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IMPEAUCJIOBHUE

Oxoso 30 sieT Ha3a, BO BpeMs NEpBOM JIeTHEH NPaKTHKH, MHE TOCYaCTIMBHIIOCH Y4acTBO-
Bath B npoekre MAC B MaccauyceTckoM TEXHOJIOTHYECKOM WHCTHTYyTe. Torna si BIepBble
cmor nopaborars Ha komnbiotepe DEC PDP-10, koTopslii B TO BpeMsi IpeaocTaBisul Ooliee
LIMPOKHE BO3MOXHOCTH IPH NPOrpaMMHUPOBAHUH Ha acceMOiepe, 4yeM JIo0oi Apyroi KomIib-
10Tep. DTOT MPOLECCOp UMEN OOJIBIION HaOOp KOMaHJ JUIsl BBIIOJHEHHS ONEpaIvil ¢ OT/AeINb-
HBIMHM OWTaMH, UX TECTUPOBaHMs, MACKHMPOBAHMUS, /ISl PaOOTHI C MOJSIMU U LIEJIBIMH YHCIIAMHU.
Hecmortps Ha TO uro PDP-10 naBHO CHAT ¢ IPOU3BOCTBA, IO CUX MOP €CTh DHTY3HACTHI, pado-
TalolMe Ha STHX MallMHaX JKMO0O Ha MX NPOrpaMMHBIX 3MyJIaTOopax. HekoTopsle n3 HUX Jaxe
ITUIIYT HOBBIE NPWIJIOXKEHUS; 110 KpaifHel Mepe B HACTOsIIee BPeMs €CTh, KaK MUHUMYM, OJIMH
Web-y3en, mognepskuBaemsiit amyiuposannasiv PDP-10. (He cMmeiitech — momiepixka Takoro
y371a HU B Y€M HE YCTYIIaeT MOIepIKKe aHTHKBApHOTO aBTOMOOMIIS “Ha X0y .)

Tem xe snerom 1972 ropa s yBieKcs YTEHHEM CEPHU OTYETOB 1O HOBBIM HCCIIEOBAHMUSIM,
IyOJIMKOBABLIMXCSl B MHCTUTYTE Nox obmmM HazsanneM HAKMEM — noBonsHO cTpanHbIi 1
SKJIEKTHYHBIH COOPHUK PAa3HOOBPA3HBIX TEXHHUECKHX Meyoueii . TeMaTuka cTaTeil Mora GbiTh
JIIOOOW: OT AJIEKTPOHHBIX CXEM JI0 TEOPHUH YHUCEN; HO OOJblLIEe BCEr0 MEHs 3aMHTPHUIOBall He-
OoJbIION pa3zaen, B KOTOPOM MyOJIMKOBAINCH MPOrPAMMHCTCKHE XUTPOCTH. [IpakTHdecku B
KaXIOW CTaTbe 3TOrO pasjiefia COACPIKAJIOCh OIMMCAHHEe HEKOTOPOoil (3ayacTyro HEOOBIYHOIN)
OMepaly HaJ IENbIMH YACIaMH WK OMTOBBIMU CTpOKamu (Hampumep, MOACYET eAMHUYHBIX
OUTOB B CJIOBE), KOTOPYIO MOXHO OBLITO JIETKO peajn30BaTh B BUIE AJIMHHON MOCIECIOBATEIb-
HOCTHM MAIIMHHBIX KOMaHJ JIM0O LMKJIA, a 3aTeM O00CYXIalloCh, KaK MOXKHO CHeJIaTh 3TO XKe,
HCTIONB3YS TOJIBKO YETBIPE, TPH MM JIBE TLIATEIHHO 10JJ0OpaHHBIE KOMaH/Ibl, B3aUMOIEHCTBUE
MEXIy KOTOPBIMH CTaHOBWJIOCH OUYEBHJHBIM TOJBKO IIOCIE COOTBETCTBYIOUIMX OOBSICHEHWI
WM CaMOCTOSITEJIBHBIX MCCIIeIoBaHUN. SI U3ydan 3T MaleHbKHE ITPOrpaMMHBIE CAMOPOAKH C
TEM K€ HaCJaXJCHUEM, C KOTOPBIM JIpyTHe TbIOT MHBO WM €T ClIaocTH. 51 mpocTo He Mor
ocraHoBUThCs. Kakias Takast mporpaMma okasblBajlach JUISi MEHSI HAXOKOH, B KaXJ0H M3 HUX
OblIa MHTEIJUIEKTYaJIbHAs INIyOrHa, 3JIETaHTHOCTh U JIake CBOeoOpa3Hast Mod3Hs.

“HaBepHsika, — ayman si TOoraa, — TakKuX IPOrpaMM JIOJDKHO OBITh HAMHOTO OOJIBbILE.
JloimkHa e r1e-To ObITh KHUTa, MOCBSIIEHHAst TAKUM IITyKaMm” .

Knura, KOoTOpyIo BBI JIepiKHTE B pyKax, MOTpsicia MEHs. ABTOP CHCTEMAaTHYECKH, Ha POTsDKe-
HHW MHOTHX JIET COOMpaJ TaKue MPpOrpaMMHBIE TIEPJIbl, @ Teleph CBEJl UX BOCAMHO, TEMAaTHYECKH
OpraHu30BaI U CHAOAMII KaXK/IbII YETKUM U HOAPOOHBIM OlMcaHineM. MHOIHe 13 HUX MOKHO 3a-
IIcaTh B MAIIMHHBIX KOMaH/aX, HO KHHUTa T10JIe3Ha He TOJIBKO JUIS TeX, KTO IHUILIET MPOorpaMMBbl Ha
accembOiiepe. ['1aBHast TeMa KHUT'M — PaccMOTPeTh 0a30BbIe CTPYKTYPHBIE OTHOLLIEHHS CPEH 1ie-
JIBIX YMCENl U OUTOBBIX CTPOK M 3(EKTHBHBIE IPHEMbI peall3aliy onepanuii Haj HuUMH. Pac-
CMOTpPEHHBIE B KHUI'€ METO/IbI CTOJIb )K€ MOJIE3HbI U NMPAKTUYHbI IIPY ITPOrPaMMHUPOBAHHUH Ha SI3bI-
Kax BBICOKOTO ypoBHs1, HanpuMep C i Java, kak 1 Ha si3bIke accemOuiepa.

Bo MHOrMx KHMrax Ho ajropuTMaM M CTPYKTYpaM JIaHHBIX OINHCaHBI CJIOXKHBIE METOJBI
COPTUPOBKH U MOUCKA, MOJJIEPKAHMS XOII-Ta0JMIl ¥ JIBOUYHBIX IE€PEBBEB, PAOOTHI C 3aIHCAMH
U yKazaTelIsMH. 3/1eCh K€ PacCMaTpPUBAETCS, YTO MOKHO C/IENIATh C OUY€Hb KPOLIEYHOH YacThiO

! IMouemy HAKMEM? Coxkparienre ot hacks memo; omso 36-6uroBoe PDP-10 ciioBo MOXKeET coziepKarh
recTs 6-OMTOBBIX CHMBOJIOB, O9TOMy MHOTHe MMeHa PDP-10, ¢ koTopsvu Torma paboTany IporpaMMUCTEL,
OBUIM OTpaHUYEHEI IECTHI0 CHMBOJIAMH. AGOpPEBHATYPHI U3 IIIECTH CUMBOJIOB IIIMPOKO HCTIONB30BAIIICH IS CO-
KpaIIeHHBIX Ha3BaHWH, MHOTJA MMHU MOJB30BAINCH NPOCTO Il yaoOcTBa. IlosTomy HasBanme cOOpHMKa
HAKMEM nmeno siCHBII CMBICH TS CIICIHAITICTOB, TI0 KpaitHeH Mepe B TO BpeMsl.

10 IMPEANCIIOBUE
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JAaHHBIX — OWUTaMHW W MaccuBaMu OMTOB. [Topa3wTenbHO, CKOJIBKO BCETO MOYKHO CHEJaTh, UC-
MTOJIB3YS TOJNBKO OMNEpaIfy JBOMYHOTO CIIOXKEHHUS W BRIYUTAHHUS BMECTE ¢ HEKOTOPBIMH IOpas-
pAnHBIMU omepanusaMu. Omepanni ¢ IepeHoCoM MO3BOJLIIOT OJHOMY OMTY BO3/IEHCTBOBATh Ha
BCe OWTHI, HAXOSIINECS CIIeBa OT HETO, UTO JCNaeT CIOXEHHEe 0OCOOCHHO MOIIHOHN omneparueit
pu paboTe ¢ JAHHBIMHU CTIOCO0aMH, HE TIOTyIUBIIUMHE ITHPOKOTO PACTIPOCTPAHEHHUS.

Ceiigac y Bac B pyKax KHUTa IMEHHO O Takux MeToxax. Ecim BBl paboTaere Hall ONTHMH3H-
PYIOIMIAM KOMIHJITOPOM HIIH IPOCTO CO37acTe BBHICOKOTPOMN3BOANUTENBHBIN KO, BAM IIPOCTO
HEOOXOIMMO TPOYNTATH 3Ty KHUTY. BO3MOXHO, B CBOEH MOBCEIHEBHOW paboTe BBl HE YacTO
OyzeTe HWCIONB30BATH M3JI0KEHHBIE 37€Ch MPUEMBI, HO, €CIM BaM HOTpeOyeTcss OpraHu30BaTh
LUK II0 BCEM OWTaM CJIOBa, YCKOPUTH PabOTy ¢ OTAEIHHBIMHA OWTaMH BO BHYTPEHHEM IIHKJIC
WA BBI TIPOCTO CTOJKHETECHh C CUTyalHeH, KOTAa KO/ MOIYIaeTCs CIUIIKOM CIIOKHBIM, 3ariis-
HUTE B ATy KHWATY — 5l YBEpEH, BBl HalileTe B HEH IMOMOIIb B PEUICHUH CTOAIICH Tepes BaMu
mpobiemsl. B mobom ciydae uTeHne 3TOW KHUTH TOCTaBUT BaM OTPOMHOE YIOBOJBCTBHE.

Taii JI. Ctun, min. (Guy L. Steele, Jr.)
Bbepaunrron, Maccauycerc
Ampens 2002
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BCTYIIVIEHHUE

Caveat en’ptorz: CMOUMOCHb CONPOBO-
JAHCOEHUS NPOSPAMMHO20 0OecneyeHs
HPONOPYUOHATILHA KEAOPANTY MEOpHe-
CKUX CNOCOOHOCTET NPOPAMMUCIIA.

(ITepBbIii 3aKOH TBOPYECKOTO
NpOrpaMMHpPOBaHHUS,
PoGepr /1. banc (Robert D. Bliss), 1992)

Ilepen Bamu cOOpPHUK TPOTPaMMHBIX PHUEMOB, KOTOPHIE S COOMpall MHOTO JieT. bopimmH-
CTBO M3 HHUX pabOTaIOT TOJHKO HAa KOMIBIOTEPAX, B KOTOPHIX IIEJbIE YHCIIA MPEICTABICHEI B
JOTIOJTHUTEIEHOM KoJie. XOTSA B TaHHOM KHUTE pedb HIeT 0 32-OMTOBBIX MAaIllMHAX C COOTBET-
CTBYIOIIEH JUTMHOW PErucTpa, OOJBIITYI0 YacTh MPEACTaBICHHBIX 3/1€Ch AITOPHTMOB JIETKO Tie-
PEHECTH Ha MAIMHBI C IPYTUMH pa3MepaMi PETUCTPOB.

B 3T0if KHHUTE HE PAcCMATPHUBAIOTCS CIOKHBIE BOIPOCHI HAMOAOOWE METOJOB COPTHPOBKU
WIA ONTHMHU3AINHA KOMITWIAPYeMOro kofa. OCHOBHOE BHUMAaHHWE YIEIEeHO IMpHeMaM paboTH C
OTJCTHHBIMI MAIIMHHBIMH CIIOBAMH HJIM KOMAaHIAaMH, HaIpUMeEp ITOJICUYETy KOJIMYEeCTBA €IIH-
HUYHBIX OWTOB B 33/IaHHOM CJIOBE. B TIOZOOHBIX IpreMax 9acTo MCHOJB3yeTcs CMech apupme-
TUYECKUX U JIOTHIECKUX KOMaHI.

[Ipennonaraercs, 9To TpepHIBaHUS, CBI3aHHBIE C MEPENOTHEHNUEM IENIBIX YHCEeN, 3aMacKH-
poBaHbI 1 ipom3oiTH He MOryT. [Iporpammer Ha C, Fortran u naxke Java paboTaroT B TaKOM OK-
pykenuu, Ho mporpammucTam Ha Pascal u ADA crietyet 65ITh OCTOPOKHBIMH!

[IpencraBnenne Marepuaia B KHUTe HeopMmanbHOe. [loka3aTenbecTBa MPUBOISTCS TOIBKO B
TOM CJIydae, eClid alTOpUTM HEOYEeBH[CH, a WHOT/Ia He MPUBOIITCA BooOme. Bee MeToas mc-
MTOJTB3YIOT KOMITBIOTEPHYIO apu(PMETHKY, 0a30Bble (YHKITNH, KOMOMHAIINHA apU(PMETHIESCKUX H
JIOTHYECKUX OTepaIfii U Jip., a I0OKa3aTeNIbCTBa TEOPEM B ITOW MPEIMETHOH OOJACTH YacTo
CIIO’KHBI ¥l TPOMO3JIKH.

Uto0bI cBECTH K MHUHHMYMY KOJIHYECTBO THUIOTPAPCKUX OMIMOOK W OINEYaTOK, MHOTHE ajl-
TOPUTMBI PEaI30BaHbI Ha S3BIKE MPOTPAMMHPOBAHNUS BEICOKOTO YPOBHS, B KA4eCTBE KOTOPOTO
ucnone3yercs C. OTo 00yCIIOBIEHO €0 pacTpOCTPaHEHHOCTHIO U TE€M, YTO OH T03BOJISIET He-
MTOCPEICTBEHHO KOMOMHUPOBATH ONEPAIHH C LENBIMA YHCIaMHA U OUTOBBIMH CTPOKaMH; KPOMeE
TOTO, KOMIIIATOP si3b1Ka C reHepupyeT 0OBeKTHBIH KOJI BEICOKOTO Ka4ecTBa.

Psn anropuTMOB HammcaH Ha MallMHHOM sI3bIKE. B KHHTE NpHMEHSETCS TpexaIpecHBIN
(¢opmaT KOMaHJ, TJIaBHBIM 00pa30oM IS TIOBBIMICHUS yIo00ounTaeMOoCTH. VICIonp30BaH A3BIK
acceMOiepa U HEKOH aOCTpaKTHOW MAIMHBI, KOTOpasl SBIIAETCS IPEACTAaBUTEIEM COBPEMEH-
HbIX RISC-komMmBIOTEPOB.

OTcyTcTBHE BETBJICHHI B MPOrpaMMe BCSIYECKH NMPHBETCTBYETCA. JTO CBA3AaHO C TEM, UTO
Ha MHOTHX MalllMHAX HAIMYHE BETBICHUN 3aMeisieT BEBIOOPKY KOMaH[ M OJIOKHPYET X ITapa-
JIeNbHOE BHIMONTHeHrne. Kpome Toro, Hann4re BETBICHHHA MOJKET MPETATCTBOBATh BHITIOJTHEHUIO
ONTUMH3ANINH KOMITHIATOPOM. OnTuMmupyommid kommuiarop 6onee 3¢ dekTuBHO paboTaer
C HECKOJIFKUMH OOJBIITNMH OJIOKaMH KOJIa, YeM C MHO>KECTBOM HEOOJIBIIHX.

Kpaiine xenatensHO UCHONB30BATh Majlble BETMYMHBI IPU HETTOCPEICTBEHHOM 33JaHAH OTIepaH-
na, cpasaenue ¢ O (a He ¢ APYTHMH YHCITAMK) U TIAPAUIEIM3M Ha YPOBHE KOMAaHI. XOTS TIPOrpaMMy

2 Caveat emptor (11at.) — 1a GyeT OCMOTPHTENIEH OKYIIATENb.
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YacTO MOYKHO 3HAUUTEIIFHO COKPATHTH 3a CHYET WCIOJIF30BAHMS ITOWCKA B TAOJNHIIE, STOT METOI HE
CITUIIIKOM pacipocTpaeH. [leio B TOM, 9TO 1O CPaBHEHHIO C BBITOJIHEHHEM apH(PMETHIECKHX KO-
MaHJI 3arpy3ka JaHHBIX U3 TaMSTH 3aHUMAaeT HAMHOTO OOJIBIIIe BPEMEHH, & METOIbI TIOMCKa B TaOJIH-
TI€ 3a4aCTyIO He MPEICTABIIAIOT OOJBIION0 HHTEpeca (XOTs U BeChbMa MPAKTHYHBL).

HarocieJok MHe XOTenoCh Obl HATIOMHHTH HCXOJHOE 3HAUYCHHE CIOBA XaKep . Xakep —
9TO CTPACTHBIN JIFOOWTENs KOMIBIOTEPOB, OH CO3IAeT YTO-TO HOBOE, IEpEeebIBaeT WIIH CO-
BEPIIEHCTBYET TO, UTO yXKe eCTh. XaKep 04eHb XOPOIIO pa3dupaercs B TOM, UTO JETAET, XOTA
4acTO HE SABJSIETCS MPOQPECCHOHAIBHBIM MPOTPaMMHUCTOM MK pa3paboTdankoM. OOBIMHO XaKep
MTUIIET MPOTPaMMEI HE Paayl BEITOIHI, a paand COOCTBEHHOTO YIAOBOJBCTBHA. Takas mporpamma
MOYKET OKa3aTbCsl MOJIE3HOM, a MOXET OCTaThCAd BCEro JIMIIb UTpoil mHTeluiekTa. Hampumep,
XaKep MOXKET HalncaTh MPOorpaMMy, KOTOpasi BO BpeMsI BHIIIOJIHEHUS BEIBOAUT TOYHYIO KOIIHIO
cebs camoii®. Takux JII0/IeW Ha3bIBAIOT XaKepaMu, U 3Ta KHUra HallMCaHa UMEHHO JUISl HUX, a He
JUTS T€X, KTO X09eT MOIYYUTh COBET O TOM, KaK B3JIOMaTh YTO-THOO0 B KOMITBIOTEPE.

baarogapuoctu

[pexze Beero s xouy nobnarogaputh bproca Llpaiieepa (Bruce Shriver) u [dennuca Amtu-
cona (Dennis Allison), okazaBuimx MHe MOMOLIB B OMyOJIMKOBAHUH KHUTH. S| IpU3HATENECH KOJTe-
ram u3 IBM, MHOrHMe 13 KOTOpBIX YIOMSHYTHI B Onomorpaduu. Ocoboii GiarosapHocTH JOCTO-
uH Maptun Xonkuuc (Martin E. Hopkins) u3 IBM, kotoporo mo npaBy MOKHO Ha3Bath “MHCTED
Komneiotep”. DTOT 4YeoBEeK HEyAEpKUM B CBOEM CTPEMJICHHH IIOJCYHUTATH B IIPOrpamMMe Kax-
JIbI TakT, ¥ MHOTHE €ro WjeH HAIUIM OTpaXKeHHe B 3TOM KHMre. braromapro Taxke obo3pesare-
neit u3 Addison-Wes ey, kotopsie 3HAYUTEIBHO YITyYIIHIA MO0 KHUTY. CO MHOTUMH U3 HHUX 5 HE
3HaKOM, HO HE MOTY He YINOMSHYTH Bblnatomuiics S0-cTpaHnyHbIi 0030p oxHOro M3 HUX, ['as
JI. Ctuna, min. (Guy L. Steele, Jr.), roe, B 4aCTHOCTH, 3aTPOHYTHI BOIPOCHI MEPEMEIIHBaHIs OU-
TOB, 00OOIIEHHOTO YIOPSIOYEHUS U MHOTHE JpYrHe, KOTOpble 00s3aTeNbHO BOMIYT BO BTOPOE
uznanue kuurd (©). Psiyt peyiosxKeHHbIX UM AIrOPUTMOB KCIIONIb30BaH B IAHHO#M Kuure. [Tomor-
Jla MHE U €ro IyHKTyaJIbHOCTb. Hanpumep, st ormO04YHO Hanmcas, 4To IeCTHa[IIaTePUYHOE YHC-
10 OXAAAAAAAA MOXHO pa3noxuTb Ha MHOXUTenH 2-3-17-257-65537; Tait ykazai, uto 3 He-
00X0/IMMO 3aMeHHTh Ha 5. OH He yIyCTHI HH O/IHOH U3 MOAOOHBIX MeoYeld 1 HAMHOTO YJTyYIIHIT
CTWJIb M3JIOKeHUs MaTepuaia. KpoMe Toro, Becb Marepuai, CBsI3aHHBII C METOJIOM “rapajuieib-
HOro npedukca”, MOSBUIICS B KHUI'e UCKITIOUUTENIBLHO Onaroaps [ato.

I'.C. Yoppen ma. (H.S. Warren, Jr.)
Wopxrays, Heto-Hopx
®espanp 2002

3 B mocnennee Bpems “xakepamu” 4aCTO HA3BIBAIOT TEX, KTO MOIYYAET HECAHKIHOHHPOBAHHEIA T0C-
TYII K OAaHKOBCKUM cHcTeMaM, B3iambiBaeT WeD-y3i1bl 1 Bener npouyro pa3pylniuTenbHy0 AesITeIbHOCTD
00 paay MOJTydYeHUs JIeHeT, MO0 Ul AeMOHCTpalUy BceM cBoel “kpyroctr”. K HacTosmmm xakepam
TaKOBBIE HE IMEIOT HUKAKOTO OTHOIIECHUsI. — [Ipum. nepes.

# Camas kopoTKast Takas nporpamma Ha C, U3BeCTHas aBTOpY, Hamucana Bragom TanpossiM 1 Pamm-
noM daxpeeBbIM U COIEPKUT Bcero 64 cumBona:

main(a) {printf (a,34,a="main(a) {printf(a,34,a=%c%s%c,34);}",34);}
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[TTABA 1
BBEJAEHHUE

1.1. Cucrema 0003HaYeHMIT

[ToBcrony B KHHT€ TPW OMHMCAHWH MAIIMHHBIX KOMAaHJ WCIIONB3YIOTCS BBIPAXKCHUS, OTIIH-
Yaronyecs OT OOBITHBIX apu(METHIESCKUX BBIpaKeHHH. B “kommbioTepHO# apudmernke” orre-
paHIbl IPEICTABIIOT COO0M OUTOBBIE CTPOKH (MJIM BEKTOPHI) HEKOTOPOH (PMKCUPOBAHHOM
JUTMHBI. BBIpaykeHns: KOMITBIOTEpHON apu(pMETHKH TTOXOKH Ha BBIPAYKEHUS OOBIYHON apume-
THKH, HO B 3TOM CIIy9dae IepeMeHHbIe 0003HAYaI0T COIEPKIMOE PETHCTPOB KOMIIBIOTEpa. 3Ha-
YeHHEe BBIPAXCHUS KOMIBIOTEPHOH apH(METHKH IpeACTaBIsIeT co00W CTpOKy OWTOB Oe3 Ka-
KOH-TMO0 CIIenUaibHON HMHTEPIIpPEeTaIy, OIEpPaHIbl K€ MOTYT WHTEPIPETHPOBATHCS II0-
pasHomy. Hampumep, B KoMaHAe CpaBHEHHs ONepaHIbl HHTEPIPETHPYIOTCS THOO Kak JBOWMY-
HBIE TIeJIbIe YHCIIa CO 3HAKOM, JIN00 Kak Oe33HaKOBBIE IeJible drcia. [1o3ToMy, B 3aBHCHMOCTH
OT THIIA OTIEPAH/IOB, U 0003HAYCHHUS ONepaTopa CPABHEHHS UCTIONB3YIOTCS Pa3HbIE CHMBOJIHL.

OCHOBHOE OTIIMYHME MEXKIYy OOBIMHBIMH apH(METHIECCKUMH ACHCTBMSIMH M KOMIBIOTEPHBIMU
CIIO)KEHHEM, BEIYUTAHWEM M YMHO)KEHHEM COCTOHT B TOM, YTO PE3yNbTAT ACHCTBHI KOMITBIOTEPHOM
apu(MeTHKH NPUBOAMTCSA IO MOAYo 2", rjie N— pasMep MAlIMHHOIO cjoBa. Elle 0/1HO OTiHYue
COCTOHT B TOM, YTO KOMITBIOTEpHas apu(pMETHKA COACPKUT OOJIbIIIee KOJIMIECTBO onepariwii. Kpome
OCHOBHBIX YeTBIpeX apu(PpMETHIECCKIX ACHCTBHIA, MaliHa CIOCOOHA BRITIOJIHAT MHOJKECTBO APYTHX
koMaHt: storraeckue u (and), uckmouaiowee uu, cpagnene, cogue 1o U mp.

Ecnm He oroBopeHO MHOE, Be3/ie B KHUTE Tpe/IoaraeTcs, 4To JJIMHa cJoBa paBHa 32 Ou-
TaM, a IeNble YUCIa CO 3HAKOM IPENCTABISIOTCA B JOTONHUTEIHHOM K 2 koxe. Ecnmm mimHa
CIIOBa WHAsI, TAKHE CIIydal OTOBApUBAIOTCS 0C000.

Bce BeIpakeHHS KOMIBIOTEPHOW apH(METHKH 3alHCHIBAIOTCS AHAJIOTHYHO OOBIYHBIM
apu(METHIECKUM BBIPAKEHHSAM, C TeM OTJIMYHEM, YTO MEepeMEeHHBIe, 0003HAYaIOMNe COMIep-
KHUMOE PETHCTPOB KOMITBIOTEPA, BBIIEISAIOTCS TOMYKHUPHBIM MPU(PTOM (3TO 0OBITHOE COTIIa-
[ICHHE, TIPUHATOE B BEKTOPHOU anrebpe). MallnHHOE CIIOBO MHTEPIPETHPYETCS KAk BEKTOP,
COCTOSIIMN M3 OTAENBHBIX OMTOB. KOHCTAaHTHI Tak)Ke BBINEIAIOTCS TONYKXHPHBIM IIPH(TOM,
ecii 0003HAYAIOT COJEPIKUMOE peructpa (B BEKTOPHOH ainredpe aHaJOTHYHOro 0003HAYEHHs
HET, TaK KaK TaM /IS 3allUCH KOHCTAHT MCIOJIB3YeTCs TOIBKO OIHH CIIOCO0 — yKa3aHHe KOM-
MOHEHTOB BeKTOpa). Eciii KOHCTaHTa 03HAYaeT 4acTh KOMaHAbI (HalpuMep, HEOCPEACTBEHHO
3HAYCHHE B KOMaHJIE CIIBUTA), TO OHA HE BBIICISIETCS.

Ecmm omepatop, Hanpumep “+”, CKIIQABIBAET BBIJACICHHBIC MOIYKUPHBIM IMIPUPTOM OIe-
PaHIpBI, TO OH TO/Pa3yMeBAeT MAIIUHHYIO oneparuio cioxkenus (“BekropHoe cinoxenue”). Ec-
JIM OTEpaHJIbl HE BBIJCICHBI, TO MOAPAa3yMEBACTCs OOBIYHOC apU(PMETUICCKOE CIO0KEHUE CKa-
JISIPHBIX BenuunH (CKamsipHoe cioxkenue). [lepemennas X 0603HauaeT apupMeTHIECKOE 3HAYE-
HUE BBIICNICHHOM MONYXHAPHBIM MPHGTOM TEPEMEHHOM X (MHTEpIpEeTHpyeMOe Kak 3HaKOBOE
Wi 0e33HAKOBOE, YTO JOJDKHO OBITh IOHATHO M3 KOHTEKCTa). TakuM o0pasoM, eciu
x =0x80000000, a y=0x80000000, To npu 3HAKOBOI MHTEpHpeTary X=y =21, x+y=—2%y
X+y=0. (3mecs 0x80000000 — mrecTHamI[aTEpHYHAs 3AIMCh CTPOKM OHMTOB, COCTOSIIEH M3
OJIHOTO EAWHUYHOTO OWTA U CIIEAYIONINX 3a HUM 31 HynaeBoro 6ura.)

BuThl HyMepyOTCs CripaBa HAJICBO, MPHYEM KpaiiHuii cripaBa (Miaumit) OUT nMeeT HoMep

0. dmune! 6uTa, momy0OaiiTa, OaiiTa, IOIycIoBa, CIOBA U IBOIHOTO CJIOBAa PaBHBI COOTBETCTBEH-
Ho 1, 4, 8, 16, 32 u 64 our.



HeGonpume n npocteie parMeHThl KOa MPECTaBICHbl B BHJIE alreOpandeckux BbIpaxe-
HHIl C OIIEPaTOpOM NPHCBAMBAHUs (CTPENKA BJICBO) M MPH HEOOXOIWMOCTH C ONEPAaTOpPOM 1if.
Jnst TakpxX 3a/ad MCTIONb30BAaHWE MATEMATHYECKHUX BBIPAKCHMH MPENIOYTHTENIBHEE, YEM CO-
CTaBJICHHE IPOTrPaMMBbI Ha SI3bIKE acceMbJepa.

Boree crnoxxHBIE ¥ TPOMO3JKUE AITOPUTMBI MPECTABICHBI B BHAE NporpamMM Ha si3bike Ctt,
nipudeM cBoiictBa C++ Kak 00bEKTHO-OPUEHTUPOBAHHOTO SI3bIKA IPOrPAMMHUPOBAHUS HUT/IE B KHHTES
He ucrnonb3yrorest. [1o cytu, nporpammer Harwcans! Ha |SO (ANS]) C, HO ¢ KOMMEHTAPHSAMHE B CTH-
ne C++. Tam, rie pazmunst Mexay C u C++ He cylecTBeHHBI, oipa3yMeBaeTcst IpocTo si3bIk C.

INonroe ommcanme s3pika C BBIXOAWT 32 paMKH JaHHOW KHUTH. OJTHAKO JUIS TEX YuTaTenei,
KoTopble He 3HakoMmbl ¢ C, B Tabia. 1.1 mpuBeseHO KpaTkoe ONMCaHUE OCHOBHBIX 3JIEMEHTOB
9TOro s3bika [32]. DTo omucaHue OCOOEHHO IMOJIE3HO IS YMTATENEH, KOTOPBIE HE 3HAKOMBI C
C, HO 3HAIOT KaKOH-TMO0 MHOM MPOLEAYPHBIH SI36IK IpOorpaMMUpoBaHus. B Tabnuie nepeunc-
JIEHBI TAK)XE OMEPATOPHI, KOTOPBIE HCHONB3YIOTCS B alreOpandecKux M apu(METHIECKUX BbI-
pakeHUsIX 3TOM KHUTrH. Bce oneparops! s3pika C ynopsiioyeHsl 110 MPUOPHUTETAM: B Haualle
TaONMHIBI PACIIONOKEHBI ONEPATOPHI, MMEIOIINE Hanboyee BBHICOKHH MPHOPUTET, B KOHIE —
OIlepaToOphl C CaMbIM HU3KUM IpuoputeToM. byka L B cronbue “Ilpuopurer” o3navaer, 4ro
JAHHBIM ONEPaTOp JIEBOACCOINATUBEH, & UMEHHO!

asbec=(a*b)-c

Bbyxsa R o3Hauaer, uTo oneparop npasoacconuatiseH. [IpuBeeHHbIe B TaONUIE U HCTIONB-
3yeMble B KHHUT€ aJre0pandecKue ornepaTopsl cIeAyoT NpaBiiaM acCOLMaTUBHOCTH M PUOPHU-
TeTaMm orepaTopos s3bika C.

B nonosnnenune x nepeunciieHHoMy B Tabul. 1.1 ucnonbe3yercs psi 0003HaYeHUH n3 OyeBoit
anreOpbl U CTAHIAPTHON MaTeMaTHKU (COOTBETCTBYIOIIHE ITOSICHEHHST IIPUBOISITCS 10 MEPE He-
00X0IUMOCTH).

Tadanna 1.1. daemenTsl si3bika C M ajireGpanyeckue onepaTopbl

pu-
opurer | C Auredpa Onucanune
0x... 0x..., Ob... [lecTHanuarepuyHble, JBONYHBIE KOHCTAHTBI
16 alk] Bri6op k-ro komronenTa
16 % X PasnuuHble epeMeHHbIC WM BEIOOpKA OHTOB (3a-
ot BHCHUT OT KOHTEKCTa)
16 £(x,...) f(x,...) Beoluncienue GpyHKIUn
16 abs(x) Ab6conroTHOE 3HaueHHe (01HAKO abs(—231) =-2%)

16 nabs( x) OTpunaTensHoe abCOMOTHOE 3HAYEHHE

15 wrr wee ITpubasneHne, BBIYUTAHKUE SAUHHUIBI (TOCTGUKCHAS
' (bopma, MOCTHHKPEMEHT, OCTACKPEMEHT)

14 tix —x ITpubaBneHye, BbrYUTaHHE eqUHULBI (MpeduKcHas
' (bopma, MPEHHKPEMEHT, IPEACKPEMEHT)

14 (type name) x [IpuBenenue tuna

14R x* x B creneHu K

16 I'JIABA 1. BBEAEHUE
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Oxonuanue maon. 1.1

pu-
opurer | C Anrefpa Onucanune
- IToGuTOBOE He (MOOUTOBOE JOMOIHEHHE 10 €1~
14 ~X =X, X
HUIIBI)
14 1x Jlormueckoe ompuyanue (1 £X = 0 then 1 else0)
14 -x -X Apudmerrnyeckoe oTpULIAaHKE
13L x*y Xy YMHOXKEHHE TI0 MOJYJIIO pa3Mepa cJIoBa
13L x /vy X+y 3HaKOBOE LIEIIOYUCIICHHOE JIeJICHHE
13L x /'y X+ y be33nakoBoe 1menouncIeHHOE JIeNeHNe
OcraTok (MOKeT OBITh OTpULIATEbHBIM) OT JEJICHHS
13L x %y rem(x,y) ( e yora
( X+ Yy ) 3HaKOBBIX apTyMEHTOB
Ocrarok ot nenenms ( x + y ) 6e33HaKOBBIX
13L X %y remu(x, y)
apryMEHTOB
INpuBeneHne X MO MOIYIIO Y K HHTEpPBAILY
mod (X, y) [ 0. ay .
, abs(y)—1]; 3HaKOBbIE apryMEHTHI
12L X+Yy, X-Y X+Y, X=y CroxeHue, BbIYUTAaHUES
u CIBur BIIEBO, BIPABO C 3aMOJHECHUEM HYJISIMH
11L X <<y, X >V XKLy, X>y “Z[ un P Y
(“mormyeckuii” caBur)
s CHaBur BIpaBo CO 3HAKOBBIM 3artofHeHueM (“ aprgme-
11L x >> vy x>y A ru[p “ o (‘apudp
THYECKHI MK " alreOpaniecKuii’ CBUr)
1L X< Y, x> y | Luxiudeckuid cIBUT BIIEBO, BIPaBO
<y, X <=y X<y, X<y
0L CpaBHEHHE 3HAaKOBBIX apTYMEHTOB
>y, >=y X>y, X2y
u u
<y, <=y X<y, X<y
0L B " “ CpaBHeHHe 0€33HAKOBEIX apIyMEHTOB
Y, X =Yy X>Y, X2y
9L x ==y, X !=y X=Y, X#Y | PaBHO, HE paBHO
8L X &y X&'y [ToGutoBoE U
7L x "y XDy [TobuToBOE UCKOUAtOWEee unu
7L xX=y ITo6uroBas sxeusanenmuocms (=(x @ y))
6L x|y x|y Io6uToBoe uau
- Jlormueckoe u (1£X =0 thenOelseify=0
5L X && Yy X&y ( y
then0elsel)
- Jlornueckoe wau (1 £ X #0 thenl else ify #0
4L x ||y xly
thenlelseO)
3L x|y KonkaTenauus
2R X =Yy Xy [MpucBanBanne

1.1. CACTEMA OBO3HAYEHUN
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Kpome ¢ynkimii “abs’, “rem” u npoyux, B KHUTE HCIOIb3YETCS MHOXECTBO APYTUX (YHK-
LIHiA, KOTOpPBIE OY/IyT OIMPEACIICHBI MO3XKE.

[Ipu BBIYUCICHHM BBIPAXECHUS x <y < z B s3bike C CHavana BBIYUCISCTCS BBIPAKCHHE
x <y, (pe3ynbrar paBeH 1, ecnu BbIpakeHHe UCTHHHO, u 0, €CIIH BBIPAKEHUE JIOXKHO), 3aTEM
MOJIYYCHHBIN PE3yJIbTaT CPABHUBACTCS C z. BripakeHne X<Y<Z ¢ omeparopamu cpaBHeHus “<’
BBIYHCIISIETCS KaK (X<Y)& (Y<2).

