBKO «UTO JIeJIaTh», HO U «II0YeMy 3TO padoTaer». YToObl Bbl MOIVIM HE MPOCTO
IIPUMEHUTD TOTOBBIM QITOPUTM, HO M HAITMCATh CBOM, 3aTOYEHHBIN IO/ Ballly KOHKPETHYIO 3a/a4y.
UrtoObl BB EPEILIH C YPOBHS MOJIL30BATENs HA YPOBEHb CO3/aTelIsl.

B nepsoii knure — «Python 11 TBOpUYeCKMX: 3ByK Ha TBOEW CTOPOHE» — Mbl HAyUYWJIUCh
UCIIO/B30BaTh T'OTOBBIE MHCTPYMEHTHI. MBI 3arpykajiu ayauo, yOMpaiu 1IyM, BBIPaBHUBAJIU T'POM-
KOCTb, MEHSUIU I'OJIOC, MUKIIIMPOBAJIU C MY3bIKOI. MBI cOOpasti O0bIION aBTOMATHUECKHIA KOHBEHep,
KOTOPBII 32 MMHYTY J€JaeT TO, Ha YTO PaHbIIe YXOAWIIN Yachl pyuyHOro Tpynaa. 1o ObUT Kypc MOJIO-
noro 6oiinia. Mbl HAy9MITUCh CTPENISITh U3 TOTOBOTO OPYKHSI.

Tenepb Mbl IOWAEM Ha OpYKeWHBbII 3aBoA. Mbl pa30epéMcs, Kak yCTpOeHbl HAaTPOHBI, TOPOX U
CTBOJI. MBI TOMEM (PUBHUKY BBICTpENa M OAJUTMCTUKY My/d. M B pe3ynbrate Mbl CMOKEM HE TOJIBKO
CTPEJIATh — Mbl CMOXEM CO3/1aBaTh OPYKHUE MOJ ceOsl.

Ota KHUra — 0 1HppoBoi 0OpadoTke curHaioB. He myraiiteck Ha3Banus. Lludposas oOpa-
OOTKa CUTHAJIOB — 3TO ITPOCTO HAOOP UJIel O TOM, KaK padoTaTh C YMCIaMH, KOTOPBIE MPEACTABIISIOT
3ByK. Hukakoi marnn. Hukakux HEJOCTYIHBIX IPOCTOMY CMEPTHOMY TakH. Bc€, 4ro menmaior npo-
(beccroHabHBIE TIPOrPaMMBI 17151 0OpaOOTKH 3ByKa, MOKHO IMOHSTh, Hamucath Ha Python u 3amy-
CTUTb Ha CBOEM KoMmnbloTepe. 1 Bl 910 caenaere.

JJIs1 KOro 3Ta KHUra

DTa KHUra [ Bac, €CJIY Bbl [IPOYUTAJIN NIEPBYIO KHUTY Y XOTUTE UATH Janblue. Eciy Bel yxe
yMeeTe IPUMEHATh TOTOBBIE (DYHKIIMU U TETIEPh XOTUTE NMTOHUMATh, YTO Y HUX BHYTpH. Eciii BBl 4yB-
CTBYETE, YTO CTaHJAPTHBIX NHCTPYMEHTOB BaM HE XBaTa€T U Bbl XOTUTE CO3JaBaTh CBOMU.

DTa KHUTA 1)1 Bac, €CJIY Bbl HE YATAJIV NIEPBYIO KHUTY, HO YK€ HEMHOT'O 3HakoMBI ¢ Python. Bst
3HAETe, YTO TAKOE NepeMEHHas, (PyHKLMA U MaccuB. Bl MoXkeTe HancaTh pOCTON UK. Bam He
HY’KHO OBITh IPO(heCCHOHATIEHBIM PO PAMMHUCTOM — JI0OCTaTOYHO OA30BBIX HABBIKOB. BCE octabHOE
s1 OOBSICHIO.

Dta KHMTA AJIS Bac, €ClIM BBl MHTEpecyeTech 00pabOTKOM 3ByKa He Kak MOJIb30BaTesb, a KakK
uccaenosarens. Ecau BaM Majlo HaxkaTh KHOIKY — Bbl XOTUTE 3HaThb, YTO ITPOMCXOIUT IOCIIE HakKa-
tist. Eciu Bac pasnpakaert, korga 4ro-to paboTaer, a Bbl He OHUMaeTe rnovyemy. Eciu Bol u3 Tex
JIOJE, KOTOpBIE B IETCTBE Pa3OMpali UTPYLLIKH, YTOOB! [IOCMOTPETh, UTO BHYTPH.

DTa KHUTA 1JIg Bac, €CJIM Bbl CTYAEHT TEXHUYECKOU CIELMATIbHOCTH U BaM HYKHO OCBOMUThb
1ppoByI0 0OpaOOTKY CUTHAJIOB, HO YU€OHUKH HAIMMCAHBI CYXMM MAaTeMAaTUIECKUM SI3BIKOM M BbI3bI-
BAIOT TOJIBKO JKEJIAHWE 3aKPbITh MX M HUKOTAA HE OTKpPbIBaTh. S muiny He yyeOHUK. S Muilly KHUTY,
KOTOPYIO MHTEPECHO YUTaTh U 10 KOTOPON MOXXHO yUUThCA.

Ilouemy cymecTByOIHe KHITH He PeHIAOT MPo0JieMy
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CymiecTByeT MHOKECTBO KHUT TIO 1U(poBoii 0OpadoTke curHasioB. [Toutn Bce OHU JensTcs
Ha JBe Kareropun. [lepBas — akagemuueckue ydeOHUKU. OHU TIOMHBI (POPMYJT, UHTETPAJIOB, JOKa-
3atesbCTB TeopeM. OHU CTPOTH, TOUHBI M AOCOMIOTHO HETPUTOJHBI 1151 CAMOCTOSITEIbHOTO U3yUeHU ST
OOBIYHBIM YeJIOBEKOM. Eciu BBl HE CUIMTE B YHUBEPCUTETCKOM ayAUTOPUH C TPOdeccopoM, KOTOPbIA
OOBsICHSIET KaXKIbII 111ar, BBl 3aCTPSTHETE Ha TPeThel cTpaHuIe. $1 3Hal0 3TO, MIOTOMY YTO CaM 3acTpe-
BasI. I uHXeHep, 1 MOOTI0 MaTeMaTuKy, HO akagemudeckue yueOHuku mo [{OC BeI3bIBaIM Y MeHS
*eJlaHue OUThCS TOJIOBOM O CTOJ.

Bropasi kateropusi — mnpakTtuueckue pykoBoactBa. OHU roBopsT: «BoT OuOmmoreka, BOT
(byHK1IMS, BBI30BUTE €€ C TAKUMH-TO MapamMeTpamu, oJydnTe pe3yabrar». OHU He OOBSACHSIOT, YTO
BHYTpH (pyHKIMU. OHU He JaloT nmoHuManust. OHM JaioT perentsl. U Koraa perent nepectaér pado-
TaTh B BAIIUX YCJIOBHSIX — a OH 00s3aTeJIbHO MEPECTaHeT, MOTOMY YTO YHUBEPCAJIBHBIX PEIENTOB
He ObIBaeT, — BBl OCTaéTech OECMOMOIIHBL. Bbl HE MOXeTe aanTupoBaTh PELeNT, TOTOMY UYTO He
MIOHUMAeTe, KaK OH YCTPOEH.

Ora KHATA UIIET TI0 TpeTheMy MyTu. OHa 00BSICHSIET TEOPUIO — HO He Yepe3 (POpMYJTbI U JOKa-
3aTesbCTBa, a yepe3 Metadopsl, BU3yann3auuu U kod. OHa Ja€T NMpakTUYeCKUue HaBBIKK — HO HE
Yyepe3 roTOBbIE PelieNTh, & Yepe3 HalKMCaHue aJITOPUTMOB C HyJs. Bel Oyaere He mMpocTo YMTaTh O
ObIcTpoM npeoOpazoBaHny Pypbe — BbI HAMUIIIETE ero camu. Bel Oyzete He MpoCTo 3HATH, UTO TAKOE
KUX-duprp — BBl co3gagute cBoil (pHIIbTP U IPOBEPUTE €T0 Ha peabHOM 3BYKe. Teopus v mpak-
THKa UAYT pyKa o0 pyKy, U HM OJHA He 3a0eraeT Brepe.

Kak ycTpoena 3ta kHura

Knura cocrout u3 IeBsATH I71aB, KakJast U3 KOTOPBIX MOCBAIIEHA OTHOMY (PyHIaMEHTaJIbHOMY
KOHIIENTY 1M(PpoBOi 00paObOTKM CHIHAIOB. Mbl HAUMHAEM C CaMbIX OCHOB — YTO TaKOE CHTHAJ,
KaK OH OLM(POBBIBAETCS, IOYEMY YaCTOTA JUCKPETU3ALMY UIMEHHO TaKasi. 3aTeM Mbl 3HAKOMUMCS C
npeoOpazoBanreM Pypbe — IJIABHBIM UHCTPYMEHTOM aHaIM3a 3ByKa. Mbl TPOXOMM MyTh OT HAWB-
HOH peam3aiiu, KoTopasi paboTaeT MeIeHHO, 10 OBICTPOrO ajJropuTMa, KOTOPBI U3MEHMIT MUP.
Mpb1 uzyyaem (puiIbTphl, CBEPTKY, aJAlTUBHBIE aJTTOPUTMBI M CHHTE3 3BYKA.

Kaxpmas rimaBa nocrpoeHa o oqHomy npuHipmy. CHavyasa s oKasbIBaio MpooiemMy — 3aueM
BOOOIIIE HYKEH 3TOT AJITOPUTM, KaKyl0 peajibHyIO 3a7a4y OH peliaer. 3areM s Jal0 UHTYUIHI0 —
MeTadopy WIM aHAJIOTHI0, KOTOpasl JeIaeT UIC0 MOHSITHOW Ha YeJIOBEYECKOM YPOBHE, 10 BCAKUX
opmya. Ilocne 3Toro Ml norpyxaemcsi B TEOPUIO — HO HE Kak B JIEKLMIO, a Kak B auasor. Kax-
IbIA HOBBIY KOHIIETIT BBIBOAUTCS M3 MTPEABIAYIIETO MIar 3a maroM. Kak ToJbKo Teopust U3I0KeHa, Mbl
TYT K€ IIpoBepsieM €€ KoJoM. Mbl MUIIeM peau3alyio aropuTMa ¢ HyJisl, CTPOUKY 3a CTPOUKOM,
¥ CMOTpUM, paboTaeT JIi OHa. 3aTeM Mbl BU3yJIU3UPYEeM Pe3YJbTaT — CTPOUM T'papyKH, CIIEKTPO-
rpamMMmBbl, AUarpaMMbl, KOTOpbIE MOATBEPKAAIOT WM ONPOBEpraioT HamM oxuganus. Ilocie ocHOB-
HOTo MaTepuasia UIET pasien «3a KyJIucaMmm» — UCTOPUIECKUI KOHTEKCT, CBS3b C IPYrMMHU 00sa-
CTSIMU, HEOUYEBHUIHbBIE AeTan. 3aTeM «JlabopaTtopus OImMO0K» — YTO MOXKET MOWTH HE TaK, IIOYeMy U
Kak 3T0 ucnpaBuTh. VM HakoHell « TBOpueckoe 3ajaHue» — KCIePUMEHTBI, KOTOpPBIE BHIBOJISAT 32 Tpe-
JeJbl TJIaBbl U TOOYKIAI0T MCCIEN0BAaTh CaMOCTOSITENIbHO. Kaxqas riaBa 3aBepIaercs: YeK-JiCTOM
— CIMCKOM TOT'O, YTO BbI JOJKHBI YMETh 11OCTIE €€ MPOYTEHUS.

I'naBel MOXHO YMUTATh MOCJIENOBATENBHO — Kaxk/Jasl CeAyIollasi ONUPAETCsl Ha NPEAbIIyIIHe.
Ho MOXHO ¥ BBIOOPOYHO — €C/IM BaC MHTEPECYIOT KOHKPETHO (PUIIBTPBI MIIM KOHKPETHO CHHTE3
3BYKa, OTKPbIBAlTEe HYKHYIO IJIaBy. 51 mocrapascs cienarb U3J10KeHHEe MaKCUMAJIbHO CBSI3HBIM, HO
IIPU 3TOM KaskAyI0 IJIaBY MOKHO M3y4yaTh KaK CaMOCTOSITE/IbHBII MOJYJIb.

Yr1o BaM moHag00uTCA

Jl1s1 paboThl ¢ KHUTOM BaM HYyeH KOMIIbIoTep ¢ ycTraHoBJIeHHbIM Python. Ecim Bbl unrtanu
NIEPBYIO KHUTY, BCE yKe ycTaHOBJIEHO. Ecin HeT — He nepekuBaiite, s IPOBE/y Bac Yepe3 YyCTaHOBKY
B I[IEPBOII I71aBe.
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Bawm monago6utcst 6a3oBoe 3HaKOMCTBO ¢ Python. Bbl 10/KHBI 3HATH, YTO TaKOe TIepeMeHHas,
(ynkums, cnucok, uukJ for, ycnoBHsli onepatop if. Eciiu Bbl 9TOro He 3HaeTe — MpovrTanTe epBbie
JIBE TJIaBbI HAIIIEW TIEPBOM KHUTH, TaM 3TO OOBSCHEHO C HYJIsI. DTOrO IOCTaTOYHO.

Bawm monagoouTcs xeaHue pa3ouparbcs. ITa KHUTA CJIOKHee MepBoi. B Hell ecTh (hopMyIIbL.
He mHoro, HO ecTb. f He ocTaBJIsI0 NX 03 00BCHEHUS — Kak/1y10 (hOPMYJTY 5 IEPEBOKY Ha PYCCKUIA
SI3BIK W TpoBepsio kogoM. Ho Bam npusércs gymars. DTo He pa3BieKaTebHOE YTEHHE Ha HOUb. JTO
yueOHMK, HalMICAaHHBIH B pa3BiieKaTesIbHOM cTijie. Pa3HuIa cymecTBeHHa: BaM OyJeT MHTEPECHO, HO
BaM NpUAETCS padOTaTh TOJIOBOM.

Bam nonaio6utcst mpuBbIYKa SKCIEPUMEHTUPOBATh. Koj1 B 9TOM KHHUTe — He CBAIIEHHOE M1ca-
Hue. DTo NpuralieHue K urpe. Mensite napamerpsl. Jlomaiite anroputmsl. CMOTpUTE, YTO MONTY-
yaetcs. Jlydimii cioco0 MoHATh, KaK YTO-TO padOTaeT — 3TO CJIOMaTh 3TO U IOCMOTPETh, UTO U3Me-
HWIOCH. $1 a0 BaM Oe30macHyio cpeay JUTsl IOJIOMOK: BBl BCETIa MOKETE BEPHYTHCSI K MCXOIHOMY
KOJy U3 KHUTU.

Yero B 3TOH KHHUIe HET

B 3T0i1 KHUTE HET CTPOrMX MaTeMaTUYeCKUX JA0Ka3aTebCTB. S He ToKasbiBalo Teopemy Haii-
KBHCTA — 51 TIOKa3bIBAIO, YTO OyleT, eciiu e€ HapyluTh. 51 He BBIBOXKY (DOPMYJIBI U3 aKCUOM — S
OOBSICHSIIO MX CMBICII ¥ TIPOBEPSII0 UX padoTy.

B 37011 KHHTE HET MOTHOro OXBata MUMPOBOI 0OPAOOTKU CUTHAJIOB. DTO HE SHIMKJIONEIUS 1
HE YHUBEPCUTETCKUI Kypc. 51 BBIOpaJ Te TeMbl, KOTOpble Hanbosee BaKHbI 151 TPAKTHYECKON padoThI
CO 3BYKOM, U pa3o0pasl ux IIyOOKo. 3a IMpeaenamMy KHUI'M OCTATMCh MHOTHE WHTEPECHbIE BEIlH:
HeJIMHeHas: 00paboTKa, CKaThe ayauo, IMCUX0aKyCTUYECKHUe MOJIENTH, COBPEMEHHbIE HelpOoceTeBbie
METO/BI. DTO TEMBI JIs1 CEAYIOIINX KHHT.

B 3T0i KHUre HET MPUBA3KYU K KOHKPETHBIM ITPOTrpaMMaM WIIY TuaruHaM. Mbl paboTaeM TOJIbKO
¢ Python u 6ecriatHpivMu 6ubIMOoTEKaMu. Be€, UTo BB y3HaeTe, IPUMEHMMO B JTIOOOM KOHTEKCTE —
[IOTOMY YTO BbI [IOHUMAETE MPUHLIMIIBI, 2 HE 3alIOMMHAETE KHOIKH.

Kpartkoe coaep:kaHue rjias

B niepBoii m1aBe Mbl HAYHEM ¢ (pyHIaMeHTa. UTO Takoe CUrHajl U Kak OH CTAaHOBUTCSI IU(pPO-
BbIM. MBI pa30epEéM AMCKPeTH3ALIMIO0 M KBAHTOBAHKE — IPOLIECCHI, KOTOPbIE TPEBPAIAOT HETPEPhIB-
HBIA 3BYK B MaccuB uyMcel. Mbl HanmieM Kofl, KOTOpblid CUMYJIMPYET 3TU IPOLIECCHl, U YBUIUM, UTO
MIPOMCXOIUT, KOIJa YacTOTa JAUCKPETU3AaLUK CIIUIIKOM HU3Kasg. Mbl IO3HAKOMUMCS C aJIMACUHIOM
— KOBapHbIM 3(p(PEKTOM, KOTOPBII BO3HUKAET IPU HapylleHuH TeopeMbl HalikBucTa, 1 HayunmMcs
ero u3oerars.

Bo BTOpOIi I71aBe MBI TO3HAKOMUMCS C TTpeodpazoBaHueM Pypbe — TJIaBHBIM HHCTPYMEHTOM
aHayM3a 3ByKa. S1 pacckaxy, rmoyemy JioOOW 3BYK MOKHO Pa3IOKHUTh HA CYMMY CHHYCOWJ, U MBI
MIPOBEPHM 3TO YTBEPKJIEHME KOAOM. MBI HAUIIIEM HAaUBHYIO PEaJIM3AIMIO AUCKPETHOTO Mpeodpaso-
BaHusi Pypbe — oHa OyneT padoTaTh MPaBUIBHO, HO OYEHb MeIJICHHO. MbI MONMEM, MoYeMy OHa
Me/IJIeHHas1, U 3TO IOHMMaHKe MOATOTOBUT HAC K CIIEYIOIIEH IT1aBe.

B tpetbeii rnaBe Mbl yckoprM npeodpasoBanue Pypbe B cOTHU pa3. Mbl pa3depéM ueio ObiCT-
poro npeodpazopanusi Pypbe — anroputm Kymm-Teioku, KOTOpbIi U3MeHUT MUApP LM(pPOBON 0Opa-
OOTKM CUTHAJIOB. MBI HalMIIIEM PEKYPCUBHYIO pEaIM3allMIio ¥ CPABHUM €€ CKOPOCTb C HAMBHOM Bep-
cueil. Mbl MO3HAKOMUMCS C OKOHHBIMU (DYHKLMSAMU U NIoMMEM, nouemy npocroe FFT naér yreuky
CIIEKTpaA.

B ueTBEpToil I1aBe Mbl IEPENAEM K aHAJIM3Y MEHSIIOIMXCS BO BPEMEHHU CUTHAJIOB. MBI U3y4YnM
KpaTKoBpeMeHHoe rpeodpazoBanue Pypbe — TEXHUKY, KOTOPasl JISKHUT B OCHOBE CIIEKTPOrpaMM U
OOJBIIIMHCTBA AJTOPUTMOB 00pabOTKM 3ByKa. Mbl HaruieM cBoto peanmm3aimio STFT u cpaBaum eé
¢ GUOIMOTEYHO.

B niaToil rnaBe mbl 3aiimMéMcs MG POBBIMU (PUIIBTpaMU. Mbl TOMMEM, UTO (PUIIBTP — ITO MPO-
cro hopmysa, KOTOpasi MpeBpaliaeT BXOJHON CUTHAJI B BHIXOAHON. MBI HaIuIeM HeCKOJIbKO (hUJTb-
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TPOB C HYJIsI: CKOJIB3SILEE CPEIHEE, PA3HOCTHBIN (PUIIBTP, (PUIIBTP HUKHUX 4acTOT. Mbl HayuuMmcs
CTPOUTb YACTOTHYIO XapaKTEPUCTUKY (PHIIbTPA U IOHUMATh, YTO OHA TOBOPUT O €I0 MOBEJCHUU.

B miectoii riiaBe Mbl U3y4lM CBEPTKY — MaTEMaTHUECKYIO OIepalrio, KOTOpasi JIEXXUT B OCHOBE
dunbrpanuu, peepdepani ¥ MHOTUX Apyrux 3(pdekToB. Mbl MOMMEM, rouemMy cBEPTKA U (PUIIBTP
— 3TO OHO U TO €. Mbl HarmieM ObicTpyio cBEPTKY uepe3 FFT u npumeHnum e€ ajs co3naHus
PEATTMCTUIHON peBepOepaIiH.

B ceapMoii r1aBe Mbl IEpeIEM K aAaliTUBHBIM aITOpUTMaM — (PUJIbTPaM, KOTOPBIE TTOJCTPa-
MBAIOTCS 0[] U3MEHSIoIIMICS curHall. Mbl peanuszyeM LMS-ajiroputv 1 npuMeHUM €ero 1 oJas-
JIEHVs1 HECTALIMOHAPHOI'O IIyMa M 9XOKOMIIEHCALIUY.

B BOCBMOI1 I1aBe MBI 3alIMEMCST aHATTM30M BBICOTHI TOJIoca. MbI pa30epéM HECKOJIBKO METOJIOB
OIpeJesIeHNs] OCHOBHOTO TOHA — OT MPOCTOM aBTOKOPPEJISILIM [0 KENCTPAJIBHOIO aHaIu3a — U
HanuIleM CBOM AeTeKTop pitch.

B neBsATON I1aBe Mbl MEPEKIIOUMMCS C aHaIM3a Ha CUHTE3. MBI co3/1aiuM 3BYKHM C HYJISA:
aJUIMTUBHBIN CHHTE3, CYOTPAKTUBHBIN CHHTE3, YaCTOTHAS MOMYJIALHMS, (PH3MUECKOe MOJIETUPOBaHIE
cTpyHbl. MBI HanMIeM MpocToil cuHTe3aTop Ha Python.

Kak noJjiyunth MakcuMyM OT 3TOI KHUTH

He nipocto unraiite — nporpammupyiite. OTKpbIBaiiTe peIakTOp Kojia ¥ HabupaiTe mpumephl
pykamu. Korzia Bel HaOMpaeTe Koji, a He KONMpYyeTe ero, Balll MO3I padoTaeT MHaue — OH 3allOMUHAET
u nonnmaeT. Korjia Bbl KonupyeTre — OH pacciadisercs.

Mensiiite mapamerpsl. Eciu st iy np.sin(2 * np.pi * 440 * t), nonpoOyiite 880 Bmecto 440.
Uro uzmenmnocs? [ouemy? Takue ManeHbKHE SKCIIEPUMEHTHI JIAI0T MOHUMAaHUE, KOTOPOE HEBO3-
MO’HO TOJTyYUTh U3 TEKCTA.

Henaiite TBOpueckue 3aanusi. OHU He 00sI3aTeTbHBI — Bbl MOXETE MPOITYCTUTh X U BCE PABHO
NOHATH I1aBy. Ho ecim BB UX crienaeTe, MOHMMaHUe CTaHeT ITyOKe M OCTAHEeTCsl C BaMH HaJI0JTO.

Benute xoncnekr. He mpocto uuTaiite, a 3amuchiBaiiTe IVIaBHbIE MBICJIM CBOMMM CJIOBAMHU.
Korna Bbl nepeBoauTe MEI0 U3 TEKCTa KHUTU B CBOU CJIOBA, Bbl IIpUcBarBaeTe €€. OHa CTaHOBUTCS
BaIliei.

Obcyxpaiite ¢ apyrumu. Ecim y Bac ecTb Apyr WM Koiiera, KOTOpPBIA TOXe WHTEpecyeTcs
00pabOTKOM 3ByKa, UdTalTe KHUTY BMecTe. OObsICHANTE IPYT APYTy ClIokHbIe MecTa. OObsICHeHNE
APYroMy — JIYUIIIHiA CIOCOO MPOBEPUTD, IEUCTBUTEIBLHO JIM Bl TIOHSIIH.

He cpnaBaiitech Ha cioHbIX MecTax. B KHUre ectb cioxHble KOHUENThl. Ecm Bbl 3acTpsiim —
OTJIOKUTE KHUTY Ha JIeHb, BEPHUTECH U NepeunTaiite. YacTo moHMMaHue MpUXOoJuUT MOCjie epephiBa.
Mosr npogomkaet padoTaTh HaJl TpoOaeMoi B (pOHOBOM pekUMe, ake KOT/ia Bbl CIIUTE WU TyJIsieTe.
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IIapa cjioB nmepejg crapTom

S nucan 3Ty KHUTY 1151 Bac. [1Jis yenoBeka, KOTOphlid XOUeT He TPOCTO UCIOIb30BaTh UHCTPY-
MEHTBI, HO IOHUMAaTh UX. [1J1s1 4enoBeka, KOTOpOMY MaJlo HaKaTh KHOIIKY — €My HYKHO 3HaTb, YTO 3a
Heil. 17151 yenoBeka, KOTOpbIil 4yBCTBYET, UTO CIIOCOOEH Ha OoJiblliee, 4eM MPOCTO CIIeI0BATh HHCTPYK-
LIVISIM.