B s3pike C ecTh Tpu onepartopa Iukia: while, do u for. [{uki while uMeeT BUI:

while (6bipasicenue) onepamop

IMepes BBIMONHEHWEM IHKIA BBIYUCISIETCS @bipadicenue. Ecin evipasicenue MCTHHHO (He
HYJIIb), BBIMIOJIHSCTCS onepamop. 3aTeM CHOBa BBIUHCISICTCS gbipadicenue. LUkt while 3aBep-
[IAETCsl, KOTIIA BbIPAdCEHIe CTAHOBUTCS JIOXKHBIM (PaBHBIM HYITIO).

ukn do aHasornyeH MUKy while, OQHAKO IIPOBEPOUYHOE YCIOBHE CTOUT IIOCIE ONEpPaTO-
pa HKIa, a8 UMEHHO!

do onepamop while (6vipasicenue)

B aToM muxiie cHavana BBINOJHSIETCS Onepamop, 3aTeM BBIUMCIETCS sbipadicenue. Ecmu
BBIPOKCHUE HMCTHHHO, OINEPaTOPhI IMKJIA BBIMOJHSIOTCS €llle pa3, €Ciid BBIPAXKEHHE JI0XKHO,
LUK 3aBEPIIACTCS.

Omneparop for UMEET BHT

for (€;€;€3) onepamop

CHavanma BBIUHCIAETCS BBIPAKCHHE € — Kak TPaBHiIo, 5TO OIepaTop MpPHCBaWBaHKs (aHAIOT
BBIPOKEHUSI-MHUIHAITM3AINHN). 3aTeM BBIYUCIACTCS € — ONEepaTop CpaBHEHHs (MM YCJIOBHOE BbI-
pakenue). Ecrv 3HAUEHWE YCIIOBHOTO BBIPAYKEHHST PABHO HYJIIO (YCIIOBHE JIOKHO), IMKI 3aBepIIacT-
Csl, €CJTM HE PABHO HyIO (YCIJIOBHE MCTHHHO), BBIMOIHICTCS onepamop. 3ateM Beraucisercs € (To-
e, Kak TIPaBUJIO, OTIepaTop MPHCBANBAHWS), ¥ BHOBE BBIUHCISIETCS YCIIOBHOE BRIpaKCHUE €. Takum
00pa3oMm, 3HaKoMbIi BceM 1K “doi=1ton" 3ammmercst kak for (i=1; i<=n; i++) (310 OmUH
13 KOHTEKCTOB HCIIOJIb30BAHMS ONIEPATOPa OCTUHKPEMEHTA).

1.2. Cucrema KOMaH/I U MO/1eJIb OLIEHKH BpeMeHH
BBITOJTHEHUST KOMAaH/]

Uto0bI MOKHO OBIIIO XOTS ObI TPy0O CpaBHHBATEH aJTOPUTMBEI, TIPEACTABHM, YTO OHHU KOJH-
pytoTcst s paboThl Ha MamuHe ¢ HabOpoM KOMaHJ, MOIOOHBIX coBpeMmeHHBIM RISC-
KOMITbIOTEpaM 001ero HasHayenus (tuma Compaq Alpha, SGI MIPS u IBM RS/6000). Oto
TpexaJpecHass MalliHa, UMEIOMIas JOCTATOYHO OOJIBIIOE KOJMYECTBO PETHUCTPOB OOIIETo Ha-
3HaueHus — He MeHee 16. Ecnm He oroBOpeHO WHOE, BCe PErucTphl 32-paspsaHble. Peructp
obmrero HazHaueHHs1 ¢ HoMepoMm O Bcera coaepKuT HylH, Bce APYTHE PETUCTPHI PABHOIPABHBI
1 MOTYT UCTIOJIB30BaThCS IS JIFOOBIX IIeTIeH.

s mpocToThl OyaeM CYHTaTh, YTO B KOMITBIOTEPE HET PETHCTPOB “ CHENHANIBLHOTO Ha3Ha-
YeHUs”, B YaCTHOCTH, CJIOBa COCTOSIHHSI TIPOIIECCOpa MITM perucTpa ¢ OMTaMu COCTOSTHHM, Ha-
npuMmep “mieperosiHeHue” . He paccMaTpuBaroTCsl Takke KOMaHABI JJIST pabOThI ¢ YUCIaMHU C
MJIaBarolled TOUKOM, KaK BBIXOAAIIUE 332 PAMKHM TEMATHKHU IaHHOW KHUTH.

B xnure onmcanbl aa tumna RISC: “6a3oBeiii RISC”, koMaHABI KOTOPOTO MEPEUHCIICHBI B
Tabm. 1.2, u “RISC ¢ moiHbEIM HabOpOM KOMaHJ~ , B KOTOPBIA KpoMe ocHOBHBIX RISC-xomann
BXOJIST JOMOJTHATENBHBIE KOMAH/IBI, IepednciieHHbIe B Tabm. 1.3.
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Tadaunua 1.2. Bazossiii Hadop Rl SC-komang

MHeMoxo01 KOMaH/bI Onepanabl Onucanue KOMaH/bI

add, sub, mul, RT, RA, RB RT<RA op RB

div, divu, rem,

remu 3nechk op — cnoxenue (add), Berauranue (Sub), ym-
noxenne (mul), suakoBoe nenenue (div), 6e3znako-
Boe nenenne (divu), ocTaTok OT 3HAKOBOIO JIEJIEHHS
(rem) wim ocraTok ot Oe33HaKoBOro AesneHus(remu)

addi, muli RT, RA, I RT<RA op I
31eck op — cnoxenue (addi) wim ymMHOKEeHHE
(mulj), T — HenocpexncTBeHHO 3amanHoe 16-6uTOBOC
3HAKOBOE 3HAYEHHUE

addis RT, RA, I RT«RA+(I || 0x0000)

and, or, Xor RT, RA, RB RT<RA op RB
3necs op — noburosoe u (and), wiu (Or) wiu uc-
xmouarouee unu (Xor)

andi, ori, xori RT, RA, Tu To e caMoe, HO TIOCIIEHHUIA OTIEPaH T SIBJISETCS He-

beq, bne, blt,
ble, bgt, bge

RT, target

MOCPEJICTBEHHO 3aJJaHHBIM 16-OUTOBBIM O€33HAKO-
BBEIM 3HAYEHUEM

[lepexon k MeTke target, eciy BBIIIOJIHEHO HEKO-
TOpOE YCIOBHE, T.€. eciu RT=0, RT#0, RT<0, RT<O0,
RT>0 wmu RT>0 coorBercTBeHHO (RT — 1eoe 3Ha-
KOBO€ YHUCJIO)

bt, bf RT, target ITepexon K METKe target, el BLIIOJHEHO HEKO-
Topoe ycioBue (true/false); aHATOTHIHBI KOMaH-
naM bne/beq COOTBETCTBEHHO

cmpeq, cmpne, RT, RA, RB RT cOAEp>KHT pe3ylbTaT cpaBHeHUs RA u RB; RT pa-

cmplt, cmple, BeH 0, ecii ycIoBHe JIOXHO, U 1, eciu ycoBHe ¥c-
THHHO. MHEMOKO/IbI 03HAYAIOT: CPABHUTH Ha PAaBEH-

cmpgt, cmpge,
CTBO, HEPABEHCTBO, MEHBLIE, He OONbLIE U T.1, KaK 1

cmpltu, cmpleu, B KOMaH/ax ycioBHoro nepexona. Cypduxkc “u” B

cmpgtu, cmpgeu Ha3BaHUU 0003HAYaeT CpaBHEHHE OE33HAKOBBIX Be-
JINYVH

cmpieqg, cmpine, RT, RA, T AHaJOTUYHBI KOMaH][aM CEpUH CcMped, HO BTOPOH orte-

cmpilt, cmpile, PaH[I PEICTABISIET COGOM HEMOCPEICTBEHHO 3aJaHHOS

. . 16-6utoBoE 3HAKOBOE 3HAUCHUE

cmplgt, cmpige

cmpiequ, cmpineu, RT, RA, Tu AHaIornyHbI KOMaHIaM cepur Cmpltu, Ho BTopoii orre-

cmpiltu, cmpileu, PaH/ IIpe/ICTaBIIseT OO0 HEMOCPEICTBEHHO 3aJaHHOE

cmpigtu, cmpigeu 16-6uroBOE OE33HAKOBOE 3HAYECHIE

ldbu, 1dh, 1ldhu, RT, d(RA) 3arpyska 6e33HakoBOro 0aiiTa, 3HaKOBOI'O MOJIY-

ldw clioBa, 6€33HAKOBOTO MOJIyCJIOBA MM CJIOBA B RT
n3 sUeMKHU MamATH 1o aapecy RA + d,rae d —
HETIOCPEICTBEHHO 3a/laHHOe 3HaKoBoe 16-O6utoBoe
3HAYCHHUE

1.2. CUCTEMA KOMAH/J] 1 MOZIEJIb OLIEHKV BPEMEHU BBITIOJIHEHUSI KOMAH/] 19



Oxonuanue maon. 1.2

MHEeMOKO0I KOMAH/bI Omepanibl Onucanue KOMAHIbI

mulhs, mulhu RT,RA,RB B RT nomematores crapiie 32 Gura pe3ysprara
YMHOX€eHUS RA U RB (3HAKOBOTO M GE33HAKOBOTO)

not RT,RA B RT nomenraercs noOUTOBOE JOMOTHEHHE RA 110
€TMHUIIBI

shl, shr, shrs RT, RA, RB B RT nomeraercst 3HadeHue RA, CIBUHYTOE BICBO

WM BIPABO; BEIMYNHA CIBHUIA 331a€TCS IIECTHIO
MIIJIIMMH OUTaMH BTOpOro ornepana (RB). [Ipu
BBIMOJTHEHHH KOMAH/IBI shrs 0CBOOOAMBIIMECS OUTHI
3aIMOJTHSIOTCST COEPIKUMBIM 3HAKOBOTO paspsiza, B
OCTaJIbHBIX KOMaHaX OCBOOOAMBIINECS OUTHI 310~
HSIOTCS HY/SIMH. (3HAYCHHE BEJNYHMHEI CABHUTA BBI-
YUCIAETCS TI0 MOAYITEO 64)

shli,shri, shrsi RT, RA, Iu B RT nomenaercs 3Ha4€Hue RA, CIBUHYTOE BIEBO
WJTH BIIPABO HA BEJMYHHY, 33/[aBAEMYIO TISTHIO
MJIQJIIIAMA OUTAMHU HETIOCPEICTBEHHO 3aIaHHOTO
3HaYeHus T

stb, sth, stw RS, d(Ra) CoxpaHeHue 0aiiTa, NOJIyCI0Ba WK CIOBA U3 PETH-
cTpa RS B fUElKy MaMsATH 10 aapecy RA + d, rae
d — HemocpeCTBEHHO 3ajanHoe 16-6nToBoe 3HAKO-
BOE 3HAUEHUE

Besne B onucaHusIx KOMaH] HCXOJHBIC ONEPAHIbl RA U RB MPEJCTABISIOT COOO0M COEPIKH-
MO€ PErucTpoB.

B peasnpHOll MaiinHe 00s3aTEIbHO JODKHBI ObITh KOMAaH/bl BETBJCHHUS W OOpAICHUs] K
MOANPOrpaMMaM, KOMaHIbl TIepexo/ia o aapecy, ColepKameMycst B peructpe (st Bo3BpaTa
U3 HOAIpPOrpaMM M 00pabOTKH omeparopa BbIOOpa albTEPHATHBBI THIIA switch), a TakKe,
BO3MOJKHO, PSJT KOMaHJ Uil padOThl C PETUCTPaMK CIECIUAILHOIO Ha3HaueHus. KoHewHo xe,
JIOJDKHBI OBITh MPUBHIICTHPOBAHHBIC KOMAH bl 1 KOMaH/IBI BBI30Ba CITyk0 cynepeusopa. Kpome
TOT0, BEPOSITHO HAIMYKE KOMAH/I JJIsl pAa0OTHI C YHCIAMU C IUTABAOIICH TOYKOH.

KpaTkoe ommcaHne HEKOTOPBIX JOMOJHHUTEIBHBIX KOMaH], KOTopbie MokeT umetrh RISC-
KOMIBIOTEP, puBeeHo B Tabm. 1.3.

Tab6mumna 1.3. lonmoTHETEIbHBbIE KOMAHABI TOJTHOT0 Haoopa RI SC-komann

MHeMoxo01 KOMaH/bI Onepangbl Onucanne KOMaHJbI
abs, nabs RT, RA RT nosty4aeT abCooTHOE 3HauYeHre (MM OTpHIIa-
TeNbHOE abCOMIOTHOE 3HAUEHHE) RA
andc, eqv, nand, RT, RA, RB [To6uToBOE U ¢ donoanenuem, IKGUBATEHMHOCb,
nor, orc ompuyanue u, Ompuyanue Uil u Uil ¢ OONOJHEHUEeM
extr RT, RA, I, Ussieuenne 6utoB ot I o I+L-1 u3 RA u pazme-
L

IIEHNUE UX B MIIAAIINX OuTax RT; OCcTallbHBIE pasps-
JIbI 3aII0JIHAIOTCS HYISIMU

extrs RT, RA, I, AmHanornysa extr, HO CBOOOIHEIE OUTHI 3AI10JIHS-
IOTCS COJIEPKUMBIM OHMTa 3HAKA
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Oxonuanue maon. 1.3

MHeMOKO/I KOMaH/IbI Onepanabl Onncanne KOMaHIbI
ins RT, RA, I, Bcrasmsier 6utht peructpa RA ot 0 1o L-1 B OUTHI
L or I 1o I+L-1 npuemHuka RT

nlz RT, RA RT COEPKHUT KOJMUYECTBO CTAPIINX HYJIEBBIX OUTOB
RA (ot 0 10 32)

pop RT, RA RT COJEPKUT KOJINYECTBO CAMHUYHBIX OUTOB RA (OT
0 o 32)

1db RT, d(RA) 3arpyska 3HaKOBOTO 0aiiTa U3 SYEHKU MaMsITH 10 ajl-

pecy RA + dBRT, rae d — HENOCPEACTBEHHO 3a-
naBaemMoe 16-6uToBOE 3HAKOBOE 3HAUYEHUE

moveq, movne, RT, RA, RB B RT nomeraercs 3HayeHne RB, ecii RA=0 (RA#0
movlt, movle, u T.,u.). Ecmn YCJIOBHE HE BBIIOJIHACTCS, CONEPIKUMOE

movgt, movge RT He U3MEHSETCA

shlr, shrr RT, RA, RB B RT nomeIaercs 35aueHue RA 1ociie MUKINYECKOTo
CJIBUTa BJICBO WJIH BIIPABO; BEJIMUMHA CIIBHTA 3a71a€TCS
IISITHIO MJIAIIIMMK OMTamMu RB

shlri, shrri RT,RA, Tu B RT nomemiaercs 3HaueHre RA 1ocie UKINUYeCcKO-
T'O CJIBUTA BJIEBO WIIH BIIPABO; BEJIMYKMHA C/IBUTA 331~
€TCsI MATHIO MJIAIIIMMK OUTAMU HETIOCPEICTBEHHO
3aJJaHHOTO 3HAYCHHUS

trpeq, trpne, RA, RB IpepuiBanve (trap), ecnu RA=RB (RA#RB 1 T.11.)
trplt, trple,
trpgt, trpge,
trpltu, trpleu,
trpgtu, trpgeu
trpieqg, trpine, Ra, I AHaNOTHYHEI trpeq U OCTATBHBIM KOMaHaM CEPHH
trpilt, trpile, C TE€M OTJIMYHEM, YTO BTOPOH OMEpaH]| MPEACTABISET

c000it HeroCpeICTBEHHO 3aaHHoe 16-6uToBOE 3Ha-
KOBOE 3HaueHHe

trpigt, trpige

trpiequ, trpineu, RA, Tu Amnanorn4ssl trpltu U APYTUM KOMaHIaM CEpHHU C
trpiltu, trpileu, TEM OTJIMYHEM, YTO BTOPOI ONepaH MpeICTaBIsIeT

trpigtu, trpigeu co00if HerocpeICTBEHHO 3ajaHHoe 16-0uToBoe Ge3-

3HAaKOBOC 3HAUYCHHUE

Ha npakTike B si3pIKe acceMOiiepa yaqo0HO MMETh psAl “ pacIIMPeHHBIX MHEMOHHUK' , TI0XO-
KHX Ha MaKpOChl, KOTOPbIE OOBIYHO BBIMOJHSIOTCS Kak ojJHAa KoMaHzaa. HekoTopeie M3 HHX
npeacTaBjieHsl B Ta0m. 1.4.
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Tadanuna 1.4. Pacmimpennbsle MHEMOHHKH

Pacmmpennas

MHEMOHHUKA Pacmmpenne Onucanune

b target beg RO, target be3ycnoBHslil epexon

1i RT, I CM. HOSCHEHHE B TEKCTE 3arpyska HElOCPEACTBEHHO 33/IaHHOTO
ancma, —23'<1<2%

mov RT, RA ori RT, RA, 0 Ilepecbuika peructpa RA B RT

neg RT, RA sub RT, RO, RA Orpunanue (MoGUTOBOE AOMONHEHNE
20 IBYX)

subi RT, RA, I |addi RT, RA, -I BblunTanue HEMOCPENCTBEHHO 3aIaHHOTO
3nauenns (I£-2%)

KomaHna 3arpy3ki HEHOCPEICTBEHHO 3aJJAHHOTO 3HAYCHUSI PACIIUPSICTCS 10 OJIHOW WITH JIBYX
KOMAHI, B 3aBHCHMOCTH OT HEIIOCPEICTBEHHOTO 3Haderns I. Hanpumep, ecm 0<T <2'°, mosxHO
MIPUMEHUTH KOMaHIy ori ¢ mcmonms3oBaHueM peructpa RO. Ecim —21°<1 <0, MOKHO 0BOITHCH
KoMaHj10i addi ¢ peructpom RO. Ecnm muamime 16 6uToB I — HyJNeBbIe, HCIOIB3yeM KOMaHIY
addis. J{is OCTaNbHBIX 3HAYEHWI I BBIMOJIHSIOTCS JIBE KOMAaH[IbI: HAIPUMEp, MOCIe KOMaH/IbI
ori BeimosHseTcs addis. (MHaye roBops, B OCEAHEM CIIyyae BBITIOIHSACTCS 3arpy3Ka U3 mamsi-
TH, HO NIPH OIIEHKE BPEMEHH U MECTa, KOTOpOoe TpeOyeTcsl Ha BBITIOJIHEHNE 3TOH MaKpOKOMAaH/IBI,
Oy/IeM CUMTaTh, YTO BHITIOTHSAIOTCS JIBE DIIEMEHTApHBIE apU(PMETHIECCKHE KOMAHIBI.)

CymiecTByIOT pa3HBIE MHEHHUSI O TOM, K KakoMmy Habopy RISC-xomanz ciemyer oTHeCTH Ty
WM MHYI0 KOMaHIy — K 0a30BOMy WM K pacumpenHomy. Komauisl 6e33Hako6o2o Oenetus 1
NOJYYEHUsT OCIAmKa om OeleHusi BIIOJTHE MOXHO ObUTIO OBl BKIIIOYHTH B PacIIUpPEHHBIN HaOOp
RISC-komana. Komanna snakosozeo cosuea énpaso — elie OIHa KOMaH/Ia, PEAIKO HCIOIb3yeMast
B Tectax SPEC. [IprunHa B TOM, 9T0 B C 0YEHB JIETKO CITy4alfHO MCIONB30BATh STH KOMAH/IBI He-
MPaBUIILHO, HAIPUMEP BBIMOJIHUB OE33HAKOBOE ACICHUE TaM, IJIe HCIOIb3YIOTCS 3HAKOBBIE OIe-
PaHIbl, WK BBIMOJHATE CABHUT BIIPABO HA BEIMYHHY CO 3HaKOM (int), KOTOpas Ha CaMoM Jeie
siBIsieTcs: Oe33HaKoBOW. KcraTH, He ciiemyeT BBINOJMHATH JEJCHHE IIeJI0r0 3HAKOBOTO YKCNIA Ha
CTEIEHb 2 MPH MOMOIIU 3HAKOBO20 CO8U2aA 8NPAGO; TaK, BBI NOJDKHBI JO0OABUTH K pe3yabrary 1,
€CIIH ISTUMOE OTPUIATEIIFHO U OBLT BBITIOJIHCH CIIBUT HECKOJIBKUX HEHYJIEBBIX OUTOB.

Paznuuus Mexxay OCHOBHBIM U paciimpeHHbIM HabopoM RISC-komaHI IPUBOAAT KO MHOXKeE-
CTBY HOJ00HBIX CIIOPHBIX MOMEHTOB, HO HE OyJIeM MOIPOOHO OCTAHABIMBATHCS HA ITOH TEMeE.

JlelicTBrue KOMaH]T OTPaHIMYMBACTCS JIBYMSI BXOJHBIMU PETHCTPAMHU U OJTHUM BBIXOJHBIM, YTO
yIpoImaer padoTy KOMIbIOTEpa. YIPOIIAeTCs TaKKe padoTa ONTHMHU3HPYIOIIET0 KOMIIHISATO-
pa— eMy He MPUXOIUTCS 00pabaThiBaTh MHCTPYKIUH C HECKOJBKHMU IICIICBBIMH PETHCTPAMHU.
OnHako 3a Takoe YIPOIICHUE PUXOAUTCS IUIATHTh: €CIM B IPOrpaMMe TpeOyeTcsi BEIYUCIUATD U
YaCTHOE, U OCTATOK OT JICJICHHs JBYX YKCEN, TO MPUXOJIUTCS BBIMOIHATH JIBE KOMAH/IbI (JeeHne
U nosiydenue ocratka). CTaHIapTHBINA aJrOpUTM JENICHUS BMECTE C YACTHBIM BBIYUCISIET M OCTa-
TOK OT JICJICHUS, I0OPTOMY HAa MHOTHX MAIIIMHAX M YaCTHOE M OCTATOK IMOJYYAIOTCS B PE3YNIbTATE
BBIMOJIHEHHST OTHON KOMAH/IbI JICICHUs. AHAIIOTHYHBIC 3aMEYaHHs PUMEHUMEI U K CIy4aro, KO-
rJ1a IPYU YMHOXEHHUH JIBYX CIIOB TIOJTy9aeTCsl IBOMHOE CIIOBO-TIPOU3BE/ICHHE.

Co3paercsi BreyatyieHHe, YTO KOMAaHJA YCI06HOU nepecvliku (moveq) UMEET TONBKO IBa
BXOJIHBIX OINEPaH/Ia, XOTsI HA CAaMOM Jienie UX TpH. [I0CKONbKY pe3ysIbTaT BBIIIOJHEHUSI ATOH KO-
MaH/Ibl 3aBUCHT OT COJIEP)KUMOT0 PETHCTPOB RT, RA U RB, IPH HEYIOPSAOUYECHHOM BBIIOJHEHUH
KOMaHJ[ RT CIIeIyeT MHTCPIPETHPOBATh U KAK UCHOAb3YeMblil, U KAK YCMAHAGIUSAEMblll Pe-
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TUCTp OAHOBpeMEHHO. IlpencraBpTe cUTyaluio, KOrza 3a KOMaHI0HM, YCTaHABIMBAIOLIEH 3Ha-
4YeHHe RT, cliefyeT KOMaH/A VCI08HOU Nepechuiku W TP 3TOM Helb3sl MOTEPSATh Pe3yJbTaT
nepBoii koMaHabl. Takum oOpa3oM, pa3pabOTYUK MAIIHHBEI MOXKET yOpaTh KOMaHIY VCI0GHOU
nepecvliky U3 Habopa JOIYyCTUMBIX KOMaHJI, TEM CaMbIM HCKIIFOUYMB 00pabOTKy KOMaHJ ¢ Tpe-
Msi (JIOTHYECKUMH) BXOAHBIMHU orepanaamu. C APYyroil CTOPOHBI, KOMaHA YCIOGHOU NEPechli-
KU CHU)KAeT KOJIMYECTBO BETBJIICHUI B IPOTrpaMMe.

B nannoli xHure Qopmar komanj He urpaer Oosbmoit posu. Ilomnoe muoxecrso RISC-
KOMaH/I, OIIMCAHHOE BBIIIIE, BMECTE C KOMaHIAMH JJIsl PA0OTHI ¢ YHCIIAMH C IUIABAFONICH TOUYKOW U
PSAIOM KOMaHJ| CYIEpPBH30pa MOXKET OBITh PEATM30BAHO MPHU MOMOIIM 32-OMTOBBIX KOMAaH Ha
KoMIbioTepe ¢ 32 peructpamu obiero HasHauenus (5-6utoBeie mosst peructpos). Eciu pasmep
HETOCPEICTBCHHO 33/IaHHBIX MMOJICH B KOMAHJIAX CPaBHEHWs, 3arpy3Kd, COXPAHEHHs U MpephiBa-
HUSI CHU3UTH 110 14 OUT, TO 3TO KE MHOXKECTBO KOMAH]] MOXKET OBITh PEATM30BaHO Ha KOMITBIOTE-
pe ¢ 64 peructpamu ob1iero HazHadeHus (¢ UCTOIb30BaHUEM 6-OMTOBBIX MOJICH PETUCTPOB).

Bpemsi BbINOJIHEHUS

[peamnonaraercs, 4T0 Bce KOMAaH/Ibl BBIMOIHSIIOTCS 32 OJMH TaKT MPOLECcopa, 3a UCKITIoYe-
HUEM KOMaHJI YMHOXKEHHsI, JICJICHHSI U TOJY4EHHs] OCTATKa OT JICJICHHUS, JUIsi KOTOPBIX HEBO3-
MOYKHO TOYHO OIPECIUTh BpeMs BbimojHeHHs. KoMaHbI TIepexo/ia 3aHUMArOT OJIMH TaKT, He-
3aBHCHMO OT TOTO, ObLT BBIMOJIHEH HEPEXOJ1 UITH HET.

Komanna zaepysku Henocpedcmeenno2o 3uaveHust BHITIOJHACTCS 38 OJMH WK JBa TAKTa, B
3aBUCHMOCTH OT TOTO, CKOJIbKO 3JIEMEHTApPHBIX apu(pMeTHIECKnX KoMaHa Tpedyercst s dop-
MHUPOBaHHsI KOHCTAHTBI B PETUCTPE.

KomaHiel 3aepy3ku v coxpanenus He 4acTo YIIOMUHAIOTCS B TAHHOW KHHTe, HO OylIeM cuu-
TaTh, YTO OHU BBIMOJHSAIOTCS 3a OMH TakT, MpeHeOperas MpH 3TOM 3aJePKKOU MpH 3arpy3Ke
(IPOMEKYTKOM BpEMEHH MEKITy MOMEHTOM 3aBEPIICHHUS KOMAH/IBI B apH(PMETHIECKOM MOIyJIe
¥ MOMEHTOM, KOTJIa JAaHHBIE CTAHOBSATCS OCTYITHBI CIEAYIOIIEH KOMAaHIE).

OnHako 3a4acTyi0 OJHHMX TOJIbKO 3HAHHH O KOJNMYECTBE TAKTOB, HCIIOJB3YEMbBIX BCEMHU
apupMETHISCKUMH H JIOTHYECKUMH KOMaH/IaMH1, HEIOCTATOYHO JJIsl IPaBHJIBHON OIIEHKH Bpe-
MEHHU BBIMOJHEHHS TPOTPaMMBbl. BBITIOIIHEHHE IPOrPaMMBbl YaCTO 3aMeJUISIETCsl BCIIEACTBUE 3a-
JepKeK, BO3HUKAIONINX TPH 3arpy3ke W BHIOOpPKE MAaHHBIX. 3a/Iep>KKH TaKOTO poja He 00CyXk-
JIAIOTCSI B KHHUTE, XOTS M MOTYT CYIIECTBEHHO BIJIMSTH Ha CKOPOCThH BBIMOJHEHHUS MPOTpamMM
(mpuyeM 9TO BIMAHWE TIOCTOSHHO BO3pactaeT). J[pyrMM HCTOYHHKOM COKPAIEHHS BPEMEHH
BBINOJIHEHHS SIBJISIETCS. BO3MOXKHOCTH pachapaule/IMBaHus BBHIYMCICHUH HA YPOBHE KOMaHI,
KOTOpast peajln30BaHa MPAaKTHUYECKH Ha BceX coBpeMeHHBIX RISC-koMmmbioTepax, 0COOCHHO Ha
CIEHATN3UPOBAHHBIX OBICTPOACHCTBYIOIINX MAIMHAX.

B Takux MammHax UMEETCsl HECKOJIbKO HCIOJHUTENbHBIX MOJYJEHl U BO3MOXKHOCTh JIHC-
METUEPU3AIMA KOMAH/I, YTO TTO3BOJISIET MapalIeIbHOE BHIMTOJIHEHIE HE3aBUCUMBIX KOMaH T (He-
3aBUCHMBIMH KOMaH/Ibl CYMTAIOTCS TOT/IA, KOTAa HU OJHA M3 HUX HE UCIOJb3YeT Pe3yJbTaThl
JPYTUX KOMaHJI, KOMaH/IBI HE 3aHOCST 3HAYCHHS B OJIMH U TOT K€ PETHCTP I OUT COCTOSTHHS).
[TockonbKy Takue BO3MOXKHOCTH KOMITBIOTEPOB TENeph yiKe HE PEIKOCTh, B KHUT€ MHOTO BHH-
MaHUs yIesieTCsl He3aBUCHMBIM KoMaHiaM. Tak, MOXKHO cKa3aTh, 4TO Hekas (hopMmyiia MOXKET
OBbITh 3aKOJMPOBAHA TAKUM 00Pa30M, YTO YISl BEIYKMCIICHHS MOTPEOYETCS BHIMOJIHEHUE BOCHMH
MHCTPYKIHIA 32 [STh TAKTOB Ha MAIlIMHE C HEOrPAHUYSHHBIMHU BO3MOXKHOCTSIMHU pacrapaliieiu-
BaHMs BBIYHMCIICHHH HAa ypOBHE KOMaH. JTO O3HAYAET: €CJIM KOMaHIbl PACIIOJIOKEHBI B Ipa-
BUJILHOM MOPSIIKE W MAlllMHA UMEET JIOCTATOYHOE KOJIMYECTBO PETUCTPOB M apu(METHUECKUX
MO/IyJIeit, TO OHA B IPHUHIIMIIE CIIOCOOHA BBIMOJIHUTD TAKYI0 IPOrpaMMy 3a IISTh TAKTOB.

1.2. CUCTEMA KOMAH/I 1 MOJIEJIb OLIEHKM BPEMEHU BbIITOJIHEHAA KOMAH/T 23
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Bornee mompoOHO 00CYKIaTh STOT BOIIPOC HE UMEET CMBICIIA, TaK KaK BO3MOKHOCTH MAIllFH B
IUTaHe pachapajuleNIIBaHus BEIYMCICHUH Ha yPOBHE KOMAaH/I CYIIECTBEHHO pasnmyarorcs. Hampu-
Mep, nporreccop |BM RS/6000, cozmanusiii B 1992 romy, nMeeT TPEXBXOIOBOM CyMMaTOp M MO-
JKET TapaIUIebHO BBITIONHATE JBE CIEAYIOIIHE APYT 3a APYTOM KOMaHIBI CIOKEHHS, TaKe eCITi
OJIHa W3 HUX WCIONB3YET Pe3yJBTaThl APYrodl KOMaH/b! (HarpuMmep, KOTIa KOMaH/a CIIOKCHHS
HCTIONB3YET PEe3yIIbTAT KOMAaH bl CPABHEHHSI MW OCHOBHOM PETHCTP KOMaH/IBI 3arpy3ku). B kadwe-
CTBE OOpaTHOTO MpUMEPa MOKHO PACCMOTPETH TPOCTEHIITHIA JIETIEBI BCTPAUBACMBIA B Pa3ITid-
HBIE CHCTEMBI KOMITBIOTEP, Y KOTOPOTO PETHCTP BBOJA-BHIBOJA MMEET TOJIBKO OIMH TOPT IS
yreHHns1. EcTecTBeHHO, 4TO Takoil MamWHe IS BBHIOJHEHWS KOMaHIBI C IBYMS OIEpaHIaMH-
HCTOYHHKAMH TIOTPEOYETCsI TOTIOTHUTENBHBIN TaKT JUIA MMOBTOPHOTO YTEHHS PETHCTpa BBOAA-
BbIBo/Ia. OTHAKO €CITM KOMaH/Ia BBIACT OTIEPaH/I I KOMaH b, HETOCPEICTBEHHO CIEAYIOMIEH 3a
HEH, TO 3TOT ONEpaH/ OKa3bIBaeTCs JAOCTYIHBIM M 0e3 UTEHHs permcTpa BBOAa-BbBoaa. Ha ma-
[IMHAX TAaKOTO TUIa BO3MOYKHO YCKOpeHHe paldOTHI, €CITH Kaxaas KOMaH/Ia MpeIoCTaBIsIeT JaH-
HBIE [UTS CIIEAYIONIeH KOMaHIbI, T.€. €CIIH MapajlIeINn3MBI B KOJIE OTCYTCTBYIOT.

24 I'JIABA 1. BBEJJIEHUE
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['JTABA 2
OCHOBBbI

2.1. MaHunyJsiMu ¢ MJIaJIIIMQ OuTaMu

MHorue u3 NpUBEIEHHBIX B 9TOM paszelie (OpMYIT HCIIOIBb3YIOTCS B CIIEYIOIIHNX IIaBax.
Jnst Toro 4toGbl OOHYNIUTH KpaHHil crpaBa emuHH4HBINH OutT (Hampumep, 01011000 =
01010000), ucrnonb3yercs Gpopmyna
Xx&(x-1).
D1y (OpMyITy MOXHO NMPUMEHATH JIA IPOBEPKH TOTO, SIBISETCA JIM O€33HaKOBOE IIEN0e
crerneHbio 2 (IlyTeM MPOBEPKH Pe3yIbTaTa BEIYHCICHNUI Ha paBeHCTBO 0).

Jlnsi IpOBEPKH TOTO, MMEET NI O€33HAKOBOE LENOEe YHMCIO BUJ 2'—1, MOXKHO BOCIIONB30-
BaThCH CIEAyIONen hopMyInoit:

X&(Xx+1).
YroGsl BBIIECIUTh B CJIOBE KpalHWi crpaBa exuHuuYHBI Ot (Hanpumep, 01011000 =
00001000, ecau Takoro 6uta HeT, Bo3pamiaeT 0), ucnons3yercst hopmyia
X&(—x).
YTo6BI BEIIEIHTD B CIIOBE KpalHMIA ClipaBa HyJeBoit 6ur (Hampumep, 10100111 = 00001000,
eci Takoro 6uta Hert, Bo3Bpaiaer 0), ucronb3yercst popmyria
—X & (x+1).
Jis co3maHus MacKH, WACHTH()UIUPYIOMICH 3aBepIIaroliie HyJIeBbIe OUTHI, MOKHO BOC-

MOJTE30BATHCS OJJHON M3 TIpUBEMCHHBIX HIKe (popmyn. (Hampumep, 01011000 = 00000111,
ecir UCXoHoe citoBo pasHo 0, Bce OMTHI Macku OyayT paBHs! 1.)

—X & (x-1), mmm
—(x]|-x), mm
(x&-x)-1
ITepBas u3 3TuxX (GOpMyI MO3BOJISET PACTIAPAIIEINTh BEIYHCICHHS HA YPOBHE KOMAH],
ITpuBenennas nanee (popMmyIia UCTONB3YETCS JUIs CO3AHUS MACKH, MASHTH(QUIMPYIOIEH Kpaii-

HUI ChpaBa eIWHUYHBIA OWT W BCe 3aBeplmaroniie HyneBble Outhl (Hampumep, 01011000 =
00001111, ecnm ucxomHOe cioBo paBHo O, Bce OHTHI Macku OyIyT paBHbI 1).

X®(x-1)
Ouepennast GopMynia pacpoCcTpaHseT BIPABO KpalHMIA IIPaBbIid eqMHUYHBIN OUT (HampuMep,
01011000 = 01011111, eciu ucxoaHoe ciioBO paBHO 0, Bce OUTHI pe3ynbTara OyayT paBHBI 1).
x|(x-1)
st oOHyneHus KpaiiHeil cripaBa HEMPephIBHOM MOICTPOKK €AUHUYHBIX OUTOB (Hampumep,

01011000 = 01000000) MOKHO HCIIONB30BATh GOPMYITY
((x1(x-1)+1)& x.