[MudpoBass 0OpabOTKa CUTHAJIOB — 3TO KpacuBasi oOnactb. OHa COeqUHSIET MaTeMaTHKY,
(pu3uky u nmporpammupoBaHue B equHoe 1enoe. OHa Mo3BOJISET 3alIsIHYTh BHYTPb CUTHAJIA U YBU-
IETh €ro CTPYKTYpy — OyIIb TO 3BYK, PaJMOBOJIHA, OMOMEIUIIMHCKIE JIaHHbIE WA BUOPAIIMU MOCTA.
Omna maét cynepcuity: cioCOOHOCTh aHAJTM3UPOBATh U MEHATh CUTHAJIbI TAK, KaK Bbl XOTHTE, a HE TaK,
KakK MO3BOJISIET TOTOBAsA Iporpamma.

B 37001 kHUTE MBI OyeM paboTaTh B OCHOBHOM CO 3BYKOM, ITOTOMY UYTO 3BYK — 3TO CaMbIii
HAIJISIHBIA ¥ TOCTYITHBIA IpUMep CUrHasa. Bel MoeTe 3amvicarh CBOW rojioc, 00padoTaTh €ro U TyT
K€ YCJIBIIIATh pe3y/IbTaT. Bel MOXETe YBUIETh CHEKTP CBOETO rojioca Ha rpaduke M ckaszarb: «Bor
9TOT MUK — 3TO si». HO MPUHIMITEI, KOTOpBIe BB M3y4nTe, YHUBEpCaIbHBL. [IpeobpazoBanue Pypoe
padoTaeT OIMHAKOBO JJIsl 3BYKa, 711 CEHCMUYECKUX BOJIH U ISl CUTHAJIOB U3 KocMoca. PUIIbTPBI,
CBEPTKA, a/IaITUBHbIC AJITOPUTMBI — BECh STOT MaTeMaTHUYECKHIA allliapaT MPUMEHUM K JIIOObIM JIaH-
HBIM, KOTOPbIE MEHSIIOTCSI BO BPEMEHH.

Ata cynepcuia JoCTynHa Kaxaomy. OHa He TpeOyeT J0pororo 000pyIOBaHHSI WU CTIEIIAAITb-
HOro oopaszoBanusi. OHa TpeOyeT TOJIBKO KeJIaHUsI Pa300paThCsi U TOTOBHOCTH JTyMath. Be€ ocraiib-
HOE 5 J1aM.

IToexanm.
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I'naBa 1. 3Byk Kak MaTeMaTHKa: CUTHAJbI,
OTCYETHI U TEOPEMA, KOTOPYIO HeJIb3sl HAPpylIaTh

«Koz0a mwvt nonumaewv, kKax pabomaem anrzopumam, mvl nepecmaéitb 3asUcenv Om mozo, Kmo
€20 Hanucan»

O 4ém 5Ta ri1aBa

B niepBo¥i KHUre Mbl padOTaIM CO 3BYKOM KaK C TOTOBBIM MaTepuasioM. Y Hac ObUT (haili, Mbl
ero 3arpyxanu, 1 BHyTpu Python oH npeBparaicst B MaccuB 4uces. Mbl 3HaIM, YTO 9TU YUCTa —
M3MEpEeHU sl TPOMKOCTH, CIIEJTAHHBIE MHOTO THICSIY Pa3 B CEKYHY. Mbl 3HAJIH, UTO €CJIU U3MEHUTh TU
Yrcia, U3MEHUTCS 3ByK. Ho MBI He 3aJaBajiich BOITPOCOM: a MOYEMY, COOCTBEHHO, 3TO padoraer?
[Touemy nocnenoBaTeIbHOCTb YUCE, 3AIMCAHHBIX C OMPEJeSIEHHON YaCTOTOM, MOKET BOCITPOM3BECTU
YeJIOBEUECKHI T'OJIOC, MY3bIKY, IIIYM BETpa — JTI000M 3BYK, KOTOPBIF MBI CJIBIIIUM B PealbHOM MUpe?
Kak BoOOIIIE HEMPEepHIBHBIN, TJIABHBIN, AaHAJIOTOBBIA 3BYK MpeBpaIiaeTcsi B HaOOp AUCKPETHBIX, TIpe-
phIBUCTHIX uncen? Y uTo TepsieTcss — eciu TepsieTcsl — MPU TaKOM MTpeBpalleHnu ?

Ota r71aBa Aa€T OTBETHI HA 3TU BOMPOCH. Mbl HAaUHEM € camMoro (pyHIaMeHTa: YTO TaKoe 3BYK C
(puzruecKoi TOUKM 3peHusl, Kak OH paclpoCTpaHseTCsl B BO3AyXe U KaK MUKPO(OH MpeBpalaer ero B
NEKTPUIECKUIA CUTHAIL. 3aTeM Mbl pa30epeéM JIBa KJTIOUEBBIX MPOLIECCa, KOTOPBIE JIENAI0T BO3MOKHOM
M(POBYIO 3aMUCh: AUCKPETU3ALIMIO U KBAaHTOBaHUE. MBI y3HaeM, MoyeMy 4acToTa JUCKpPeTH3aluu
IUIs1 KOMIaKT-IMcKoB paBHa 44 100 ', a quia tenedonHbix pasroBopoB — 8 000 I'u. Mel noiiMém
teopemy HaiikBucra-IlleHHOHa — He Kak aOCTpakTHYIO MaTeMaTU4YecKylo UCTUHY, a KaK MpaKTuye-
CKO€ MPaBWUJIO, HAPYIIEHHWE KOTOPOrO MPUBOAUT K CIIBIIIMMBIM U HETIPUSITHBIM MOCTAEICTBUSM. Mbl
MO3HAKOMHMCS C aJTMACMHIOM — 3((EeKTOM, KOTOPhIA BO3HUKAET, KOIJla 4acToTa JUCKPETU3aIUU
CJTMIIIKOM HU3Kasl, 1 HAyYUMCsI ero u30erars.

Bcs Teopusi OyneT HeMeJIEHHO MPOBEPSThCS KOAOM. Mbl HamMilieM HECKOJIBKO CKPHUIITOB,
KOTOpBIE CUMYJIMPYIOT AUCKPETU3ALIMIO U KBAHTOBAHUE Ha MPOCTHIX CUTHAJIAX, 4 3aTeM U Ha peasib-
HOM 3BYKe. Mbl YBU/IUM CBOMMH IJIa3aMU — U YCIIBIIIIAM CBOMMH YIIIAMU — YTO ITPOMCXOJUT, KOT/Ia
napameTpbl OLIM(POBKHU BBIOpaHbI MPABUIILHO, U YTO — KOTJa HerpaBwibHO. K KOHITY 9TOH I71aBbI
y Bac OylleT He MPOCTO 3HAHWE TEPMHMHOB «JVICKpETU3allUs» U «4dacTota HaiikBucTa», a riaybokoe
MOHUMAaHUE TOrO, KaK aHAJIOTOBBIA MUP MpeBpalaercs B IUGPOBON U KaKue OrpaHUYeHUsI HaKJIa-
ObIBAET ITOT MPOILIECC.

Yro Takoe 3ByK

[pexne yem roBopuTh 00 00pabOTKe, TaBaiTe MOMMEM, YTO Mbl 0OpadaTeiBacM. 3ByK — 3TO
KoJieOaHus1 Bo3ayxa. Korjia BbI TOBOpUTE, BAIlA TOJIOCOBBIE CBSA3KM BUOPHPYIOT. DTH BUOPAITIH TOJI-
KaloT MOJIEKYJIbl BO3/1yXa, CO3[aBasi 001aCTU MOBBIIIIEHHOTO M MOHMKEHHOTO JIaBlIeHUsl. DT o0a-
CTH paclipoCTPaHSIOTCS OT BAIllerO pTa BO BCE CTOPOHBI, KaK KPYrM Ha BOJIE OT OPOIIEHHOTO KaMHSI.
Korna BosHa faBieHust JOCTUraeT yxa ciyiaresnsi, oHa Koneoner OapadaHHylo repenoHky. KomneOa-
HUs1 OapaOGaHHOW TMEPeroHKU Yepe3 CHUCTEMY KPOIIEUHBIX KOCTOUYEK MEePEeIaloTCsl B YIIUTKY BHYTPEH-
HEro yXa, rJie CrelualbHble BOJIOCKOBBIE KJIETKH MPEBPAIIAIOT UX B JIEKTPUUECKUE UMITYJIbChI, KOTO-
pble MO3T UHTEPIIPETUPYET KaK 3BYK.

MukpogoH padotaet noxoxe. BHyTpu MukpogoHa ecth MeMOpaHa — TOHKasl IJIEHKA, KOTO-
pasi koseOyeTcst ToJ] BO3/ICHCTBUEM 3BYKOBBIX BOJH. DTH KOJI€OAHUS MPEBPAIIAIOTCS B JIEKTPHUE-
CKUI CHUTHAJ: HaNpshKeHHe Ha BbIXOe MUKPO(OHA MEHSIETCsl MPONOPLMOHATIBHO 3BYKOBOMY J1aB-
nenuto. Ecmu nmogxkimounts MUKpo(oH K ocuusuiorpady — npudopy, KOTOPBI pucyeT rpaduk
HarnpsHkeHUs1 BO BPEMEHHU, — Mbl YBUJIUM BOJIHY. JTa BOJIHA U €CTh aHAJIOTOBBIN 3BYKOBOU CHUTHA:
HeTIpepbIBHAS, IJIaBHASI JIMHUSI, KOTOpast IOMHUMAETCS U OITYCKAeTCsl B TAKT KOJICOaHUsIM BO3JIyXa.

V 3TO# BOJIHBI €CTh HECKOJIBKO BaXKHBIX XapaKTepucTUK. [lepBas — aMruurtyna. 1o BbICOTa
BOJTHBI, TO €CTh HACKOJIbKO CUJIbHO 3BYKOBOE JIaBJIEHHE OTKJIOHSETCSI OT CPe/IHEro 3HaYeHusl. AMILIH-
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TyJa orpeJessieT BOCIPUHUMAEMYI0 TPOMKOCTb 3ByKa: YeM BBIIIIE BOJIHA, TEM rpoMye 3ByK. Bropas
— YacToTa. DTO KOJIMYECTBO MOJHBIX KoJieOaHuH B ceKyH1y. YacToTa onpeesseT BHICOTY 3ByKa: YeM
Oobilie KoeOaHUN B CEKyH/Ty, TeM Bbille 3ByK. Yactora uamepsiercs B reprax (I'im). Onun repr; —
OJTHO KojleOaHue B CeKyHIy. YesoBeueckoe yX0 B cpefiHeM CAbIIuUT 3ByKH OT 20 ['i1 (0ueHb HU3KHI
6ac) no 20 000 I'y (oueHb Bbicokmii MUCK). C BO3pAacTOM BEPXHsISl TPAHUIIA CHIKAETCS — MHOTHE
B3pocibie He chbimat 3ByKu Boiie 15 000-16 000 I'n. Tpetbs xapaktepuctrika — aza. 1o noso-
’KEHUE BOJIHB B KOHKPETHBII MOMEHT BPEMEHU OTHOCUTEJILHO Hadasa IUKJIa. [IBe BOJHBI OIMHAKO-
BOU YacCTOTBI M aMIUTUTYbI MOTYT OBITh CAABUHYTHI APYT OTHOCUTEJIHHO JIPYTra, U 3TOT CABUT BIMSET
Ha TO, KaK OHM CKJIA/IBIBAIOTCSI.

B peansHOM MUpe 3BYK peiKO COCTOMT M3 OJHOW YacToThl. Korma Bel roBopuTe, Ballv rojo-
COBBIE CBSI3KM CO3/IAIOT CJIOXHYIO BOJHY, B KOTOPOM CMeIIaHO MHOXecTBO yactoT. Korma wrpaer
OPKECTp, 3BYKOBOE JIaBJICHUE B KX I0W TOUKE MPOCTPAHCTBA — 3TO CyMMa BOJIH OT BCEX MHCTPYMEH-
TOB, OTPAXEHHBIX OT CTEH, MoJa U MoToKa. [lomyvaercsi oueHb CIOXHAsI, HO MO-TIPeKHEMY Herpe-
pbiBHast BosHa. U 3aaua nmudpoBoy 3ammuc — MPEeBPaTUTh 3Ty HEMIPEPHIBHYIO BOJIHY B MOCIIEJOBA-
TEJILHOCTh YHCE, TI0 KOTOPOU €€ MOKHO OyJeT TOYHO BOCCTAHOBHTH.

JuckpeTu3anusi: gejiaeM HellpepPbIBHOE NP EPbIBHCTHIM

[{udpoBoii KOMIIBIOTEp HE MOXET padoTaTh C HENpepblBHBIMK CUTHasamMu. Komrplotep —
CyliecTBO AMCKpeTHoe. OH omnepupyeT OTAENbHBIMU YMCIAMHU B OTIEIbHbIE MOMEHTHI BPEMEHH.
UYrtoObl 3anMcath 3ByK, HAM HYKHO B3SITh HEMIPEPHIBHYIO 3BYKOBYIO BOJIHY M U3MEPHTH €€ 3HAUCHUE B
oIpe/ieIEHHBIe MOMEHTBI BpeMEHH. DTOT MPOIIecC Ha3bIBaeTCsl AUCKpeTh3anuend. Mbl Kak Obl (poTO-
rpacupyeM BOJIHY MHOTO pa3 B CEKYHIY, U Kax/aas (ororpapusi — 3TO OIHO YHUCJIO.

KonuyecTBo Takux n3MepeHnit B CEKyHIy Ha3bIBAETCsI YaCTOTOM AUCKpeTu3anyu. Yacrora quc-
kperuzauuu 44 100 I'y o3Havaer, 4to Mbl U3MepsieM 3BykoBoe naBienue 44 100 pa3 B cekyHjy.
[Touemy umenno 44 100, a He kpyrsie 40 000 wim 50 000? OTtBet gaér Teopema, oTKpbiTas ['appu
HaiikBuctom u Knonom IllenHonoM. OHa TJIacHT: 4TOOBI TOYHO 3aMMCaTh W MIOTOM BOCCTAaHOBHUTH
CUTHAJI, YaCTOTa JMCKPETU3AIMH JOJKHA OBITh KAK MUHMMYM B JIBa pa3a BhIIIIE, YeM camasi BBICOKas
YacToTa B TOM CHTHAJIE.

Yenoeueckoe yxo cbImuT 3ByKu rpumMepHo A0 20 000 . 3rauut, yToOkI 3anmcaTh BCE, 4TO
CIIBIILINT Y€JIOBEK, Hy)KHa yacToTa auck petusanun He MeHee 40 000 ', PaspaboTunky koMnakT-auc-
k0B B35 44 100 't — uyTh 60mbinie, gem 40 000, ¢ Hebobium 3anacom. [Touemy nmenHo 44 100,
a "He 44 000? D10 CBA3aHO € TeM, UTO TNepBble UMPOBBIE 3aNTUCU AETAIUCh HA BUAEOMArHUTO(OHBI,
Y 4acToTa TUCKPETU3aIMY BHIOMpaIach Tak, YTOOBI OBITh KPaTHOHM YacToTe KagpoB Buzaeo. B Epporne
9TO0 OBbLIO 25 KaIpoB B CeKyHAY, 1 unciio 44 100 XxopoIIio JOKUIOCh B 3TOT (hopmat. Tak TexHruecKas
HEOOXOIMMOCTh OMpeeNiia CTAHAAPT, KOTOPBIM MbI TIOJIB3YeMCS JI0 CUX TOp.

JI71s1 peur BBICOKAs 4acTOTa TUCKPETU3AIMU He HyXKHa. YelI0BEYeCKuil ToI0C peIko MOIHIMA-
ercs Boie 8 000 11, a OCHOBHBIE YacTOTHI, BaXKHBIE 1T pa300punBOCTH, Haxonstes Huke 4 000 .
[Tostomy TenedorHbIe pa3roBopsl o poBbIBaIOT ¢ YactoTol 8 000 [ — 3TOro JOCTaTOYHO, YTOOBI
MIOHATh COOECEHMKA, XOTSI KAYeCTBO 3aMETHO XYKe, YeM y My3bIKH. [[J1s1 MOIKacTOB M ayAMOKHUT
yacto ucnosb3yoT 22 050 ' — nonoBuny o1 CD-KkavectBa. Takoil BHIOOP SKOHOMUT MECTO Ha JTUCKE
U ycKopsieT 00paOOTKY, He KepTBYsSI KAYeCTBOM BOCTIPUSITUSI PEUH.

Hagaiite mpoBepuM BcE 3T0 KooM. Co3aaauM MPOCTON CUHYCOMAAIBHBIN CUTHAT — YHUCTHIA
TOH ONpeeIEHHON YaCTOThl — | MOMPoOyeM ol poBaTh €ro ¢ Pa3HON YaCTOTOM TUCKPEeTHU3AIIVH.

python

import numpy as np

import soundfile as sf

import matplotlib.pyplot as plt

# ITapamerpsl curHasia

duration = 1.0 # onHa cekyH1a

freq = 440.0 # HOoTa "N141" IEPBOM OKTaBbI
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# Co3aéM HenpepblBHOE BPEMsI C OU€Hb BBICOKOI YaCTOTOM JTMCKPETU3aLMU

# D10 Hama "uaeanbHasas" MOJEb AaHAJIOTOBOIO CUTHAJA

sr_continuous = 441000 # B 10 pa3 Beite, yem CD

t_continuous = np.linspace(0, duration, int(sr_continuous * duration), endpoint=False)

y_continuous = np.sin(2 * np.pi * freq * t_continuous)

print(f"Wneanbhbiii curdan: {len(y_continuous)} orcuéto")

print(f"Yacrora curnana: {freq} I'n")

# Terepb CUMY/IMpYEM TUCKPETU3AIMIO C PA3HBIMUA YaCTOTAMHU

sample_rates = [8000, 11025, 22050, 44100]

for sr in sample_rates:

# Bepém Kax[plil N-HbIi OTCYET U3 UJIEAJIBHOTO CUTHAJIa

step = sr_continuous // sr

y_sampled = y_continuous|::step]

t_sampled = t_continuous|::step]

print(f"\nYacrora nquckperuzauuu: {sr} I'u")

print(f" KonuuectBo otcuéros: {len(y_sampled)}")

print(f" Ha onun nepuon curnana npuxonutes {sr / freq:.1f} orcuéros")

# CoxpaHsieM 1Sl IPOCITyIINBAHUS

sf.write(f'sine_{freq}hz_{sr}.wav', y_sampled, sr)

ITOT KOJ, CO3AAET CUHYCOUAAIbHBIN TOH yacToTor 440 'y — 3TO HOTa «JIs1» NIEpBOW OKTABHI,
CTaHJapTHbIN KamepToH. CHavyasia Mbl CO3JaéM «HU/I€aJIbHbII» aHAJIOTOBBII CUTHAJI, UCIIOJIb3Ys OYEHb
BBICOKYIO YaCTOTY JMCKpPETU3allui — B JiecsITh pa3 Bbie CD. 3ateM Mbl UMUTHPYEM TMPOIIECC ANC-
KpeTu3anuu: 6epéM 13 3TOro UeaTbHOrO CUTHAJIA KaXk/IBIH N-HBIA OTCYET, YTOOBI MOTYYUTh CUTHAIT
C HY)KHOH YacToTOi Auckperu3auuu. Mbl mpoOyem vetbipe BapuanTa: 8 000 I (TenedponHOe Kave-
ctBo), 11 025 T'ty (uetBepts CD), 22 050 I'y (mosoBuna CD) u 44 100 ' (monmnoe CD-kavyecTBo).

3anycTuTe CKpUIT U MpociylaiTe nomyyeHHsle ¢aisl. Paitn ¢ yacroroit 44 100 I'u 3Byunt
Kak YuCThId, ragkuil Tod. Paiin ¢ 22 050 'y — moutu Tak e, pa3HUIly Ha CIyX YJIOBUTH TPYIHO.
daiin ¢ 11 025 I'm — 3ByK 3aMeTHO rpyoOee, osiBisieTcs Jeérkoe apedesxanue. Paiin ¢ 8 000 ' —
TOH BCE €IlE Pa3IMirM, HO KaYeCTBO CUJIBHO CTPAAAET. DTO MOTOMY, YTO Ha KaXKbli IEPUO]] CUTHAJIA
nipu yactotre 8 000 I'u mpuxogurcs Becero okono 18 orcuéros, a npu 44 100 'y — okono 100. Yem
OoJIbIIIe OTCYETOB HA MEPUOJI, TEM TOYHEE MBI MOKEM BOCCTAHOBUTH (DOPMY BOJIHBI.

Teopema HaiikBucra u aamacuir

Tenepp naBaiite mpoBepum camy Teopemy HailkBucra Ha npaktuke. Teopema yTBepxkIaer:
YTOOBI TOYHO OIM(POBaTh CUTHAI C YacToToi F, yactoTa MUCKpeTu3alu JOMKHA ObITh CTPOTO
6oupie 2F. Yto Oyaer, eciii OnbITaThCst OIUPOBATh CUTHA C YACTOTOM, KOTOPAsI BBIIIIE TIOJIOBUHBI
YaCTOThI JUCKpeTH3alnu? BOSHUKHET aTMacuHT — JIOKHBIE YaCTOThI, KOTOPBIX HE ObLIO B UCXOJHOM
CUTHAJIE.

[pencraBbTe ceGe Komeco aBTOMOOWIIS B KUHO. Bl HaBepHsIKa 3aMeyalii, 4To MHOTAA Kojleca
Ha 9KpaHe KPYTATCsS B 0OpPaTHYIO CTOPOHY MJIM OY€Hb MEIIEHHO, XOTSI MallliHa efIeT ObICTPO. DTO U
ecTb anMacuHr. Kamepa cHuMaer ¢ yactotoii 24 kazpa B cekyHay. Eciu koneco genaer yyTh MeHbIIIe
24 060pOTOB B CEKYHY, KQXAbIH KaJp 3aXBaThIBACT CIIMILIBI UyTh PAaHbIIIE, YeM OHH 3aBEPIIUII MOJI-
HBIIT 000pOT. B pesynbrare Ham KakeTcs, YTO KOJeco Bpariaercs Ha3aj. Yacrtora BpaieHus Koieca
BBIIIIE TTOJIOBHHBI YACTOTHI CbEMKHU — W BO3HHUKAET JIOKHOE M300pakeHHe.

B 3ByKe 1O e camoe. Ecin yacToTa curaasa Bblliie OJIOBUHBI YaCTOTHI TUCKPETU3AIMH, TIOCTIE
OLM(POBKU OHA «OTPaKaeTCs» U TOSBISETCA Ha Oojiee HU3KOM YacToTe. DTa 4acToTa-Mpu3pak U
HAa3bIBAETCS AIMACOM.

python

import numpy as np

import soundfile as sf
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def demonstrate_aliasing(signal_freq, sample_rate, duration=1.0):

o

HemoHcTpupyet 3¢ ekt anuacuxra.

signal_freq - yactoTa UCXOHOTrO CUTrHasa

sample_rate - yacroTa AUCKpeTU3aLUN

o

nyquist = sample_rate / 2

print(f"Yacrora curnana: {signal_freq} I'i")

print(f"Yacrora HaiikBucra: {nyquist} I'i1")

if signal_freq <= nyquist:

print(" Yacrora curnana <= yacrora HaiikBucra. Anmuacunra Her.")

else:

# BplunciisieM 4acToTy ajnmaca

alias_freq = abs(signal_freq - sample_rate * round(signal_freq / sample_rate))

print(f" Yacrora curnana > yacrora HaiikBucra! Bo3Hukaer asimacunr.")

print(f" Jloxxnas yacrota (aymac): {alias_freq:.1f} T'r")

# I'eHepupyem CUTHaJ Ha BBICOKOH 4acToTe

sr_high = 441000

t = np.linspace(0, duration, int(sr_high * duration), endpoint=False)

y =np.sin(2 * np.pi * signal_freq * t)

# Juckperusupyem

step = sr_high // sample_rate

y_sampled = y[::step]

# Coxpansem

sf.write(f'alias_{signal_freq}hz_at_{sample_rate}.wav', y_sampled, sample_rate)

print(f" daiin coxpanén: alias_{signal_freq}hz_at_{sample_rate }.wav\n")

# IIpoBepsieM Ha HECKOJIBKUX ITpUMeEpax

demonstrate_aliasing(signal_freq=5000, sample_rate=44100) # 10/KHO OBITH YKCTO

demonstrate_aliasing(signal_freq=25000, sample_rate=44100) # anuacunr!

demonstrate_aliasing(signal_freq=40000, sample_rate=44100) # cuIbHBII aJIMACUHT

Pazbepém, uro menaer stot kon. PyHKIMsA demonstrate_aliasing MpUHUMAET YaCTOTY CUTHAJIA
M 4acToTy Juckperusaiyu. OHa BhIUMCIISAET yacToTy HalikBuCcTa — MONOBUHY YacTOThI JUCKPETH-
3aumu. Ecnu yactora curHasia HUxe WM paBHa yactote HaiikBucra, Bc€ B nopsiake. Eciu Bbiie
— BBIUHUCIISIETCS] YacToTa anmaca o dopmyiie: abs(signal_freq - sample_rate * round(signal_freq /
sample_rate)). dta ¢opmysia MOKA3bIBAET, HA KAKOW YacCTOTE MOSBUTCS JIOKHBIA CUTHAL.