CTp. 26

Ota dopmyna MO3BOISIET MPOBEPHUTH, UMEET JIN IMOJOKHUTEIBHOE IIeJI0€ YUCIO BHUI 2-2¢
rae j =2 k=0 (B aToM ciyuae popMmynia BO3BpaIaeT HYJIEBOH pe3ynbTar).

Jlyist Bcex MPUBEJIEHHBIX BBIIIE (POPMYJT BBIMOIHACTCS MPUHIIUT yaln3Ma: €CIId B OMUCAHHUSIX
(hOpMYIT eIMHUIIBI 3aMEHUTh HYJSIMHU (M HYJIH €IUHUIIAMH), & B cCaMuX (popMyriax 3aMeHuTh X —1
Ha X+1 1 0o0patHO, —X Ha —(X+1), & Ha |1 | Ha &, OcTaBUB 6e3 H3MEHEHHH TOJIBKO X H —X,

TO B pe3yJbTare IOJydyarcs NpaBHIbHbIE BHIpKEHUS M onucaHus. Hampuwmep, nocie 3ameH U
npeoOpa3oBaHuii B epBoii popmyiie moayunM ayansHyto el popmyity, kKoTopast OyieT BBIIIISIETh
CIIETYIOLLIIM 00pa3oM.

Jliist Toro uToOBI YCTAHOBHTH KpailHHil cripaBa HyneBoit out (Hampumep, 10100111 = 10101111,
€CIIM UCXOHOE CJI0BO paBHO O, BO3BpAIIAET CIIOBO, COCTOSIIEE U3 OAHMX €IFHIILL), UCIIONB3YETCs
cnemyronias opmysa;

X[(x+1).

Nmeetcst mpocTast MpoBepKa TOTO, MOXKHO JIM PEaIn30BaTh 33JaHHYI0 (YHKIMIO B BUJE IIO-
CIIEZI0BATETILHOCTH KOMAH CNOJCeHUs, ebluumanus, u, uiu u ompuyanus [59]. K nepeuncnen-
HBIM BBIIIE KOMaH/IaM MOXKHO 100aBHUTH JIPyrue KOMaHIbl N3 OCHOBHOI'O MHOKECTBA, KOTOPHICE, B
CBOIO Ouepe/ib, SBIISIOTCS KOMOWHAIIMEH KOMAH/L CI0JHCEHUS, GbIYUMAHUL, U, U U He, HATIPUMED
MOJKHO JOOABHUTH KOMaHIy CO8U2 6/1e60 Ha ONPEICTICHHYIO BEMMUINHY (KOTOpasi SKBHBAJICHTHA I10-
CIIEI0BATEILHOCTH KOMAH]L CIOXCEHUs) WA KOMaHIy yMHOdceHus. KoMaH/ibl, KOTOpbIE HE MOTYT
OBITh BBIPAXEHBI YePe3 KOMAHIBI CIOJCEHUS, 8bIYUMAaHUs N IPYTUe U3 OCHOBHOTO CITHCKA, HC-
KJTIOYAIOTCs U3 paccMoTpenus. Kpurepuii IpoBepKy ciietyeT U3 NpUBEIeHHON TEOPEMBI.

Teopema. Dyukyust, omobpadtcaowas crosa 8 closd, Modcem Obimb pearu308ana no-
cpedcmeom onepayuli NOOUMOBO20 CLONCEHUS, BbIYUMAHUS, U, UL, OMPUYAHUSL MO20a
U MONBLKO M0o20a, K020a KaxcOoblli Oum pe3yivmama 3a8Ucum moabKo om OUmos ucxoo-
HBLX ONEePand08 8 Moil JHce NO3UYUU U npasee Hee.

WupIMU cliOBaMH, MPENCTaBBTE CUTYAIIMIO, KOTIA BBl BBIYHUCISICTE MITA NI OUT Pe3yIIbTH-
PYIOIIEro 3HAYCHMS, UCXO/S TOJNBKO M3 MIAAMINX OWTOB OINEPaHAOB. 3aT€M BBIUUCISAETCS BTO-
poii cripaBa OHT pe3yNbTara, JUIs Yero UCIOJIB3YIOTCS TOJBKO JIBA MIIAJIIINX OUTA ONIEPaH/IOB, U
1.1. Ecnu TakuM 00pa3oM MOXHO TOJTyYHTh pe3yabTHPYIOIIee 3HAYCHHE, TO AaHHas (QyHKIUSI
MOJKET OBITh BHIYHCIICHA MPY MMOMOIIH MOCIICIOBATEIIEHOCTH KOMAH/ CI0JCeHUs, U Y T.1. Eciu
e TakuM 00pa3oM (CrpaBa HAJICBO) BBIYHCIHNTH (QYHKIIHIO HEBO3MOXHO, TO €€ HEBO3MOXKHO
peanu30BaTh B BUJE MOCIEIOBATENIFHOCTH YKa3aHHBIX KOMaHI.

Haubonpmmii mHTEpEC TpeACTaBIsIET YTBEPXKICHUE, YTO Jodast n3 QYHKUWH crodcenus,
GbIYUMAHUSL, U, UWIU W He MOXKET OBITh BBIYHCIICHA CIIpaBa HAJICBO, TaK YTO JIH00ass KOMOMHAIHS
9THX QYHKIHH TakKe 00J1a1aeT STUM CBOWCTBOM, T.€. MOKET OBITh BRIYHCIICHA CIIPaBa HAJIEBO.

Jloka3aresbCTBO BTOPOI 4acTH TEOPEMBI JOCTATOUYHO TPOMO3AKO, TaK YTO MPOCTO MPUBEAEM
KOHKpeTHBIH nmpumep. [IpenmonoxnM, 910 (GYHKIMS IBYX MEPEMEHHBIX X U Y MOXKET OBITh BHI-
YHCJICHA CIIPaBa HAJICBO, U ITyCTh BTOPOU OUT pe3yibTara I BBIYUCISECTCS CIICYIOIUM 00pa3oM:

I’2=X2|(X0&y1). @

(Buter mporyMepoBansl crpaBa HaieBo oT 0 1o 31.) Tak kak BTOpoil GUT pe3yibTara sBis-
ercst GyHKIMEH TOJIBKO KpaiHWX clipaBa OMTOB MCXOMHBIX omepanaoB (6ura Homep 2 u OGHTOB
MUTQJIIIE €T0), OH TaK)Ke BRIYMCIIACTCS CIIpaBa HaJeBo.

3anuireM MalldHHBIC CIOBa X, X, CIBUHYTOE Ha /[Ba OUTa BJIEBO, U Y, CIBUHYTOEC HA OJMH
OWT BJICBO, KaK MOKa3aHO HIKe. JJ00aBUM K 3aIlUCH MAcKy, KOTOpas BBLACISICT BTOPOil OUT.

26 I'JTABA 2. OCHOBbBI
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K crpokam 2 u 3 mpuMeHHM OTIEpAIUI0 10O6UmMmoso2o u, 3ateM, coriacHo ¢opmyie (1), k
MOJYYUBIIEMYCSl CJIOBY TPHUMEHHUM OIEPaLUI0 noOumo6020 uiu co ctpokoit 1, mocne yero k
MOJTy9IEeHHOMY pe3yabTarTy u Macke (cTpoka 4) MpUMEHHM OTepaiuio nooumoeo2o u. B momy-
YEHHOM TaKuM 00pa3oM cJOoBe Bce OMTBI, KpOME BTOPOro, OyayT HyJeBBIMH. BBIIONHMM MO-
JOOHBIE BRIYHCICHUS TS TIOTyYeHHS OCTAIBHBIX OMTOB pe3yibTaTa U 00BEeJMHAM Bce 32 CIIOBa
C MOMOIIBIO OTIEPAIMH Uy, B UTOre MoJydyuM UCKOMYIO (QDYHKIIHIO.

Takoe moctpoeHue He naeT 3PQeKTUBHON MPOrpaMMbl BBIMHCICHUSI 3HAUYCHUH (YHKIINH,
BCEro JIMIIb MMOKAa3bIBasl, YTO MCKOMasi (YHKIUS MOXET ObITh BBIPaXKEHA C HCIIOJIb30BaHUEM
KOMaH 1 13 0a30BOTO CITHCKA.

Hcnonb3yst 3Ty Teopemy, MOXKHO cpasy e YBHAETh, UTO HE CYIIECTBYET TaKoil MocienoBa-
TENBHOCTH KOMaH I, KOTopast 0OHyJIs1a Obl B CIIOBE KpaiHHil clieBa eMHUYHBIA OUT, TAK KaK Juis
9TOr0 HEOOXOIMMO IPOCMOTPETH OUTHI, HAXOMAIIKECS CIEBA OT Hero (YToOBl TOYHO 3HATH, YTO
9TO JIEUCTBUTEIIHHO KPAHHHHN ClIeBa €UHIIHBINA OHUT). AHAJIOTHYHO, HE CYIECTBYET TAKOM MOCe-
JIOBATEILHOCTH OIEpalyid, KOTopast Obl JaBajia CABUI BIPABO, HUKIAYECKUNA CIABHT WM CIOBHT
BJICBO Ha MEPEMEHHYIO BEJMYHHY, a TAKKe MOIJIA TTOJCYUTATh KOIMYECTBO 3aBEPIIAOIINX HyJIe-
BBIX OWTOB B ciioBe (IIpH MOJCYETE 3aBEPIIAIONINX HYyJIEBBIX OHTOB MIIA/IIINN OWT pe3ysbrara
JIOJbKEH OBITH paBeH 1, eciu 3To KoiamdyecTBO HedeTHo, W O, ecny 4eTHO; Tak 9To HEOOXOIMMO
MPOCMOTPETH OUTHI CJIEBA OT MIIA/IIETO, YTOOBI BHIICHUTD €r0 3HAYEHHE).

OnmHUM W3 IPUMEHEHUH PaCCMOTPEHHOM COPTHPOBKHM OWTOB SBJISIETCS 3a/1ada IOMCKa Ciie-
JYIOILETO YHCIIa, KOTOPOE OOJIbIlIe 33JAHHOT0, HO UMEET TAKOE JKE& KOJIMUECTBO EAIMHUYHBIX OU-
TOB. 3a4eM 3TO MOXKET MOHATO0UTHCA? JTa 3a/lada BOZHUKAECT MPU HCIOIB30BAHUN OUTOBBIX
CTPOK IS TIPECTABJICHHUS IO IMHOKECTB. BO3MOKHbIC YJICHBI MHOKECTBA IIEPCUNCIICHBI B O
HOMEPHOM MAacCHBE, a IMOJAMHOXECTBO MPEACTABIIIET COOOH CIOBO HIIM MOCIICAOBATEIBLHOCTD
CIIOB, B KOTOPBIX OWT i YCTAHOBJICH PaBHBIM 1, €CIH I-if DIEMEHT MPHUHAIICKUT STOMY IMOI-
MHOXecTBY. Toraa o0beiMHEHHE MHOYKECTB BBIUUCISIETCS C TOMOLIBIO HOOUMOBOU onepayuu
w1y Haj OMTOBBIMH CTPOKAMH, [IEPECCUCHUE — C ITOMOIIBIO ONEPAIIUH U U T.1.

Wuoraa tpeOyeTcs BHIIOIHUTD OTPE/eNICHHbIC AeHCTBUS Ha/l BCEMH MOJAMHOXECTBAMHU
3a/IaHHOM JIMHBI, YTO JIETKO CHIeJaTh C MOMOIIbI0 (YHKIHH, OTOOpaXKaroliei mpeacTas-
JICHHO€ YMCIIOM 33/IaHHOE TIOJMHOXECTBO B CJeayiolee 0oJblIee YUCiIo, CojepxKaliee Ta-
KO€ XK€ KOJMYECTBO €IMHHYHBIX OMTOB, YTO M MCXOJIHOE (CTpOKa MOJAMHOYKECTBA HHTEP-
MPETHPYETCS KaK IeJI0€ YHCII0).

KoMmakTHBIA ajaroput™ mas 3Toi 3amaun cocrasien P.Y. Tocmepom (R.W. Gosper) [25,
item 175]". [TycTh MMeeTcs HEKOTOPOE CIIOBO X, MPEICTABIIIONIee COBOM MOAMHOXKeCTBO. Mjies
B TOM, 4TOOBI CHaYaja HAWTH B X KPAHHIOIO CIIpaBa IPYIIY CMEXHBIX €JAMHUYHBIX OUTOB, Clie-
JYIOIYIO 32 HYJEBBIMU OUTaMH, a 3aTe€M YBEJIMYHUTh MTPEACTABICHHYIO 3TOM IPyIIOil BENUYUHY
TakuM 00pa3oM, 4TOOBI KOJHYECTBO CIMHHYHBIX OWTOB OCTAIOCH HEW3MEHHbIM. Hampumep,
ctpoka xxx011110000, rme XXX— TpPOHU3BOJBHBIC OWTHI, MPEOOpPa3yeTcsi B CTPOKY
Xxx100000111. Anroput™m pabotaeT cienyomuM obpazom. CHauama B X ompejersercs ca-
MBI MJIAIIMNA €JUHUYHBIA OUT, T.e. BBIYHCIAETCS S=X& —X (B pe3yjbrare Mojydaem
000000010000). 3atem sTa cTpoKa CKiIampiBaercs ¢ X, AaBas r=xxx100000000, B koTopoii

! Bapuanr sroro amropurma umeercs B [32)], pasn.7.6.7.
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IOJTy4eH IepPBBIil eAMHUYHBIA OUT pe3ynbraTa. UTOOBI MOXYyYHTh OCTaJbHBIE OHTHI, YCTAHOBHM
N1 mytaqmmux GUTOB CIOBA paBHBIMU 1, Tie N — pa3Mep KpaliHeil npaBoii IpyIbl e IMHAYHBIX
OUTOB B UCXOAHOM ciioBe X. [I71s1 3TOr0 Haj I' ¥ X BBINOJHSETCS ONEPALMS UCKIIOUAIOWe20 Ui,
41O B HamleM npumepe naet crpoky 000111110000.

B mnoyueHHO# cTpOKe COIepyKUTCsT OOJIbIIIE EAMHIYHBIX OMTOB, YeM B HCXOJIHOM, IOSTOMY BbI-
TIOJIHKM eIlle OTHO Npeobpa3oBanue. [Toaenum HCKOMOe YHCIO Ha S, 4TO SKBHBAJICHTHO €TI0 CIBUTY
BIPaBo (S— CTereHb 2), CIBUHEM €ro BIIPaBO eIle Ha JBa pa3psia, 4To0 OTOPOCHT elle Ba HexKera-
TEJBHBIX OMTA, U BBIIOIHIM OIIPALHIO OOUTOBOTO 17t HaJl TOJIy4EHHBIM YHCIIOM U I,

B 3anmcu KoMIbIOTEpHOM anreOpsl pe3ysbTaT Y HoIy4YaeTcs CleTylomnuM 00pa3oMm.

S¢— X& —X
r < S+Xx

yer |(((x®r)>>uz)is]

B nuctunre 2.1 npezacrasieHa 3aKOHYEHHas npolieaypa Ha sizbike C, BBIOJHSIOMAS CEMb
6a30Bbix RISC-koMaH[, OZHON W3 KOTOPBIX SIBJIsAETCS KoMaHaa nenenus. (anHas mpouemypa
HenpumeHnMa 1uist X=0, Tak Kak B 3TOM Cilydae moiydaercs aesaeHune Ha 0.)

@

JIuctunr 2.1. Beruncienne cieayiomero 60Jb1mero Yucia
€ TeM e KOJIHYeCTBOM eJHHUYHBIX OUTOB

unsigned snoob (unsigned x) {
unsigned smallest, ripple, ones;
// x = xxx0 1111 0000

smallest = x & -X; // 0000 0001 0O0O0O
ripple = x + smallest; // xxx1 0000 0000
ones = x ~ ripple; // 0001 1111 o000
ones = (ones >> 2)/smallest; // 0000 0000 0111
return ripple | ones; // xxx1 0000 0111

Ecnu siesieHue BBINOIHSETCS MEIJIEHHO, HO Y BAC €CTh OBICTPBIN CII0CO0 BBIYMCIIEHUS KOIUYECH-
6a 3asepuiarouux Hyneevix oumos NtZ(X), kommecmea sedyuux myresvix 6umos Nz(X) wiu GyHK-
wn cmenetu sanoinerust POP(X) (KOIMYeCTBO eMHITIHBIX OHTOB B X), TO TIOCIIEIHIO CTPOKY B (2)
MOYKHO 3aMEHMThL OJIHOM U3 NPHMBEIECHHBIX HIbKe (OIHAKO MEPBBIE J(BA METOA AT COOM Ha T10-
CJIEZIHEM L1Iare Jyis OJHOJIEMEHTHOTO MOMHOMKECTBA HA MAIIMHAX CO CABMIOM 110 MOAY/II0 32).

yer |((x®r)>u>(2+ ntz(x)))
yer |((x@r)>u>(33—nlz(s))j
yer |((1<<(pop(x® r)—2))—1)

2.2. Cj10/KeHHe U JIOrHYecKHe onepanuu

HpeunonaraeTc;{, YTO YUTATECJIb 3HAKOM C 3JIEMCHTAPHBIMU TOKICCTBAMU O0OBIYHOH U 6yne-
BOI1 aJIFerLI. Hxe MMPpUBOAUTCA Ha6op AaHAJIOTUYHBIX TOXACCTB IJIsA onepaunﬁ CJIOKCHHUA U
BBIYUTAHUS B KOMGI/IHaHI/II/I C JIOTUYCCKHUMU ONICPpaAlIUAMU.

—X+1
—(x-1)

a) —-X
6)
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B) —X = -x-1

r) —X = x+1

) —-—-Xx = x-1

e) X+y = x——y-1

) = (x®@y)+2(x&y)
3) = (x]y)+(x&y)
) = 2(x]y)-(x@Yy)
K) X—y = X+-y+1

1) = (x@y)-2(—x&Yy)
M) = (x&—y)—(—x&Y)
H) = 2(x&—y)-(x@y)
0) x®y = (x]y)-(x&y)

) x&—y = (x|y)-y

p) = x—(x&Yy)

c) —(x-y) = y-x-1

T) = —X+y

y) X=y = (x&y)-(x|y)-1
$) = (x&y)+=(x]y)
X) xly = (x&=y)+y

1) X&Yy = (=x|y)——x

PaBeHCTBO () MOYKHO TIOBTOPHO TIPHMEHSATEH K CAMOMY ceOe, HalpiMep: ———X =X +2 | T.1I.
AHAJIOrMYHO, MOCIe TOBTOPHOIO HCIIOJIB30BAHUS PABEHCTBA (JI) moiydaeM: ————X=X—2. Ta-
KUM 00pa3oM, 4To0bl J106aBUTh K X WM BBIYECTh M3 HEFO HEKOTOPYIO KOHCTAHTY, MOXHO BOCIIOJb-
30BaThCSI TOJIBKO STHMH BBIPAKEHUSMH JIOTIOJHEHHSL.

PaBenctBo (€) ayanpHO paBeHCTBY (K), KOTOpOE MPEACTaBiseT COOON M3BECTHOE OTHOLIE-
HHE, O3BOJIIOLIEE TIOIYyUYHUTh BEIYUTAIOIICE YCTPOMCTBO U3 CyMMATOpa.

Pasencta (k) u (3) B3sTHI U3 [25, item 23]. B paBencTBe (k) CyMMa X U Y BBIYHCIIACTCSI
CIeayIoIuM 00pa3oM: CHadama X U Y CyMMHPYIOTCs Oe3 yueTa HepeHocoB (X @ y), a 3aTeM K

MOJTyYEHHOMY PE3yJIbTaTy A00aBISIOTCS MEPEHOCH. PaBeHCTBO (3) U3MEHSET OMepaH/Ibl Iepe
CJIOKEHUEM TakK, YTO B JII000M paspsiie Bce komOuHanuu Tuna 0+ 1 3amenstrorest Ha 1+0.

MOXHO MOKa3aTh, YTO MPH OOBIYHOM CIIOKEHHHU JABOUYHBIX YHCEN C HE3aBUCHMBIMHU OUTa-
MU BEPOSTHOCTh BO3HHKHOBEHHMS IepeHoca B oOoM paspsae paBHa 0.5. Oxgnako, ecnu mpu
CO3IaHUH CyMMaTOpa MCMOJB3YeTCs IIPEBAPUTEIIbHAS MOrOTOBKA BXOMHBIX JaHHBIX, KaK MPU
cnokeHun mo ¢popmyse (), BEpOsSTHOCTH TOSIBJICHUS TepeHoca cranoButcst paBHoit 0.25. Tlpu
pa3paboTKe cyMMaTopa BEpOsTHOCTh MEPEHOCA 3HAYCHHS HE MMEET; CaMOW BaKHOM XapakTe-
PHUCTHUKOHN MPU 3TOM SIBJISETCS MAKCHMAIbHOE KOJMYECTBO JIOTHYSCKHX CXEM, Yepe3 KOTOphIe
MOXET HNOTPeOOBATHCS MPOUTH MEPEHOCY, a UCTOJIb30BaHUE PABEHCTBA (3K) MO3BOJISIET CBECTH
9TO KOJMYECTBO BCETO JIMIIb K OAHOI cXeme.

PasenctBa (;1) u (M) ayaibHbl paBeHcTBaM (k) u (3) A7 Beluutanus. B (1) cHavana Beimosn-
HsAeTCs BbIYUTaHHE 6e3 3aeMOB (X @ Y), a 3aTeM U3 IOJIyYEHHOTO Pe3y/IbTaTa BBIYMTAIOTCS 3a-
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eMbl. AHAJIOTHYHO, PaBEHCTBO (M) M3MEHSET OMEPaH/bl Mepesl BEIYUTAHUEM TaKuM 00pa3oM,

yT0 Bce KomOmHarmu tumna 1—1 3amensrorcs ga 0—0.
PaBencTBO (0) MOKA3BIBAET, KAK PEATM30BATh UCKIIOUAIOWEe Ulu, UCTIONB3Ysl BCEro Tpu Oa-

30BbIX RISC-xomanzpl. Mcnonp3oBaHue JIOTHKH U—U/ii—He TIOTPEOyeT BBITOTHEHUS YETHIpEX
komanz ((X|y)& —(x & y)). AHanoruaHo, paeHcTBa (X) ¥ (1) peanusyloT ONePALMH U U Uil C
MOMOIIBIO TPEX 3JIEMEHTAPHBIX KOMaH/ (XOTs 1Mo 3akoHaM e Moprana (DeMorgan) ux tpeby-

eTcs YeThIpe.

2.3. HepaBeHcTBA C JIOTHYECKUMU
u apu(pMeTHYECKUMHU BbIPAKEHUSIMU

HepaBeHCTBa C IBOUYHBIMHU JIOTUICCKUMHU BBIPAKCHUAMU, 3HAYCHUS KOTOPLIX UHTCPIPECTHU-
PYIOTCA KaK LEJIbIC 0e33HaKOBEIC BCJIMYUHBI, BBIBOJAATCS MPAKTUYCCKU TPUBUAJIBHO. Bor napa

MIPUMEPOB:
u
(x®y)<(x|y) u
u
(x& y)S(x=y).
Wx nierko moiayuuts u3 tabi. 2.1, B KOTOPO# MpeACTaBIeHbl BCE JIOTHYECKUE OTIEPAIIHH.

Tadanna 2.1. Pe3yasTaTsl pa6oTsl 16 jornyeckux onepanuii

o = 5

> l °§ ~ ~ B = ?\ = Qé
X y | e Qé aé = T = 8| = r i T = 3 7 r| —
o, 0[0|]O0O|O0O]O0O]|]O0O|0]0]|O0]|1 1 1 1 1 1 1 1
o,1,0,0]0]0]1 1 1 1/0]0]|0]O0]|1 1 1 1
1,000 1 10|01 17001 1,001 1
1 i1/0}(1/0}(1j0|1}]0|1|0|]10]1|0|1]0] 1

Iycts ynkmmu f(Xxy) n g(xy) npexncraBieHsl aByms cronduamu tabm. 2.1. Eciu B ka-
Kmo#t crpoke, rae f(xy) pasHa 1, g(xy) Tarxke paBHa 1, To JIs MOOBIX 3HAYEHHH (X,Y)
BBINOJIHACTCS cOOTHOLIeHue f (X, y)%g(x,y) . O4eBHIHO, YTO 3TO HEPABEHCTBO CIPABEIMBO U
IUIs. TOOWTOBBIX JIOTMYECKHX omnepauuid. JIerko BBIBECTH M 0GOiiee CIIOKHBIE COOTHOIICHHS
(MHOTHE M3 KOTOPBIX TPUBHAJIBHBI), HAIPUMED: (X& y)%x%(xhy) u 1.1. Ecin xe 3HaueHus
¢bynxmmit f (x,y) n g(xy) B oxHOi cTpoke Tabmuiel paBubl O 1, a B apyroit — 1 u O coot-
BETCTBEHHO, TO MEXIY STUMH JIOTHICCKUMH (DYHKIUSIMH HE CYIIECTBYET OTHOLICHHS HEpaBeH-
ctBa. Takum 06pa3oMm, Beera MOJKHO BBISICHUTB, BBIITOHSCTCS JIH st Kakux-To (yHkimii f u g

u
cootHomenue f(x,y)<g(xy) umu Her.
[Ipu pabote ¢ HepaBeHCTBaMHU TpebyeTcst BHUMaHue. Hanpumep, B 00BIYHON apugpMeTHke,

ecm X+y<a M z<X, To z+y<a.Ho 3ToT BEIBOJ CTAaHOBHUTCS HEBEPHBIM, eciik “+” 3ame-

HUTH OI€paToOpOM UjIuU.
HepaBeHCTBa, BKIIIOYAKOIIUEC KaK JIOTHYCCKUC, TaK U apI/I(l)MeTI/I‘-IeCKI/Ie BbIpaKCHUH, Ooiee

HUHTEPECHLI. Hxe MPUBCACHBI HCKOTOPLIC U3 HUX.
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a) (x|y)§max(x,y)
6) (x& y)%min(x,y)
g)  (xly) <xX+y Ecnu cI0KeHre He BBI3BIBACT IIEPETIONHEHIS
n (xl y); X+y Ecunu ciio)keHne BBI3BIBACT [ICPEIIOIHCHIE

W x-ys(xey)

JlokasaTh Bce 9TH HEPABEHCTBA JOCTATOYHO MPOCTO, 32 HCKIIOYEHHEM, BO3MOKHO, TOIBKO
HepasencTsa (1). ITox [x—Yy| moapasymeBaercs aOCOMOTHOE 3HAYCHHE X — Y, KOTOPOE MOXKET
OBITH BBIYMCIIEHO B 0071acTH O€33HAKOBBIX YHMCEN Kak max(X,y)—min(X,y). OTo HepaBEeHCTBO
MO3KHO JIOKa3aTh MO MHAYKIHH IO JUTHHAM X U Y (JIoKa3aTh HEPABEHCTBO OyzeT MpOIIe, eciu
JUIMHBI X ¥ Y PacIIupsATH CIIpaBa HAJlEBO, a He Ha000PoT).

2.4. AGCOJIIOTHOE 3HAYEHHE

Ecnu Her oTaenbHON KOMaHABI BHIYUCIEHHUS] aOCOIMIOTHOTO 3HAYEHUS], €€ MOXHO pealu3o-

BaTh TPeMs WM 4YeThIpbMsi KomaHmamu (6e3 BereieHmst). CHavana BBIYHCISICTCS 3HAYCHHE
S

y <« x>31, a 3aTeM OJHO W3 MEPECUYHCICHHBIX HIKE BBIpAXCHHUH (pazymeercsi, 2X O3Ha4aeT

X+ X, W X<1).
abs nabs

(x®y)-y y—-(x@®y)
(x+y)®y (y-x)@y
x—(2x&y) (2x & y)-x
Ecin y Bac ecTh BO3MOKHOCTH OBICTPOTO YMHOKCHHS Ha TIEPEMEHHYIO, 3HAUCHHE KOTOPOit
paBHO 1, MOKHO TIOCTYITUTh CIEIYIOIUM 00pa3oM:

((x>s>3oj|1j*x.

2.5. PacnipocTpaHeHue 3HaKa

IMox “pacmpoctpanenneM 3Haka” (Sign extension) moapa3symeBaeTcs Hanu4ue OUTa B OI-
pE/eIeHHON MO3UIMU CJIOBA, BHICTYIAIOIIErO B POJIM OWTa 3HAKa, M PaCHpPOCTPaHEHUE 3TOTO
OWTa BJIEBO NPU UTHOPUPOBAHHM BCEX OCTANBHBIX OMTOB ciioBa. CTaHAAPTHBIH crlocod pe-
LIeHHUs 3TOH 3aJa4d COCTOUT B JO2UUECKOM COBUee 61€60, 32 KOTOPBIM CIIENYeT 3HAKOBbII
coguz énpaso. OIHAKO, €CIIM 3T KOMaHAbl paboTalOT MEJJICHHO WM UX BOOOIIE HET Ha Ba-
1eM KOMIBIOTEPEe, MOXKHO MOCTYIHUTh HHade. Huke mpuBeeHb! NPUMEPhl pacIpOCTPaHEHUs
BJIEBO OWTa B CEJbMOH MO3UILIHH.

((x +0x00000080) & OXO00000FF ) — 0X00000080

((x & 0x000000FF ) @ 0x00000080) — 000000080
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Bwmecrto “+” MOXHO HCIIOJIL30BAThH wm “@”. Ecnu n3BecTHO, 4TO Bce HEHYXHBIE CTap-

e OUTHI HYJIEBbBIC, BTOpas @opMyna OKa3bIBaeTCs OoJjiee HpaKTH‘IHOﬁ, TaK KakK B 3TOM CJiy4yac
MOXKHO HE BBIIIOJIHATL KOMaHY U.

2.6. 3HaKOBBIN CABUT BIIPABO
HA OCHOBE 0€33HAKOBOI0 CBUIa

Eciu Ha MamimMHe HET KOMaHIBI 3Hakoso2o cosuza eénpaso (shift right signed), ee moxmo
3aMEHWTH JAPYyrUMH KoMaHmaMu. [lepsast ¢popmyia B3sita u3 [21], Bropas ocHOBaHa Ha TOM ke
uzee, uto u nepsas. Ha 64-pa3psiiHoil MaiivHe rnepBbie YeTbipe (popMyIibl MPUMEHUMBI ISt
0<n<3l, a nocnennss — it 0<N<63. B npuHnune oHa npuMeHUMa s THOOBIX N, TIIe MO

“npuMeHnMa’ ToJpazyMeBaeTcs “paccMaTpyUBaeT BEJIMUYHMHY CABUTA 110 TOMY )K€ MOJYIIO, YTO
U JIOTHYECKHUH caBur’” .

Jiis mepeMeHHOM N peanu3alys Kax o GopMyssl TpeOyeT ISATH WK eCTH KOMaH] u3 Oa-
30B0ro0 MHOXecTBa RISC-xkoman.

(( X + 0x80000000) > n) - (0xsooooooo > nj
t « 0X80000000> n; ((x>”> nj ® t) ~t

t « (X & 0X80000000)>n; (x>”> n)—(t+tj
(x>u>nj |(—(x>u>31j <« 31- n]
t« —(x>u>31j; ((x@t);nj @t
B nepBbIx 1ByX (hopMyiiax BbIpaKeHHE Ox80000000>u> N MOJXHO 3aMEHHUTh Ha 1<« 31-n.

Ecim n — KOHCTAaHTa, TO AJIA p€aln3aliuu NEpBbIX JABYX (1)0pMyJ'I Ha OOJBLIIHHCTBE MAIIUH
Ipe6yeTc;1 BCEIo0 JIMIIb TPU KOMAaHABI. Ecimm n:31, q)yHKIII/IH MOJKET OBITh BEIYHCJICHA C IIOMO-

u
IIBIO IBYX KOMaHA! —(x>> 31) .

2.7. ®yukuus sign

@Dyukyus Sign, WM SIgNUM, OTIPEAEIAETCS KaK

-1, x<0,
sign(x)=4 0, x=0,
1, x>0

Ha GoJBIIMHCTBE MAIIKH €€ MOYKHO BBIYHCIIUTD C IOMOIIBIO YeThIpeX KoMan [29].

(x>s>31)|(—x>u>31j

Eciv Ha MamuHe HET KOMaHIbl 3HAKO6020 CO8U2A 6NPABO, BMECTO HEE MOKHO HCIIOJIB30-
BaTh MOCIENHEE BhIpKeHHE M3 pasjeia 2.6. B pesyibrare 1mojydaercs dJ€raHTHas CUMMET-
puuHas popmyia (BeIUHCIIsIEMast 3 MAThH KOMAaH).
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—(x>”>31j |(—x>“>31)

Hanuune komas/| CpaBHEHHs JOMYCKAeT PELIeHHs U3 TPEX HHCTPYKIHIA.
(x>0)—(x<0) 3)
(x20)—(x<0)

U mocnennee 3amevaHue: MOYTH Bceraa padboTaeT dopmyia (—x>>3lj—(x>>31j ; OLIMOKa

BO3HHUKAET TOJBKO mpu X =—2%.

2.8. Tpex3HauHasi pyHKIHUS CPABHEHUS

Tpexsnaunas @yHkyus cpasHeHus: TPEACTABIACT cO00# ompesencHHoe 0000IeHne PYHK-
LUK SIgN U ONPEACIACTCS CIACAYIOLUIAM 00pa3oM:

_J'l X< yl
cmp(x,y)=< 0, x=Y,
1L x>V

JlanHOe omnpezeneHre CIPaBEUINBO ISl JIFOOBIX MEPEMEHHBIX — M 3HAKOBBIX M 0€33HaKOBBIX.
Bce, 4To rOBOpUTCS B 9TOM pasiere, eCiv SBHO HE OTOBOPEHO HHOE, IPHMEHUMO K 000HUM CITyqasiM.

Hcnonp3oBaHue KOMaH]| CpaBHEHUsI MO3BOJISIET PEasiM30BaTh 3Ty (YHKLHUIO 3a TPU KOMaH-
JIbl, KaK 0YEeBHIHOE 0000IIeHIE BhIpaxeHHH (3).

(x>y)-(x<Yy)
(x2y)-(x<y)
Pemrenre a1t 6€33HAKOBBIX LEBIX YKcell Ha KommbioTepe PowerPC npuseneno mmxe [10].
Ha »Toii mammue “niepeHoc” o3Havaer “He 3aem” .
subf R5, Ry, Rx # R5 <-- Rx-Ry
subfc R6, Rx, Ry # R6 <-- Ry- RX, YyCTaHOBJIEH II€PEHOC

subfe R7, Ry, Rx # R7 <-- Rx-Ry+nepeHOC, yCTAHOBJIEH NEPEHOC
subfe R8, R7, R5 # R8 <-- R5-R7+mepeHoc, (yCTaHOBJIEH MepPEeHOC)

Ecin orpannunteest komanaamu u3 6azooro Habopa RISC-xomann, To addexriBHOrO MeTo-
Jla BBIYUCIICHUS 9TOW (QYHKIMH HeT. 1 BBIYMCIEHNS. X <Y, X <Y M IPyruX KOMaHJ| CpaBHEHUS

moTpedyeTest BBIOIHUTD IAThH KoMaH T (cM. pasmen 2.11), 9To MPUBOIUT K PEIICHHUIO, COMEePKa-
mreMy 12 xomas (Ipy UCTIONBb30BaHMHN OTIPEIEIIEHHON OOIHOCTH BBIUUCICHAN X <Yy H Y< X ).

Ha RISC-mammHax ¢ 6a30BbIM HA0OpOM KOMaH/I JIy4ILIHM ITyTeM pelIeHns OyJIeT HCTIOIb30BaHNE
KOMaH/]I CpaBHEHHUsI ¥ BETBJICHUS (B Xy/IIEM CITy4ae MoTpeOyeTcs: BBIMOIHUTD MIECTh KOMAHI).