[epseiit npumep: curnan 5 000 I'u, guckperuzams 44 100 T'u. Yacrora HaitkBucta — 22 050
I'u. Curnan nuke, anvacunra Het. Bropoi npumep: curdan 25 000 [ mpu Toi ke AUCKpeTu3aum.
Yacrora curHasia Beie yactotsl HaiikBucra. [lo ¢opmyne anmmac 6yner Ha dacrore 19 100 I'n. To
€CTb MBI MbITaeMcsl 3anucarh 3ByK yactotoit 25 000 I'n, a mocne auckperusarmu cisimm 19 100
' — coBcem apyroit Ton! Tperuii npumep: curnan 40 000 I, Anvac Gyger Ha yactote 4 100 'y
— BBICOKMI TOH MPEBPATUIICS B HU3KUI.

3amycTtuTe CKpUNT U npociyuiaite aisl. [lepBblid aill 3ByYdT Kak BBICOKUHI, HO YUCTBII
TOH. BTOpOl — TOH 3aMeTHO HUKe, XOTsSI Mbl TEHEPHPOBAIN OOJiee BBICOKYIO 4acToTy. Tpetuit —
TOH CTal OACOBUTBHIM, YTO COBEpPIIEHHO He cooTBeTcTBYeT McXogHbM 40 000 I'1. D10 anuacusr B
JICVCTBUU.

bopb0a ¢ aJJMacHHIoM: AaHTHAJHMACHHTOBBIN (DHILTP

Kak ¢ atum 6opotecsa? Perienue npocroe: riepe oiupoBKOIM HYKHO YIQJIUTh U3 CUTHAJIA BCE
YacTOTHI BhIIIe yacToThl HaiikBrcTa. [171s1 3TOro ucnonb3yercs (puabTp HUKHUX YacTOT — aHTHAJIMA-
CUHIOBbIH (puiibTp. OH MpOMyCKaeT YacTOThl HUKe YyacToThl HallkBUCTa M OAABIISET BCE, YTO BBHILLIE.
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B peasibHbIX ayIMOyCTPOMCTBAX — 3BYKOBBIX KapTax, ayIuouHTepdeiicax — Takol (pUiIbTp BCTPOEH
B anmaparypy. [Ipu 3amucu 3Byka Ha KOMITBIOTEp aHTUAIMACHHTOBBINA (PUIIBTP aBTOMATUYECKU TIPH-
MeHsIeTCsl IO TUCKPETU3alNHY, U Bbl HUKOTIA HE CTAJIKMBAETECh C AJIMACUHTOM B OOBIYHOM JKM3HH.

Ho MBI MOXeM cMoneMpoBarh 3TOT (PUIIBTP B KOJIE, YTOOBI TIOHSTh, Kak OH padoTtaet. B cie-
AYIOIIUX I71aBaX Mbl OyAeM MoApOOHO M3ydaTh (PUIBTPHI, a MOKA UCTIOIb3yeM TOTOBBIN U3 OMOIHO-
TEKU SCipy.

python

from scipy.signal import butter, sosfilt

def anti_alias_filter(y, sr, cutoff=None):

[TpumeHsieT aHTUaTUACUHTOBBIN (PYIIBTP ((PUIIBTP HUKHUX YaCTOT).

cutoff - yacrora cpesa. [lo ymonyanuio = yactora Haiiksucra * 0.9

nyquist = sr /2

if cutoff is None:

cutoff = nyquist * 0.9 # HebonbIION 3amac

# Coznaém pustp barrepBopra 8-ro nopsiaka

sos = butter(8, cutoff / nyquist, btype="lowpass', output='sos')

y_filtered = sosfilt(sos, y)

return y_filtered

# IlemoHCTpHpyeM padoTy puibTpa

sr_high = 441000

t = np.linspace(0, 1.0, int(sr_high * 1.0), endpoint=False)

# Cosnaém curnai ¢ yacroramu 5000 u 25000 'y onHOBpeMeHHO

y_mixed = np.sin(2 * np.pi * 5000 * t) + 0.5 * np.sin(2 * np.pi * 25000 * t)

# [uckpetnsupyem Oe3 puibTpa

step = sr_high // 44100

y_bad = y_mixed]::step]

# [IpuMeHsieM aHTUAJTMACUHTOBBIN (PUIIBTP, 3aTEM TUCKPETU3UPYEM

y_filtered = anti_alias_filter(y_mixed, sr_high, cutoff=20000)

y_good = y_filtered|::step]

sf.write(‘aliasing_bad.wav', y_bad, 44100)

sf.write('aliasing_good.wav', y_good, 44100)

print("®aiinbl coxpanensl. CpaBHute aliasing_bad.wav u aliasing_good.wav")

print("B muioxom ¢aitnie cipien anvac Ha ~19100 I'iy ot curnana 25000 ')

print("B xoportewm aiine curdan 25000 [ nogasieH (puabTpoM 10 JUCKpeTr3auu”)

IroT Kop co3aaéT cMech AByX 4actoT: 5 000 I'ix (6e3omacuHas) u 25 000 't (omacHast, BbIe
yacrtotsl HaiikBucra s 44 100 I'n). be3 ¢punbrpa nocie AUCKpeTru3auy Mbl YCIBIIIMM ajyac oT 25
000 I'y va yacrore okoso 19 100 I't. C ¢punbsrpom yacrora 25 000 ' nopasmnsieTcs 10 JUCKpeTr3a-
IIUH, U MBI CJIBIITUM TOJTBKO YnCThIi TOH 5 000 I'mi. ITpocnymmaiite o6a daiina u ydenurech camu.

KBanToBanue: npespaijaeM BbICOTY BOJHBI B YHCJIO

JluckpeTu3ais penraet mpooaeMy BpeMeHH: Mbl 3HaeM, Kak 4acTo U3MepsiTh curiai. Ho ectb
emé nmpoodiaeMa aMIUIMTYAbl. 3ByKOBasi BOJIHA HEMIPEephIBHA HE TOJIBKO BO BPEMEHH, HO U TIO aMILIH-
Tyge. B Ka/1plii MOMEHT BpeMeHHU 3BYKOBOE JIaBJICHUE MOXET MPUHUMATB JII000e 3HAYeHHE B HEKO-
TOPOM Jiuarna3oHe. Kommbiotep He MOXET XpaHUTh «JTI000€» 3HAaUCHUE — OH MOKET XPaHUTh TOJIbKO
KOHEYHOE KOJIMYECTBO Pa3NMuHbIX ynced. [Iporecc oKpyriieHnst u3MEepEeHHOTO 3HAUeHUsT 10 OJKai-
IIETro JIOMYCTUMOI'O YKCJIa HA3bIBA€TCsl KBAHTOBAHUEM.
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[TpencraBbTe, 4TO BB M3MEpsieTe POCT YejoBeka. Bel Moxere 3anucarh «175 caHTUMETPOB»,
HO He «175,384927... cantumeTpoB». Bbl OKpyIiisieTe O 1eJIbIX CAHTUMETPOB. DTO U €CTh KBAHTOBA-
HUe. B g poBoM ayamo aMIuMTyaa OKpyIisieTcs: 40 OvKailiero 3HaueHust, KOTOpoe MOXKET ObITh
MIPE/ICTABJICHO 33aJAHHBIM KOJIMYECTBOM OUT.

KomnuyectBo 6UT onpenensier, CKOIbKO pa3InYHbIX yPOBHEW T'POMKOCTH MBI MOKEM Pa3IMUHTh.
[Tpu 8 6utax y Hac ectb 2 B 8- creneHn = 256 pasnmuunbix ypoBHei. [Ipu 16 6urtax — 65 536
ypoBaeii. [1pu 24 6urax — 6osnee 16 MUUTMOHOB ypoBHe. YeM OoJibIiie OUT, TEM TOYHEE MBI MOKEM
3anucarh aMIUIMTYy U TeM MEHbIIIe ITyM KBaHTOBAHHS — pa3HUIA MEX/y UCTUHHBIM 3HAUCHUEM
Y €r0 KBaHTOBAHHBIM MPUOJIMIKEHIEM.

[IIym KBaHTOBaHHUS 3ByUYHT KaK TUXOE INUIEHHE, 100aBIeHHOe K curHany. [Ipu 16 6urax atoT
IITyM OYEeHb TUXUT — OKOJIO -96 Jierroe1 OTHOCUTETbHO MaKCUMalibHOTO curHaja. [Ipu 8 Gurax mym
OTYET/IMBO CIibliIeH. [JaBaiiTe cMoienupyeM KBaHTOBAHUE U TTOCITYIIIAEM Pa3HHUILY.

python

def quantize(y, bits):

o

KBanTyeT curaan 10 yKa3aHHOTO KOJIMYeCTBa OWT.

bits - KonuecTBo OUT (Harpumep, 8 wim 16)

mnn

levels = 2 ** bits

# Imanazon ot -1 no 1 nenum Ha levels ypoBHei

y_normalized =y / np.max(np.abs(y)) # HopMaiu3yeM K auanazony -1..1

y_quantized = np.round(y_normalized * (levels / 2 - 1)) / (levels / 2 - 1)

return y_quantized

# 3arpyxaeM peasibHbIi rojoc

import librosa

y, st = librosa.load('voice_sample.wav', sr=44100)

# KBanTyem c pa3HOil pa3psiIHOCTbHIO

for bits in [16, 12, 8, 6, 4]:

y_q = quantize(y, bits)

sf.write(f'voice_{bits }bit.wav', y_q, sr)

# BpluKciseM I1yM KBAaHTOBAHUS

noise =y - y_q[:len(y)]

noise_power = np.mean(noise ** 2)

signal_power = np.mean(y ** 2)

snr = 10 * np.log10(signal_power / noise_power) if noise_power > O else float('inf")

print(f" {bits} 6ut: oTHOmIeHWe curHan/mym = {snr:.1f} gb")

print("®aiinbl coxpanensl. [Ipociyiaiite 1 cpaBHUTE Ka4ecTBO. ")

[Mpocnymaiite daiipl. 16 GUT 3ByUIUT HaeanbHO YrcTo — 3T0 ctangapt CD-kauectBa. 12 6ur
— TOYTH He3aMeTHas pa3HUIla. 8 OUT — CIIBIIIHO JIETKOE IUIeHUe, OCOOCHHO B Tay3ax. 6 OuT
— IIIyM CTaHOBUTCS HEMPHUSATHBIM, TOJIOC UCKakaeTcsl. 4 OMTa — peub emé MOXHO pa3oOparh, HO
Ka4ecTBO y’KaCHOe, KaK 4epe3 CTapylo paluio.

NuTepecHsblil (pakT: OTHOLIEHNE CUTHAJ/IIYM IPY KBAaHTOBAHMM MOKHO OLICHUTb 110 IIPOCTOM
dbopmyie: mpumepHO 6 erubent Ha Kakapiid OUT. 16 6uT X 6 = 96 b — MMEHHO CTOJILKO COCTaBJISIET
nrHamudeckui nuanazod CD. 24 6urta X 6 = 144 n1b — 3710 yXe Oosbliie, YeM CIoCOOHO pasiiu-
YUTh YesoBedeckoe yxo. IMeHHO mo3atoMy 24-OWTHAasI 3alUCh CYATACTCS CTAaHIAPTOM Jist mpodhec-
CHOHAJIPHOM CTYIMAHON pabOThI: OHA JaET OrPOMHBIN 3arac 1Mo JUHAMUYeCKOMY JTUara3oHy, MO3BO-
JIsisI 3aITUCHIBATh M OUEHb TUXKE, ¥ OYeHb I'POMKHE 3BYKH O€3 pUCKa KJIUIIMHTA UK TIOTePH JieTajiei
B IIIyMe.

CBsa3b JUCKpeTH3aNUN 1 KBAHTOBAHUS
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JuckpeTn3aiusl U KBaHTOBaHME PadOTalOT BMecTe. [IMCKpeTu3alus pelaer, Kak 4acTo Mbl
M3MepsieM CHrHaJl BO BpeMeHU. KBaHTOBaHME peliaer, ¢ Kakod TOYHOCTHIO MBI 3aITMChIBaeM Kax10e
u3MepeHue. BMecte oHM onpesiensioT KauecTBO LU POBOM 3alKCH.

Crangapraeiii aynuodaiin ¢popmara WAV ¢ mapamerpamu 44 100 Iy, 16 6ut, MoHO XpaHuT 44
100 u3mepeHuii B CeKyHAy, Kaxka0e U3 KOTOPhIX 3aHnMaet 2 Oaiita (16 out = 2 Gaiira). OnHa MUHyTa
TAKOM 3aIicH 3aHUMaeT npuMepHo 5 meradait. Yac — okono 300 meradaiit. Eciu vicnonb3oBath
CTepeo BMeCTO MOHO, pa3Mep yaBamBaercs. Ecinu ucnons3oBars 24 6uta BMecTo 16 — yBelminBa-
eTcs B TIOJITOpa pasa.

dopmathl co cxarvem, Takue Kak MP3, UCMONB3YIOT MCUXOAKYCTUYECKUE MOMACTH, ITOOBI
YMEHBIIUTh pa3Mep aiiia 6e3 3aMeTHON notepy KauecTBa. OHM BHIOPACHIBAIOT YaCTOTHI, KOTOPbIS
YeJI0OBEYeCKOe YXO BCE PaBHO TUIOXO CIIBIIIAT, 0COOEHHO B MPHUCYTCTBUM OOJiee TPOMKHX 3BYKOB Ha
COCEIHUX YacTOTax. DTO Ha3bIBAETCS] MacKUpOBKOM. brnarogaps mackupoBke MP3 moxer ObITh B
necsitb pa3 MeHblle WAV, HO 3By4arh MouTH Tak xe. OIHAKO AJIsl MPOMEKYTOYHOU OOpabOTKH
BCer/ia JIydllle UCIOIb30BaTh HeCKaThie (DOpPMaThl, TOTOMY UTO Kaxaoe rnepexarue MP3 nobasiser
HOBBIE apTe]aKThl.