2.9. Ilepenoc 3Haka
Oyukums neperoca snaxa (n3sectHas B Fortran kak ISIGN), ONpEAENseTCs CIEMyOIIHM
obpazom:

abs(x), y=0,

ISIG’\I(X’y):{—abs(x), y<O.
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Ha GonbmivHCTBE MaIliiH 3Ta QYHKIUS MOKET OBITh BRIUHCIICHA (110 MO0 32) 3a 4eThIpe
KOMaH/IbI.

te y>3L te (x® y)>3L;
ISIGN (X, y)=(abs(x)®t)—t= ISIGN(X,y)=(x®t)-t=
= (abs(x)+t)®t =(x+t)@t

2.10. lexogupoBanue moJis “ 0 o3nauaet 2**n”

Huorna O wim oTpUnaTeIbHOE 3HAYCHHUE TSI HEKOTOPOUW BEJIMYHMHBI HE UMeeT cMbicia. [1o-
3TOMY OHA KOAUPYETCS HyJeBbIM 3HAUeHHEM B N-M TI0NIe, KOTOPOE HHTepIpeTupyercs Kak 2", a
HEHYJIEBOE 3HAYCHUE MMEET OOBIUHBIN JBOMYHBIN cMbich. Hanpumep, y PowerPC mmuna moms B
KOMaH/JI€ 3arpy3Kd HEMOCPEJCTBEHHO 3a/IaHHOM CTPOKH CioB (1swi) 3anumMaer 5 6uros. Heno-
THYHO MCIIOJIB30BATh 3Ty KOMaHAY [UIA 3arpy3KH HyIlsl 0aliTOB, IIOCKOJBKY JJIMHA IPEICTABIISACT
co0OH HENMOCPEACTBEHHO 33/IaHHYIO BEIHYHMHY, HO OBUIO OBl OYEHB IOJIE3HO MMETh BO3MOXK-
HOCTB 3arpy3uth 32 Oaiira. [nunHa mosst kogupyerces 3HaueHnssME ot 0 no 31, koTopeie MOTyT,
HamIpuMep, 03HauaTh JITUHEI oT 1 10 32, HO cornamenne “Hynb 03Ha4aeT 32" MPUBOAMT K 00-
JIee TPOCTOH JIOTHKE, B OCOOCHHOCTH KOTJa MPOIECCOP MOJIKEH TAaKKe MOICPKUBATH COOT-
BETCTBYIOIIYI0 KOMaH/Ty C TIEPEMEHHO# (3a1aBaeMOil B PETUCTpPE) IITMHOM, KOTOPAast BBITIOIHSET
npocToe OUHApHOE KOJMpoBaHue (HanmpuMmep, KoMauay 1swx Ha PowerPC).

Koaupopanue nensix gucen ot 1 1o 2" B mone, HOIb B KOTOPOM 03HayaeT 2", TPUBHATILHO:
HPOCTO MACKUPOBATH GMTBI LENOTO YHUCHIA ¢ HOMOLIBIO MACKU 2"—1. BBIIONHUTE K€ AeKOAUPO-
BaHUe 0€3 IPOBEPOK M MEPEX0I0B HE TAK-TO MPOCTO. Hibke MPUBEICHO HECKOIBKO BO3ZMOXKHBIX
BapUAHTOB JIJIsl PabOTHI C TPEeThUM OMTOM. BCe 3T BapuaHThI TPEOYIOT BBIIOJHEHUS TPEX KO-
MaHJI, He CUMTAasi BO3MOXKHBIX 3arPy30K KOHCTAHT.

(x-1)&7)+1 ((x-1)|-8)+9 ((x+7)18)-7 8- (-x&7)
(x+7)&7)+1 ((x+7)1-8)+9 (x-1)&8)+x ~(-x18)

2.11. lIpequkaThl CPaBHEHUSI

IIpeaukaTsl cpaBHEHHs MPEACTABISIIOT co00N (DYHKIMH, KOTOPbIE CPAaBHUBAIOT JIBE BEH-
YHHBI U BO3BPAILAIOT OJHOOMTOBBIN PE3YJNIbTAT, paBHbINA 1, e MpoBepsieMoe OTHOIICHUE HC-
TuHHO, ¥ 0, eciu T0KHO. B 3TOM pasmerie IpUBOIUTCS HECKOJIBKO METOIOB BBIYHCICHUS pe-
3yJbTaTa CpaBHEHHsI C Pa3MEIIEHHEM €ro B OWTe 3Haka (3TH METO/BI HE HCIONB3YIOT KOMAaHI
BeTBieHus). UroObl moyunth 3Hauenue 1 mim 0, HCmonb3yeMoe B HEKOTOPBIX S3bIKax (HampH-
Mep, B C), mociie BRIYUCIICHAS CIEAYET UCTIOIb30BaTh KOMAHIY cosuca énpaso Ha 31 out. Jlns
nosrydeHust pesynbrara —1/0, HCToNB3yeMOro B HEKOTOPBIX APYTHX si3bikax (Hampumep, Basic),
BBITIOJTHACTCSI KOMaHIA 3HAK0B020 cosuea enpaso Ha 31 Our.

Ha rtakux mammuax, kak MIPS, Compaq Alpha, u nameir momenun RISC ects KomaH bl
CpaBHECHHMS, KOTOPBIC HEIMOCPEACTBEHHO BBIUMCILIIOT OOJBIIMHCTBO OTHOIICHWH W ITOMEIIAIOT
0HOOUTOBBIH pe3ynsTaT 0/1 B perructp 00IIIero Ha3HAYCHHS, a TIOTOMY JUTS TAKMX MAIIAH PH-
BOJIUMBIE HIKe (OPMYJIbI HE MPEACTABISIFOT 0CO00r0 HHTEpeca.

[Ipu BeramcneHny (QYHKIMKA CpaBHEHMS ABYX OIEPAHIOB BEChMa ITOJE3HOM OKa3bIBAaeTCS Ma-
IIMHHAA KoMaHaa “nabs’, BBIYKMCISIONIAsS OTPHUIATENLHOE abCOMIOTHOE 3HAYeHHe. B oTimume ot
(byHKIMK aOCOMIOTHOTO 3HAYCHHMS], OHA HUKOTIA He TPUBOIMT K mepenonHeHuo. Ecim cpemu ko-
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MaH]] MallMHEI HeT GyHKumH “Nabs’, Ho ecTh Oolee IpUBBIYHAS KoMaHza “abs’, To BMecTo nabs(x)
MOKHO HCTIONB30BaTh —abs(x). Ecim X — MaxcumanbHOe OTpHIIaTeNbHOE 9HCIIO, TIEPEMOIHEHNE

BO3HHMKAET JBAKJIBI, HO UTOTOBBIN PE3yJIbTaT MOTyYaeTesl PAaBIIBHBIN (Ipemoaraercs, 9ro abeo-
JIFOTHOE 3HAYEHHE U OTPULIAHHE MaKCUMAJIbHOTO OTPHIATENIBHOTO YKCIIA IAI0T OJIMHAKOBBIH Pe3yiib-
Tar). TTOCKOJBKY HAa MHOTHMX MAllliHAX HET HU KoMaHisl “abs’, Hu koMaHas! “Nabs’, mpusenem u
anbTepHATUBHBIC (POPMYJIBI, B KOTOPBIX 3TH (DYHKIIHH HE PHUMEHSIOTCS.
Hcmonesyemas Hibke QyHKIMs “nlZ’ BO3BpamaeT KOMHMYECTBO BEAYIIMX HYJICBBIX OWUTOB
aprymenta. Onmcanne ¢yukunn doz (pasrnocms wiu How) TIPUBOAUTCS B pazmeine 2.18.
x=y: abs(x-y)-
abs( x — y + 0x80000000)
niz(x - y) <26

—(nlz(x— y)>u>5)

=(x=-yly-x)
x#y:  nabs(x-y)

niz(x-y)-

X=yly-x
X<y: (x—y)@[(x@y)&((x—y)@x)}

(x&-y)I((x=y)&(x-))

nabs(doz( y, x)) [24]
x<y:  (x|-y)&((x®y)I=(y-x))

(x y>>1j (x&ﬁyj [24]
x<y:  (X&Y)I(x=Y)&(x-y))

(
(—x& Y)((=x1y) & (x-))
x<y:  (x1Y)&((x@y)|=(y-x))

s x>y, X>y W OpovYnx OTHOUICHWH HEOOXOIMMO B COOTBETCTBYIOIIUX (popMymax Imo-

MeHATh MecTaMu X U Y. Komanny croowcenus ¢ 0x80000000 Mo>kHO 3aMEHHTH JIFOOOH IpyToi
KOMaHJIOH, KOTOpas HHBEPTUPYET 3HAUSHUE CTapIlero Oura.
Hpyroii knacc GopMysT OCHOBAaH Ha TOM, YTO NMPEAUKAT X < Y BBIYHCIIAETCS MO 3HAKY BEJIH-

YHHBbI X/2—y/2, a BBIYHCJICHHC J.'[aHHOﬁ Pa3HOCTU HE MOXKET NPUBECTHU K MNEPCHOJIHCHUIO.

B tex CllyvdadXx, Korja CABUI'M NPUBOJAT K IMOTEPE I/IH(i)OpMaIII/II/I, pPE3YJIbTAT MOXKHO YTOYHHUTH
IMYTEM BbIYUTAHUA €IUHULIBI.

X<y: (x>s>1)—(y>s>1)—(ﬁx&y&1j
X<y (x>”>1)—(y>”>1)—(ﬁx&y&1j
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BOJNBIIMHCTBO MAIIMH BEIYHCISFOT STH OTHOIICHHS TIPY TTOMOIIM CEMH KOMAH/I (HJTH IIECTH TIPH
HAIMYAA KOMaH[IbI U-He), 9TO HAYEM He JIydIlle pe3yJIbTara, JOCTUTHYTOTO B MPEABIIYIIIX GopMy-
nax (OT TIATH 10 CEMHU KOMaH/] B 3aBUCHMOCTH OT TIOJTHOTHI HCTIOIB3YEMOTO MHOKECTBA KOMAHT).

®dopMyIIbl, B KOTOPBIX HCONB3yeTcst GyHkiws “nlz”, B3ster u3 [56]. Ee ucnons3oBanue mo-
3BOJISIET BBIYMCIIUTD PE3YJIBTAT OTHOMIEHHsT X =Y B Buze 1 mimu O Bcero 3a Tpu KOMaHIBI.

niz(x -vy) >5

Koman el 3HaK0BOTO cpaBHeHust ¢ 0 BCTpeyaroTes I0CTATOYHO YacTo, YTO 3aCIyKHUBAET OT-
JIeTIbHOTO paccMoTpeHus. Hrke mpuBOJUTCSI HECKOJIBKO (hOPMYIT, KOTOPbIE B OCHOBHOM HEIMO-
CPE/ICTBEHHO BBIBEJICHBI M3 NPEAbIAYIINX BhIpakeHuit. Tak jxe, Kak U paHee, pe3yJbTaT Cpas-
HEHUs 0TOOpa)kaeTcsl B IO3UIMK OWTAa 3HAKA.

Xx=0: abs(x)-1
abs( x + 0x80000000)
niz(x) <« 26

—(nlz(x)>u>5)

=(x]-x)

—x & (x-1)
x#0:  nabs(x)

niz(x)-32

X | =X

u
(x >>1) - X [10]
x<0: X
x<0:  Xx|(x-1)
X|==X
X>0: X @ nabs( x)
S
x>1|-X
—X & =X
x2>0: —X
3HAKOBOE CpPaBHEHHUE MOYKHO IMOJYYUTh U3 OE33HAKOBOrO, YBEJIMUYWBAS CPAaBHHBAEMbIE Be-
vunHbl Ha 22, O6patHoe peobpa3oBaHKe TAKKE CIIpaBeUTUBO. Takum 00pa3oM morydaem
u
X<y=x+2"<y+2%,
u
x<y=x-2%<y-2%,
u
AHaNOTHYHBIE COOTHOIIEHHS BBIMONHAIOTCS Ui <, < W T.J. B maHHoM ciyuae mpubasie-

HHUC U BbIYUTAHUC YHCJIa 231 — OKBUBAJICHTHBIC ﬂeﬁCTBI/IH, TaK Kak o0e Oorecpalur MHBEPTUPY-
0T 3HAaYCHUE 3HAKOBOI'O pa3psdaa.
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EHIG OIVH ITyTb NOJYYCHHUS 3HAKOBOI'O CPaBHCHUS 13 0€33HaKOBOI'0 OCHOBAH Ha TOM, 4YTO €CJII X
u u

M Y MMEIOT OJIMHAKOBBIC 3HAKH, TO X < Y = X<V, & €CITH MX 3HAKH Pa3JiIHbL, TO X < y=X>Y [42].
B 3TOM CItydae TakKke CrpaBe IMBbI 00paTHbIE PE0OPA30BAHMUSI; TAKUM 00pa30M, MOTyYaeM

X< yz(X2yj®X31®y311

x<y=(x<y)®x31®y3l,

TE Xy W Y, TPENCTAaBISIOT cOOO0il 3HAKOBBIE OMTHI X U Y COOTBETCTBEHHO. AHAJIOTUIHEIC BHI-
u

PaKeHUs MOJTyYaroTCsl JUIsl OTHOLEHUH <, < M JIPyTHX.

IIpumeHeHne OMMCAHHBIX CIIOCOOOB MO3BOJSET BBIYMCINTH BCE CTaHIAPTHBIC KOMAHBI
cpaBHeHHs (KpoMe = H #) 4yepe3 Opyrue KOMaH/bl CPaBHEHHS C HCIONB30BaHHEM He Oojee
TpeX AOIOJHUTENbHBIX KOMaH/ Ha OONbIIMHCTBE MamuH. Hampumep, BO3bMeM B KauecTBe UC-

u
XOJIHOW KOMaHIbl CPaBHEHHs OTHOLIEHHE X<y, OCKOJIbKY peajn30BaTh €ro MpoIle APYrHX
koMaHJ (kak OuT mepeHoca y-— X ). Torma ocrajgbHble KOMaH/bI CPaBHEHHS MOXKHO PEasTH30-
BaTh CIIEIYIOUINM 00pa3oM:

X<y = —.(y+ 231;x+231)

X<y = x+231§y+231

X>y = —.(x+231%y+ 231)

X2y = y+231%x+231

X2y = y%x

KomaHabl cpaBHeHHsI M OMT NepeHoca

Eciu mporieccop MOKET JIETKO MOMECTHTh OHMT IEpEeHOca B PETHCTP OOIIEro Ha3HAYEHHs, TO
JUTsL HEKOTOPBIX ONEpalnii OTHOIICHHUSI 3TO MO3BOJISET MONTYYNUTh OYCHb JIAKOHUYHBIH Kol Hioke
TPUBOJIATCS BHIPAKEHHS TAKOTO POZA VI HEKOTOPBIX OTHOLICHWH. 3aIich Carry(swipadcenue)
O3HAYaeT, 4TO paspsi MepeHoca reHepUPyeTCs MPH BBIMOJIHEHUH KOMaH bl gbipadicenue. Tlpen-
ToJIaraeTcsi, YTo OWMT MepeHoca Jisi Pa3HOCTH X — Y TOT K€, YTO W Ha BBIXOJIE CyMMaTopa Uist
BBIpKEHUS X + §/+1 , ! ABJISIETCS TOITOJTHEHNEM “3aema” .

X=y: cary(0—(x-vy)), nm
cary((x+y)+1),
cary((x—y-1)+1)

X#Y: carry((x—y)-1) =cary((x - y)+(-1))
X<y: —|carry((x+231)—(y+231))
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X<y: cary((y+2%)-(x+2%))

X<y —carry(x-y)

X<y carry(y—x)

x=0: carry(0-x), wm carry(x+1)
x#0: cary(x—1)=carry(x+(-1))
x<0: cary(x+ Xx)

X<0: carry(231—(x+231))

Jas X >y HWCHONB3YeTCs JOIOJHEHNE BBIPKSHUS I X < Y, TO XK€ CIIPaBEIJIMBO U I
JPYTUX THIOB OTHOIIEHUS “Oosbiie” .

[pu BbIUKCIICHHUH YCIOBHBIX BhipakeHuid Ha |IBM RS/6000 u 6muskom k Hemy PowerPC
ObuTa ucnosb3oBana mporpamma GNU Superoptimizer [17]. V RS/6000 nmeroTcs KOMaH[IbI
abs(x), nabs(x), doz(x,y) m psam pa3sIMYHEIX KOMAH] CIOKEHNS U BEIYHTAHHUA C HCIIOIB30Ba-

uueM nepenoca. Kak Boisicamnocs, RS/6000 MoKeT BBIYHCINTD BCE IIETOYHMCIICHHbBIE YCIOBHbIE
BBIP@KEHUS C MIOMOIIBIO HE 0OJIEe YeM TPEX DJIEMEHTAPHBIX (BBIMOIHSIONIMXCS 338 OJUH TAKT)
KOMaH/1 — pe3yJbTaT, YAMBHUBIIMN Ja)Ke caMUX co3jaTesiell MaiuHbl. B coctaB “Bcex ycios-
HBIX BBIPAKEHHWNA" BXOIST IMIECTh KOMAH/ 3HAKOBOTO CPABHEHHUS M YETHIPE KOMaH/Ibl O€33HAKO-
BOTO CPaBHEHMUs, a TAKXKE MX BEPCHH, B KOTOPBIX BTOPOH OMEpaHI paBeH HyIO (TPH STOM KakK-
Jlast U3 KOMaH][ MMEET JIBa BapHaHTa — BO3Bpamatomuii pesyaprar 1/0 n Bo3Bpamarommii pe-
symbrat —1/0). Power PC, rne Her dynkumii abs(x), nabs(x) m doz(X,y), BEIMUCIIET BCe

NIEPEUYUCICHHBIC YCJIIOBHBIC BLIPAKCHU HE OoJiee yeM 3a YETBIPEC DJIEMCHTAPHBIC KOMAH/ABI.

Berumnciienue oTHOIEHU

BoNBIIIHCTBO KOMITEIOTEPOB BO3BPAIIAIOT OJHOOWTOBEIN Pe3yiIbTaT ONEpaluy CPaBHEHHUS,
KOTOPBIH OOBIYHO pa3MemnaeTcss B “perncrpe yCIoBHi”, a Ha HEKOTOPHIX MammHax (Kak, Ha-
npumep, B Hameir RISC-mMonenn) — B peructpe o6Iiero HasHadeHus. B mo6om ciydae BbI-
YHCJICHHE OTHOIIECHUH 3a4acTyI0 peali3yeTcs] BEIYUTaHHEM OTIEPAaHIOB M HEKOTOPBIMHU JEHCT-
BHSMH HaJ| ONTaMH MOJIYIEHHOTO Pe3ylbTaTa, YTOOBI MOyYHTh OKOHYATEIFHBIN OJJHOONTOBEIH
pe3yibpTaT paboThl KOMaHIBI CPABHEHHUS.

PaccMoTpuM JIOTMKy ONMCaHHBIX BbIIIE AeHCTBUH. ITycTh BMECTO pa3HOCTH X — Y KOMIIBIO-

Tep BBIYUCIISAET CYMMY X+ Yy+1, M B pe3ylbTaTe 3THX BHIUMCIEHHI MOJYUaIOTCS ClEIyIOIIIe
BEJIMYMHBL
Co —mepeHocC M3 cTapliero paspsia B pa3psii epeHoca,
Ci —mnepeHoc B cTapmuii paspsn;
N — Out 3HaKa pe3ynbrara,
Z — BeNWYMHA, paBHAs 1, eCIli NONyYeHHbIH pe3ynbTaT (3a uckimoueHueM Co) Hyle
Boi, 1 O B IPOTHBOIIOJIOKHOM CITydae.

Takum oOpas3oMm, B cuctemMe 0003HaueHWH OyiIeBOIl anreOpsl s pa3iIMIHBIX OTHOIICHHUH
MOJTyIHM MIPUBEICHHBIC HIDKE BBIPRKEHHUs (PACIONIONKEHHE PSIIOM JBYX BEIHUMH MOJpasyMe-
BaET OIEPAIIUIO U, & OIepaTop “+" 03HAYAET OIEPALHIO UIlL).
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V: C, ®C, (3HaKoBOE MepernoHeHNE)

X=y. Z
X£Yy: Z
x<y: NV

Xx<y: (NeVv)+Z
X>y: (N=V)zZ

xz2y: N=V
x<y: G,
x<y: GC,+Z
x>y CZ
x>y: G

2.12. O6HapyKeHHe NePenoHeHnsI

“IlepenonHeHne” 03HAYAET, UTO PE3yABTAT apU(PMETHIESCKOH OIEpaIiiy JHOO0 CIHMIIKOM Be-
JIMK, MO0 CIMIIKOM MaJl, 9TOOBI €0 MOXHO ObUTIO KOPPEKTHO MPE/ICTABUTH B BHIXOJJHOM PErH-
ctpe. B aToM paszene o0CYyXIalOTCs METObI, KOTOPbIC MO3BOJISIOT ONPEACINTh, KOTAa BO3-
HUKHET MEPENoJIHeHNE, He HCIOb3YS [IPU 3TOM OUTBI COCTOSIHUS, MPEIHA3HAYCHHbBIE JUIS ATOMH
LeIr. DT METOABI HMEIOT 0c000€e 3HaYeHHre Ha TeX MammHax (Harmpumep, MIPS), rae Gurs
COCTOSTHHS OTCYTCTBYIOT (Ia)ke TIPpH HAMYHMH TaKuX OUTOB 0OpalieHne K HUM U3 SI3BIKOB BBICO-
KOTO YPOBHSI, KaK TIPABHUIIO, 3aTPYIHEHO HITH Ja)ke HEBO3MOKHO).

3HaKoBOE CJI0KEeHHE U BLIYUTAHHE

Ecnu B pe3ynbpTare CIOXKEHUS U BBIUUTAHUS LEJBIX YHUCEN MPOM30LUIO MEPEeNoIHEeHUe, TO,
Kak MpaBWJIO, CTapIluii OMT pe3ysibTaTa OTOPACHIBAETCS U CYMMATOP BBIJIAET TOJIBKO MJIaJIIINE
6uTtsl. [lepernoHeHNe NpU CI0XKEHUHU LIENBIX 3HAKOBBIX YHMCENl BOZHUKAET TOT/A U TOJIBKO TO-
I3, KOrJa olepaHibl UMEIOT OAUHAKOBBIC 3HAKH, a4 3HAK CYMMbl IIDOTUBOIIOJIOXKEH 3HAKY OIle-
paHIoB. Y IUBHUTENBHO, HO 3TO MPaBWIO CIPaBEIMBO JaXke TOrJa, KOrAa B CyMMaTope ObLl
BBINOJIHEH NIEPEHOC, T.€. IIPH BBIYMCICHUN CyMMBI X+ Y+1. JlaHHOE IpaBUIIO UTPAET BAXKHYIO
POJIb IIPH CJIOKEHUU 3HAKOBBIX LIENBIX YUCEI, COCTOSIIMX U3 HECKOIBKUX CJIOB, TaK KaK B 9TOM
Ccllydae TOoCIIeJHEe CI0KEHHE MPEJCTABIsIeT CO00i 3HAKOBOE CIIOKEHUE JIBYX IOJIHBIX CIIOB H
OuTta mepeHoca, 3HaueHNue KOTOPOTo MOKET ObITh paBHO O mim +1.

Jlns mokasarenscTBa ATOTO MPaBUIIa MPEANONOKUM, YTO CllaraeéMble X U Y IpeJICTaBIIAIOT CO-
001 LieTIble 3HAKOBBIE 3HAUCHUsI, COCTOSIIIIME U3 OJIHOrO ClIoBa, a OuT nepeHoca € paseH O wmm 1.
[Mpenmonoxum Taxxke I MPOCTOTHI, YTO CIIOXKEHHE BBINOJHSAETCS Ha 4-paspsiqHoii Mamuae. Ec-
T X 1Y UIMEIOT pa3Hble 3HaKH, T0 —8< X < -1 u 0< y<7 (aHATOTHYHBIC TPAHHUILIBI OIYYAIOTCS 1
[PH OTPHULIATEIFHOM y U HEOTPHIATEIBHOM X). B 1r060M ciiydae mocnie CIOKEHHMs 3THX Hepa-
BEHCTB M HE00513aTeNILHOTO J0OaBJIeHHs C IOTyYnM —8< X+ y+C<7.

Kak BuanTe, cymMma MOXET OBITh Npe/ICTaBIeHa Kak 4-pa3psiTHOE 1Ie10€ YUCIIO CO 3HAKOM;
CJIE/IOBATEIIHHO, IIPH CIIOKEHUH OTIEPaH/IOB C Pa3HBIMHU 3HAKaMHM TEPETIOJIHEHHUs He OyIeT.

Teneps IpennoNoKuM, 94TO X M Y UMEIOT OANHAKOBBIE 3HAKH. 3716Ch BO3MOXKHBI 1BA CIydasl.

(a) (6)
-8<x<-1 0<x<7
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Takum oOpazom:

(a) (©)

-16< x+y+c<-1 0<x+y+c<15

HepenonHeHI/Ie BO3HUKACT TOTrAa, KOrja CymMma HE MOKET OBITh npeacTaBjicHa B BUJC 4-
OUTOBOTO ECJI0ro yucija Co 3HakoM, T.€. €CJIN

(a) ()

-16< x+y+c<-9 8<x+y+c<15

B ciyuae () crapmumii paspsin 4-6utoBoit cymMsl paset O, T.e. IPOTHBOTIONOKEH 3HAKaM X U Y.
B ciyuae (0) crapiumii 6ut 4-0UTOBOI CyMMBI paBeH 1, T.e. TakKe MPOTHBOMOIOKEH 3HAKAM X U Y.

[Ipy BBIYUTAHUM LENBIX YHCEN, COCTOSIIMX W3 HECKOJNBKHX CJIOB, HAC MHTEPECYeT Pa3sHOCTbH
X—y-—c, rae ¢ papao O wmm 1, mpudem 1 o3Hayaet, 4Tto OBUT BHIOJHEH 3aeM. [IpoBos aHAM3,
AHATIOTMYHBIA TOJIBKO YTO PACCMOTPEHHOMY, MOXKHO YBHJETb, YTO MPU BBIMUCICHUM BBIPAKCHUS
X — y—C meperojHeHne OyJeT TOra M TOJIBbKO TOTr/a, KOrja X M Y UMEIOT pa3Hble 3HAKH M 3HAK
PAa3HOCTH TIPOTHUBOIIOJIOKEH 3HAKY X (HITH, UTO TO JKe caMoe, MMEeT 3HAK, OIMHAKOBBIM CO 3HAKOM Y).

DTO MPUBOAWT HAC K CIEAYIOIIEMY BBIPKECHUIO MPEANKATA HAIMYHS TIEPETOTHEHus (IT0-
MEMIAoIeMy Pe3yibTaT B OUT 3Haka). be33HaKOBBIM WM 3HAKOBBINA CABHT BIpaBo Ha 31 OuT
JaeT HaM pe3yibTat B Buze uncen 1/0 wim —1/0.

X+y+c X—y-¢
(x=Yy)&((x+y+c)@X) (x®y)&((x-y-c)®x)
(x+y+c)@x)&((x+y+c)@y) ((x-y-c)@x)&((x-y-c)=y)

Eciu B3sTH BTOPYIO (OPMYITY JJIsi CYMMBI U TIEPBYIO (DOPMYITY IJIsl pa3HOCTH (He comepa-
[IME OINEPAIMU IKEUBATICHMHOCMIL), TO IPH KCIONb30BaHUM 0a3oBoro MHoxectBa RISC-
KOMaH/I JJIs IPOBEPKH Ha TEpETOTHEHHE MOTpeOyeTcs BBIIONIHUT TPU KOMAaHH! B JIOTIONHE-
HHUE K TeM, KOTOpPBIE BBIUHCISAIOT caMy CyMMmy (WM pasHOCTh). UeTBepTO# MOKET CTaTh KO-
MaH/1a Iepexo/ia K Koy 00paboTKH MepenoTHEeHHs.

Ecim ipu BOSHUKHOBEHHH TIEPEIONHEHUS TeHEPUPYETCs TpEphIBaHNe, TO MOXKET moTpebo-
BaThCsl TIPOBEPKA, HE BBHI3OBET JIM CIIOKEHWE WIIM BBIYUTAHWC IEPETONHEHHs (pUYeM cama
MpOBEpKa HU B KOEM CiTydae He J0JDKHA BBI3BAThH TIEPEIONHEHNMS). [yt 3TOr0 MOKHO BOCIIOJB-
30BaThCS MPUBEICHHBIME HIDKE (GOpMyTaMu (B KOTOPBIX HET KOMAH/I BETBICHHUS U KOTOPBIE 3a-
BE/IOMO HE TEHEPUPYIOT MEPETIONHEHHIS).

X+y+c X—y-cC
z <« (x = y) & 0x80000000 z <« (x @ y) & 0x80000000
(x+y+c)@x)&((x®z)+y+c)=y  (x@Yy)&((x®2z)-y-c)@Yy

[IpucBanBanue B IeBOM CTOJNOIE ycTaHABIMBAeT 3HadeHue Z paBHeIM 0X80000000, ecnm 3Ha-
KA X 1 Y onuHAkoBH, 1 O B MpoTHBHOM ciydae. TakuM 00pa3oM, BO BTOPOM BBIpKEHHUH cliarae-
MBIE€ UMEIOT IPOTHBOIIONIOXKHBIE 3HAKU U ITEPETOTHEHIE BO3HUKHYTh He MokeT. Eciu u X 1 Y He-
OTpPHUIIATENHHBI, 3HAUYCHNE 3HAKOBOTO OMTa B pe3yiIbTaTe BO BTOPOM BHIPAKCHUH OyZeT paBHBIM 1
TOTJIa M TOJILKO TOT/Ja, Koraa (x - 231) +y+c>0, Te. ecmu X+y+c>2" uro u TIPEACTABISAET
co00i1 yciToBrE BOSHIKHOBEHHS TIEPETIOIHEHNS MIPH BBIYUCICHAHN X + Y +C. Eciu u X u Y oTpuma-
TEJIFHBI, TO 3HaUeHHe OMTa 3HaKa BO BTOPOM BBIpaKCHUH Oy/IeT paBHBIM 1 Toraa M TOJIBKO TOTAA,
Korjga (x + 231) +y+c<0, T.e. ecmd X+ y+c<—2", 4To TaKKe TIPE/ICTAaBISIET COOOW YCIIOBHE
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MePETIONHEH s TIPU BBIYUCICHHH X+ Y+C. UJeH X =y rapaHTHpyeT KOPPEKTHOCTh pe3yibrara
(paBHbiit O 3HAKOBBIN OWT), €CITH X M Y HMEIOT Pa3HbIC 3HAKHU. Y CJIOBHsI TIEPETIOTHEHHS TSI PA3HO-
cti (IpUBE/ICHHBIE B TIPABOM CTOJIOIIE) TOMYYAIOTCS aHAIOTHYHO. J[yist peam3artiu 5Tux Gopmyit
TOHAA00UTCS BBITIOIHUTE AEBIATH KOMaH 13 0azoBoro muoxecrsa RISC.

MosKeT 1MoKa3arhCs, YTO UCIOJIb30BaHUE 3HAUCHHs pa3psa nepeHoca naet 3G eKTHBHbIH
QITOPUTM MPOBEPKH Ha MEPEIONHEHUE B CIIydae 3HAKOBOTO CJIOXKEHHs, HO HA CAMOM JIeJie 3TO
He Tak. OHAKO eCTh ellle OJIMH METO/I.

Ecin X — 1esi0e 3HaKOBOE YHCIO, TO X+ 2% mpeacTaBiser co0oi KOppeKTHOE 0e33HaKo-
BOE€ YHCJIO, KOTOPOE MOJIy4aeTcs B Pe3ysibTaTe WHBEPTUPOBaHUs crapiiero ourta X. [Ipu cro-
JKEHWH TIOJIOKHUTENBHBIX 3HAKOBBIX YHCEN TIEPENOIHEHUE BOHUKAET TOT/A, Koraa X +y > 2%,
T.e. ecmm (X +2%)+(y+2") 232", TlocnenHee BHIPAKEHHE 03HAYACT, UTO IIPH CIOKCHMHA Oe3-
3HAKOBBIX OTIEPaHIOB OBUT TIepeHoC (Tak Kak CyMMa He MCHBIIE 2%) u crapumii 6uT CYMMBI
paBeH 1. AHANOrWYHO, IPH CJIOKEHUH OTPHULIATEIBHBIX YKCEIl IIePEIOIHEHHE BOSHUKACT TOT/IA,
KOT/Ia 3HAYCHHUE pa3psijia MepeHoca U 3HaUeHHe CTapIlero paspsaa cyMmbl paBHsbl O.

D10 aeT HaM CIeYIOIIHI aJITOPUTM OOHAPYKEHUS TIEPEMOTHEHIUS TIPU 3HAKOBOM CJIOXKEHHH.

Beruncisiem (x @ 2%)+(y®2%) u nonydaem cymmy S 3HaueHue Gura nepenoca C.

[NepenonHenne BO3HUKAET TOTJA@ M TOJBKO TOT/A, KOIJa 3HAUEHHWE paspsja mnepeHoca C
PaBHO 3HAYCHHUIO CTAPILETO Pa3psiia CyMMBI S.

[MonyueHHasi cymMMa MpeACTaBIsieT co00i KOPPEKTHOE 3HAUECHHE 3HAKOBOTO CIIOXKEHHS, MO-
CKOJIbKY HHBEPTUPOBaHHE CTapIiero 6ura o0OUX ONepaH/ 0B He H3MEHSET UX CYMMBI.

[Tpu BBIYUTAHUM HCTIONB3YETCS TAKOW XKE AITOPUTM, C TEM OTIMYHEM, YTO HA TIEPBOM IIare
BMECTO CYMMbI BBIYHCIISIETCSI PA3HOCTh. MBI CYMTaeM, YTO MEPEHOC B JIAHHOM Cilydyae reHepu-
pyeTcs TIpM BBIYHMCIEHMH X—Yy Kak X+ y+1. ITodydeHHas pa3sHOCTh MpenCTaBIseT coboii
KOPPEKTHBIH Pe3yabTaT 3HAKOBOTO BHIYUTAHHS.

HecMoTpst Ha TO YTO PacCMOTPEHHbIE METOJIbI KpaiiHe MHTEPECHbI, HA MHOTHX KOMITbIOTE-
pax oHH paboTaroT He Tak 3()(PEKTUBHO, KaK METO/IBI O€3 MCIIOJIL30BaHMs IIEpEHOCca (HApHuMep,
BBIYHCIICHHE MEPENONHEHN KaK (X =Y)& (S® x) s caoxenus U (X @ y)& (d @ x) s BeI-
guTaHus, T SU d — COOTBETCTBEHHO CyMMa M Pa3HOCTh X H Y).

YcraHoBka NEepenoJHCHUSA NMPHU 3HAKOBOM CJI0KCHUHU U BBIYUTAHUH

3ayacTyr0 NEepEroHEHHUE MPH CI0KEHUH 3HAKOBBIX ONEPAHOB yCTAHABIMBAETCS MOCPE/-
CTBOM TIpaBUJIA. “IIEPEHOC B 3HAKOBBIN pa3ps] OTIUYACTCS OT IEPEHOCA U3 3HAKOBOTO pa3psi-
na”. Kak HE yIAMBHTENBHO, HO 3Ta JIOTUKA MO3BOJSET KOPPEKTHO OMPEICNATh MEPEIOTHECHHE
KaK IMpH CJIOKEHUH, TaK M NPU BBIYUTAHWH, CUUTAS, YTO PA3HOCTh X —Y BBIUUCIACTCS KaK
X+ ¥ +1. Bomee Toro, 3T0 yTBepKAEHNE KOPPEKTHO HE3ABHCHMO OT TOTO, OBUI JIN TIEPEHOC HIIH
3aeM 60 HeT. KoHeuHO, TO, 4TO MEPEHOC B 3HAKOBBIN Pa3psi/ JISTKO BHIYHCIIUTE, BOBCE HE 03-
HAYaeT, YTO CyHmECTBYIOT 3()()EKTHBHBIC METOIBI OIPEACICHUS 3HAKOBOTO MEPEHOTHEHUS.
B ciy4yae cnokeHuss M BbIYMTAHUS MepeHOc/3aeM (GOpMHUPYETCs B 3HAKOBOM paspsizie Mocie
BBIYHCIICHUS PUBEIEHHBIX HIKE BhIpaxkeHuit (3meck C pasro O win 1).

Ilepenoc: 3aem:
(x+y+c)@x@y (x—y-c)®@x®y

B nefcTBUTENBHOCTH U1 KKAOTO Paspsiaa i 3TH BeIpAKEHHUS JAIOT MEPEHOC/3aeM B pas3ps i.
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Be33nakoBoe ciio:keHne/BHIYATAHIE

IMpu Ge33HAKOBOM CIIOKCHHH/BBIYUTAHUH TSI BBIYHMCICHHUS TPEIHUKATOB TIEPETIOTHCHHS
MOJKHO HCTIONIB30BATh CIIEAYIONINA MeTo 0e3 mepexoI0B, Pe3ysIbTaT paboTsl KOTOPOTO TIOMe-
IIaeTcsl B 3HAKOBBIHM pa3psn. MeToIbl, HCIOIB3YIONINe KOMaHAbI CABHra BIPaBo, 3P PeKTHBHO
paboTaloT TONBKO TOT/Aa, KOTJa M3BECTHO, 9To C=0. BrlpakeHnus B CKOOKaX BBIYUCISIOT Iie-
PEHOC WM 3aeM, KOTOPBIH MOSABISIETCSA U3 MJIAILIETO pa3psa.

be33nakoBoe BRIYHCICHHE X+ Y+C:
(x& Y)[((x]y)&—(x+y+c))

(x>u>l)+(y>u>lj+{((x& yj |((x|yj& c))& 1}

Be33HaKOBO€ BBIYUCIICHUE X — y— C.
(—x& Y)l((x=y)& (x-y-c))
(—x& ) I((=x]y) & (x-y-c))

(3o (v

B [46] nnst Ge33HAKOBBIX COJICEHUs W 6bIYUMAHUA €CTh CYIECTBEHHO Ooyiee MpocCThie
(opMyJIBI, NCTIONB3YIOIME KOMaH bl cpaBHEHUs. [Ipy 0€33HAKOBOM CIIOXKEHHH IEPEIOJIHEHUE
(mepeHoC) BO3HHKAET, €CITH MONyYeHHass CyMMa MeHbIe (mpu 0e33HAKOBOM CpaBHEHHH) JIF060-
ro U3 ONepaHAoB. JTa U M0A00HbIe GOPMYJIBI NPUBEACHB! HIDKE. K cokalleHnIo, HET BO3MOX-
HOCTH 0000IIUTE 3TH (OPMYIBI IS UCIOIB30BAHMS B HUX NEPEMEHHOI C, KOTOpas IPeJICTaB-
nsieT co0ol rmepeHoc WM 3aeM. BMecTo 3TOro npuxoauTcsl cHavyana NpoBEpATh 3HaUeHHE C, a
3aTeM, B 3aBUCHMOCTH OT TOTO, paBHO OHO O mim 1, nCcrionb30BaTh OAHO U3 CIEAYIOMINX THIIOB
CpaBHEHHI (HAIIOMHUM — BBIYHCIICHHUSI CyMM H Pa3HOCTEH 0€33HaKOBBIC).

X+Yy X+y+1 X=y x-y-1
—|x2y —|x§y xiy x%y
x+yix x+y+1§x x—y;x x—y—lix

B KaXmI0M W3 TPUBEICHHBIX CITy4YaeB TEpe/l BBITOJHEHUEM CIIOKEHHUS/BEITUTAHNS BBIUHC-
nseTcs nepBas popMyiia, KOTopas IpOBepsIeT, BO3SMOXHO JIM MEPENOTHEHNE, He BBI3BIBAs TPH
9TOM caMoro TepemnonHeHus. Bropas ¢opmyna BeMHCIsSeTCs IMOCTE BBIOTHEHHUS CIIOXKe-
HUSA/BBIYUTAHHSL, TIPA KOTOPBIX BO3MOKHO TIEPETOTHEHME.

JIst citydasi 3HAKOBOTO CIIOKCHHS/BBIYUTAHUS aHAJIOTHYHOTO (C MCIOIB30BAHMEM CpaBHe-
HUI) TIPOCTOTO METO/Ia TIPOBEPKH, TOXO0KE, HE CYIIECTBYET.

YMHoOKEeHne

[Ipn yMHOXeHUH IeperoHeHNe O03HAYaeT, YTO Pe3yJbTaT He romMelnaercs B 32 paspsaax
(pe3ysbTaT Kak 3HAKOBOTO, TaK M OE33HAKOBOTO YMHO)KEHHUsI 32-GHTOBBIX YHCEN BCETa MOXKET
ObITh TpeacTaBiIeH B Buae 64-6utoBoro uncna). Ecnu goctynubl crapiune 32 paspsiga Ipous-
BEJICHHs1, TO OLPENEINTh, HMEET JU MECTO IePEeNoiHeHne, oueHb npocto. ITycts hi(xxy) u
lo(xxy) — crapluas ¥ MiIaamas HOJOBUHBI 64-OutoBoro npousBeneHus. Torna ycnoBus Ie-
PETIONHEHHS MOKHO 3alMCaTh CISAYIOIUM 00pa3om [46].
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Be33HakoBoe Npou3BeieHHe XXy .  3HAKOBOE NPOM3BENCHHE XX Y
hi(xxy)=0 hi(xxy)¢(lo(xxy)>s>31)

OxuH U3 crnoco00B MPOBEPKHM HAIWYMS MEPEIOJHEHUSI COCTOMT B KOHTPOJIHOM JCICHHHU.
OpaHaKko TpH 3TOM HEOOXOIUMO CIIeIUTh, YTOOBI He Mpom3onuio aeieaus Ha 0, a kpome Toro,
[PY 3HAKOBOM YMHOXXEHHH BO3HHKAIOT [IOMOJHUTENbHBIE CIIOKHOCTH.

IepenosHeHne P YMHOXXEHHH HMEET MECTO, €CITH TIPUBE/ICHHbIC HIXKE BHIPAKCHHS UCTUHHBI.

Be33HaKkoBoe yMHOKEHNE! 3HaKOBOE YMHOKEHHUE:
Ze X*Yy ZeX*Yy
y#0& z+y# X (y<08&x=-2%)|(y#0& z+y=x)

3arpyaHEHHs BO3HUKAIOT Ip X = -2 M npu y=-1. B 3ToM cilydae npu yMHOKeHUH OyzeT
TIEPETIOJTHEHHE, HO PE3yIIHTAT MOXKET MOTyIHTHCS PABHBIM —2-. TaKoif pe3yIbTaT MPUBOIHT K Tepe-
TIOJTHEHHIO TPH JIEJICHHH, ¥ TAKAM 00Pa30M OKa3bIBAETCS BO3MOXKHBIM JIFO0OM pe3yabTar (Ha HEKO-
TOPBIX MariHax). [109TOMy JaHHBINH YaCTHBIA CITy4Yail OJDKEH MPOBEPSITHCS OTAEIBHO, YTO U Jelia-
ercsi 100aBJICHUEM WICHA (y <0& x= —231) . UToOBI B TIPUBEJICHHBIX BBIIIC BBIPAKCHUSIX TPEIOT-
BpartuTh jestenne Ha 0, ucronb3yercs oreparop “ycaoBHoro u” (B s3bike C — omeparop &&).

MOKHO TaKKe HCIOJb30BaTh MPOBEPKY JACJICHUEM O€3 BBIMOJHECHUS CaMOTO YMHOXCHUS
(T.e. Ge3 renepanuu niepenonHeHns). [Ipu 6e33HAKOBOM YMHOKCHHUH TIEPETIOTHEHNE BO3HUKAET
TOTJIa M TOJNBKO Toria, korma Xy >2%¥ -1, uim X > ((232 -1) / y) , WM, TIOCKOJIBKY X — IIeJI0e
9HCIO0, X >L 232 / yJ B 0003HaueHUAX KOMIIBIOTEPHOH apHU(METHKH 3TO BBITILIIUT Clie-

nytomum obpasom: y#0& x>£0xFFFFFFFF )g

JUst uesbIx 3HAKOBBIX YHCEN MEPETONHEHHE B Pe3yNbTaTe YMHOKEHHS X U Y ONpENeIHTh
cnoxkHee. Eciu onepaH/ipl UMEIOT OJJMHAKOBBIC 3HAKH, TO MEPEMONHEHIE OYAeT TOTAa 1 TOIHKO
Toraa, Koraa Xy >2*—1. Eciiu X 1 Y UMEIOT NPOTHBOIIONOKHBIE 3HAKHU, TO TIEPENOTHEHUE Oy-
JIET TOT/Ia ¥ TOJBKO TOT/IA, Koraa Xy <—2°". DTU yCIOBUS MOTYT ObITH IIPOBEPEHBI C MTOMOMILIO
3HAKOBOTO jenenust (tabn. 2.2).

Tadanna 2.2. [IpoBepka Ha nepenoJiHeHHE MPOU3BeIeHUS 3HAKOBBIX ONEPAHI0B

y>0 y<0
x>0 X > OX7FFFFFFF + y y < 0x80000000 + x
x<0 X < 0x80000000+ y x #0& y < OXTFFFFFFF + x

Kak BUIHO M3 TaOJNULBI, OPH IIPOBEPKE HEOOXOIMMO Y4ECTh YETHIPE BO3MOKHBIX CIIydas.
BeecTBre npoGiieM NeperioHeHns U IpeIcTaBieHns ducia +2°° ¢ 0GbeMHEHNeM STHX BbI-
PaXEHUH MOTYT BO3HUKHYTH TPYIHOCTH.

B cnyuae mocTynHOCTH 6€33HAKOBOIO JIEJIEHHS TECT MOYXKHO YIIPOCTUThL. ECim MCmosn3o-
BaTh a0CONIOTHBIE 3HAYEHHUS X H Y, KOTOPbIE KOPPEKTHO IPEACTABUMBI B BHJIE LIEbIX Yhcel 0e3
3HaKa, TO BECh TECT MOKHO 3allUCaTh TaK, KaK IOKa3aHo Huke. [lepeMeHHas C MMeET 3HAUCHHE
2% —1, eci X U Y HMEIOT OJJMHAKOBBIE 3HAKH, U 2°' B IPOTUBHOM CIIy4ae.

Ce ((x = y)>s>31j+ 2%

X < abs(x)
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y < abs(y)
y#0& x;(xiy)

Yro0bl BBISICHUTH, OYET JIM NEPENOIHEHHE PU BBIYUCICHUU TIPOU3BEICHUS X * Y , MOYKHO
HCIOJIB30BaTh KOMAH/Iy, BBIYUCISIOIIYIO KOIUYecmseo gedywux Hyneu y omepanno. Croco0,
OCHOBAHHBIN HA UCIIOJIb30BAaHUU TON (DYHKIIUH, MTO3BOJIET 0O0JIee TOYHO ONPEICIUTh YCIOBHE
nepernoiaHeHus. CHayama pacCMOTPUM YMHOKEHUE Oe33HAKOBBIX yucen. JIerko mokas3ark, 4To
eciu X 1 Y — 32-pa3psiiHble BEIMUUHBI, COJEpIKAIUe M U N BeAYyLIUX HYJIeH COOTBETCTBEHHO,
TO B 64-pa3psIHOM MPOM3BENCHUM OymeT M+n win m+n+1 Bemymux Hyne# (wmn 64, eciu
x=0 wm y=0). [lepenonHenne BOZHUKAET TOT/a, KOr/ia B 64-pa3psiHOM MPOU3BECHUH KO-
JIMYECTBO BEIYIIMX HYyJel oka3piBaeTcsi MeHble 32. V3 atoro cienyer:

ecin nlz(x)+nlz(y) =32, nepenonHeHys TOYHO HE OyIeT;
ecin nlz(x)+nlz(y)<30, nepenonHeHue TOYHO OyIeT.

Ecm xe nlz(x)+nlz(y)=31, To mepenoaHeHHe MOXKET OBITh, @ MOXKET M HE ObITh. UTOOHI y3-
HaTh, Oy/IeT JIM TIEPETIONIHEHNE B 5TOM YaCTHOM Cilydae, BHIUMCIIsIeTCs 3Hauenne t=x| y/2| (me-
PETIOHEHMS TIPA 3TOM BBIYHCIICHAM He Bo3HHKAeT). [TockoibKy Xy paBHO 2t (wimm 2t + X, ecind Y
HEUYETHO), NIEPETIOJIHEHHE TIPU BHIYKCIIEHUH Xy OyJIET B TOM Cilydae, korma t > 2% . Bee 310 npuBo-
JIAT K KOIYy, TOKa3aHHOMY B JINCTHHTE 2.2, KOTOPbIN BBIUKMCISIET 3HAYCHUE TPOM3BEICHUS XY C
TIPOBEPKO# TIepenoHeHus! (B TOM CITydae BBITIOIHSIETCS TIEPEX0.T K METKe overf1ow).

JluctuHr 2.2. Be33HaKkoBoe YMHOKeHHE ¢ MPOBEPKOii MepenoJTHeHUs
unsigned x, vy, z, m, n, t;

= nlz(x);
= nlz(y);
f (m + n <= 30) goto overflow;

B3

-

t = x*(y > 1);
if ((int)t < 0) goto overflow;
z =t * 2;
if (y & 1) |
Z = Z + X;

if (z < x) goto overflow;
}

// B z comepxmuTCs NPOMBBEINEHME X U V.

ITpu 3HAKOBOM YMHOKEHHH YCIIOBHE TIEPETIOTHEHNS MOXKHO OMPEJIENUTh Yepe3 KOMMIECTBO
BEJyIMX HyJed MOJOKUTENbHBIX apIyMEHTOB M KOJMYECTBO BEAYIIMX €IMHHII OTPHIATElNb-
HEIX aprymenToB. Ilycte m=nlz(x)+nlz(X) u n=nlz(y)+nlz(y), Torxa:

€CIIM M+ N > 34, IepEeNnoNHEHNs TOUHO He OyzIeT;

ecmu m+n < 31, epenosHeHne TOYHO OyeT.

Ocranmch 1Ba HEOJHO3HAYHBIX ciiydast — 32 U 33. B ciygae m+ n =33 mepemnoiHeHne BO3HH-
KaeT TOIBKO TOIJA, KOI/[a 002 apryMeHTa OTPHIATE/bHbI i TPOM3BEJCHHE PABHO B TOUHOCTH 2>
(MAIIHHHEI Pe3y/IbTAT PaBeH —2°), TAK UTO PACTIO3HATH 3Ty CHTYAIMIO MOYKHO HPH HOMOIIHU TPO-
BEPKH KOPPEKTHOCTU 3HAKA NPOM3BeNeHUs (T.e. mepenonHenne Oyner, ecmt m@n@®(m#n)<0).
s ciryqast m+n =32 onpenesnuTs HaTMYKe NEPENoIHEHNS HE TaK [IPOCTO.
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He 6ynem Oosbliie 3a/1ep>KUBaThCSI HA 3TOM TeMe; 3aMETUM TOJIBKO, YTO OIpE/e/ICHHIE HalH-
4nsl IEPETIONHEHNS MOJKET OCHOBBIBATECS Ha 3HaueHHH Niz(abs(X))+ nlz(abs(y)) , Ho 1 npu sTOM
BO3MO>KHBI HEOJJHO3HAYHBIE CITydad, KOTa 3HaYeHIe JaHHOTO BhIpakeHHs paBHO 31 nmm 32.

Henenue
HpI/I 3HAKOBOM JCJIICHUHU X =+ Y TICPEIOJHCHUEC BO3HUKACT, €CJIM NUICTUHHO BBIPAXKCHUE
y=0](x =0x80000000& y=-1).

BOJIBIIUHCTBO KOMITBIOTEPOB COOOIIAIOT O MEPENOIHEHUH (MIIH T€HEPUPYIOT MPEPHIBAHHUE)
IIpU BO3HUKHOBEHUY HEOMpEeIeHHOCTH Thua 0+0.

IIpocToil koa ISl BBIUMCIIEHUSI 3TOTO BBIPAXKEHHUS, BKIIIOUAs 3aBEPIIAIOIIYI0 KOMaHIy Iie-
pexoja K Koy 00pabOTKH MEePETONHEH s, COCTOUT M3 CEMHU KOMaH (TPH U3 KOTOPBIX SIBIISIFOT-
cst KoMaHaamu Tiepexoza). Co3aercsi BIeYaTIeHHe, YTO 3TOT KO YIIyYIIUTh HEJb3sI, OJHAKO
PaccMOTPUM HEKOTOPbIE BO3MOKHOCTHU AJISl 3TOTO.

[ abs( y ® 0x80000000) | (abos( x) & abs( y = 0x80000000)) | < 0

37ech cHavasa BRIYUCIIAETCSA BRIPAKEHHE B CKOOKAX, a 3aTeM BHITIONHAETCS KOMAH/a Iepe-
X0J1a, €CTIH TIONy4eHHBIH pe3ynbTaT MeHbine 0. DTo BRIpaXkeHHE Ha MaIlWHE, IMEIONIeH Bee He-
06XomuMBIe KOMaH bl (BKTI0Uas cpaBHenue ¢ 0), BBIYUCIAETCA IPHMEPHO 32 JIEBATH KOMAH] C
Y4ETOM 3arpy3KH KOHCTaHTBI H 3aBEPIIAIONIETO TIEPEX0/Ia.
Ente oiH MeTOJ1 IPEINOaraeT NepBoHaYaIbHOE BEIYHCIIEHHE 3HAUEHHS
Z < (x ® 0x80000000) | (y +1)

(4ro Ha GONIBITMHCTBE MAIKMH BBIMTOJHAETCS 32 TPU KOMAH/IBI), a 3aTEM BBIIOJIHEHHE MIPOBEPKH
U BETBJICHHUS IO YCJIOBUIO Y=0|z=0 OJHUM U3 NEPEUUCIECHHBIX CIIOCOOOB.

((yl-y)&(z|-2))z0
(nabs(y) & nabs(z)) >0

((nlz(y) | nIz(z))>u>5j #0

BprlunciieHe 3THX BBIPAKEHUH MOXKET ObITh PEAM30BaHO 3a AEBATh, CEMb U BOCEMb KO-
MaHJ COOTBETCTBEHHO (IIPM HAIMYMH BCEX HEOOXOMMMBIX JUIS BBIYHCIECHHS KoMaHm). Jlis
PowerPC naunboee 3¢ (peKTHBHBIM OKa3bIBACTCS MOCISAHUN U3 TIEPEUUCICHHBIX METOIOB.

[pu 6e33HaKOBOM JIeNICHHUH TIEPETIOIHEHHE BO3HUKAET TOT/Ia U TOJIBKO TOTa, koraa y=0.

2.13. ®jaaru ycJjoBUii MocJie CI10KeHUs, BRIYUTAHUS U YMHOKEHU s

Bo MHOTHX mpomeccopax B pe3yiIbTaTe BBITOTHEHUS apr(pPMeTHUECKUX IeHCTBUH ycTaHaB-
JUBAIOTCS TaK Ha3bIBaeMbIe (DJIard YCIIOBHH, B COBOKYITHOCTH MPEJICTABIISIONINE CIIOBO COCTOS-
HUS TIporieccopa. 3adacTyio MMEeTCsl TOJNBKO OJTHa KOMAHIA CI0XCeHUsl, TIOCIe KOTOPOU BBI-
TOJTHSIETCST OTIEHKA pe3yJbTara Uil 6e33HAKOBBIX WITM 3HAKOBBIX OTEPaHIOB (HO HE JUIs CMe-
NIaHHBIX TAMOB). Kak mpaBuito, Ha (iard yCIIOBHiA OKa3bIBAIOT BIIUSHUE CIICIYIOIIIE COOBITHSL:

ObLI JIM TIEPEHOC WK HET (0€33HaKOBOE MEPETIOIHEHHE);
OBLJIO MITK HET 3HAKOBOE MEPEIOIHEHHE;

® SBISETCA JIM TOJy4eHHbIH 32-OUTOBBIM PE3yJIbTaT, MHTEPIPETUPYEMBIA KaK 3HAKOBOE
LIEJIOE YKCJIO B JIOTIOJHUTEILHOM KOJie 0€3 ydeTa IEpeHOca M MEPEONIHEH s, OTPULIA-
TEJILHBIM, TI0JI0KUTEIBHBIM HJIH HYJIEBBIM.
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Ha HEeKOTOpBIX CTapbIX MOJEISIX MAIIKMH B CIydae MeperoHeHUs] OOBIYHO BBIAAETCS CO00-
[ICHAE O TOM, KaKOi WMEHHO pe3ynbrar (B Cliydae crodcenus U eviuumaus — 33-OUTOBBIHN)
MOJTY4YeH: TOJIOKHUTEIbHBINH, OTPULATENIBHBIM WM HyJeBOW. OIHAKO HMCIOJB30BATh TAKOE CO-
00Il[eHHEe B KOMITUIISITOPaX SI3bIKOB BBICOKOTO YPOBHSI — HEMPOCTas 3a[a4a, TaK 4TO JaHHAas
BO3MOXKHOCTh HAMHU HE pacCMaTPHUBACTCSI.

ITpu ciioskeHnr BO3MOXKHBI TOJIBKO 9 M3 12 KOMOMHAININ ATHX TpeX coObITHI. HeBO3MOKHBI
CIIEAYIOIINE TPH KOMOWHAIINK: “HET IIepeHoca, nepernoiHenne, pesynstar > 07, “Her mepeHoca,
nepenonHenue, pesynstar = 0” 1 “mepenoc, nepenonHenne, pesynbrar < 0”. Takum obpazom,
Ut raroB ycioBuil TpeOyeTcs deTsipe OuTa. J[Be n3 KoMOMHAIMHA (IIaroB YHUKaIGHEI B TOM
CMBICJIE, YTO MOTYT MPOU30MTH TOJBKO MPH SIUHCTBEHHOM 3HAUYCHUU HUCXOAHBIX apTyMEHTOB:
KoMOWHanus “HET MepeHoca, HeT MepenofHeHus, pe3yinbpraT = 0" BO3HHKAeT TOIBKO MPH CII0-
xernu O ¢ 0; komOnHanms “mepeHoc, nepemnonHenne, pesyasrar = 0" BO3SHHKAeT TOJNBKO MPH
CJIOKCHUH JBYX MaKCHMAJIbHBIX OTPHUIATENbHBIX YKCENI. DTH 3aMEYaHHs CIPABEJIHBBI U TPH
HaJM4YUH “ BXOJHOTO TiepeHoca”, T.€. IPH BEIYUCICHUNA X + Y+1.

B ciyuae BbIYMTAHHS [OJAraeM, YTO ISl BBIYUCICHUS] PA3HOCTH X — Y KOMIbBIOTEP BBIYHC-
JSIET CyMMY X + Y +1 ¢ mepeHocoM, KOTOPBIi 00pasyercst Tak e, Kak U MpH crodiceHuy (MOoHs-
THe “TiepeHoc” MpH BEIYMTAHUN TPAKTYETCS HAOOOPOT: MepeHoc, paBHEIN 1, 03HadaeT, 4To pe-
3yInbTaT MOMEIIAETCSI B OJJHO CJIOBO, & MepeHoc, paBHblid 0, 03Ha4aeT, 4T0 pe3ysbTaT B OIHO
cioBo He momernaercs). CireIoBaTeNIbHO, TIPH BEIYUTAHUK MOTYT TIPOM30MTH TOJNBKO CEMb W3
BCEX BO3MOXKHBIX KOMOWHAIMH coObITHH. HEeBO3MOXKHBI TE k€ TPU KOMOHMHALMH, YTO U TPH
CIIO’KEHHH, a KPOME TOTO, eIlle JIBe KOMOWHAINHU: “HEeT epeHoca, HeT TEePETOHeHHNS, Pe3yib-
tat = 0” u “mepenoc, nepenoxaenue, pesynsrar = 0”.

Ecimu yMHOXKEHHE Ha KOMITBIOTEPE MOYKET JIaBaTh MPOM3BE/ICHNE JABOMHOM JUTHHBI, TO YKeaTellb-
HO UMETh JIBE KOMaH/Ibl YMHOXEHUS. OJIHY Il 3HAKOBBIX OIEPaH/IOB, a IPYryl0 — isi Oe33HaKO-
Boix. (Ha 4-paspsiaHoii MalliiHe B pe3yiibTaTe YMHOKEHHWS 3HAKOBBIX OIEPAHIOB MPOM3BEICHHE
FxF =01, a B ciiyuae nepeMHOXeHHUst 6e33HAKOBBIX onepannoB — FxF = E1 (B mecTHaquatepuy-
HoiA 3armcn)). Hu nepeHoca, Hi MepenoHeH st TIPU BBIMOIHSHHH 3THX KOMaH YMHOXKCHHS HE BO3-
HHKAET, TaK KaK pe3y/bTaT yMHOKEHHS BCEI/Ia MOYKET Pa3MECTUTHCS B ABOMHOM CJIOBE.

Ecnu sxe mpou3sBeeHre aeT B pe3yibTaTe OHO (MJIa/iiee) CI0BO, TO B CiIydyae, KOraa OrnepaH-
JIbI ¥ pe3yJIbTaT MHTEPIPETUPYIOTCS KakK 1ieNble Oe33HaKOBbIE YKCIIa, HEPEHOC 03HAYAEeT, YTO Pe3yIib-
TaT He MOMEIAETCsl B OJIHO CJIOBO. Eci ke orepaHbl U pe3ylibTaT HHTEPIPETUPYIOTCS KaK 3HAKO-
BBIE LIeJIbIE YKCIIa B JIOMOJIHUTEIBHOM KOJIE, TO, €CJIM Pe3YJIbTaT He MOMEIAeTCs B CJI0BO, YCTaHaB-
nmBaercs ¢uiar nepernoiHeHus. Takum 00pa3oM, NpU YMHOXXEHWHM BO3MOXKHBI TOJBKO JEBSTH
KOMOMHaIWMH coObITHii. HeBo3MOXXHBI KOMOMHAIMK “HET epeHoca, nepenonHenue, peyasrar > 07,
“Her mepeHoca, nepenonHenue, pesyastar = 07 u “nepeHoc, Her nepenonHenus, pesyisrar = 07,
Takum 00pa3oMm, IIpU paCCMOTPEHUHN CIIOXKEHUs, BEIYUTAHHS M YMHOKEHHS TTOJTy4aeM, 4TO PeabHO
MOTYT BCTPETUThCS TOIbKO 10 koMOuHaumii uiaroB ycinoBuii U3 12 BO3MOXKHBIX.

2.14. IlukanvecKni cABUT

31ecs Bce TpUBHAIBHO. IIpUBECHHBIC HIKE BBIPAYKCHUS CIIPABEUTMBEI st 006X N oT 0
10 32 BKITIOYUTENBHO, JJaXKEe €CITH CABUTH BHITTOJHAIOTCS TI0 MOIYIIO 32.

LIMKIMYeCKHii CABHT BIECBO Ha N Pa3psIoB: y (X < nj I(X >(32- n)j
Hukmyaeckuii CIBUT BIIPaBO HA N pa3psiioB: y<« (X > nj I(X <«(32- n))
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2.15. Cioxkenue/BoIYuTAHME ABOWHBIX CJI0B

B3sB 3a ocHOBy mo0oe W3 TIPHBEACHHBIX B Tmompasnene “be3zHakoBoe cloxe-
nue/Bpruntanne” pasjena 2.12 BeIpakeHHe IS EPENOTHEHHS IPU O6€33HAKOBOM CIIOKEHUH H
BBIYMTAHUH, MOYKHO JIETKO Peajn30BaTh CIIOKEHHE U BBIYUTAHUE [BONHBIX CJIOB, HE HCIOIb3YsI
HpH 9TOM 3HaueHHe Oura nepenoca. Ilycts (z,7,) — pe3ynabTaT CI0XKEHHS ONepaHIoB (X, X,)
u (Y, Y,). Manekc 1 o6o3HauaeT crapuree moycnoBo, a naaekc 0 — mmaxumee. Cuntaem Tak-
e, 9TO TPU CIIOKEHUH UCTIONB3YIOTCS Bece 32 OMTa perucTpoB. Mitajmie clioBa MHTEPIIPETH-
pyroTcst Kak 0e33HaKoBbIe BennuuHbL. Torma

ZO<_X0+y0

Ce[(XO& yO)l((Xo | yo)&ﬂzo):|>u>3l
Z <~ Xt Yy, +C

Bcero mns BeramciaeHns notpedyercs AeBATH KOMaHA. Bo BTOpoi#l cTpoke MOXXHO HCHOJb-

u
30BaTh BBIPAKECHHUEC C <— (ZO< XO) , A0IMYCKAaroniee rnojaIy4YeHue KOHEYHOT O pe3yjibTaTa 3a Y€ThIpE

KOMaHJ(bl HAa MallMHaX, B HA0Ope KOMaHJ KOTOPBIX MMEETCs OIepaTop CpaBHeHHs B (opme,
nomenaromiet pesynsrar (0 mwmm 1) B peructp, Kak, Hanmpumep, komanaa SLTU (Set on Less
Then Unsigned — 6e3snakosas nposepka “ menvute, wem” ) 8 MIPS [46].

AHAJIOTHYHBIHA KO UCTIONIB3YETCS ISl BHIUMCIIEHNS Pa3HOCTH JIBOWHBIX CJIOB.

Zo%xo_yo

be[(—‘xo & Yo) (%= Yo) & zo)}>u>31
4 <X yl_b

Ha mammbax ¢ mojgHBIM HaGOpOM JIOTUYCCKUX KOMaH/ AJIs1 BBIYUCJICHUA HOTpeGyeTCH BbI-

u
TIOJTHUTH BOCEMb KOMaHJ. Ecii BTOpyIO CTpOKy 3ammcarh Kak b« (x0< yo) , TO Ha MaIlINHAaX,

HMMEIOIUX KOMaHy SLTU, JUIs BEIYUCICHHUS PA3HOCTH TOHAIOOUTCS BCETO YEThIPE KOMAH/IbI.
Ha OonbIIMHCTBE MAIlIMH CJIOKEHHE W BBIYMTAHHE JABOWHBIX CJIOB PEAIM3yeTcs 3a ITh KO-

MaH]I, TIOCPEICTBOM TPEICTABICHHS JaHHBIX B MIIAJIIEM CJIOBE ¢ momorkio 31 6ura (crapuimii

out Beeraa pasen 0, 32 HCKIIOYEHHEM BPEMEHHOTO XpaHEHHS B HEM OMTa [IEPEHOCA MIIM 3a€MA).

2.16. CaBur ABOHOIO CJIOBA

ITycts (X,,X,) — ZIBa 32-pa3psiOHBIX CIOBA, KOTOpPBIE TPEOYeTCs CABHHYTH BIPABO WIIN
BIICBO KaK enuHOoe 64-paspsiiHoe CIIOBO, B KOTOPOM X; MPEICTaBJISICT CTapllee MOIYCIOBO, U
nycTh (Y,,Y,) IpelcTaBiseT co00il aHaIOrMYHO HHTEPIIPETHPYEMbIH pe3yabTaT caBura. bynem
CYMTATh, YTO BEJIMYHMHA CIBHTa N MOXKET MPUHUMATH Jto0bIe 3HaueHus oT 0 no 63. [peamono-
UM TaKKe, YTO MaIllMHA MOXKET BBIMOJIHATh KOMAH/y CABHIa MO MOAYIO 64 wiu OoibIieMy.
DTO 03HAYAET, YTO €CIU BEIUYUHA CABUTA JIEKHUT B Auana3zoHe or 32 1o 63 wiu ot —32 1o —1,
TO B pe3yJIbTaTe CABHIA MOJYYUTCS CIOBO, COCTOSIIICE M3 OJTHUX HYJICBBIX OUTOB. MCKITIOYCHU-
€M SIBJIICTCSI KOMaHJIa 3HAKOBOTO CJIBUTA BIIPABO, TaK KaK B 3TOM ciy4ae 32 pa3psjia pe3ylibTa-
Ta Oy/AyT 3aroJHEHBI 3HAUEHUEM 3HAKOBOTO paspsja ciioBa. (PaccmarpuBaeMblii ajqroput™ He
paboTtaet Ha mpoueccopax Intel X86, cABUr B KOTOPBIX BBIMOIHACTCS 0 MO0 32.)
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[Ipu >THX MPeanoIoKEeHUIX KOMaHAY cO8uea 080LUHO20 CI08A 871€80 MOXKHO Pealn30BaTh,
Kak MMOKa3aHo Hike (T BBIYMCIICHHUS TPEOYeTCS BOCEMb KOMaH).

Y, ¢ X, < n|><0>u>(32—n)|><0 <« (n-32)
Yo ¢ Xo <N

UroObl mpu N=32 MOIydmics KOPPEKTHBIH pe3yibTaT, B MEPBOM IPHUCBAWBAHUH JIOJDKHA
00s3aTeNBLHO UCIIOIB30BAaThECS KOMaHaa wiu, a He naroc. Ecinu n3BectHo, uto 0<n<32, TO mo-
CJIETHUI YWIEH B MEPBOM BBIPAXXEHUHU MOXHO OMYCTUTH, TEM CAMbIM PEAIU3ys CABUT IBOHHOIO
CJIOBa 3a LIECTh KOMaH/I.

AHAJIOTHYHO, O€33HAK0GbLIL CO8UE 080UHO20 C1084 6NPABGO MOKHO BBIYUCIIUTH TaK:

u u
Yo = Xo>N| X, <« (32-n)| x,>(n-32)
u
Y, X;>n
3naxoewiii cosuz 0601HO20 CO6A 6NPAGO PEANTU30BATH CIOKHEE HM3-338 HEXKENATEIHbHOIO
pacIpOCTpaHeH!s: 3HAKOBOTO paspsijia B OJHOM M3 4WICHOB. BOT Kak BBIMJIUT IpOCTeNmmnii
KOJI ISl BBIYUCIICHUS 3TOM OTIepaIHu:
ifn<32
u
then Y, < X,>n|x, < (32-n)
s
elsey, < X >(n-32)
S
Y, < X>n
Eciu B koMIIBIOTEPE €CTh KOMaHIa ycaognol nepecwviiku (conditional move), to xox peanm-
3yeTcst 32 BOCEMb KOMaH/ 0e3 mepexomoB. ECii ke KOMaHIbl YCIOBHOW TEPECHUIKH HET, TO

MOHA/IO0MTCSI BBITOJIHUTD JECATh KOMaHl, C CO3/[aHUEeM MACKH JUIsl YCTPAHEHHUS HeKellaTebHO-
IO pacrpoCTPaHEHHUs 3HAKA B OJTHOM U3 YJICHOB.

Yo Xo>N| X, < (32—nj |[(xl>s>(n - 32))& ((32— n)>s>31ﬂ

S
Y, < X;>n

2.17. Ciio:keHnne, BBIYUTAHNE U A0COJIIOTHOE 3HAYCHHE
MHOI 002l TOBBIX BEeJINYNH

Psin npunosxenuit paboraet ¢ MaCCHBAaMK KOPOTKHX IIEJIbIX yucen (00bIYHO OAHTOB MM HO-
JIYCJIOB), M 4acTO paboTy MpOrpaMMbl MOYKHO YCKOPHUTh, €CJIM HAYATh BBIMOJHSThH JACHCTBHS HE
HaJI KOPOTKUMHY YUCIIAMH, a HaJl CIOBaMU. [1yCTh [UIs ONPEIeIeHHOCTH CJIOBO COICPIKUT YEThI-
pe 0HOGANTOBBIX IIENBIX YKCIa (XOTS BCE METOJIbI, KOTOPhIE PACCMATPUBAIOTCS B 9TOM pasjie-
Jie, JIETKO MPHUCIOCOOUTh K JPYTHUM THIIAM YIMAKOBKH, HAIIPUMEDP K CIIOBAaM, COJCPKAIINM OIHO
12-6utoBoe u 1Ba 10-GMTOBBIX LENBIX YKCIIA U T.J.). OMUChIBAEMbIE METOIBI UTPAIOT OOJIBINYIO
poib Ipu paboTe Ha 64-OMTOBBIX MAIlIUHAX, MOCKOJIBKY B 3TOM CIIy4yae IMOBBIIIACTCS CTCICHb
BO3MO>KHOU MapauIeIbHOCTH BBIYUCIICHUH.

CroeHue JODKHO OBITh OPraHU30BAHO TAKUM 00pa3oM, YTOOBI HE BO3HUKAJIO MEPEHOCOB
U3 OJJHOTO OaiiTa B IPYTO¥; JJsl 3TOT0 MOXHO BOCIIOJIb30BAThCS MPUBECHHBIM HIXKE JIBYXIIIA-
TOBBIM aJITOPUTMOM.
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1. 3amacKkupoBaTh CTApIIHii OUT B KaXKIOM OaiiTe orlepaHia M BBIIOJHUTE CIOKEHHE (M3-
0exaB TaKUM 00pa30M MEPEHOCOB Yepe3 rPAHMIIBI 0AMTOB).

2. VdecTh cTapiiie OUTHI KaXKI0TO 0alTa, T.€. BRIIIOJHUTD CIIOKEHUE CTAPIINX OUTOB OIle-
pannoB (4 mpyu HEOOXOAUMOCTH IIEPEHOC B OTOT OUT).

[lepenoc B crapmmii OMT Kaxkaoro Oaifra oOyCIOBJIEH CyMMHPOBAaHHEM Ha TEPBOM Iare
aJIropuT™Ma. AHAIOTHYHBIA METO/] UCIIOJIb3YETCs M IPU BHIYHTAHUH.