[TpakTryecKuii SKCIIEPUMEHT: CIIBIIIIAM JIA MBI PA3HUILY

JlaBaiiTe mpoBeJEM MPAKTUYECKUI IKCTIEPUMEHT, KOTOPBII 3aKPENUT BCE, UTO MBI Y3HAIU O
JVICKPETU3ALIMY U KBAaHTOBAaHUU. MBI BOBBMEM OJJHY U TY ke 3aIuCh, ortudpyeM e€ ¢ pa3HbIMH Tapa-
METpaMH U CPAaBHHUM.

python

def resample_audio(y, orig_sr, target_sr):

"""TlepequCKpeTU3NpyeT ayaro Ha HOBYIO YacTOTY.

duration = len(y) / orig_sr

new_length = int(duration * target_sr)

t_old = np.linspace(0, duration, len(y), endpoint=False)

t_new = np.linspace(0, duration, new_length, endpoint=False)

y_new = np.interp(t_new, t_old, y)

return y_new, target_sr

# 3arpyxaeM KaueCTBEHHYIO 3aIliCh

y, st = librosa.load('voice_sample.wav', sr=44100)

print(f"Ucxomnwiii aitn: {sr} I'u, {len(y) / sr:.1f} cex")

# BapuanTbl 00paboTKH

configs = [

{'label': 'CD kauectBO', 'target_sr': 44100, 'bits": 16},

{'label': 'Tlogkact', 'target_sr': 22050, 'bits": 16},

{'label': "Tenecon', 'target_sr': 8000, 'bits': 8},

{'label': "Panus’, 'target_sr': 8000, 'bits": 4},

{'label'": 'Anuacusr (6e3 dpunbrpa)', 'target_sr': 8000, 'bits'": 16, no_filter": True},

]

for cfg in configs:

y_resampled, new_sr = resample_audio(y, sr, cfg['target_sr'])

# Jlyis1 BapyiaHTa C aJIMACUHIOM HE NTPUMEHSIEM aHTUAJIMACUHIOBBIN (PUJIBTP

if not cfg.get('no_filter"):

y_resampled = anti_alias_filter(y_resampled, new_sr)

y_quantized = quantize(y_resampled, cfg['bits'])

filename = f"experiment_ { cfg['label'].replace(' ', '_'

sf.write(filename, y_quantized, new_sr)

print(f"Coznan: {cfg['label']} -> {filename}")
print("\nI[Tpociymaiite Bce paiinbl 1 oOpaTuTe BHUMaHMe: ")

non

)}.wav"
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print("- Kak MeHsieTcs1 KauecTBO C yMEHBIIEHUEM YacTOThI TUCKpeTH3auu'")

print("- Kak nosisercs 1mym rnpu yMEHbIIEHUU Pa3psAHOCTH")

print("- Kak ajimacHT MCKakaeT BHICOKHE YaCTOTHI'")

ITOT KOJ, CO3/1aET MATh BEPCUI OMHOTO U Toro ke ayauo. [lepsas Bepcust — stanonHast, CD-
Ka4ecTBO. Bropasi — Ka4yecTBO MoOKACTa, OJIOBUHA YaCTOTHI TUCKpETU3aIiu, HO 16 6ut. Tperbs —
tenedorHoe kauectBo, 8 000 'y u 8 6ur. YerBéprast — kayectBo paruu, 8 000 I'ix u Bcero 4 duTta.
[TaTas — yMBIIIEHHO UCHIOpPYEHHAs BEPCHUSI: HU3KAsl YacTOTa AUCKPETU3alK Oe3 aHTUAIMACHHTO-
Boro ¢ubTpa. [Ipociymmaiite Bce msaTh U 0OpaTHTe BHUMaHUE HA XapaKTep UCKAXKEHUH B KaKIOM
clyyae.

3a kyamncamu: ucropusi reopembl HaiikBucra

lappu HaiikBuct padoran B kommnanuu Bell Labs B 1920-x rogax. OH 3aHuMacs mpoonemMoit
niepegayr TeserpaHbIX CUTHAIOB 10 MPOBOAAM M OOHAPYKWJI, UTO Ui TOYHOW Niepeaun CUrHaja
HYKHO JIeJIaTh U3MEPEHHS C YaCTOTOM Kak MUHIMYM BJIBOE BBIIIIE, YeM caMasi BBICOKasl 4aCTOTa B CHT-
Hasie. Ero pa6ora 1928 ropa «Certain Topics in Telegraph Transmission Theory» 3ayoxuna ocCHOBY
11 Bcell IM(ppOBOY CBSI3M.

Knon IlenHon, takxke padoraBmmii B Bell Labs, B 1948 romy omyOnmkoBan 3HAMEHHTYIO
padory «A Mathematical Theory of Communication», B KOTOPOH OOOOIIWI U CTPOrO J0Ka3all
pesynbrarel HaiikBucra. Teopema crana HasbiBaThesi Teopemoi Haiiksucra-lllennona. Illennon
TIOIIEN JJaJIbIlie U TOKa3all, YTO TeopeMa BepHa He TOJbKO ISl TeerpadHbIX CUTHAJIOB, HO U IS
JOOBIX CUTHAJIOB, BKJIIOUAs 3BYyK. DTa padora craya (byHAaAMEHTOM Teopur MH(GOPMAIIUY U C/Ieaa
BO3MOKHOU 1IU(PPOBYIO PEBOJTIOLIUIO.

NurepecHo, uto cam HailkBuct He 1ymai o 3Byke, Koraa (popmysirMpoBall cBoo TeopeMy. OH
AyMaJl O TOUKax M Thpe B TeserpadgHbix JuHUsIX. Ho MaTemarrka okasanack yHuBepcaibHOu. Teo-
pemMa, mpuIyMaHHas Ui Tiepeiaun cooOmeHnid a3oykoil Mopse, ceromHsi obecrieunBaeT padoTy
BCEro MUMpPOBOro ayimo — OT TeIe(OHHBIX 3BOHKOB 10 CTPUMHHIOBBIX CEPBHCOB.

JIaGopaTopusi ommook

[Nocne nepeaurcKpeTH3alvy 3ByK CTal IIIyXUM, 0€3 BBICOKMX 4acToT. Bbl MCTIONIb30BaIN CIIUIII-
KOM HU3KYI0 YacTOTy IUCKpPETU3allid U He MPUMEHWIM AaHTUAJIMACHHTOBBINA (puibTp. Beicokue
YaCTOTHI OTPA3WIVCh U MTPEBPATUIIKCH B IIyM. Beerna npumMensiite (puabTp HUKHUX YaCTOT € YacTo-
TOH cpe3a 4yTh HUKe yacToThl HallkBuCTa niepen MOHMKeHUEeM YaCTOThl TUCKPETU3AINH.

[Nocne KBaHTOBaHMS B May3ax CJBIIIHO IIUMEHHE. DTO IIyM KBaHTOBaHUS. Bbl UCONb30BaIM
CJIMIIIKOM MaJjio OuT. [IJ1s1 9McTOM 3armicu Hy)kHO MUHAMYM 16 6ut. Eciii BbI padoTaete ¢ 8-OUTHBIM
ayro — HATPUMeEp, U3 CTAPOI UI'PBI WITK ApXUBHOM 3aITUCH, — MPUMEHHTE IIIyMOIIO/IaBJICHUE TTOCTIe
KBAaHTOBaHUs1, YTOOBI YOpaTh IIMIIEHUE B Tay3ax.

daiin nocne 06pabOTKU CTasl 3aHMMaTh HEOKMIAHHO MHOTO Mecrta. [IpoBepbTe mapaMeTphl
coxpaHeHus1. BO3MOXHO, BB COXpaHUIM 8-OMTHBIN (paiin ¢ 16-OMTHBIM 3aroJIOBKOM MIJIM HA0OOPOT.
Bbubmioteka soundfile mo ymomuanuio coxpansier WAV ¢ TeMu napameTpamMmu, KOTOpbIE BbI yKa3aJIu
MIPY CO3/IaHMM MACCHBA, HO JIy4llle SIBHO YKa3bIBaTh Pa3psiqHOCTb.

[Tpu nombiTKe 3arpy3uTh (paitsl ¢ HECTAaHAAPTHOM YaCTOTOM AUCK peTH3aluK OMOIMOTEKA BHIIAET
OIIMOKY WM TpenynpexaeHue. Hekotopblie OMOMMOTEKN OXUIAIOT TOJIBKO CTaHIAPTHBIE YACTOTHL: 8
000, 11 025, 16 000, 22 050, 44 100, 48 000, 96 000 I'u. Eciiu BBl co3nanmu ¢aiii ¢ HecTaHIapTHOM
YacTOTOM, HEKOTOPBIE TJIeePhl MOTYT OTKA3aThCs €ro MPOUTPhIBaTh. [Ipraep:KMBaiTech CTaHAAPTHBIX
3HAYEHUII.

AnvacuHr He Bcerja 3ByYHT IUIOXO. B HEKOTOPBIX My3bIKQJIBHBIX KaHpaX aJIMACUHT WCIIONb-
3yI0T KaK TBOpueckui 3¢pekT — Harpumep, B unnTione u lo-fi my3bike. Ho myist peunt u 60mbImH-
CTBA BUJOB KOHTEHTA aJIMACHHI HeskenaTeseH. Ecy Bbl CIIBIIINTE CTPaHHbIE CBUCTSIINAE WA 3BEHSI-
I1IMe TPU3BYKH, KOTOPHIX He OBUIO B OpUTHHAJIE, — MPOBEPHTE YACTOTY AMCKPETH3ALIUH.

TBopueckoe 3a1anne
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3anmimre cBoit ronoc ¢ yactoror 44 100 I'y u 16 6ut. 3atem co3faiiTe BEpCUU C Pa3HBIMU
napamerpamu: 22 050 I'm, 16 6ur; 8 000 I, 16 6ut; 8 000 ', 8 6ut. Haiinute MuHUMAaIbHBIC
napaMeTphl, P KOTOPBIX Balll TOJIOC OCTa&TCsl pa300pPUMBBIM U MIPUATHBIM Ha CIIyX. DTO 3HAHUE
MIPUTOAUTCS, KOT/Ia HY’KHO Oy/IeT SKOHOMHThH MECTO W Nepe/laBaTh ayJHro Mo MEJICHHOMY KaHay.

[Tposenute cnenoit Tect. [Jaiite qpyry wim KoJijiere mpociayliaTh HECKOJIbKO BEPCUIl OTHOMN
3aMKCH C Pa3HBIMU TMTapaMeTPaMu AUCK peTH3alluK ¥ KBaHTOBaHU . [lompocKTe OLeHUTh KauyecTBO I10
mikane ot 1 go 5. Tlocrpoiite rpauk 3aBUCMMOCTY OLIEHKM OT YacTOThl AUCKPETU3ALMH U Pa3psl-
HocTh. Ha kakoMm ypoBHE MapaMeTpoB KauecTBO MEPECTAET yaydluarscs? DTO Balll JIAYHbIA TOPOT
YyBCTBUTEJIBHOCTH K ITU(POBBIM apTedaKTam.

CreHepupyiiTte CUTHaJI ¢ 4acTOTOH, M1aBHO Bo3pacratoieit ot 1 000 no 30 000 I'u. Ommdpyiite
ero ¢ yacrotout 44 100 I'u 6e3 aHTHaIMaCUHTOBOTO (PUIIBTpA U IIpOCTyIaiTe. Bbl ycbimTe, Kak TOH
CHauaJia TOBBIIIAETCS, a TIOTOM, TIOC/Ie MepecedeHus: YacToThl HallkBrcTa, HAUMHACT MOHMKATHCS U
YXOAUT BHU3. DTO KJIACCUYECKast JEMOHCTPAIHs AIMaCUHIa, KOTopasi Ja€T MHTYUTUBHOE TIOHUMAaHUe

acppexTa.

B crienyroineii riiaBe Mbl IIO3HAKOMHMMCS ¢ TpeoOpa3zoBanueM Pypbe — IJIaBHBIM MHCTPYMEH-
TOM aHaJIU3a 3ByKa. MBI y3HaeM, ovYeMy JII0OOM 3BYK MOKHO Pa3jiokKUTh Ha CyMMY IPOCTBIX CHHY-
COMJI, ¥ TIPOBEPUM 3TO YTBEPK/eHUE KOIOM. Mbl HaluilieM HAMBHOE JAUCKPETHOE MPeoOpa3oBaHue
dypbe ¢ Hys1s1 — OHO OyaeT padoTaTh MPABUIIBHO, HO OYSHb MEIICHHO. MBI TOMMEM, 1oYeMy Mejli-
JIEHHO, U 9TO IOHUMAaHHE ITOAIOTOBUT HAC K TpeTbCfI r1aBe, ra€ Mbl YCKOPUM aJITOPUTM B COTHU pa3
C MOMOIIIBI0 OBICTpOro MpeodpazoBaHus Pypoe.

21



A. Usanos. «lludposas o6padoTtka curaanoB Ha Python. Ot urkeHepa K pa3padOTUIHKYy.»

I'naBa 2. CuHycouabl, i3 KOTOPBIX COCTOUT BCE

O 4ém 5Ta riasa

B npenpiymieii rinaBe Mbl pa300pajMch C TeM, Kak 3BYK CTAHOBUTCS IIM(PPOBHIM. MBI y3HaH,
YTO MHUKPO(OH IpeBpamiaer KoneOaHusi BO3AyXa B NEKTPUIYECKHUIA CUTHAT, a aHAJIOrO-1u(ppoBor
npeoOpa3oBaTesb U3MEpSIET STOT CUTHAI MHOTO THICSIY pa3 B CEKyH/Ly, co3/1aBasi MaccuB uncen. Ho
MBI [IOKa HE OTBETWJIM Ha INIaBHBIMA BOIIPOC: YTO C STUMHU YMCIIaMU AesaTth Jansiiue? Kak u3 nocneno-
BaTEJIbHOCTU U3MEPEHUM TPOMKOCTH MOHATH, KAKOM NEPE]l HAMU 3BYK — rOJIOC, My3bIKa, ITyM BETpa
i trHa? Kak oTIMYnTh BRICOKHMI TOH OT HU3KOTO, €C/i 00a 3anrcaHbl B BUE Yncen?

OTBeT Ha 3TOT BOIpOC Ja€T npeodpazoBaHue Pypbe. ITo MaTeMaTHUECKHil UHCTPYMEHT, KOTO-
phIfi OEpET cUrHaT — J000H CUTHAJ, KAKMM OBl CJIOKHBIM OH HH OBUI — M PacKJIafIbIBaeT €ro Ha
cocTraBHble YacTh. Ha aneMeHTapHble KNPIIMYMKH, U3 KOTOPBIX MIOCTPOEH 3BYK. M 3TH KMpnuunku —
cuHycoupl. YnCThle, IaKue, MaTeMaTUYeCKU uieaibHble BoHbL. [IpeoOpa3oBanue ®ypbe roBOpUT
HaM: «BOT 13 KaKMX 4acTOT COCTOMT TBOM 3BYK M HACKOJIBKO I'POMKA Kaxk/J1asl U3 HUX». DTO KaK €ClU
OBl BBl B35 OPKECTPOBYIO 3aIMCh M BOMIIEOHBIM 00pa30M pa3ieiviv e€ Ha OT/AeNbHbIe HHCTPY-
MEHTbI — CKPUIIKH, BHOJIOHYENH, (pIeiThl, OapabaHbl, — IOKa3aB, KTO M KOT/IA UTpaJl.

B 37011 1aBe MBI HAYHEM € CaMOTO ITPOCTOTrO: IOMMEM, YTO TAKOE CUHYCOM/IAa ¥ TOYEMY UIMEHHO
OHa SIBJISIETCS] YHUBEPCAILHBIM CTPOUTEIBHBIM OJIOKOM JIJIs1 JII0OOTO 3BYKA. 3aTeM MbI IO3HAKOMUMCS
C UJIeeU Pa3IoKEHNS CUTHAJIA HA YaCTOThl — CIIEKTPAJIbHBIM aHAIN30M. MBI y3HAaEM, 4TO TaKOE KOM-
TUIEKCHBbIE YMCIIa, 3a9eM OHHM HYKHBI B 00pabOTKe 3ByKa, M MOMMEM HMX 4epe3 MpocTyio Metadopy
C Bparaoomeics crpesikoil. [locie 3Toro Mpl HanuIeM Hallle IepBoOe TUCKPETHOE peoOpa3oBaHKe
®ypbe — DFT — c Hyis1, Ha unctom Python. OHo Oyzet paboTaTh MpaBUIIbHO, HO OYEHb MEJJIEHHO.
Ms! oMMEM, MOYEMY MEUIEHHO, U 3TO NMOHMMAaHKE MOATOTOBUT HAC K CJIENYIOUIEH IVIaBE, IIEe MBI
YCKOPHMM aJITOPUTM B COTHH pas.

Cunycouaa: mpocTeidnuii 3ByK BO BCeJIEHHO

Camblii TPOCTOM 3BYK, KOTOPBI MOXXHO ce0e MpeJCcTaBUTh, — 3TO YMCTHIA TOH. 3BYyK Kamep-
ToHa. 3BYK TesepoHHOrO TynKka. [magkoe, poBHoe KoneOaHue Oe3 pe3KHX CKaYKOB M M3JIOMOB. B
MaTeMaTHKe TaKOU 3BYK OIUCHIBAETCS (PYHKIIMEN CUHYCA — OTCI0JAa U Ha3BaHUE «CUHYCOMJa».

[Mouemy nmenHo cunyc? [Toromy 4TO CMHYC OMHMCHIBAeT MaeanbHoe Konebanue. [IpencraBbre
cebe rpy3uK Ha npyxuHe. Ecm OTTSHYTh €ro BHU3 U OTITYCTUTb, OH HAYHET KOJIEOAThCs BBEPX-BHU3.
I'papuk ero nBrkeHNs — 3T0 cUHycona. [IpeacraBbTe cede TOUKY Ha 00071e BpalaioIerocs Kojeca.
Ecnm cMoTpeTs Ha He€ cOOKy, e€ IBMKEeHHEe BBEpX-BHU3 — Toke cuHycorna. [IpeacraBbre cede masit-
HHK CTapuHHBIX 9acoB. Ero oTkjoHeHue or neHTpa — cuHycouaa. Konebanus mpoHU3BIBAIOT MpHU-
pomy, ¥ Bce OHM, OT BUOPAIMU aTOMOB JI0 OPOUT TUIAHET, OMMCHIBAIOTCS] CAHYCOMAAMH MIJI UX KOM-
OMHALIAMU.

VY cuHycouapl ecTh TpU IIAaBHBIX MapaMeTpa. [lepBblii — yacTtoTa. TO KOJIMYECTBO MOJHBIX
KOJIe0aHUil B CEKyH[y, U3MepsieTcs B repuax. dacrora onpenesnser, HaCKOJIbKO BBICOKMM MJIM HU3-
KMM MBI c1bIIIMM 3BYK. CuHyconza ¢ yactoto 440 't — 3710 HOTa «Is1» IEpBOM OKTaBbl, CTaHJaPT-
HbII KamepToH. CuHycouaa ¢ yactotoit 220 ['i — «isi» Masioii okTaBbl, BBoe Huxke. CuHycouaa ¢
yactoron 880 't — «1s1» BTOpOM OKTaBBI, BABOE BHILIE. 3aBUCUMOCTb MEXAY 4aCTOTOU U BOCIIPH-
HUMAaeMOU BBICOTOM 3ByKa JIOrapA(pMHUUecKas: yBEIMUEHUE YaCTOThI BABOE BCErJa BOCIIPMHUMAETCS
KaK IOBBIILIEHAE HA OJHY OKTaBYy, HE3aBUCUMO OT TOTO, C KAKOW YaCTOTHI Mbl HAYAJIM.

Bropoii nmapamerp — amrumatyga. 910 pa3Max KoseOaHWi, MaKCUMaJbHOE OTKJIOHEHHE OT
HyJIs. AMIUIMTYJa OINpenelisseT IPOMKOCTh 3ByKa. B numgppoBom aynmo amIummryna usmepsercs B
YCJIOBHBIX euHuIax oT -1 1o 1, rae -1 u 1 — 370 MakcMMasabHO BO3MOKHAsI TPOMKOCTb 0€3 UCKa-
xeHui. Korma Mel fenaem 3ByK rpoMue B KOIE, Mbl IIPOCTO YMHOXAEM BCE UMCJIa B MACCUBE Ha
K03(pULEeHT OoJIbIlE eIUHULBI — yBeIWYMBaeM aMIuuTyay. Korna aenaem tuiie — yMHOXaeMm
Ha K03((PUILIMEHT MEHBILIE €TUHULIBI.
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Tpernii mapamerp — ¢aza. DTo HavaIBbHOE TIOJIOKEHUE KOJIeOaHUsI B MOMEHT BPEMEHHU HOJb.
JIBe CMHYCOUIbI OMMHAKOBOW YaCTOTHI U aMILTUTY/bI, HO C pa3HbIMU (pa3zamu, OyayT CABUHYTHI APYT
OTHOCHUTENBHO Jipyra. Eciii cIBUHYTh CHHYCOMIY POBHO Ha MOJIOBUHY MEpHO/a, OHA MIPEBPATUTCS B
KOCHUHYCOUIy — Ty e (pOpMYy BOJIHBI, HO HAYMHAIOLIYIOCS HE C HYJIsA, a ¢ MakcuMyMa. Pasa BakHa,
KOTJ]a HECKOJIBKO 3BYKOB CKJIAJbIBAIOTCSI BMECTE: JIBE CUHYCOUIBI B (Da3e YCHIIMBAIOT OPYT JIpyra, B
MpOTUBO(a3e — racsr.

JlaBaiiTe co3qagrM CHHYCOMIY B KOZIE ¥ IOCMOTPUM Ha He€. 3a0QHO TMOCIyIaeM, Kak 3By4UT
YUCTHIN TOH.

python

import numpy as np

import soundfile as sf

# ITapamerpsl

duration = 2.0 # 1Be CEeKyH/bI

sample_rate = 44100 # CD-kauectBO

freq = 440.0 # Hora "ns1"

# Co31aéM MaccB MOMEHTOB BPEMEHU

t = np.linspace(0, duration, int(sample_rate * duration), endpoint=False)

# Cozgaém cuHycoumy

y =np.sin(2 * np.pi * freq * t)

# CoxpansieM B (paiin

sf.write('sine_440.wav', y, sample_rate)

print(f"Coznana cunycouaa: yacrora {freq} I'u, qiurensHocts {duration} cex")

print(f"KonuyectBo otcuéros: {len(y)}")

print(f"Inanazon 3nayenuii: ot {np.min(y):.4f} no {np.max(y):.4f}")

3amycTuTte 3TOT KOJ U OTKPOUTE MOMy4YeHHBbIH (pail B modoM ayauoruieepe. Bol ycibimmre
YKCTBI, POBHbIM TOH. He O4eHb MHTEpEecHBI My3bIKAJIbHO, HO OY€Hb BAXKHBIM ISl IOHUMAHUS.
VIMeHHO 13 TaKUX TOHOB, TOJIBKO Pa3HBIX YaCTOT M C pa3HBIMU aMIUIUTYAMH, COCTOUT JII0OOM 3BYK.

CnoxeHne CHHYCOM/: KaK POXK/JAAeTCsl CJOKHBINA 3BYK

B peasibHOM MuUpe YMCTBIE CHHYCOHMIBI BCTPEYaAloTCs peaKo. Pa3Be uTo KaMepToH WM TeHepa-
TOP CUTHAJIOB M3/1AI0T YTO-TO OJIM3KOE K YUCTOMY TOHY. BONBIIIMHCTBO 3BYKOB ropasio cioxHee. Ho
BOT KJII0YEBast UJesl: JII0OOH CJIOKHBIN 3BYK MOXHO MPEJCTaBUTh KAK CYMMY MPOCTBIX CUHYCOU/. DTy
UJIEI0 BIIEpBbIE BbICKa3asl (ppaHily3ckuil MmatemaTuk Kosed Pypbe B Hauasne XIX Beka, u oHa npo-
M3BeJa PEBOJIOLUIO B HAYKE.

Cam ®yppe 3aHUMAIICA MTPOOJIEMOM paclipoCTpaHeHUs Terlia, a He 3ByKa. OH Mmokazai, 4To
mo0Goe neproanyYecKoe KojeOaHre — HEBaKHO, HACKOJBKO CIIOKHOE, — MOXKHO Pa3lioKUTh Ha
CYMMYy CHHYCOHJ C 4YacTOTaMH, KPAaTHBIMM OCHOBHOH 4YacTtoTe. OCHOBHasi 4yacToTa onpenessier
BBICOTY 3BYKA, a JOTOJHUTEIbHBIE YaCTOThl — OOEPTOHBI — OIpeesisioT TeMOp. biaaronaps odep-
TOHAM MBI OTJIIMYAaEM CKPUIIKY OT (hJICHTHI, Ja’ke KOrJa OHM UTPAIOT OTHY U TY ke HOTY. Y CKPHIIKH
OIMH Ha0Op 0OEPTOHOB, y (PJICHTHI — JIPYTON.