Cnoxenue:
S« (X & OXTF7F7F7F) +(y & OX7TF7F7F7F)
s« ((x @ y) & 0x80808080) ® s

Beruuranue:
d « (x| 0x80808080) — ( y & OX7F7F7F7F)
d « ((x®y)|OX7TF7F7F7F)=d

Ha xoMmbroTepe, OCHAIIIEHHOM IOJHBIM HA0OPOM JIOTMYECKHX KOMAH[l, peaau3alis OIu-
CaHHBIX BBIIIE BEIYUCIECHHHN TOTPEOyeT BHIMOIHEHHST BOCBMHU KOMaH (C YIETOM 3arpy3Ku 4nc-
na OX7F7F7F7F). (B npuBeneHHbIX (GopMynax KoMaHIsl u U utu ¢ duciom 0x80808080 mox-
HO 3aMEHHUTh COOTBETCTBEHHO KOMAHIaMHU u-He U unu-He ¢ unciom OX7TF7F7F7F.)

CylecTByeT u Apyrasi METOJMKa JJIsl CIy4asi, KOT/ia CJIOBO COCTOMT U3 IByX mnoseil. Cioxe-
HUE TIPU 3TOM MOXKHO PEaTM30BaTh MOCPEACTBOM NMpHUOaBIeHUS 32-OMTOBBIX YHCEN C IOCIIe-
JYIOIMM BbIYMTAHHEM HEKENATEIbHOTO MepeHoca 13 MOJyYeHHOH CyMMbl. PaHee yxe oTMe-
9aJI0Ch, YTO BEIpAKEHHE (X+Y)® X @ y IaeT MepeHOCH B KaXAOM paspaze. Mcnonsszosanne

9TOH M aHAJOTUYHON (OPMYJIBI U BEIYMTAHUS J1aeT HaM NPUBEICHHBIA HYDKE KO JUIS CIIOXKe-
HUs1/BRIUUTAHKS JBYX MOIYCIIOB 10 MOAYO 2'° (peatn3yercs CeMbio KOMAHIAMIL).

Croxenue: Brruuranue:

S X+Yy dex-y

C(sS®x® y)&0x00010000 b« (d® x @ y) & 0x00010000
S« S—C d«d+b

Abconomuoe 3nauenue MHOTOOAHTOBOH BETMHINHBI MOYKHO BBIUHCIIATE ITyTE€M IOIOJIHEHHUS 3TO-
ro uncia u TpubasteHust 1 K KaxmoMy GaifTy, colepikaiieMy OTPHIIATENBHOE IeNoe JHCio (T.e.
npubaBlieHHe 3HAYCHHs ero crapiiero Outa). [IpuBenemM Ko, KOTOPBIH JeaeT KaK/Iplid GaiT Y pas-
HBIM aOCONFOTHOMY 3HAaYEHHIO COOTBETCTBYIOIIETO OaiiTa X (peann3yercst BOCEMBbIO KOMaHaMH).

a « x & 0x80808080 Brigensiem OMTEI 3HAKOB

u
be—a>7 Ienoe wucino, paBHOe 1, ecim X OTPHUIIATEITHHO
m«(a-b)la OXFF mns oTpunatenbHOTO X
y—(x®m)+b JomnonHenue u npubasieHue 1 Juist OTPUIIATEIBHBIX YHCEI

BwMecto TpeTheit popMyITbl MOKHO HCTIONB30BaTh M« a+a—b. [Ipubasnenue b B uetsep-
TOM CTpOKE HE MOXET BBI3BaTh MEpeHOca Yepe3 IpaHuIly OaiiTa, Tak Kak B KaXaoM Oaifte 3Ha-
YyeHue crapuiero oura x @ m pasHo O.
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2.18. ®yukuuun Doz, Max, Min

®yuxps dOZ st 3HAKOBBIX apTyMEHTOB OIPEIEISIETCS CISAYIOMINM 06pa3oM:

X—Yy, X2V,
doz(x,y)z{ 0, x<y.

@ynkupo d0Z Ha3BIBAIOT TAKXKE “BBIYHTAHHEM B IIEPBOM Kiacce”, Tak Kak, €CITM BBIYUTAEMOS
0oJIbIlIe YMEHBIIIAeMOro, pe3yabTaT paseH 0. Ty QyHKIHIO yI00HO UCTIONB30BaTh IIPY BBIYMCICHUH
IBYX Apyrux GyHKumi — max (X, y) 1 min(x,y) . B cBs3u ¢ 5tuM cnemyer oTMeTHTh, 4TO ByHKIMA
doz(x,y) MoxeT ObITb M OTPULIATENBHOM, €CIIM TIPH BBIYHCICHHH Pa3HOCTH HPOH3OILIO MEpEero-
HeHue. B Fortran sta ¢yHKums ucrons3yercst B peanyzauiy GyHKIMM IDIM, XOTS B 9TOM SI3bIKE
MIPOrpaMMHPOBaHMs IPH BOSHUKHOBEHHH TIEPETIONIHEHUS PE3YJIbTaT CUMTACTCS HEOPE/IETICHHBIM.

[Moxoxe, 4TO OYeHb XOpoliel peann3anuu GyHKIHHA dOZ, Max u Min 6e3 UCHONB30BaHUS
KOMaH/1 Iiepexo/ia, MPUMEHUMOM Ha OOJIBIIMHCTBE KOMITBIOTEPOB, IPOCTO He cymiecTByeT. I1o-
’KalyH, JIydllee, 9TO MOJKHO CHENaTh, — 3TO BBIUMCIUTH dOZ(X,Y) € HCIIOJIB30BAHHEM OJHOTO
13 BBIPKEHUIT JUI pacCMaTpUBABILEroCs B 3TOHM IJlaBe MpeaAnKaTa X <Y, a 3aTeM BBIYHCINTH
3Ha4YeHUs QYHKIMI Max u min.

dex-y
doz(x,y)=d & [(d =((x@y)&(d® x)))>s>31}

max (X, y) =y +doz(X,y)
min(x, y)=x —doz(X,y)

Brrunciuts ¢yrkuuo doz(x,y) MOXKHO 3a ceMb KOMaHJ, €CI B Habope UMeeTcss KoMaH/Ia

9KBUBANIEHMHOCMY, VA 332 BOCEMb KOMaHJ| B IPOTUBHOM citydae. [liisl BEIYHCIEHHUS (YyHKIUH
max 1 MinN HeoOXOANMO BBIMIONHUTE €IIE OAHY KOMAHLIY.
B ciryuae Ge33HaKOBBIX apryMEHTOB HCIIOJIb3yeM 0€33HAKOBBIE BEPCHH YKa3aHHBIX (DyHKIHIL.

dex-y
dozu(x,y)=d & ﬁ{((ﬁx& yI((x=y)& d))>s>31}

maxu(X,y)=y+dozu(x,y)
min(x,y)=x—dozu(x,y)

B xommsrotepe |IBM RS/6000 (u ero npeminectBennuke 801) ecTh oTAeNbHAs KOMaHIA st
BBIYMCIICHHUA (QyHKIMH doz(X,Y), Tak 4TO Ha 3THX MamMHAX QYHKIHM max(X,y) u min(X,y)
C LETBIMH 3HAKOBBIMU apPTYMEHTAMH BBIYHCIISIOTCS 32 JIBE KOMaH/bI, 4TO BecbMa 3 dexkTHBHO
(HermocpeCTBEHHAS peaT3aliis 3THX QYHKIHI TpeOyeT OOoJIbIINX 3aTpar).

Ha Mammnax, IMEIOIUX KOMaHIy VCI08HOU NepechbliKu, BO3MOXKHA JIByXKOMAaHIHAs peau-
3anms ,HCCprKTI/IBHBIXZ ¢byukmpii max u min. Hanpumep, npu ucmonb3oBarnu Hamrero RISC-
KOMITBIOTEPA C PACIIMPEHHBIM HA0OPOM KOMAHJ BBIDAKEHHE X <— Max(X,y) MOXHO BEIYHC-
JIUTH CIIEAYIOIINM 00pa3oM:

cmplt z, X, ¥ ; YcTaHOoBUTEL z = 1, ecium X < y, uHaue z = 0
movne X, z, Y ; Eciu z He paBeH 0, TO INPUCBOUTL X = Y

2 Z[eCprKTI/IBHBIe ornepanuu MnpeacTaBIAOT coboit Orepanuu, KOTOPbIC NEPE3aANNChIBAIOT OJJUH WIIN
HECKOJIBKO CBOMX apryMEHTOB.
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2.19. O6MeH coep:KMMOro perucTpoB

CymiecTByeT CTapblif, XOpOIIO M3BECTHHIA cIT0cOO 0OMeHa COAECpP)KUMBIM JIBYX PErHCTPOB
0€3 UCIOJIb30BaHus TPEThero [34].

X XDy
Yy« y®x
X XDy
3TOT METOA XOPOIIO paboTaeT Ha AByXaapecHoi MamuHe. OH ocTaeTcst paboTOCTIOCOOHBIM
U TPH 3aMeHEe oreparopa @ NOMOJHUTENHFHBIM K HEMY OIEpaTOPOM SKBHBAJICHTHOCTH =. Bo3-
MOJKHO TaK)K€ MCIIOJIb30BAHUE PA3IMYHBIX HAOOPOB ONepanuil CI0KESHUS U BEIYUTAHUS.
X X+Y XéeX—-y  Xey—X
Yy X—y Yy y+X Yy y—X
X X—Y X y—X X X+Yy
K coxayieHnio, B Ka)XJIOM U3 BapUAHTOB OOMEHA €CTh KOMaHJa, HEMpUeMIIeMast JJIs IBYX-
aJipecHoil ManuHbl (€CJM, KOHEYHO, CPEeT KOMaH I MAlIMHBI HET “00PATHOTO BHIYUTAHHS" ).
Bor ermie ofHa MajeHbKas XUTPOCTh, KOTOPAsk MOXKET OKa3aThCs MOJIC3HON B MPHIIOKECHUSIX
¢ JBOIHON Oydepusarueil, riae MEHIITCS MECTaMU JiBa yka3arteis. [lepBas KoMaHa BBIHOCUT-
Cs 3a MpeJiesibl [UKIIA, B KOTOPOM BBIMOJIHSETCS OOMEH (XOTSI [IPU 3TOM U TEPSETCS MpeUMYIile-
CTBO COXPAHEHHS PETUCTPA).

Bre nukia: te—xdy

BayTpu nukna: X< x@t
Yy« yot

OO0MeH cOOTBEeTCTBYIOLIMX I10JIeH perncTpos

3avactyio TpebyeTcsi 0OMEHSATh OUTHI IBYX PETHCTPOB X | Y, €CITH i-if OuT Macku Mi=1, u
OCTaBUThH UX Hem3MeHHbIMH, eciid M;=0. [Tox 0OMeHOM “ COOTBETCTBYIOIIMMU™ TOJIIMU MTOIpa-
3ymeBaeTcsi oOMeH 0e3 caBUroB. B Macke M equHUYHBIE OUTH HE 0043aTENBHO JTOJKHBI OBITH
cMexxHbIMU. [IpuBeemM npocTeniuii MeTo1 petieHus MOCTaBICHHON 3a/1a4u.

X' —(x&m)[(y&m)
y—(y&m)|(x&m)
X X

Hcnonb3oBaHue NPOMEXYTOYHBIX BPEMEHHBIX JAaHHBIX B YETHIPEX BBIPAKEHHAX C KOMaH-
J0H u TpeOyeT BBIITOIHEHHSI CEMU KOMaH] TIPH yCJIOBHH, YTO 3arpy3Ka M WIH M 3aHUMaeT OJi-
Hy KOMaHJly U UMeeTCsl KoMaH/a u-He. Ecliu MallliHa B COCTOSIHUY BBIYMCIUTh YEThIPE HE3aBU-
CHMBIX KOMaH/Ibl ¥ TIapaJuIeNIbHO, TO BPEMsI BBIIIOJIHEHHUS! PAaBHO BCETO TPEM TaKTaM.

Bornee 3¢ dexTrBHbIi MeTo (MSITh KOMAH/I, TPEOYFOIIHX /IS BBITIONHEHHS YEThIPE TAKTA HA Ma-
LIMHE ¢ HEOTPAHUYCHHBIME BO3MOXKHOCTSIMH pacriapaUIe/IMBaHus BBIYUCIICHNH HA YPOBHE KOMAH)
MOKa3aH HIDKe, B CTONOLE (a). DTOT alropuT™ UCIONb3YeT TPU KOMAHIIBI UCKTIFOUAOWE20 UH.

(a) (6) (8)
X X®Y X X=Yy t—(x®y)&m
Yy y®(x&m) y« y=(x|m) X XDt
X X®y X X=y y— yot

Meron, npeasioKeHHbIi B cTonoie (0), JTydine UCIoNB30BaTh B TEX CIydasx, Korma M He
TTOMEIIAeTCsl B TMOJIE HETOCPEACTBEHHO 3a7aBacMOro 3HaUY€HUsS, HO B HETO MO>KHO TIOMECTHUTh
M, a B HAbOpe KOMaH]l UMeeTCs KOMaHa 9K8UBANEHIMHOCHIU.
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Merton u3 cronbiia (B) npemnoxker B [19]. On Toxe TpeOyeT BBHIONHEHHS TSATH KoMaHT (B
NPENONOKEHNH, YTO JUIs 3aTPYy3KH M B PETUCTDP MCIOJIB3YETCS OJHAa KOMaH/a), HO Ha Malllu-
Hax C JIOCTATOYHBLIMH BO3MOKHOCTSAMHM pachapajuleuBaHus BLIYUCIEHUH Ha YPOBHE KOMAaH]I
BBIMIOJIHEHHE DTOTO KOJIa 3aHMMAET BCETO TPU TAKTa.

OO0MeH ABYX 10JIeil OJJHOT0 perucrpa

[pennonoxum, 4To B perucTpe X HeoOXOAUMO TOMEHATH JBa 1o (OMMHAKOBOI JTHHBI),
HE M3MEHSISI IPH 9TOM IpoYHe OUTHI PErucTpa — T.€. HaM TpeOyeTcsi HOMEHATh MECTaMH I1OJIs
B u D B npezenax oHOro MalIMHHOTO CJIOBa, HE U3MEHsS IIPH 3TOM cojepkumoe moiiei A, C
u E. Tlonst pacmonosxeHsl ApYyr OT Apyra Ha paccTOsHUM K OUT.

— k—
X: A B C D E

Cnenylonmﬁ KOA CABHUTACT IIOJIA D u B Ha HOBBIE MO3UIMU MU 3aTEM KOM6I/IHI/IpyeT noJjy-
YCHHBIC CJI0BA C IIOMOIIBXO KOMAaH U U UU.

t,=(x&m)<xk
tzz(x>u>k)& m
X' =(x&m)|t]t,

37ecs Macka M COMEPKUT equHIYHbIe OUTHI B Tiosie D (1 HysteBsie GUTHI B JPYTHX TIOJSX), a
Mmacka M’ copepkut epuanaHble OuThl B moisix A, C u E. Ha maruuie ¢ HeorpaHUYEHHBIME BO3-
MOKHOCTSMH pacriapasUIe/IMBaHis BBIYUCICHNH HA YPOBHE KOMaH TPEOYETCsl BBIMOIHEHHE JCBSATH
KOMaH]I 32 YeThIPE TAaKTa, TaK KaK JULs 3arPy3KH IBYX MAcOK HEOOXOMMO BBITOIHHUTD JIBE KOMAHIbL.

Hwxe omucan meton oOmeHa mossimu [19], KOTOpBIN B TeX ke MPEAMONOKEHHIX Tpe-
OyeT BBINOJHEHHUS CEMH KOMAaH] U BBIMOJHACTCSA 3a MATh TakTOB. OH aHAJIOTHYCH airo-
pUTMy OOMEHA COOTBETCTBYIOLIMMHU MOJSIMH JBYX PETHCTPOB, OIHMCAHHOMY paHee B IO/-
pasaene “OOMeH COOTBETCTBYIOLIMX MMOJel perucTpoB” B cronbue (B). 3mech, Kak U pa-
Hee, M — Macka, Beiaenstomas noie D.

u
t;[x@(x»kﬂ& m
t,=t <k
X'=x®t ®t,

Wnes coctout B TOM, uTO t; B mo3uiusx mosst D conepxut 6uret B@ D (1 Hy/iu B OCTab-
HBIX MOJISIX), a 1, cofepxur 6utel B@ D B mosie B. DTOT KO/, Kak U MPUBEICHHBIN paHee, pa-
0oTaeT KOPPeKTHO, Haxe eciii B m D mpepcraBisioT coboit mosst, pa30UThie HA YacTH, T.€. Ja-
JKE eCJIM B Macke M €MHUYHBIC OUTHI HE SBJISIFOTCS CMEKHBIMH.

YciaoBHBIH 00MeH

Metoasl oOMeHa W3 MPEIBIIYIIUX ABYX Pa3/elioB, WCIOIB3YIONIHE KOMAHIY UCKIIO-
yarouje2o Uy, BEIPOKITAIOTCA B OTCYTCTBUE KAKUX-ITHOO JAEHCTBHUH, €Ci Bce OMTHI MacKu
m Hynessie. Cie10BaTENbHO, 3TH METOABl MOTYT BBINOJHATH YCJIOBHBII 0OMEH COMEpKU-
MBIM PETUCTPOB, COOTBETCTBYIOLIUX MOJEH PETUCTPOB WU MOJEH B OTHOM PErUCTpE, €ClIU
HEKOTOpOE YCJIOBHE C NCTHHHO, W HE BBHIIOIHATH €r0 MPHU JOXKHOCTH yciaoBus. s sToro
JIOCTATOYHO, YTOOBI BCE OUTHI MAacKH M OBUIM HYJIEBBIMH, €CJIM YCIIOBHE JIOXKHO, U HMeE-
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JIUCh KOPPEKTHO YCTAHOBICHHBIC CJUHUYHBbIC OWUTHI MPH BHINOJHECHUU ycioBus C. Ecnu
¢bopMupoBaHNEe MAacKH M BHIIOJHAETCA 0€3 KOMaHJA BETBICHHS, KOJ YCIOBHOTO OOMeHa
TakxKe He Oy/AeT coiepKaTh ITUHX KOMAaH/I.

2.20. Bb160p cpeau ABYX WJIM 00JIbIIET0 KOJHYEeCTBA 3HAYEHUIH

IIpeamonoxum, 9TO mMEpeMEHHas X MOXKET NPHHHMAaTh TOJBKO /IBA BO3MOKHBIX 3Hade-
Hust — a u b. Iycts TpeGyercst IpUCBOUTH NEPEMEHHOM 3HaUCHHE, OTIMIAIOIIEECs OT TEKyIIe-
ro, MPUYEM aNrOPUTM HE JODKEH 3aBHCETh OT KOHKPETHBIX 3HaueHuidl a u b. Hampumep, B
KOMITWJISITOPE X MOJKET OBITh KOJIOM OJIHOW U3 Ollepaluii — nepexoo npu 8binOIHEHUU YCI08US.
WU nepexoo0 npu HeGbINOIHEHUY YCA06Us, U BaM TpeOyeTcsl M3MEHHTh TEKYIIWi KO/ Ha IPOTH-
BOIIOJOKHBIN.

Bor npocreiinuii ko HepeKIIOUeHNU:

if (x == a) x = b;
else x = a;

A 3TO0 ero KBUBAaJICHT B si3bike C:

x = (x ==a) 2 b: a;

OnHako cymecTBeHHO styyiiie (o KpaiiHei Mmepe 3G QeKTUBHEE) UCTIOIB30BATh APYTOW CIIo-
€00 X<a+b-x wm X< a®b®x. Eciu a u b — koHCTaHTHI, TO BEIYHCIECHHUS TPEOYIOT
BCEro OJIHOW WJIM JIByX KOMaHJ u3 6a3ooro MHoxectBa RISC-xomanza. EctectBenno, mepe-
MTOJTHCHHUE MPH BBIYUCICHHN a+ b MOXXHO UTHOPUPOBATE.

Bo3HnKaeT 3aKOHOMEpPHBIA BOIIPOC: CYIIECTBYET JU 3(p(PEeKTHBHBINA METOI IUKIMIECKOTO
mepebopa Tpex u Oosnee 3HaueHWH? VHBIMU CIOBaMH, IyCTh 3aJaHbl TPU MPOU3BOIBHBIE, HE
paBHbIE JAPYT APYTy KOHCTAaHTHI &, b u C. TpebGyercst HANTH JIETKO BBIYUCIIEMYIO QYHKIHIO f,
KOTOpast yIOBJIETBOPSET YCIOBHIM

f(a)=b; f(b)=c, f(c)=a.

JIro0oneITHO OTMETHUTH, YTO BCCTAa CYIIECTBYCT MOJMHOMHUAJIbHAA q)yHKIII/IH, YAOBJICTBO-
pAro1Ias yKka3aHHbIM YCJIOBUSIM. B CJlyda€ TpEeX KOHCTAHT 3TO q)yHKHI/IH

X:(x—a)(x—b) (x=b)(x=c),_ (x-c)(x-a)
)=o) cp) 2 (acb)(a=0)” (b-o)b=8)"" @

Wnes 3axmodaeTcst B TOM, YTO MPH X = @ HMEePBBIH ¥ MOCIETHUN WIeHH (QyHKINH oOparmia-
IOTCS B HYJIb U OCTACTCs TOJIBKO CPelHUil wieH npu koddduimente b u T.4. s BeraucaeHus
9T0# QyHKIIMM HEOOXOIUMO BBHINOJIHHUTEL 14 apudpmernueckux onepanuid, MpH 3TOM B 00IIEM
clly4ae IPOMEXYTOYHbIE PE3yJIbTaThl IIPEBIMIAIOT Pa3Mep MAIIMHHOTO CJIOBA, XOTS MBI IMEeM
JIETI0 BCETO JIMIIb C KBAAPATHYHOM (QyHKuMerd. OnHAKO eciii /Ul BHIYMCIICHUS TIOJIMHOMA IpHU-
MeHHTb cxeMy Toprepa®, TO MOHAMOBHTCS BBIIOTHATH TOIBKO MSTh APUPMETHUECKHX ONepa-
1yl (deThIpe IS BBIYMCIICHHUS KBaJAPATOB C LEIbIMU KO3 (DHIHEHTAMU 1 3aKITI0YUTENILHOE JIe-
nenue). [Tocne mpeobpazoBanuii (4) nonydnm cieayromuil Bug QyHKIUK:

% IMpasuno T'opHepa COCTOHT B BHIHECEHHH X 3a CKOOKH. HampumMep, OJTMHOM 4eTBEpTOil CTereHH
ax*+bx®+cx? +dx +e BBIYMCIIETCS KaK X ( x(x(ax+b)+c)+d ) +e. Jlns BEMMMCIEHHS TOJIMHOMA CTENCHH
N TpebyeTca N yMHOMKEHUH U N CIOXKEHUIH; Npy 3TOM HaIM4Ue KOMaH/bl YMHOXKEHHS CO CIIOKEHUEM CY-
IIECTBEHHO MOBHIIAET 3(P(PEKTUBHOCTD BEIYUCIEHUI.
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_ 1

=G E-ab-o
+[(a—b)b2 +(b-c)c? +(c—a)a2}x+
+[(a—b)a2b+(b—c)bzc+(c—a)acz]}.

{[(a-b)a+(b-c)b+(c-a)c]x +

[omy4yeHHOe BBIpaKEHUE CIUIIKOM TPOMO3KO W HETIPUTOTHO JUIS MPAKTHIECKOTO HCIOIb-
30BaHUS.

Emte oaua Metos ananorudeH Gopmysie (4) B TOM CMBICTIE, YTO TP BEIYUCISHHH TaKKe 0C-
TaeTcs TOIBKO OJTUH U3 TPEX WICHOB (QYHKIIUH:

f(x)=((~(x=c))&a)+((~(x=a))&b)+((~(x=b)) &c).

JUtst BEIYUCTICHHST STOTO BBIPKEHHS, IIPU YCIOBHM HAIMYXSA B Habope KOMaHJ MpeauKara
paBeHCTBa, Tpebyercst BBIMOMHUTE 11 KOMaHA, He cuWTas KOMaHIBI 3arpy3Kd KOHCTaHT. Tak
KaK JIB€ KOMaHJBI CJIOXEHHS CYMMHPYIOT [Ba HYyJEBBIX 3HAUEHHUS C OJHUM HEHYJEBBIM, HX
MOJKHO 3aMEHHMTh KOMaHIaMU U WIH UCKIIOUAIOWe20 UTU.

JanHyro GopMyIly MOXKHO YIPOCTHTb, €CIIH TIPEIBAPHTENLHO BBIUUCINTE 3HAUCHHS a—C U
b-c [19]:

f(x):((—(x:c))& (a—c))+((—(x=a))&(b—c))+c i

f(x)=((-(x=c))& (a®c))®((-(x=a))& (b&c))@®c.

Kaxmoe U3 3THX BBIPaKCHUN BBIYUCISCTCS BOCEMBIO KoMaHnamu. Ho Ha OonbImMHCTBE
KOMIBIOTEPOB 3TO, BEPOSTHO, HUUYTh HE IPPEKTHBHEE MPOCTOro Kojia Ha si3bike C, Il BBHI-
MIOJIHEHUS] KOTOPOT'O TPeOYyeTCsl OT YETHIPEX JI0 IIeCTH KOMAaH/I JIsl MaJIbIX 3HAYeHUH a, b U c.
if (x == a) x = b;
else if (x == b) x = ¢;
else x = a;

B [19] npeanaraetcs elie OJMH OPUTHHAIBHBIN METOJ O3 MePEX00B C IUKIOM BBHIOOPKH
U3 TpeX 3Ha4YeHHi, pabOoTaIOUINI JaXke TaM, TJie HeT KoMaH/ cpaBHeHus. Ha GobIinHCTBE Ma-
ITUH €r0 MOYKHO BBIMOJIHUTH 32 BOCEMb KOMAaH/I.

IMycts @, b u € He paBus! Apyr Apyry. CiaemoBaTenbHO, IMEIOTCS [Ba paspsia Ny u Ny Takue,
4TO OUTHI YKcen &, b u C B 3TUX pas3psjiax pasiuyHbl, U JBA 4uCiia, 00a OUTa KOTOPBIX OTINYA-
10TCst OT OUTOB Apyroro uncia. [Ipowsmroctpupyem s1o Ha npuMepe uucen 21, 31 u 20.

1 0101 c

(S

Be3 notepu obiHOCTH nepenMeryeM @, b u C Tak, 4ytoObl 6uThl @ 1 b ObuTH pazauyHbI B
o0oux paspsiaax, Kak M MokazaHo Bblme. Toraa cyniecTByer JiBa BO3MOXKHBIX Habopa OUTOB B

MO3MIIMH Ny, & IMEHHO (anl,b,11 ,cnl) =(0,0,1) mmm (1,0,0). AHaJOTH4HO, /Ul OUTOB B IO3HUIMH Iy
TaK)Ke BO3MOJKHBI J[Ba BapUaHTA! (aﬂ2 b, ,C,, ) =(0,1,0) mm (1,0,1). DTO NPUBOIMT HAC K pac-
CMOTPEHHUIO YEThIPEX BO3MOXKHBIX CITy4aeB, (DOPMYJIBI Ui KOTOPBIX PUBEAECHBI HUXKE.

Cuyudaii 1. (a,.b,.c,)=(012), (a,.b,.c,)=(010):
f(x)=x, *(a-b)+x, *(c-a)+b
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Coayuait 2. (anl,b i

—_

011), (a,.b,.c,)=(101):
o ¥(@=b)+x, *(a-c)+(b+c-a)

)

)=x
Ciywait 3. (a,,b, ¢, )=(10,0), (a,.b,.c,)=(010):
)
)

o ¥(b-a)+x, *(c-a)+a

X
2)=(100), (a,.b,.c,)=(101):
X)=x, *(b-a)+x, *(a-c)+c

B 3tux ¢opmynax JeBbIi omepaH] KaKI0ro YMHOXKEHUS MPEICTABISET COOON OTACIBbHBIN
our. Ymuoxkenue Ha O win 1 MoxHO 3aMeHHUTh oneparmedd ¥ ¢ O win ¢ 9uciioM, Bce OUTHI KO-
Toporo paBHbl 1. Takum 00pa3oM, 3TH GOPMYIBI MOXKHO HEpENHCaTh WHAYE, HAIPUMED JUIS
MIEPBOTO CITYYast MOTYIUM:

f(x)= ((x < (31— nl))>s>31j & (a—bj + ((x < (31— n2))>5>31] & (c—a) +b.

ITockonbky Bce mepeMeHHbIE, KpOME X, SBIISIOTCS KOHCTaHTaMH, (PYHKIIHIO MOXKHO BBIYHUC-
muTh BoceMbio 0a3oBbiMu RISC-komannamu. Kak u paHee, KOMaH/bl CIIOKCHUS ¥ BEIYUTAHUS
MOJKHO 3aMEHHUTh KOMAaHIAMU UCKTIOUAIOWe20 UTU.

JanHas ujiess MOKET OBITh PACIPOCTPAHEHA HA CIyYal MUKINYECKON BRIOOPKU U3 YEThIPEX
u Oosee KoHCTaHT. [ TaBHOE — HaWTH Takue HOMepa OUTOB Ny, Ny, ..., KOTOPBIC ObI UACHTU(DU-
LUPOBA KOHCTAHTHI CIMHCTBEHHBIM 00pa3oMm. [l 4eThIpeX KOHCTAHT BCeria JOCTaTOYHO
Tpex Mo3uiuii 6uToB. 3areM (B Clydae YeThIPEX KOHCTAHT) PEIIAOTCS ypaBHEH s Juis S, t, U u V
(T.e. pemraeTcs cucTeMa U3 YETHIPEX JIMHEHHBIX yPaBHEHUH, B KOTOPO# f (X) NmpHHUMaeT 3Ha-

ueHus @, b, cu d, a koapdurmentesr x, pasubl 0 i 1):
f(X)=X,8+ X, t+X, u+v.

Ecnu Bce 4eTslpe KOHCTaHTHI OINPEAEIAIOTCS JIByMsl OMTaMH €IMHCTBEHHBIM 00pa3oM, TO
ypaBHEHHE MPUHUMAET CIICTYIOIINH BHUI!

f(X)=X,S+%, t+X X u+v.
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['JTABA 3
OKPYIJVIEHME K CTEIIEHH 2

3.1. OkpyrJ/ieHue K KPaTHOMY CTelneHH 2

OxpyrieHue 1enoro 6€33HaKOBOI0O YHiciia X B MEHBIIYIO CTOPOHY, HAaIpuMep K Onmxaidmie-
MY 4YHCITy, KpaTHOMY 8, TPHBHAIIBHO: JUIS TOTO MOKHO HCIIOJIb30BaTh BBIPAXKEHHE X & —8 HIIH

u
(x>> 3) < 3. Oror crocob paboTaeT u co 3HAKOBBIMH LIEIBIMH YHCIIAMH, IIPOCTO 31€Ch “ OKPYT-

JICHHE B MEHBIIYIO CTOPOHY  O3HA4aeT OKPYIJIEHHE K MEHBIIEMY OTPULATENLHOMY YHCITY, Ha-
npumep: (-37) & (-8)=-40.

OxpyrieHue B OOJIBIIYIO CTOPOHY BBINOJHSETCS MPAKTUYECKH TaK ke mpocto. Hanmpumep,
OKpyrjieHHe 0€33HaKOBOTO LEJIOr0 X B OOJIBIIYIO CTOPOHY K CIEAyIomeMy KpaTHoMy 8 peanu-
3yercs OaHOH nu3 hopMyir: (X+7)& -8 mm X+(-X&7).

O1u HOpMyIBl KOPPEKTHBI M ISl 3HAKOBBIX LEJBIX YHCEIN, MPUYEM " OKPYIIICHHE B 00Jb-
LIYIO CTOPOHY” O3HAYaeT OKPYyIJICHHE B IOJIOKUTEILHOM HarpasiieHHd. Bropoe ciaraemoe BO
BTOPOM BBIPQKEHUH MOJKET OBIThH IOJIE3HO caMo 110 cebe, Tak KaK 03HAa4aeT PasHOCTb MEXIY
OMKaMIIUM KPaTHBIM 8 YuciIoM, GoNbIINM X, U caMuM X [22].

JIiist OKpYTIICHHMS 3HAKOBBIX LISJIbIX YHCeN K OrmKaiiieMy kpaTHoMy 8 mo Harpaeienwo K O (T.e.
—37 okpyraasieTcst 10 —32) MOKHO MPOCTO CKOMOWHUPOBATH MIPUBEICHHbBIE PAHEE BHIPAKEHHS

te(x>s>31j& 7;
(x+t)&-8.

S u
[lepByto opMyny MOXHO TepenucaTh HECKOJIBKO HHAYe: t<—(x>>2j>>29, YTO MOXKET

MIPUTOJUTHCS TIPH OKPYTJICHHH Ha KOMITBIOTEPE ¢ OTCYTCTBYIOIIEH KOMaHOM u ¢ Henocpedcm-
6€HHO 3A0AHHbIM 3HAYEHUeM WIN B TOM CIIydae, eClIM KOHCTAHTa OKa3bIBACTCsl CIIUIIKOM BENU-
Ka JUIS pa3MeIleHus B OTBOAUMOM JIJIsl Hee ToJIe.

WHorna mpu OKpYIJIEHHH YKa3bIBAeTCS MHOXKHMTENb OKPYIJIEHHMs, TIPEICTABIISIONINNA CO00i
log, OT BeMMYMHBI OKPYIIICHUS (TaK, 3HAYeHHE 3 03HAYaeT OKPYIrICHHE K YHCIY, KpaTHOMY 8,

Tak Kak log,8=3). B 3TOM ciiydae MOXHO HCIIOJIb30BaTh MPUBEACHHBIC HIDKE (OPMYJIbI, TIe
K — MHOKHUTEITH OKPYTIICHHSL.

OkpyryieHuE K MEHBIIEMY YUCIY: X & ((_1) < k)
( X >u> k) <k

Oxpyrnenue k GompmieMy gucy:  t« (1<k)-1;, (x+t)& -t wm
t—(-1)<k; (x-t-1)&t
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3.2. OkpyrJ/ieHue K OJsKalIei creneHu 2

Omnpenenum dynkuun flp2(x) 1 clp2(x), KOTOpble OKPYIIIAIOT YUCIO X K OvKaiiinei ue-

JIOW CTETeHH 2, CIEAYIOLUIMM 00pa3oM:

He onpeneneHa, X <0, He onpenenena, X <0,
flp2(x) = 0, x=0, cp2(x)= 0, x=0,
2o, x>0 o], x> 0.

3nauenne dynxuum flp2(x) mpexncrapisger coOOi HAMOONBLIYIO LIETYIO CTENEHb 2, HE Hpe-
BOCXOJISIIIYIO 3HAYCHHUE X, a GYHKUMH Clp2(X) — HAMMEHBIIYIO LEIyI0 CTCICHD 2, He MCHBIIIYIO,
4eM X. OTH OIpeseNieHNs UMEIOT CMBICI ¥ JUIsl Henenbix X (Hampumep, flp2(0.1)=0.0625). Otu
(GYHKIMH yJIOBIETBOPSIOT Psily OTHOIIEHWH, aHAJOIMYHBIX OTHOLICHHSAM MEKIY (QYHKIUSIMA
floor(x)=| x| u ceil(x)=[ X, B YaCTHOCTH NPHBEICHHBIM HIXKE.

| x|=[x], Tompko ecmm X — nenoe  flp2(x)=clp2(x), TonbKO eciu X — creneHb 2 uimm 0
| x+n]=[x]+n flp2(2"x) = 2"fIp2(x)
[x]=-]-x] clp2(x)=1/flp2(1/x), x#0

[pu BEMUCICHUSX UCHIONB3YIOTCS TOJNBKO LieJble OS33HAKOBEIC 3HAUCHHS X, TaK YTO 00¢ (yHK-
LMK OTpe/iesIeHbl I JTI0OBIX BO3MOXHBIX 3HaueHuii X. Kpome Toro, ucmons3yercsi TpeboBaHue,
YTOOBI BBIUHMCICHHOE 3HAUCHHE IIPENICTABIII0 COO0H 3HAUCHHE 10 MOMIYIIIO 2% (takuM 06pasoM,
clp2(x)=0 mpu x>2%). lanee npesicraBiens! 3HaueHMs PYHKIMIT U1l HEKOTOPBIX 3HAYCHHI X.