JlaBaiiTe mpoBepuM 3Ty H7el0 Ha mpakThke. Co3qaguM HECKOIbKO CHHYCOUM C KPAaTHBIMU
YacTOTaMHU M CIOKUM HX. [TocMOTprM, 4TO MOTy4UTCS.

python

import numpy as np

import soundfile as sf

duration = 2.0

sample_rate = 44100

t = np.linspace(0, duration, int(sample_rate * duration), endpoint=False)

# OcHoBHas yactota — 220 I't1 (HoTa "711" Majoi OKTaBbI)

f0 =220.0
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# Co31aéM OCHOBHYIO CUHYCOUY U OO€pPTOHBI

fundamental = np.sin(2 * np.pi * fO * t) # ocHOBHasl yacToTa

harmonic_2 = 0.5 * np.sin(2 * np.pi * fO * 2 * t) # Bropoit 06epTOH (BABOE BHIIIIE)

harmonic_3 = 0.33 * np.sin(2 * np.pi * fO * 3 * t) # Tperuit 06epTOH (BTpOE BHIIIEC)

harmonic_4 = 0.25 * np.sin(2 * np.pi * fO * 4 * t) # yeTBEPTHIN 0OEPTOH

harmonic_5 = 0.2 * np.sin(2 * np.pi * fO * 5 * t) # naTeiil 06epTOH

# CkJ1agpIBaeM BCE CHUHYCOM/IbI

y_complex = fundamental + harmonic_2 + harmonic_3 + harmonic_4 + harmonic_5

# CoxpaHsieM OCHOBHOW TOH U CJIOKHBIW 3BYK /111 CPaBHEHU S

sf.write('fundamental_220.wav', fundamental, sample_rate)

sf.write('complex_tone_220.wav', y_complex, sample_rate)

print("Co3znansl aiiiel: fundamental_220.wav u complex_tone_220.wav")

print("TIpocnymaiite 06a. OCHOBHOW TOH 3ByYHUT POBHO U CKYy4YHO.")

print("CioxHbIil TOH — ©Ooraye, ¢ XapakTepoM, MOXOK Ha MPOCTOW MY3bIKATbHBIA WHCTPY-
MEHT.")

[Tpocnymaiite o6a daitna. OCHOBHOW TOH — YHUCTHIN, ITaKuH, sterile. CIIOXKHBINA TOH 3BYIUT
MHa4Ye — OH Terulee, Oorave, Oosiee My3bIKaIbHO. [Tox0ke Ha POCTOil cuHTe3aTop Win oprad. Ho
oOparuTe BHUMaHKe: BhICOTA 3BYKa Ta ke camasi. Ml B TOM, U B IpyroM ciIydae 3TO HOTa «Jisi». [loromy
YTO BBICOTY OIpe/ielisieT OCHOBHAS YacToTa, a TeMOp — Ha0Op U COOTHOIIIEHHE OOEPTOHOB.

CnekTp: mopTpeT 3ByKa B 4aCTOTHOI 00jJacTn

Koraa Mbl cMOTpUM Ha ayTMOCUTHAT KaK HA MACCUB YHCENl — TO €CTh BO BpEMEHHOM 0071acTH,
— MBI BUJIUM, KaK TPOMKOCTb MEHSIETCS CO BpEMEHEM. DTO MOJIE3HOE MPE/ICTaBIEHUE, HO OHO HE
TOBOPUT HaM, U3 KaKUX YacTOT COCTOUT 3BYK. [ 71111 Ha BOJHOBYIO (pOpMY CJIOKHOTO TOHA, Bbl HE
CMOJeETe CKa3aTh, CKOJILKO B HEM OOEPTOHOB M KaKOW OHU aMIUTATYIbL [[jist 3TOro HyXHO Apyroe
MpeICTaBJIEHNE — YACTOTHOE.

Cniektp — 3T0 rpauK, KOTOpPBIM IOKa3bIBACT, KaKas SHEPrus MPUXOOUTCA Ha KakIylo
yactoTy. [1o ropu30HTaIbHON OCH OTKJIaJbIBAETCS YACTOTA B repliax, M0 BEPTUKAJIBHOW — aMILIH-
Tyga wim sHeprusi. Criektp uucroro ToHa 440 I'i — 310 oguu nmuk Ha vactorte 440 't u Gosnbie
Hudero. CnekTp CJI0KHOIO TOHA, KOTOPBI Mbl TOJIBKO YTO CO3[AJM, — 3TO HECKOJIbKO MUKOB Ha
yacrotax 220, 440, 660, 880 u 1100 I'11, yObIBaIONIMX 110 AMILTATY]IE.

CriekTp — 3TO He MPOCTO KpacuBasi KApTUHKA. DTO MOIIHENIINI AMarHOCTUYECKUI UHCTPY-
MeHT. [ 19151 Ha cnekTp 3amucuy, Bbl MoxkeTe yBUIETh (poHOBHIM I'ya Ha 50 I'i (HaBozmka OT a71ek-
TPOCETH), IIUINIEHUE Ha BBICOKUX YacTOTax (LIIyM MHUKpPO(QOHa), pe30HAHCHI TOMEIIEHU (YCUIIEHHbIE
YacTOThI, HA KOTOPbIX KOMHATa «TyIuT»). Bbl MOXkeTe NOHATh, IOYEMY IOJIOC 3BYUUT ITIyXO — HE
XBaTaeT BbICOKMX YaCTOT — WJIM PE3KO — CIIMIIKOM MHOTIO BepxXHeil cepeinHbl. CEKTp MoKa3bIBaeT
TO, YTO yXO CJIBIIINT, HO HE MOXET BbIPa3UTh B YHUCIIAX.

Kak ’xe mosyuuTh CHieKTp M3 BpeMeHHOro curHanga? [Ijis 3Toro m Hy)XHO NpeoOpa3oBaHue
dypobe. OHO NEepeBOIUT CUTHA M3 BpEMEHHOM 00JIaCTH B YaCTOTHYIO.

HuckpeTHoe npeodpa3oBanue Pypbe: 0CHOBHAs Hjest

HuckperHoe npeodpazosanue Pypwe, i DFT, — 310 anroput™, KOTOpbIid 6epET MacCHB U3
N 4ucen, mpeAcTaBISOIIUX CUTHAI BO BpEMEHH, M BBIAAET MaccuB U3 N KOMILJIEKCHBIX YUCelT, ITpe-
CTaBJISIIOIIMX CUTHAJI B yactote. Kaxoe 4nciio B BBIXOJHOM MacCUBE COOTBETCTBYET OIpeNeSIEHHON
4yacToTe U roBOpUT HaM: «Ha 3TOl yacTtoTe curHan umMeeT Takylo-To aMIUIMTYY M TaKylo-TO a3zy».

Kak DFT at0 nenaer? Waes npocra u reHualibHa OqHOBpeMeHHO. [IpencraBbTe, 4TO BBl XOTUTE
y3HaTh, eCTh JU B curHasie yactora 100 [ Ber 6epére cunycomay ¢ dacrororr 100 I, ymHOX)aete
e€ Ha BaIll CUTHAJI U cyMMupyeTe pe3yibTar. Ecim B curnane ectb 100 ', cunycounma OyeT ¢ Hum
COBMAaTh, ¥ TIOCJIE YMHOXEHUSI 1 CYMMHUPOBaHUs Noyuntcsi Oonbinoe uucio. Ecom 100 o et —
cuHyconaa OyleT He B TaKT C CUTHAJIOM, YMHOKEHHE JJaCT TO MOJIOKHUTENbHBIE, TO OTpUIlaTeIbHbIE
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3HAUEHUsI, U B CyMMe OHHM IOTracsIT Apyr Apyra. [ToBropute 3Ty IpoLenypy UIsi BCEX 4aCTOT, KOTOpPbIE
BAC MHTEPECYIOT — U BbI TIOJIyYHTE CIIEKTP.

®opmanbHo DFT 3anuceiBaercs Tak. 1 KaxkI0W 4acTOThl K Mbl BHIUUCTISEM:

X[k] = cymma o n ot 0 1o N-1 or x[n] yMHOXUTb Ha € B CTENIEHX MUHYC j YMHOKUTh Ha 27T
YMHOXWTb Ha K yMHOXUTb Ha n, Jea€HHoe Ha N.

He myraiitech stoit hopmyiiel. Ceituac Mbl pazdepéM e€ Mo KycoukaMm U IIpeBpaTuM B padoTa-
IO Ko/I. BBl yBUIMTE, UTO 32 CTpAITHBIMUA CUMBOJIAMH CKPBIBAETCS TIPOCTast U KPacuBast Ujiesl.

KoMminuiekcHble YHcIa: BPalalomiasicsi CTpesKa

B dopmyne DFT ecth 3aragounas OykBa j ¥ 9KCMIOHEHTAa. DTO KOMILJIEKCHAsI SKCIIOHEHTa, U
OHa IMyraeT MHOTMX HOBMYKOB. HO KOMIUIEKCHBIE YHCIa — 3TO HE YTO-TO CBEPXbECTECTBEHHOE. DTO
MPOCTO YAOOHBIN MaTeMaTUYeCKU MHCTPYMEHT J1JIsl ONIMCAHMsI BPAIICHHMSI.

[pencraBbTe cede cTpeNKy Ha MIIOCKOCTU. Y He€ ecThb UIMHA 1 HarpaBieHue. OObIYHbIE YHCIia
MOT'YT OIUCAaTh JJIMHY CTPEJIKM, HO He HamnpasJieHue. KoMIUIeKCHbIe Yucia OMUCHIBAIOT U TO, U JIPY-
roe. KoMIujiekCHOe 4KCI0 COCTOMT U3 JBYX 4YacTei: JEUCTBUTEIbHOW M MHUMOM. [leficTBUTEIbHAS
YacThb — 3TO MPOEKIIMSI CTPEJIKU Ha TOPU30HTAIbHYIO OCb. MHMMAast — MPOEKIMSI Ha BEPTUKAIBHYIO
ochb. JIJTMHA CTPESTKA — 3TO MOIYJIb KOMIUIEKCHOTO YHCIIa. YTOJ, KOTOPBIA CTpesika oOpas3yeT ¢ TOpH-
30HTAJILHOM OChI0, — 3TO (paza.

Koraa mMbl yMHOXaeM CHTHaJI HA KOMITIEKCHYIO SKCIIOHEHTY € B CTETIeHM MUHYC j YMHOXHUTb
Ha 27T yMHOXWTh Ha kK yMHOXHTH Ha n, feaéHHOe Ha N, MBI JefiaeM BOT 4To. Mbl OepéM CTpesKy
€IMHUYHOM JIJIMHBl M HauMHaeM e€ Bpaimarb. Yacrora Bpamenus 3asucut ot k. [Ina k=0 crpenka
crout Ha mecte. s k=1 crpenka nenmaer oguH nosiHeii 060poT 3a N orcuéros. s k=2 — nBa
oboporta. U Tak nanee. YMHOXkast CUTHAJT Ha 3Ty BPALIAIONIYIOCS CTPEJIKY, MbI IIPOBEPsieM, HACKOJIBKO
CHUTHAJI TIOXOK Ha BpallleHHne ¢ JTaHHOW CKOpocThio. Eciy curnas koneGnercsi ¢ Tou ke 4acTOTOH, 4To
Y BpAIlleHUE CTPEJIKU, OHU Oy/IyT CHHXPOHHBI, U TIOCJIE CYMMHPOBAHHMSI TTOTYYUTCSI OOJBIIIOE YHCIIO.
Ecnu HeT — oHM OyIyT pacXoouThCs, M CyMMa OyleT OM3Ka K HYIIO.
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KoHen 03HakoMuUTEJIbHOT0 (pparmMeHra.

Texkcr npenocrasinen OO0 «JIutpec».

IIpounTaiiTe 3Ty KHUTY LIEJIMKOM, KYIMB II0OJHYIO JIETaJIbHYIO Bepcuio Ha JluTpec.

BesomnacHo onnatuTh KHUTY MOKHO OaHKOBCKOM Kaprtoit Visa, MasterCard, Maestro, co cuera
MOOWIIBHOTO TenepoHa, C TUIaTeKHOro tepMuHana, B catone MTC wm Cesi3Hoii, yepes PayPal,
WebMoney, fAunekc.densru, QIWI Komesnek, 60HyCHbIME KapTaMu WX APYTUM YIOOHBIM Bam crio-
coOom.

26


https://www.litres.ru/book/aleksandr-ivanov-339/cifrovaya-obrabotka-signalov-na-python-ot-inzhenera-k-74004728/

	***
	Предисловие
	Введение. Почему понимать — это выгодно
	Пара слов перед стартом
	Глава 1. Звук как математика: сигналы, отсчёты и теорема, которую нельзя нарушать
	Глава 2. Синусоиды, из которых состоит всё
	Конец ознакомительного фрагмента.