X flp2(x) clp2(x)
0 0 0
1 1 1
2 2 2
3 2 4
4 4 4
5 4 8
231 1 230 231
231 231 231
231 +1 231 0
232 -1 231 0

Dynkumn flp2(x) u clp2(x) cBA3aHbl MexITy OO0 ONpPENeTIeHHBIMU COOTHOLICHUSAMH, KO-
TOpBIC MO3BOJISIIOT BBIYUCIHTD 3HAUCHHUsI OHOH QyHKIMK U3 3HAYCHHH Apyroi (¢ yueToM yka-
3aHHBIX OIPAHHYCHHH).

u
2f|p2(x—1), x#1, clp2(x+2+1j, x#0,
clp2(x) = flp2(x) =

pr2(2x—l), 1<x<2%, clp2(x+1)12, x < 2%
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DyHKIUKA OKPYTICHUSI B OOJIBIIYIO M MEHBIIYIO CTOPOHY MOXKHO JIOCTATOYHO JIETKO BBIYHC-
JIUTH C TIOMOIIBI0 (DYHKIMH, BRIYUCISIIOIIEH KOIUYeCmeo 6e0yuwux Hyneebix OUmos, Kak moka-
3aH0 HinKe. OHAKO, YTOOBI TH (OPMYIIBI MOXKHO ObUIO HCIONMB30BaTh Amsa X=0 u x>2%, ko-
MaHJBI CIBUTA Ha BaIlleM KOMITbIOTEpE MOJDKHBI AaBath O mpu caBure Ha BenmmduHbl —1, 32 u
63. Ha muornx mammuax (sanpumep, PowerPC) ects komanma “capura mo Moaysto 64", koto-
past paboTtaet uMeHHO Tak. OTPHULIATEIbHBIN CBUT SKBUBAJICHTEH CIBUTY B IPOTHBOIIOJIOKHOM
HanpasjieHuH (T.€. CIBUT BJEBO Ha —1 — 3TO MPOCTO CIBUT BIIPaBO Ha 1).

flp2(x) =1« (31-nlz(x))=
=1<(nlz(x)®31)=
— 0800000003 nlz ()
clp2(x) =1« (32-nlz(x-1))=
— 0X80000000> (nlz(x —1) - 1)

OxpyrieHue B MEHbIIYIO CTOPOHY

B mucrunre 3.1 npuBeneH anroputM 0e3 BETBJICHUS, KOTOPBIH IMOJIC3¢H B ClIy4ae OTCYTCT-
BUs (DYHKIIMH, BBIYUCISIFOIICH KOIUUECmB0 6e0yujux HY1e8blXx Oumos. AIrOpUTM OCHOBaH Ha
pacipoCTpaHEeHHH BIOPABO KpalHEro CjieBa AMHIMYHOTO OUTa U TPeOyeT s pealu3aliy BbI-
nojiHenus 12 xoMmas.

Jlucrunr 3.1. HanGoapmas crenenb 2, He MPeBOCXOASIIAs 3HAYEHHE X

unsigned flp2 (unsigned x)
{

x =x | (x> 1);
x =x | (x> 2);
x =x | (x> 4);
x =x | (x> 8);
x =x | (x> 16);
return x - (x >> 1);

B nuctuare 3.2 moKa3aHbl JiBa MPOCTHIX [HKJA, BRIYHACIAIONIMX OJTHY U TY K€ (PYHKIIHIO.
Bce mepemeHHBIE B TPUBENCHHBIX (parMEHTaX MPEACTABISAIOT cO00il OE33HAKOBEHIC IENBIC
gyrcna. Lk cripaBa oOHyJsIeT KpaifHUH clipaBa eIMHUYHBINA OWT MepeMeHHOH X O TeX Mop,
IOKa OHA HE CTAaHOBUTCS paBHOM 0, OCIe 4ero Bo3BpaIiaeTcs mpeabiaylee 3HaYeHHue X.

Jluctunr 3.2. OKpyrieHne X B MEHBIILYH) CTOPOHY

vy = 0x80000000; do {
while (y > x) v = X;
v =y > 1; X =X & (x - 1);
return v; } while(x != 0);
return y;

Ilpu BEIYUCIIEHNH JIEBOTO (parMeHTa Tpedyercsa 4nlz(x)+3 KOMaHIbI; UMK CIIpaBa HpU
x#0 TpeOyer BbInonHeHHs 4pop(X) KoMamT, ecii cpaBHenue ¢ 0 HMEeT HyJIeBYI0 CTOMMOCTb.

! dyuxims pop(X) BO3BpallaeT KONHYECTBO CAUHHYHBIX OUTOB B X .
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OxpyrJ/ieHue B 00JbIIYI0 CTOPOHY

Hcnonp3oBaHue pacnpoCTpaHEeHHs CTapuiero OMTa BOPABO JAET XOPOIIHUHA aarOpuTM IJist
OKpyTJIeHHs K Omkaiimeil Oonpimeii crenern 2. [IpencTaBieHHBIA B JUCTUHTE 3.3 alIrOPHTM
HE UMEeT KOMaH 1 BETBJICHHS U BHIMOJHsETCS 32 12 KoMaH/I.

Jluctunr 3.3. HanmeHb1Ias cTeneHb 2, He YCTYNAOMAsl 3HAYEHHIO X
unsigned clp2 (unsigned x)

{

x =x - 1;

X X | (x >> 1);

x =x | (x> 2);

X = X | (x >> 4);

X = X | (x >> 8);

x =x | (x> 16);

return x + 1;

TTombITKa MPOBECTH BBIYKMCICHUE C MCIIOIB30BAaHUEM IIMKIA pabOTaeT HE TaK XOPOIIO, KaK
XOTEIOCH OBI.

y = 1;

while (y < X) // Be33HaKOBOE CpaBHeHUE
y = 2*y;

return y;

Jlnst x=0 saHHbIT anroput™ gaet 1, 4To He coBceM TO, uTo Tpebyercs; a mpu X2 mpowc-
XOJINT 3alMKIMBaHUe. BrrancieHus TpeOyroT BHIOTHEHUS 4n+3 KOMaHJ, rie N — CTerneHb 2
BO3BpAaIaeMoro KoioM uucia. Takum oOpa3oM, 3TOT auropuTM OymeT padoTaTh MeIIeHHee
anropurMma 6e3 BeTBIIcHHUS yike rpu N> 3 (T.e. mpu X>8).

3.3. [IpoBepka nepecevyeHusi rPaHUIbI CTeNeHH 2

IIpenmnonoxuM, 9To BCs MaMATh pa3lielieHa Ha OJIOKH, MpHYeM pa3Mep KaxIoro Oioka mpe-
cTaBisieT coboif crenens 2. Hymepanus agpeco Haumnaercs ¢ 0. biioku mMoryTt OBITH crioBamH,
JIBOWHBIMHA CJIOBAMH, CTPAaHWIAMH ¥ T.I. IIyCTh JaH HEKOTOPBIN HauabHBINA ampec & u umHa |.
Tpebyercst onpeienuTh, IEpPEceKaeT JIM AUANa30H apecoB oT a 10 a+| —1, 1>2, rpanuim 6i0ka
Wi HeT (BeMUMHBI @ U | — 1enble 0e33HaKOBBIE, TIOJHOCTHIO pa3MelaeMbIe B PETUCTPAXx).

Ecim =0 win 1, T, HE3aBUCHMO OT 3HAYEHHUS @, lepecedeHus Tpanuil 61oka He 6yaet. Ec-
mu | npeBbimaer pasmep 0j10Ka, TO, KAKUM Obl HU OBUIO 3HAYEHHE @, MPOM30MIET BBHIXOJ 3a
rpanuipl 010Kka. Jis odeHb Gonbmx 3HaueHHH | (C BO3BMOXHBIM IUKIMYECKHM BO3BPATOM)
BBIXOJI 32 TPAHUIIBI OJIOKA MOXET MPOU30UTH, JaKe €CIU MEePBBIA U MMOCICIHUA OAWThI qUara-
30Ha aJIPECOB PACIIOJIOKEHBI B OJTHOM OJIOKE.

st IBM System/370 onpenenth, IPOM30MIET K BBIXOJ 33 TPAHHIBI 0JI0KA, OKa3bIBAETCS
Ha yauBIeHHE TIpocTo [7]. BoT kak 3TOT MeTox paboraet st pasmepa 6i0ka, pasHoro 4096
Oaiit (cTaHZapPTHBIN pa3Mep CTPAHUIIB).

] RA, =A(-4096)
ALR RA,RL
BO CROSSES

B nepBoii komaHjie HajJ PErHCTPOM RA (B KOTOPOM COJEPXKHTCS HavalbHBIA agpec a) H
YUCIOM OxFFFFF000 BBIIOJHSACTCS KOMaHIa nobumosoeo unu. Bropas komaHaa 100aBisieT K
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perucTpy IUTHHY, B PE3yJIbTaTe YeTo yCTaHABIMBAeTCsA NBYXOMTOBBIN (urar ycmoBus. [1epBorid
(ar ycraHaBIMBaeTCs B 1, €CIIM MPH CIIOKEHUH TIPOU3OIIEN TIEPEHOC, @ BTOPOH OKa3hIBaeTCs
YCTaHOBJICHHBIM, e€ciH 32-OMTOBBIN pe3ynbTaT CIIOKeHHWS HeHyJeBoil. Ilepexon B mociemHeit
KOMaH/I€ BBHIITOIHACTCS TOJIBKO TOTAA, Koraa oba ¢uara ycinosus pasHbI 1. [Tocie BeImonHeHHS
mepexona RA OyzmeT coiepikaTh JUIMHY JHala3oHa apecoB, BRIXOISIIYIO 3a MpPeIebl IepBOM
CTpaHUIlbl (JIOMOJHUTETBHASI BO3MOKHOCTbD, KOTOPasi HE 3alpalinBaiach).

Ecnu, nanpumep, a=0 u | =4096, nepeHoc OyaeT UMETh MECTO, OJJHAKO PE3yJbTaT B Peru-
CTpe RA OKaXKETCS HYJIEBBIM, TaK YTO MepexoJia K MeTke CROSSES He Oyer.

Temnepb TOCMOTPUM, HENB3S JH aAaTUPOBATL 3TOT MeToxa s RISC-kommbioTepoB, Ha KO-
TOPBIX HET KOMAH[BI nepexood npu HAIUYUU NepPeHoCd U HEeHYIe8020 pe3yabmama KOMAHObL.
IMpumeM [yt mpocToThl pasMep Giioka paBueiM 8. CorsacHo [7] nepexox mo metke CROSSES
MPOM30M/ET TONBKO B TOM Cllydae, ecin Obu1 mepetoc (T.e. (a|-8)+1>2%) u ecnu pesyabrar
He paBeH Hyio (1.e. (a|-8)+1#2%), uro skBUBaNEHTHO ycaoBuio (a|-8)+1>2%. Dro ycio-
BHE, B CBOIO O4Yepeb, YKBUBAIICHTHO IOSBIICHHUIO TTEPEHOCA B TIOCIEAHEM CIIOKCHUH TIPH BBI-
ancnennn ((a|-8)—1)+1 . Ecin B KOMIIBIOTEPE NMEETCSI KOMAHJA N1€Pexo0 Npu HAIUdUl nepe-
HOca, TO NAHHBIH aJTOPUTM MOXXHO HCITONIB30BAaTh HEIOCPEACTBEHHO; TIPH 3TOM MOTpedyeTcs
IITh KOMaH]I C Y9€TOM 3arpy3Kd KOHCTaHTHI —8.

Ecim xe Takoii KOMaHIBI HET, MOYKHO BOCIIOJIB30BATHCS TE€M, YTO TIEPEHOC MPH CYMMHPO-

u
BaHUU X+ Y TPOUCXOIUT TOTJA M TOJBKO TOTAAa, KOraa —xX<y, n 6yz[eT TMOJYYCHO BBIPAKCHUEC
u
~((al-8)-1)<1 .

Hcmons30BaHue pa3snMIHBIX TOXKAECTB THIIA —(X —1)=—X XaeT psj SKBUBAIECHTHBIX BEIPa-
JKEHUSI TSI IPeINKaTa “BBIXOJT 33 TPaHHUIIBI OJIoKa” .
u
-(a|-8)<I
u
—(a]-8)+1«l
u
(-a&7)+1<I
Ha 6omprmacTBe RI SC-KOMITBIOTEPOB 3TH BBHIPKEHNS BEIYUCIISTIOTCS 32 TISITh WK IIECTh KOMAaHI.

C npyroit CTOPOHBI, OYEBHIHO, YTO BBIXOJ 33 TPaHHUIbI 8-0aiTOBOTO O6JI0KA MIPOM3OUIET TO-
rJa ¥ TOJIBKO TOrza, korga (a& 7)+1-1>8. HenmocpencTBEHHOMY BBIYUCIICHHIO 3TO BBIpaxe-

HHUE HE MOJIAeTCSI B CHJIY BO3MOXHOTO MMEPENoHeHusT (KOTOPOE BO3HHKAET MPU OYEHb 0O0JIb-
mx |). OnHako ecnu IepemucaTh BhIpaXeHHe B BHue 8—(a& 7)<|, To ero MOXXHO BBIYHC-

JINTh, HE BBI3bIBASI ICPETIOTHEHHSI.
DTO MaeT HaM BBIpKEHUE
u
8-(a& 7)<l ,

KOTOpOE€ Ha OOJILIINHCTBE RlSC'KOMHLIOTepOB BBIYUCIACTCA IPpU NOMOLIU IIATU KOMaHg (I/IJ'II/I
YCTBhIPEX, €CJIM KOMIIBIOTEp UMECT KOMAHAY 8blYUMAHUS U3 Henocpec)cmeeHHo 3040AHHO20 3HA-
'{eHu}Z). HpI/I HaJIMYUK BbIXO/JIa 3a I'PaHUIbL O110Ka OJIHA JOIIOJIHUTCIIbHAsA KOMaHaa BbIUYHUTAHUA

MO3BOJSET BEIYMCIUTE 3HaueHue | —(8—(a& 7)) , KOTOpOe JaeT HaM JJIMHY MOJAAuana3oHa aji-

PECOB, BBIXOAALICTO 3a NPEACIIbI IICPBOTO O0Ka.
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['JTABA 4
APUOMETHUHYECKHUE I'PAHUIIBI

4.1. IIpoBepka rpaHuil HeJbIX Yuces

IMox “mposepkoii rpanun” (bounds checking) moxpasymeBaercst mpoBepKa TOTO, HAXOIUTCSE

JIM TIeJT0E 3HAUCHHE X B MPEIeiax qUara3ona ot a 7o b, T.e. BBITOIHACTCS JIH COOTHOIIIEHHE
as<x<hb.

CunraeM, 4TO BCE YIIOMSHYTHIE 3/1€Ch BEIMUHUHBI IPEICTABIAIOT COOOI 1IEbIe 3HAKOBBIE YMCIIA.

BakHBIM MPUMEHEHHEM JAHHOTO JEHCTBUS ABISAETCS MPOBEPKA UHIEKCOB DJIEMEHTOB Mac-
cuBa. Hampumep, mycTs 0OBABIEH OJHOMEPHBIH MacCUB A, HIKHSASA U BEPXHAA TPaHMIA KOTO-
poro coorBetcTBeHHO paBubl 1 1 10. IIpu obpamieHuy K 9neMeHTy MaccuBa A(i) KOMIHIITOP
MOYET CTEHEPUPOBATEL KOJI JUIA TIPOBEPKH KOPPEKTHOCTH MHiekca 1<i <10. Eciu i BeIX0auT 32
npenensl 00bIBICHHOTO JUaNa3oHa MHIEKCOB, BBIMOIHACTCS KOMaHIa nepexoda WA npepol-
eanus s 00paboTKU omMOKK. B 9TOM pasjelne MokasaHo, YTo Takas MpPOBEPKAa MOKET OBITH
BBITIOJTHEHA TIOCPEACTBOM OJIHOTO cpaBHeHus [52]:

. u
1 —-1<9.
O4eBUAHO, YTO ATOT METOJ Jy4llle MPEIbIIYIIEro, MOCKOIbKY COJIEPKUT TOIBKO OJHY KO-
MaHJy YCI08HO20 6emEIeHUs; KPOME TOro, 3HaueHue i—1 B JajbHEHIeM MOXHO HCIOJIB30-

BaTh MPH aJpecaliiy JIEMEHTa MaCCHBA.
Bo3HuKaeT BOIpoC: BCer/ia Jik CIPaBe/IiBa peai3alust

u
as<x<b= x-a<b-a

(BkuTrOYAsT Ciydaidl MEperoNHeHUs NMpH BhMUTaHWK)? Jla, NPH BBIIOJHCHHH YCIOBUS a<b.
B ciyuae nmpoBepky rpaHHIl MaccHBa IpaBuiia sI3bIKa IPOrPaMMHUPOBaHKS MOTYT ITOTPeOOBaTh,
4TOOBI MAaCCHB HE MOT MUMETh HYJIEBOT'O WJIM OTPHULATEIFHOTO YHCIIA 3JIEMEHTOB, IIPHYEM IIPO-
BEpKa BBIIIOJIHEHHSI 3TOTO MPaBUJIa MOXKET BBIIOJIHATHCS BO BPEMsI KOMITWIALMN HPOTPaMMBI
WK TPH BBIACNCHUU NMaMSATH JUIsl AUHAMUYECKHX MAacCHUBOB. B 3TOM ciydae paccMOTpeHHOE
BBIIIIE IPE0Opa30BaHKE BIIOJIHE KOPPEKTHO.

Jlis Hauana JoKakeM CIeIyIOUyIo JIEMMY.

Jlemma. Ecau a u b — suaroswle yenvie uucna, npuuem a<b, u ecau paccmampusams
sblulcaenHoe 3Havenue b—a kax Oe3znHaxosoe yenoe yucio, mo Mo 3HAUEHUe Kop-
PpeKmHo npeocmasiiem apupmemuyeckoe sHavernue b—a.

Joka3zarenncTBo. ([Ipeanonaraercsi, 4To UCHOIB3yeTCst 32-pa3psaHbiii KoMmbioTep.) Tak
Kak a<b, To 3HadYeHHMs apuUPMETHUECKON pasHOCTH b-—a Haxomarcs B muama3zoHe oT O mo
(231 —1) —(—231) =2% —1. Ecu UCTUHHOE 3HAYEHME PA3HOCTH HAXOAMTCA B auanazone ot 0 10
2%1_1, To BBIYKMCIIEHHAS KOMIIBIOTEPOM Pa3HOCThb OyIET KOppekTHa (Tak Kak OuT 3Haka paseH O
[IPU PACCMOTPEHHHU PE3yJIbTaTa KakK IeJI0r0 3HAKOBOTO YKciia). TakuM 00pa3oM, BHIUHCICHHBIH
pe3yibTaT Oy/eT KOPPEKTeH HEe3aBUCHMO OT TOTO, KaK OH MHTEPIIPETHPYeTCsS — KakK 3HAKOBOE
Wi 6€33HaKOBOE IIEJT0E YUCIIO.
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Ecii 3HauYeHHe HCTHHHOMN Pa3sHOCTH HAXOXUTCS MEXKIy 2o i 2°°—1, BHIUHCIICHHBINH KOMITh-
OTEPOM Pe3yJIbTaT GyAeT OTIMYATHCS OT HCTHHHOTO Ha 2 (IOCKONBKY 3TO UHCIIO HE MOXKET
ObITh MpeacTaBieHo 32 GUTaMM IIPH 3HAKOBOW MHTepIpeTanuu). TakuM o0pa3oM, IpH 3HAKO-
BOIi MHTEpIPETAIMK Oy/IeT MOTydeH Pe3y/IbTaT, JeKAIIMil B AHanasone ot —2°> 10 —1. Pe3yiis-
TAT MAIIMHHOTO BBIYMCICHHS TAKKE YMEHBIIACTCS HA 2°7, TIPH 9TOM OWT 3HAKA CTAHOBHTCS
paBHbiM 1. OmHAKO eciy paccMaTpHBATh BBHIYMCICHHBIH pe3ysbTaT Kak Oe33HAKOBOE IIEJ0e
YHCII0, TO €r0 3HAYCHHE 3a CUeT WCIOJIL30BaHUs OWTa 3HaKa (KOTOPHIH MPU 3TOM HMEET BeC
2% YBEITMYUBACTCS Ha 2%, CiienoBaTeNbHO, PH PACCMOTPEHHN pe3yipTaTa Kak 0e33HaKOBOTO
LIEJIOr0 YUCIIa OH KOPPEKTHO MPEJCTABISET HCTHHHOE 3HAYCHHE.

Temnepb MBI MOXKEM TIEPEUTH K “TeopeMe IpaHull” .

Teopema. Ecau au b —yenvie 3naxosvie yucia u a<b, mo

anSb:x—a%b—a. 1

JlokazaTesibcTBO. B 3aBUCHMOCTH OT 3Ha4CHHUS X, BO3MOXKHBI Tpu ciy4vasi. CornacHo pac-
CMOTPEHHOH paHee JeMMe, IIOCKOIbKY B JI000M U3 ciydaeB a<b, 3HaueHue b—a, paccMat-
pruBaeMoe Kak Ge33HAKOBOE IeJI0e YUCII0 (Y4TO M MPOUCXOMuT B ypaBHennu (1)), paBHo apud-
METHYECKOMY 3HAUCHHIO PA3HOCTH b 1 a.

Crayqait 1. x<a. [Ipu sToM pasHOCTE X—a, paccMaTpuBaeMas Kak Oe33HaKOBOE YHCIIO,
paBHa X-—a+2%. Kakumu Obl Hu Oblty 3HaueHUs X U b (B nuanazone 32-OMTOBBIX YKCEN), BbI-
TOJIHSAETCS. HEPABEHCTBO X+ 22 >b W COOTBETCTBEHHO X—a+2%2>b-a. CrienoBaTeiapHO,
X —a>b-a u 06e yactu ypasaeHus (1) 10KHBL

Ciyuait 2. a<x<b. B stom ciryuae apudmernueckn x—a<b-a. Tak kak a< x, To corjiacHO
JIeMME MCTHHHOE 3HAYCHHE PA3HOCTH X—a PABHO BBIYHCICHHOMY 3HAYCHHIO X —a , €CJIM paccMat-
puBaTh ero Kak Oe33HakoBoe. Clie0BaTENbHO, X — asb-a u obe uactn ypaBHenus (1) UCTHHHEL.

Ciyuait 3: x>b. B Takom cirysae x—a>b—a . Tak kak b>a, B aTOM ciiydae x> a , 1 cornac-
HO JIeMME UCTHHHOE 3HAYCHHE PA3HOCTH X— & PABHO BBIYMCICHHOMY 3HAYCHHIO X —a , PACCMATPH-
BaeMOMy Kak Oe33HaKoBoe urcio. ClenoBaTesbHO, X — a>b—a u obe uactn ypaBHenus (1) JTOXKHBI.

PaccMoTpenHas TeopemMa CIpaBeInBa U ISl 6e33HAK08bix TENbIX a u b. J{ist 6e33HaKOBBIX
YHCeT PACCMOTPEHHAS JIEeMMa CTaHOBHTCS TPUBHAIBHOMW, a 3HAYMT, TIPUBEICHHOE BBIIIE TOKA-
3aTELCTBO TEOPEMBI CIIPABEINBO U JUTS OE33HAKOBBIX YHCEI.

Hwke mpuBeeHO HECKOJIBKO aHAJOTHUYHBIX MPE0Opa30oBaHMil, MONYUIECHHBIX U3 TEOPEMBI
TPaHUI] ¥ IPUMEHUMBIX KaK JUTS 3HAKOBBIX, TaK M JJIsi 0€33HaKOBBIX TIENBIX &, b 1 X.

u u
Ecima<b,to as<x<b=x-asb-a=b-x<b-a.
u
Ecima<b,to as<x<b=x-a<b-a )
u
Ecima<b,to a<x<b=b-x<b-a.
u u
Ecma<b,to a<x<b=x-a-l<b-a-1=b-x-1<b-a-1.
B mocnemnem npeobpazoBannu b—a—1 MOXXHO 3aMEHHTh Ha b+—a.

Ilpu npoBepKe rpaHMYHBIX YCIOBMA Buga —2"' < x<2"'—1 jyyiie MCNOIL30BAThH APYIHE
npeoOpa3oBanus. [IpoBepka TaKuX YCIOBHH ONPENENSCT, MOXKET JIM 3HAKOBOE YHCIIO X OBITH
KOPPEKTHO MPEICTaBICHO KaK N-pa3psIHOE 1IeJI0€ YUCIIO B JOTIOJHUTENBHOM Koje. Huxe npu-
BOJIUTCSI HECKOJIBKO PABHOIICHHBIX METOJIOB POBEPKH Jiist N=8.
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a)  —128<x<127

6)  x+128<255

B) (x>s>7)+1%1

1) x>7=x>31

) (x>s>7)+(x>u>31)=0
¢) (x<<24j>s>24= X

) x@(x>s>31)3127

Coornomenus (6) u (B) MOJyYEHBI HEMOCPEACTBEHHO M3 MPEIBIAYIIEr0 MaTepHaa riaBbl
(B dopmyre (B) mpeobpazoBaHne MPUMEHEHO K 3HAYCHHIO X, CIABHHYTOMY BIIPaBo Ha 7 OWT).
Beipaxenust (B)—(e) (a, Bo3MOxHO, U ()K)), BEPOSTHO, CIEAYET HCIOIB30BaTh, TOJIBKO €CIIH
KOHCTaHTHI 13 (a) 1 (0) IPEBBIIAIOT Pa3MephI MOJIEH HEMOCPEACTBEHHO 3a]aBaEMbIX 3HAYECHUI
B KOMaHAX CPABHEHUS U CLONCEHUSL.

Jli1s ellie 0IHOTO YaCTHOTO CilyYast IPOBEPKHM IPAHMUL MPUMEHMMO NPEOOpa3oBaHUE

u
0<x<2" —1<:>(x>>nj=0
win B 0oJiee 00IIeEM BUIE

as x£a+2”—1@((x—a)>u>nj:0.

4.2. OnpenejieHre rPaHUI] CYMMbI U Pa3HOCTH

Psi onTUMU3UPYIONMX KOMITHUIIATOPOB B IMpOIEcce paOOThl BBHIIOJIHSIOT aHAIU3 00JIacTU
3HAYCHUH BBIPAKCHUI, KOTOPBIU MPEICTABISACT COOOM MpoIecC ONpeeTICHUs BEPXHEH U HIDK-
Hell TpaHuI] 3HAYCHUH apu(PMETHUECKOTO BRIPAXKECHUS B MPOrpaMme. XOTs Takasi ONTHMHU3AIHS
peabHO HE MPHUBOIMT K OOJBIIOMY BBIUTPHINLY, TEM HE MEHEE OHA MO3BOJISIET BHOCHTH B MPO-
rpaMMy ONpe/CICHHBIC YIYYIICHHs, HATIPUMEP M30eKaTh MPOBEPKU JHANIA30HA B OMEPATOPE
BBIOOpA switch s3pika C WU MPOBEPKH 3HAYCHUIT WHICKCOB B PEKUME OTIAIKH.

[IpennonoxuM, 9TO IMAma30H 3HAYCHUH NBYX HMEPEMEHHBIX X H Y 3a7aeTcs CIeNYIOMINM
o6pa3oM (Bce BEIMUMHBI 0€33HAKOBEIE):

as<x<hb, )
c<y<d.
KakoBeI B 3TOM cilydae KOMITAKTHBIE TPAHWIBl 3HAYEHUH BBIPAXKEHUH X+Y, X—Y H —X ?
OueBuaHO, 4TO apudpmeTndeckun a+c<x+y<b+d. Ho mpobiema B TOM, 4TO MpU BBIYHUCIIC-
HUH BIIOJTHE MOKET BO3HUKHYTH MTEPEIIOTHEHHUE.
OnuH U3 crocoOO0B onpeAeICHNs hana3oHa 3HaYCHNI OCHOBAH Ha CIIeIyIoNIel TeopeMe.

4.2. OTIPEJJEJIEHUE T'PAHUL] CYMMBI 1 PASHOCTU 65
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Teopema. Ecnu a, b, ¢, d, X u y — 6essnakosvie yenvie uucna, npuuem
u
as<

u u
<

c<y<d,

0<x+ y§232—1, ectma+c<22-1ub+d>2%,

u ; ©)
a+c<x+y<b+d  BmporuBHOM Ciyyae;
O%x—y%f’z—l, ecima-d<0ub-c>0, ®)
a—-d % X — y%b -c B IIPOTHBHOM CIIydae;
0<-X<2% -1, ecma=0mnb#0,
(6)

u u
—b<-x<-a B MPOTHBHOM CITydae.

HepasenctBo (4) riacut, 4To 3HAYECHUS] CYMMBI X + Y 00blYHO HAXOAATCS B JHAMAa30HE OT
a+c 1o b+d.OnHako ecnu pu BeIYHUCIEHUH b+d OBUIO TIepenoHeH e, a TPH BHIYHCICHUH
a+C TepernoyHeHNs He ObLIO, TO HIDKHEW U BEpXHEH rpaHUIlAMU CYMMBI X + Y OyIyT COOT-
BercTBeHHO O M MakcuMasbHOe 6e33HaKoBOe Ieoe umcio. Beipaxernns (5) nHTepnpeTHpyoT-
Csl aHAJIOTUYHO, HO 3HAYEHHE MCTUHHOHN pa3HOCTH, MeHbInee O, 03HadaeT, 9TO MMEIO0 MECTO
nepernoiHenue (B OTPHIATEILHOM HAIPaBJIEHUH).

Joxa3aTeabeTBo. [IycTh 3HAUCHUS X U Y HAXOMATCS B YKa3aHHBIX BBINIC AHana3oHax. Eciu
IIpH BBIYHMCICHUN 00eUX CyMM — a+C ¥ b+d — mepenosiHeHust He OBUIO, TO ¥ NPU BBIYHUC-
JICHUH CYMMBI X + Y TIEpeToNHeHHs He OyIeT M BBIYMCICHHBIH pe3ynbTaT OyIeT MpaBHiIbHBIM
(uto U yTBEpKIAET BTOPOE HEpaBeHCTBO w3 BhipaxkeHwus (4)). Ecnu ke mepenonHeHne BO3HUK-
JIO TIPY BBIYUCIICHUH KaK a+C, Tak U b+d , TO mpu BEIYUCIICHHH X + Y TaKKe MPOHU30MJIET I1e-

penonHerne. C apuMeTHIECKON TOUKH 3pEHUS SICHO, UTO
a+c—22<x+y-2¥<b+d-2%.

Ho mMmeHHO Tak ¥ BBITIOJHSIOTCS BBEIYUCICHUS B ciryda€, Koraga neperoJIHEHUE MPOUCXOIUT BO
BCEX TPEX CymMMax. CHCHOB&TGHBHO, 1 B OTOM ciry4ae

u u
a+c<x+y<b+d.
Ecnu npu BeIYUCIEHUN @+ C TEPETIOHEHHs HET, a MPU BbIYKUCIeHHd b+d — ecTh, TO

a+c<2%?-1u b+d=>2%,

[TockonbKy X+ Yy MOMET MPUHUMATh BCE 3HAYCHUsI M3 JIMana3oHa oT a+cC a0 b+d, 3HayeHue
5TOM CyMMBI HAXOIUTCS MeXAY 2°°—1 i 2%, T.e. BBIUHMCICHHOE 3HAYCHHE CyMMBI X+Y OyJer
HAXOAUTECA MexTy 2°°—1 i 0 (XOTs U He IPHHUMAET 6Ce 3HAYEHHS U3 YKA3aHHOTO JHAMNA30HA).

Cityyaii, Korja Ipy BBIYMCIICHUHM @+ C BO3HUKAET IEPEOIHEHNUE, a IIPU BBIYUCIeHUH b+d
HE BO3HUKAET, HEBO3MOXEH, ITOCKOJBKY a<b u c<d .

HoxkazarenscTBo HepaBeHCTB (4) 3aBepiueHo. HepaseHcTBa (5) 0Ka3bIBAIOTCS aHAIOTHYHO, C
TEM OTJIMYHMEM, YTO 371eCh “IepernoHeHre” 03Ha4YaeT, YTO HCTHHHOE 3HaYeHne pasHocTn MeHsbiue 0.

Ipu nokaszarenbcTBe HepaBeHCTB (6) MOXKHO BOCMOIb30BaThCsl HepaBeHCcTBaMH (5), B KOTO-
peix a=b=0, a 3aTeM IepenMeHOBaTh nepeMeHHble. (Bripaxkernne —x , rae X — Ge33HaKoBOE
YHCII0, 03HAYAET BBIYMCIECHHE 3HAYCHHST 2% — X WM —X +1 — 4TO BaM OOJblie HPABUTCSL.)
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IMockoneKy Ge33HAKOBOE TEPETIOIHEHHUE JIETKO pacmo3HaeTcs (cM. pasmen 2.12), moaydeH-
HBIE PE3yJIbTAaThl HECIIOKHO MEPEBECTH B KOJI, TOKa3aHHbIHA B JMcTHHTE 4.1, T/e BBIYHUCISETCS
BepXHsis (MepeMeHHas s ) ¥ HIKHsIS (IepeMeHHas t ) TPaHUIIbI CYMMBI M Pa3HOCTH.

Jluctunr 4.1. Bepxusisi M HIKHSISI TPAHUIBI 0€33HAKOBBIX CYMMBbI M PA3HOCTH

S = a + c; s =a - d;
t = b + d; t =b - c;
if (s >= a && t < b) if (s > a && t <= b)
{ {

s = 0; s = 0;

t = OxXFFFFFFFF; t = OxXFFFFFFFF;
} }

3HaKOBBIE YHCJIA

HpI/I CJIOKCHNN U BBIYUTAHWH IICIBIX 3HAKOBBIX YHCEJI HEC BCE TaK IPOCTO. Kak n IpexKac,
IpEANOJI0XKUM, YTO JUATIa30HbI 3HAYCHHH X U Y 3a1al0TCsl CICAYHOLIM 06pa30M (BCC BCIINYHN-
HBbI 31€Ch — 3HaKOBI>Ie):

a
Cc

IN A

b,
Yz, 7

Heobxonumo onpenennTh KOMIAKTHBIE TPAaHUIIBI 3HaU€HUH X+Y, X—y U —Xx . Jlokaza-

ININ

TCJIBCTBO (‘bOpMyJ'I JUIS 3HAKOBBIX BEJIIMUMH OYCHH MOXO0XKE Ha JOKA3aTeIbCTBO B 0€33HAKOBOM
ciryda€, Tak 4TO IIPUBEAEM TOJIBKO KOHEYHBIN pPe3ynbTaT 1A CIIOXKEHUS.

a+c<-2" b+d<-2": a+c<x+y<b+d
a+c<-22b+d>-2%: 2% <x+y<2¥-1
2 <a+c<2,b+d<2®: a+c<x+y<b+d (8
2 <a+c<2 b+d=22": 2% <x+y<2¥-1
a+c22" b+d=>2": a+c<x+y<b+d

IlepBas cTpoka O3HAYAET, YTO €CJIU HPU BHIYMCICHUN 00EHX CyMM — a+C U b+d — 6510
TIEPETIONHEHNE B OTPULIATEILHOM HAINPABJICHHH, TO BHIYUCIEHHAS CyMMa X + Yy OyjeT HaXOIUTh-
s MeXTy BBIYHMCIEHHBIMY CyMMaMH a+C U b+d, Tak Kak Bce TpH BEIYHCIIEHHBIE CYMMBI OKa-
3BIBAIOTCS CTMIIKOM BEJMKH HA OJHY ¥ Ty e Bemanny (2°2). Bropas cTpoka 03HaJaer, 4To el
TPU BBIYHCIEHAN CyMMBI @+ C TPOHCXOMT TIEPETONHEHNE B OTPHIATENHHOM HAIIPAaBIEHAH, a
npu BeuucIeHdd b+d mepenonHeHus 6o He OBUIO, MO0 OHO OBUIO B IIOJIOKMTEILHOM Ha-
TPABJICHAHM, TO BBMHUCICHHOE 3HAYCHHE CYMMBI X + Y HAXOIUTCS MEXKIY KPAWHMM OTPHIIATENb-
HBIM M KpaifHUM HOJIOKMTEIbHBIM YKMCIOM (XOTA U MOKET HPUHMMATh HE BCE 3HAYEHHUs U3 yKa-
3aHHOTO Juana3ona). OcTalbHbIE CTPOKH HHTEPIPETUPYIOTCS AaHAIOTHYHO.

Ecny npeicTaBuTh BhIpAaKEHHUE I FpaHuLl Y B Bue —d <—y < —C M BOCIIOJIB30BATLCS YIKE
UMEIOIUMUCS BBIPAKEHUAMH JUISL CYMMBI, TO TOJYYHM (POPMYJIBI, IO KOTOPEIM ONPEENSIETCS
JMATIa30H 3HAYCHHUNA B PE3Y/IbTATE BHIYUTAHMS 3HAKOBBIX YHCEIL.

a-d<-2"b-c<-2":a-d<x-y<b-c
a-d<-2"b-c>-2%: _2M<x-y<2®_1

2! <a-d<2® b-c<2®:a-d<x-y<b-c
2M<a-d<2® b-c22": 2% <x-y<2¥-1

a-d=2"b-c=22":a-d<x-y<b-c
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DOopMyITBI T OTPUIIAHHUS MOYKHO TIOTYYUTh U3 BEIPAKEHUH [T Pa3HOCTH 3HAKOBBIX YHCET
B IIpeamnooxeHn a=b=0, oTOpocuB psia HEBO3ZMOKHBIX KOMOMHAIIHH, TEPEUMEHOBAB Tepe-
MEHHBIE U TIPOBEJISI HEKOTOPHIE YIIPOIICHHUS.

a=-2"p=-2%": —x=-2%
a=-22phz-2%: 2 <_x<2¥_1
az-2": —b<x<-a

IIporpamma Ha si3bike C, BBIMUCISIOMIAS TPAHULBI apr()METHIECCKUAX BBIPAKEHHUH, HECKOIBKO
CJIOXKHOBATA, TI0ITOMY PaCCMOTPUM TOJIBKO KOJ| ONPENEIICHHs AWalia30Ha 3HAYCHHUI CyMMBI JIBYX
3HAKOBBIX OMepaHioB. [10-BUIMOMY, MPOILIIE BCETO BBHIMOJIHUTH NPOBEPKY IPAHUIL B ABYX CIydasx
u3 (8) — Kor/a HIDKHSISI ¥ BEPXHSIST TPAHHIIbI PABHBI KPAWHNAM OTPHIIATENEHOMY U MOJIOKUTETEHOMY
YHCIIaM COOTBETCTBCHHO. IlepenoiHeHrne B OTPUIATEIIPHOM HAIPABICHHHA MMEET MECTO, €Ciu 0ba
OTiepaHia OTPHUIATENBHBI, a UX CyMMa — HeOTpHIaTeNbHa (cM. pasaen 2.12). Takum o6pasom, ist
NPOBEPKHU YCIIOBHs @+ C < -2 cHauana HeoOXOMMMO BBIUMCIIUTE CYMMY S = a + C;, a 3aTeM UC-
TOJTB30BaTh KOA HamopoOwe if (a<0 && c<0 && s>=0).... OmHako mporpamma Oyzmer Goree
3(1)(1)eKTnBHoﬁl, €CJIM BCE JIOTUYECKHUE OIEpaniy OYIyT BBINONHITHCS HEOCPEIACTBEHHO HaJ| apud-
MCTUYECKIMH TIEPEMEHHBIMH, TIPH 3TOM PE3yJbTaT OyleT HaXOAWThCsS B Oute 3Haka. Torma pac-
CMOTPEHHOE YCJIOBHE MOXKHO TIPEACTaBHTh MHAYe. if ((a & ¢ & ~s) < 0).... Takum oOpa-
30M, MONTy9aeM (pparMeHT Kojia, MPUBEICHHBIN B JTUCTHHTE 4.2.

JIncrunr 4.2. Onpenesienne rpaHULl 3HAKOBOTO CJI0KEHHS

s = a + c;
t =b + d;
u=aé&cé&-~s & ~b&ds& ~t);
v=1{((a”c)| ~(a”s)) & (~b&~ds&t);
if ((u | v) < 0)
{

s = 0x80000000;

t = Ox7FFFFFFF;

IMepemennas u nMeeT 3HaueHue true (T.e. OUT 3HaKa paBeH 1), eCiM TPH BBIYHCIICHHH a + C
MPOUCXOUT IIEPEIIOIHEHNE B OTPULATEILHOM HAIPABICHUH, a [IPU BBIYUCIIEHUH b + d IIEPENnoJI-
HEHMs B OTpHULIATENILHOM HarpasiieHuu Hem. [lepemeHHas v uMeeT 3HaueHue true, eciu npu Bbl-
YHCJIEHUH a + C NEPENOIHEHNS Hem, a IPU BBIYUCIIEHUH b + d HMEET MECTO NEPEIOIHEHNE B I10-
JIOXKHUTEIFHOM HampaBlieHuH. [lepBoe yciioBre MOXKHO 3aIucaTh KaK “a U ¢ IMEIOT pa3HbIe 3HAKH,
WM a U s UMEIOT OIUH W TOT ke 3Hak . IlpoBepka if ( (u|v)<0) HSKBHBaJEHTHa IMPOBEPKE
if (u<0| |v<0), T.e. €CIIU UCTHHHO WX u, WK v (KK 062 OJTHOBPEMEHHO).

4.3. OnpenejieHne rpaHuIl JIOTHYECKUX BbIPaKeHU
Kak u B IpeAbIAYILIEM pa3aeie, OpEeAIoI0XKUM, YTO I'PAHUIIbI IBYX IIEPEMECHHBIX X U Y 3a-
JAI0TCS CIEAYIONM 00pa3oM (Bce BETHYHHBI Oe33HAKOBBIC):
a<x<hb, )
c<y<d.

! Z[pyl"I/IMI/I CJIOBaMH, Oosee KOMHaKTHOﬁ, C MUHUMAJIbHBIM KOJIMYECTBOM HEPEXOJ0B. B IpearoI0-
JK€HHH, 4YTO I'paHUIbL OOBIYHO HE CITHIIKOM BCJIMKH, MPOBEPKY CICAYECT HAYUHATDL AJI ClIy4ast OTCYTCTBUSA
NEPENOJIHEHM, TaK KaK BEJIMKAa BEPOATHOCTD OJTYUUTh PE3YJILTAT Cpa3y K€, B XOJ€ 3TOoM IIPOBEPKU.
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Heob6xommuMo onpenenuTh KOMIAKTHBIC TPAHUIIBI BRIPAXKESHHH X |y, X& Y, X®Y U —X .
KomGOunnpyst mepaBenctBa (9) ¢ HepaBeHCTBaMH W3 pasigena 2.3 W y4dTHIBas, UTO
—x =2% —1- X, IOJy4HM

max (a,c) < (x|y)<b+d,
0<(x+y)<min(b,d),
0<(x®y)<b+d,
—b<—x<—a,

rae npearnojaracTcs, 4ro mnpu CJI0XKCHUHN b+d MNEPEHoOJIHCHUSI HE BO3HUKACT. Ot q)OpMyJ'II)I
JICTKO BBIYHCIIAIOTCA M JOCTATOYHO B(bq)eKTI/IBHBI JUIA UCTIOJIb30BAHUA B KOMIIMJIATOpPAX, O 4Y€EM
YOOMHHAJIOCHh B IIPEABIAYIIEM pa3aciic. OZ[HaKO TPaHUIIBI B TIEPBBIX ABYX HEPABECHCTBAX HE SB-
JIAKOTCsI KOMITAKTHBIMH. HyCTL, HaOopuMmep, Juara3oH 3HAYCHHUH IEPEMECHHBIX X U Y B I[BOH‘{HOﬁ
3allrcCu 3a/laH CICAYIOINM 06pa30M:

00010 < x < 00100, (10)
01001 < y <10100.

IMocne mposepku (mepebopa Becex 36 BO3MOKHBIX KOMOWHAIMI 3HAYCHUH X U Y) TOIY9INM, UTO
01010< (x| y)<10111, T.e. HIKHsASA IPAaHULIA HE PaBHAa HU Max(a,C), HA a|cC; BEepXHssA IpaHHu-

11a TaK)Ke HE paBHa HU b+d, Hu b|d .

MOJHO JI ONpEeAETNTh KOMITAKTHBIE TPAHHUIIBI JIOTHYECKUX BBIPAKCHUH, €CIIA M3BECTHBHI
3HaueHus a, b, ¢ u d uz (9)? JlaBaiiTe cHayajda HaleM MHUHUMAJbHOE 3HAYEHHE BBIPAXKEHHS
x|y . EcrecTBeHHO NpennoiIOXHUTh, YTO 3HAYEHHE STOTO BEIpAKEHHUS OyaeT MUHHMAaJIbHBIM
MPU MUHAMAJTBHBIX 3HAUEHUSIX X U Y, paBHbIM a|c . OmHako, kak BuaHO n3 npumepa (10), Mu-
HUMaJIbHOE 3HaY€HHE Ha CaMOM JIeJIe MOKET OKa3aThCsl MEHbIIE MPEAIOIaraeMoro.

Jis morcka MUHEMyMa Ha9HEM CO 3HAYeHHH X =a W Y=C U Oy/AeM UCKaTb 3Ha4CHHUS X U
Y, IpU KOTOPBIX 3HA4UCHHE BHIpAKEHHS X |y OyaeT MUHHUMAaJIbHBIM. DTOT pe3yiabTaT U OyneT
HMCKOMBIM MHUHAMAJIFHBIM 3Ha4eHHEM. BMecTo Toro 94To0bl mpucBanBaTh 3HAUEHHS a U C mepe-
MEHHBIM X H Y, OyzieM paboTaTh HEIOCPEICTBEHHO CO 3HAYECHUSIMU & U C, YBEIMYHMBAs OJIHO M3
HUX TaK, YTOOBI CHIDKATh 3HAYCHUE a|C .

[Ipouenypa cocTouT B CKaHUPOBAHUHM OUTOB A U C cieBa Hanpaso. Eciau o06a Outa pas-
Hel 0, To B cooTBeTCTBYIOLIEM pa3psie pedynbrara Oyner 0. Eciu 06a Outa paBHbI 1, TO 1
COOTBETCTBYIOLIMI OUT pe3yibrata Oyaer paBeH 1 (OU4eBHAHO, HUKAKHE APYrHE 3HAYCHHUS
X ¥ Y HE MOTYT YMEHBIITUTD MOJYYCHHBIA Pe3ynbTaT). B 060MX 3THX Cllydasx MepexoganM K
CpPaBHEHHUIO CIEAYIOMUX pa3psnoB. Ecnu B cienyioniem paspsige oqHOW M3 TPAaHUII COEp-
KUTCS €IMHUYHBIN OUT, a y Ipyroil rpaHuIlsl — HYJIEBOH, TO, BO3MOXHO, 3ameHa O Ha 1 B
9TOM pa3psie W yCTaHOBKA BCEX CIEAyoImuX 3a HUM OnToB B O CHH3WT 3HaueHHe a|c.
Takoe n3MeHeHHE IpaHUIl HE MOXET YBEIMUUTh 3HaUEHHUE & |C, TaK Kak B JIIOOOM cilydae B
9TOM paspszae pe3ynbrara oyaeT 1 3a cueT apyroi rpaHunsl. Utak, MBI popMHUpyeM IHCIO
C HyJIeBBIM OMTOM, 3aMEHCHHBIM Ha €IWHUYHBINA, a BCE MOCIEAYIOIHE OUTHI 3TOr0 YHcia
3aMeHseM HyJsIMH. Eciin moigydeHHOe TakuM 00pa30M YHCIIO MEHBIIE MIIH PaBHO COOTBET-
CTBYIOIIEN BEpXHEH rpaHMIle, Takas 3aME€Ha BO3MOJXKHA. BBIOIHUM 3Ty 3aMeHy, a 3aTeM
MPUMEHNM OTIEPAIHIO Uiy K MOJTYyYEHHOMY 3HAUCHHIO W JIPYrod HiwkHed rpanune. Ecmn
JKe TI0Clie OIMCAaHHOI 3aMeHBl OMTOB HOBOE 3HAYCHHE HIDKHEH T'PaHMIBI OKA3aJIoCh 0OJb-
e BepXxHeil, To Takas 3aMeHa HEeBO3MOXKHA, M MBI IIEPEXOAUM K CISAYIOIUM OHUTaM.

Bot u Bce. Ka3zanocs OvI, TIOCIIE 3aMEHBI CIIEAYeT MPOJOIDKATh CKAHWPOBAHHUE, YTOOBI HC-
KaTh JaJbHEHIINe BO3MOKHOCTH YIyYIISHHUS NOJTYIEHHOTO pe3yibTaTa — €IIe MEeHbIIee 3Ha-
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yerne a|c. OgHaKo, Make eciay B OJHOM M3 CIENYIOMHUX pa3psaoB MoxHO 3ameHuTh O Ha 1,
YCTaHOBKA CIEIYIOIIUX 32 HUM OMTOB PAaBHBIMH HYJIO HE JIACT MEHbBIIEro 3Ha4YeHHUs a|C, Tak
KaK B 9THX pa3psjiaX yXe COIepKaTcs HyIH.

IIporpamma Ha s3pike C sl TaHHOTO anTropuTMa TpenacTaBieHa B auctuare 4.3. Tpemamno-
JIAraeTcst, YTO ONTHUMHU3UPYIOIIUIA KOMITUIISITOP BHIHECET BBIYHCIICHUE MOJBBIPAKEHUN ~a&c U
a&~c 3a npejaensl nukia. Eciu y Hac ecTh (QYHKIUS BEIYUCICHUS KOAUYECMBA e0YUX Hylle-
6bIX OUMOE, KOJl MOXKHO YCKOPUTD, HHUIMAIM3UPYSI m CIACAYIOUMM 00pa3oM:

m = 0x80000000 >> nlz(a”c);

ITpu 5TOM B a ~ ¢ OIYCKAIOTCS T€ Paspsiabl, B KOTOPBIX H3HAYAIBHO y 06EHX KOHCTAHT 00a
6uta paBubl O wim 06a paBHbl 1. DT0 ycKOpeHHe padoThl IporpaMMbl OyaeT ocodeHHo 3ddexk-
THBHBIM TIpH a”c paBHbIM O (T.. €ClH a = ¢); MPU STOM CABUT BIPABO JOJDKEH BBITONHSITHCS
no moxayio 64. Eciu Gpynkuwn Nz B Bamem pacnopspkKeHHH HET, MOXKHO BOCIIONIB30BATHCS O
Ho# u3 Bepeuit pyrkumm flp2 (cm. paszgen 3.2) ¢ aprymenTtom a * c.

JIuctunr 4.3. Berunciienue HUKHeH rpaHuIbL X |y

unsigned minOR (unsigned a, unsigned b,
unsigned ¢, unsigned d)

unsigned m, temp;

m = 0x80000000;
while (m != 0)
{
if (~a & ¢ & m)
{
temp = (a | m) & -m;
if (temp <= b) {a = temp; break;}
}
else if (a & ~c & m)
{
temp = (c | m) & -m;
if (temp <= d) {c = temp; break;}

}
m=m >> 1;
}

return a | c;

PaccmoTpuM Temephr anTOPUTM IOUCKA MAKCUMAIbHO20 3HAYSHUS BBIpAXKEHHUSI X|Y,
rje, Kak W paHee, 3HAUEHUS MEPEMEHHBIX OrpaHnYeHbl HepaBeHcTtBamu (9). Drot anro-
PUTM aHAJOTHYCH aJTOPUTMY MOMCKA MHUHUMAJIHHOTO 3HAYCHHWs. BepXHHE TpaHUIIBI MO-
Pa3psAIHO CKAaHUPYIOTCS CJIeBa HAMPABO JIO TEX IOP, MOKA B HEKOTOPOUM MO3UIUH OUTHI B D
u d He OKaXyTCs paBHBIMU efAuHHIAM. EcCiin Takas mo3uiust oOHapyKeHa, arOPUTM IIbI-
TaeTcs YBEJIWYUTh 3HaUeHHE b|d, yMeHbIIas OJNHY M3 IPAaHUI] 3aMEHOW B COOTBETCTBYIO-
meMm paspsae 1 Ha O u 3ameHss Bce mocieayromue ONTs eIMHUYHBIME. Eciu Takas 3ame-
Ha KoppekTHa (T.e. MOJyYEeHHOE TaKMM 00pa3oM HOBOE 3HAUYEHHE BEpXHEH T'DaHUIIBI HE
HUJ)KE COOTBETCTBYIOIIEH HIDKHEW TPaHHUIIBI), TO M3MEHEHWs PUHUMAIOTCs. Ecim ke 3a-
MEHa OKa3bIBAaeTCSI HEKOPPEKTHOW, MBITaeMCSl U3MEHHUTH IPYyTyio rpanHuity. Eciou u sTta 3a-
MEHa HEKOppEeKTHa, CKaHHPYIOTCsA ciexyiomme Outel. [Iporpamma Ha s3pike C, peann-
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3yromas JaHHBIM alrOpHUTM, MpUBeaeHa B TUCTUHTE 4.4. 31mech 3a mpenessl MUKIa MOKHO
BBIHECTH BBIYHCIICHHE MOABBIPAXKEHUSA b & d, a KpoMe TOro, paboTy mporpaMMbl MOKHO
YCKOPUTH CIeAyIoUIeld MHUIMATN3aluei:

m = 0x80000000 >> nlz(b & d);

Jluctunr 4.4. Boluncienne BepxHeil rpaHunbl X |y

unsigned maxOR (unsigned a, unsigned b,
unsigned c¢, unsigned d)

{

unsigned m, temp;

m = 0x80000000;
while (m != 0)
{
if (b & d & m)
{

temp = (b - m) | (m - 1);
if (temp >= a) {b = temp; break;}
temp = (d - m) | (m - 1);
if (temp >= c¢) {d = temp; break;}

}

m=m >> 1;
}
return b | 4;

OrnpeieNinTh IUana3oH 3HAYCHHHA BBHIPAXEHHUS X & Y, TIe TPAHUIBI X U Y ONpEIe/iCHB! He-
paBenctBamu (9), MOXKHO C TOMOUIBIO JIBYX METOJIOB. AJIre0pandecKoro U HeMOCPEACTBEHHOTO
BBIUKCIIEHHS. B OCHOBe aireOpanveckoro MeTo1a JISKHUT 3akoH jie Moprana (DeMorgan):

X& y=—(-x|-y).

[TockonbKy MBI 3HaeM, Kak OINPEAEeUTh TOYHBIC TPAHMIIBI BEIPAKEHUS X |y, TPAHHIBI X & Y

u u u u
BBIYKCIISIOTCS TPHBHAILHO € TIOMOIIIBI0 KoMaHIb! #e (a<x<b & —b<—x<-a):

minAND(a,b,c,d) = —maxOR (—b,—a,—d,—c),
maxAND(a,b,c,d)=—-minOR(—b,—a,—d,—c).

Kox Brrumcnenus >tux QyHKOWH, IpuBeAeHHBIN B aucTHHTaX 4.5 1 4.6, oueHs MOX0X Ha
KO/ BEIYMCIICHHS TPAHHUI] BBIPAKCHUS C UIU.

Jluctunr 4.5. Boluncienne HUKHell TpaHUIBI X & Y
unsigned minAND (unsigned a, unsigned b,
unsigned ¢, unsigned d)

{

unsigned m, temp;

m = 0x80000000;
while (m != 0)
{
if (~a & ~c & m)
{
temp = (a | m) & -m;
if (temp <= b) {a = temp; break;}
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temp = (¢ | m) & -m;
if (temp <= d) {c = temp; break;}

}
m=m >> 1;
}

return a & c;

JIuctunr 4.6. Beruncienne BepxHeii rpaHumnbl X & y

unsigned maxAND (unsigned a, unsigned b,
unsigned ¢, unsigned d)
{

unsigned m, temp;

m = 0x80000000;
while (m != 0)
{
if (b & ~d & m)
{
temp = (b & ~m) | (m - 1);
if (temp >= a) {b = temp; break;}
}
else if (~b & 4 & m)
{
temp = (d & ~m) | (m - 1);
if (temp >= c¢) {d = temp; break;}

}

m=m >> 1;
}
return b & d;

Anrebpandecknii METO] TIOMCKa TPAHUI] MOKHO HCIIOIB30BATH IS JTFOOBIX MTOOUTOBHIX JIO-
THYECKUX BBIPAXECHUH, KPOME UCKIoUarowe2o i U skeusaieHmuocmu. IIprauHa B TOM, 9TO
TIpY BRIPAKEHHUH ATHUX OTEpalyii uepe3 KOMaHIBI i, uIy W He TIOIYyJalOTCs IBa WiIeHa, COIep-
skamue X u'y. Hanpumep, 1iis ucknouarowje2o unu umeem

argxiirlb(x@ y):argxiinb((x&ﬁyﬂ(—.x& y))-
c<y<d c<y<d

Vka3aHHbBIC onepanabl KOMaH/bl U1y HEIIB3A MHUHUMHU3UPOBATH IO OTACIBHOCTH (He JOKa3aB
npeaABapUTEIIbHO, YTO TaK MOXKHO I[eﬂaTL), IIOCKOJIbKY MBI MIIIEM OJIHO 3HAY€HHME X U OJTHO 3Ha-
YCHUE Y, KOTOPbIC MUHUMU3UPYIOT BBIPAKCHUEC 11U B LIETIOM.

I[J'Iﬂ BBIYMCJIICHUA T'PaHUI] BBIPAXCHHUA C UCKIIIOYAIOIINUM U1l MOYKHO HCIIOJIB30BATH CJIC-
AYIOIIWE BBIPAXKCHUA:

minXOR (a,b,c,d)=minAND(a,b,—d,—c) | minAND(—b,—a,c,d),
maxXOR (a,b,c,d) = maxOR (0, maxAND (a,b,—d,—c),0,maxAND(—b,—a,c,d)).

Bnagerns MINXOR 1 MaxOR HECIOKHO BBIYHCINTE HEMOCPEACTBEHHO. Ko It BBIUKCIIEHHS
MinXOR Takoii ke, Kak u s BerauciaeHnst MNOR (cm. muactuar 4.3), HY>KHO JIUIIG YIATATh J1Ba
oreparopa break, a B MOCIEAHEH CTPOKE 3aMEHMTH BO3BpAllaeMoe 3Ha4YeHHe Ha a ~ c. Kom s
Boracriennst MaxX OR Tot ke, uto u st Beraucienus MaXOR (eum. smctunr 4.4), 32 UCKITFOYEHHEM
TOr'0, YTO YETBIPE CTPOKH IOCIIE OTiepaTopa i £ HeoOXOMMO 3aMEHHTh (PParMeHTOM
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temp = (b - m) |
if (temp >= a) b = temp;
else
{
temp = (d - m) | (m - 1);
if (temp >= ¢) d = temp;
}

KpOMe TOT'0, BO3BpallacMO€ 3HAaY€HUEC HYKHO 3aMCHUTDH Ha b~ d.

3HaKOBbIE IPAaHUIIBI

Brluncienye HembIX 3HaKO0GbIX TPAHUIL JUIsl JIOTHYECKUX BBIPAKECHUH 3HAYHUTEIBHO YCIIOXK-
HsieTCsl. BrruncneHus rpaHull 3aBUCST OT pacrojiokeHus yucna O 1o OTHOIIEHHUIO K 3aJaHHBIM
nuana3oHam (ot a 10 b u ot € mo d), ¥ A KaKIOro 4acTHOTO CIydasi HCTIOIB3YHOTCS CBOM
¢dopmynsl. B Tabn. 4.1 npuBeneH oAMH M3 METOAOB BBIYMCIICHUS BEpXHEH M HYDKHEW IpaHUIL
BeIpakeHUst X |y. Ecin 3HaueHue nepemeHHoi Ooibine mim paBHO O, B COOTBETCTBYIOIIEH
rpade TabaIMIBI CTOUT 3HAK “ILTIOC”, €ciy 3HaueHHe nepeMeHHol Menblie 0 — 3Hak “Munyc”.
IMox 3aronoekoM MINOR TpHBeeHbI BBIPAXKECHHUS, BHIYMCISIONINE HIDKHIOK TPAHUILy X |y Ams
JaHHBIX JIMAIla30HOB, a 10J 3arojoBKoM MaxOR — ¢dopMyiibl Ui BEIYMCICHUS BEpXHEH rpa-
HUIBL. BBIMUCINTE BEPXHIOW M HW)KHIOIO T'PAHUIBI BBIPXKEHHUS X |Y MOXKHO ClIEAyIONIHM 00-
pa3oMm: u3 OUTOB 3HAKOB umcen &, b, C u d cocrapmsercst 4-GUTOBOE YKCIIO, 3HAYECHHE KOTOPOTO
Haxoautcs B mpenenax or O no 15, u ucnonb3yercst omeparop BeiOopa switch. OOpatute
BHHMaHHe, 4To OynyT 3azeiicTBoBaHbl He Bce 3HaueHus oT 0 go 15, Tak kak HEBO3MOXHBI CH-
Tyaluu, korga a>b wm c>d .

J11st 3HAKOBBIX YHCEJI CIIPAaBE/INBO OTHOIICHHE

as<x<b & —-b<—x<-a,
TaK 4TO JJIsl PACIPOCTPAHEHUs Pe3yNbTaToB U3 Tabi. 4.1 Ha Ipyrue JIOTUYECKUC BBIPAXKCHHUS
(kpoMe uckmouawe2o Ui U IKEUSAICHMHOCMU) MOYXET UCIOIB30BAThCS alreOpanvecKuii

METOA. BI)Ipa)KeHI/Iﬂ, OIMPCACIIAIOIINEC I'PAHULIBI APYTUX JIOTUUCCKUX KOMAaH/, YHUTATCIIIO MPECa-
JlaracTcd NoJIyduTb CaMOCTOATECIIBLHO.

Ta6auna 4.1. Beruncienne 3HaKkoBbIX pynkmmii minOR
u MaxOR ¢ nomombI0 6€33HAKOBBIX

a| b | c | d | mnOR(znakosblii) maxOR (3HaKoBbIif )
- - - - minOR(a,b,c,d) maxOR (a,b,c,d)

- - - a -1

- - + minOR(a,b,c,d) maxOR (a,b,c,d)

- - - |c -1

- - + min(a,c) maxOR(0,b,0,d)

| T | * | * | mnOR(a0xFFFFFFFF,c,d) maxOR(0,b,c,d)

+ + - - minOR(a,b,c,d) maxOR (a,b,c,d)
** | ~ | * | mnOR(ab,c O0xFFFFFFFF) maxOR (a,b,0,d)

+ + + + minOR(a,b,c,d) maxOR (a,b,c,d)

4.3. OIIPEJEJIEHUE T'PAHULI JIOTUYECKMX BBIPAYKEHUI
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['JTABA 5
INOJCYET BUTOB

5.1. IloacyeTr eTMHUYHLIX OMTOB

Ha xommeiotepe IBM Stretch (Beimymienrom B 1960 romy) mmenach BO3MOKHOCTH MOJI-
cyera KOJIMYECTBA €MHUYHBIX OHTOB B CIIOBE M KOJMNYECTBA BEAYIMX HYJICBBIX OWTOB CIIOBA
(mpuyeM 3TH BEJMYHHBI ABISUTMCH MOOOYHBIM PE3YJIBTATOM BBITOJHEHHS JTFO00M JIOTHIECKO#
omneparun!). OyHKIWMSA MOACYEeTa KOTMIECTBA CAMHIIHBIX OWTOB WHOT/Ia HOCHIIA Ha3BaHHE CTe-
nenu 3anoiHeHus (population count), Hanpumep Ha MamuHax Stretch wim SPARCVO.

Ecii Ha MaIvHe HeT OTACBHON KOMaHIbI JJIs1 BBIYUCIICHHUS 3TOM (BYHKIINH, TO IS TTOJICYeTa
eIMHAYHBIX OMTOB B CJIIOBE MOKHO BOCIIOJB30BAaThCSA APYrHMH MeTomamu. OOBIYHO HCXOIHOE
CIIOBO JICITUTCS Ha IBYXPa3psIHBIC OIS U B KAKIIOE TI0JIE MTOMEIAETCST KOJIIMIECTBO UMEBIITNXCS B
HEM eIMHHUYHBIX OMTOB. 3aTeM 3HAUCHHs, COAECPKAIIMECH B COCEMHMX JBYXPA3pSIHBIX IMOJSX,
CKJIa/IBIBAIOTCSI M PE3YIIBTAT MOMEIIAETCS B YETHIPEXPa3psIHOE TOIe U T.1. boiee moapoGHO 3TOT
Meton obcyxmaercs B [54]. Dtot meton npowsutrocTpupoBan Ha puc. 5.1. CiioBo, B KOTOPOM MO/
CUMTBHIBAETCS KOJIMYECTBO CIMHUYHBIX OMTOB, HAXOIWTCS B MEPBOM CTPOKE, B TIOCIEMHEH CTPOKE
COIEPIKUTCSI Pe3yIbTAT (PaBHBIM 23 B ICCITHIHON CHCTEME CUHCIICHHS).

101111000121000110111111011111111

01j10{10/00/01{01/00/10/01|210(10{0110f1 010|120

0011/001000100010/001100110100/0100

0oo0001010000010000000110|00001000

0ooo0oo0000000010010000000000001110

0oo0000O0O0OO0O0OOOOOOOOOOOOOOOOOO10111

Puc. 5.1. Iloocuem xonuuecmsa eouruuHvix 6UMo8, cmpamezus * pazoensi u e1acmeyil’

PaccMoTpeHHBIH MeTOq — TpUMEp CTPaTeTuH “pasleisaiii W BIACTBYH . MCXOJHAs 3amada
(cymmupoBanue B 32-GHTOBOM CIIOBE) pa3bMBacTCs Ha JBE moa3anadn (CymMMupoBanue B 16-
OGUTOBOM CJIOBE), KaKIas M3 KOTOPBIX PEIIaeTCsl HE3aBUCHMO OT JPYToi. 3aTeM pe3ysbTaThl
o0bequustOTCs (B HANIEM CiTydae CyMMHUPYIOTCs). JlaHHas cTparerus SBISETCS PEKypPCHBHOM:
16-6uToBble ciioBa 00pabaTHIBAIOTCS KaK JIBa 8-OUTOBBIX U T.1I.
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BeimonHenye moj3aaay Ha caMoOM HIDKHEM YpOBHE (CYMMHpOBaHHE 3HAYEHHE COCEIHHX
OGWUTOB) MOXXHO OCYIIECTBISITH Mapaie]bHO, KaK ¥ CYMMHPOBAHHE 3HAUYCHUI B COCEMHUX IT0-
JISIX, KOTOPOE MOJKHO BBINOJHUTD MapajieibHO 32 (UKCHPOBAHHOE YMCIIO IIArOB Ha JII000M
sramne. Beck anroput™ MoxkeT OBITH BBITIONHEH 3a l0g, (32) =5 maros.

JdpyruMu npuMepaMul CTpaTeTHH “pa3leNisiii U BIAaCTBYH SBISIFOTCS XOPOIIO BCEM M3BECT-
HBIE QJITOPUTMBI OMHAPHOTO TIOWCKA, OBICTPOH COPTHUPOBKH, a TaKXe METOJ peBepca OWTOB
CJIOBa, paccMaTpuBaeMbli B paznene 7.1.

Meron, nprBeieHHbIN Ha puc. 5.1, Moxket OBITh BBIpakeH Ha si3pIke C cremyronmm o0pa3om:

x = (x & 0x55555555) + ((x >> 1) & 0x55555555);
x = (x & 0x33333333) + ((x >> 2) & 0x33333333);
x = (x & OxOFOFOFOF) + ((x >> 4) & OxOFOFOFOF) ;
X (x & OxO00FFOOFF) + ((x >> 8) & OxO0FFOOFF) ;
x = (x & Ox0000FFFF) + ((x >> 16) & OxO0O0OFFFF) ;

B mepBoii ctpoke MOXHO OBUIO OBl HANMCATh, MOXKAIYH, 0OJICe €CTECTBEHHOE BBIPAKCHHUEC
(x & OxXAAAAAAAA) >> 1, HO B JAHHOM CJIy4dae JIyYllle UCIIOJIb30BaTh IIPUBEICHHOE BLIPAXKEHHUE
(x >> 1) & 0x55555555, TaKk KaKk IPH 3TOM yAaeTcs HM30ekaTh 3arpy3KH B PETHCTPHI JBYX
OOJIBIIMX KOHCTAHT, YTO HA MAIIIMHE C OTCYTCTBYOIICH KOMAHJIOM U-He OYIeT CTOMTh JOIOTHHUTEb-
HOW KOMaH/Ibl. AHAJIOTUYHbBIE 3aMEYaHUsI CIIPABEIMBBI U JUISL OCTATBHBIX CTPOK KOAA.

O4eBUIHO, UTO MOCIEIHSSI KOMaHAa U He SBJsieTcS He0OX0IUMOI; KpoMe TOTr0, €CJIM TOUHO
HU3BECTHO, YTO MPU CYMMHUPOBAHUM MOJIEH HE MPOU3OMIET MepeHoca B COCEIHEE I0JIe, OCTallb-
Hble KOMaHJbl # TOXK€ HE HYXHbI. DTOT KOJ MOXXHO €IIe€ HEMHOI'O YCOBEPIIEHCTBOBAaTh, a
HMEHHO MPeoOpa3oBaTh IMEPBYIO CTPOKY TakK, YTOOBI B HEHl BBHIMOJHSIOCH Ha OJIHY KOMaHIY
MeHbIe. Takol yHpOIICHHBIH KOJ| TOKa3aH B JUCTHHIE 5.1; OH HE COJCPKUT YCIOBHBIX Iepe-
XOJIOB U BBITIOJTHSACTCS 32 21 KoMaH/1y.

JIncrunr 5.1. IToacuer KoJ1MYecTBA eIMHUYHBIX OMTOB B CJI0BE
int pop (unsigned x)
{
x - ((x >> 1) & 0x55555555);
(x & 0x33333333) + ((x >> 2) & 0x33333333);
(x + (x >> 4)) & O0xOFOFOFOF;
X (x >> 8);
= X (x >> 16);
return x & 0x0000003F;

XX X XX
Il

+
+

HepBoe MPUCBOCHHUC X OCHOBAHO Ha IMCPBLIX IBYX WICHAX OﬂHOﬁ yI[HBHTeHLHOﬁ q)OpMyJ'II)I:

PRy

B ¢dopmyne (1) 3nauenue X momxHO ObITh He Menbmie 0. Ecimm X — nenoe 6e33HakoBoe
qucio, Gopmyna (1) Moxer ObITH pealn3oBaHA B BUJE IIOCIEIOBATENBHOCTH U3 31 KOMaHBI
cosuea enpaso Ha edunuyy N 31 xomanap! eeruumanus. Ilpouenypa B nuctunre 5.1 ucnonesyer
napajuienbHo MEepBbIe Ba WieHa 3TOH (GOpMyJIbl AT KaXI0ro AByXOUTOBOTO HOJIS.

CymiecTByeT HpoCTOe JOKa3aTenscTBO ypaBHeHust (1), mpuBeneHHOE HIDKE IS Clydas
4-6urtoBoro cnosa. [Tycts uMeercs cioBo bb,bh,, rae xaxmnoe by pasro O mimm 1. Torna
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X—FJ—FJ EJ:bs-zﬁbz-zubl-zubo.z‘)—
(b 22+, 2 +b 2

—(Q-21+b2~2°)—
_(Q.zo):
=by(2°-2° -2 - 2°)+ D, (22— 2' - 2°) + 1, (2" - 2°) + b, (2°)

=b,+b,+b +h,.
®opmyny (1) MOXKHO MONYYHTh W MHAYE: HATPUMEDP, 3aMETUB, YTO i-id OUT B JIBOUYHOM
TIPEJCTABJICHUM HCOTPULIATCIBHOTO YHCJIa X BBIYUCIISICTCS T10 d)OpMyJ'IC

SHE

M BBIYHCIISISE CYyMMY Beex by, e | mpuanmaert suadenus ot O qo 31. Tlocnenunit wien Gymer pa-
BEH HYJIIO, TaK KaK X< 2%,

Dopmyity (1) MOKHO 0OOOIIUTE JUTS IPYTUX CHCTEM cuucieHus. Hanpumep, /st CHCTEMBI
cuncieHus ¢ ocHoBanueM 10 moTydnM ciemyromniee BEIpakeHHe:

sum_digits(x) = x—QLlJ—Q[ X J—

10 100

7l CllaraéMble BBIYHCIIIOTCSA IO TEX IOp, MOKAa MX 3HAYCHHE HE CTAHOBHUTCS PABHBIM HYIIIO.
[Monyuennas popmyiia JOKa3bIBAETCSl AHAIOTMYHO MPEABITYILIEH.

Ecnu mprMEeHUTH ONMCAHHBIA aNrOPUTM ISl CHCTEMBI CUHCIIEHHS [0 OCHOBAaHMIO 4, MOXKHO
HOJTy4IUTh APYTON KOJ JUIS BRIYMCICHHSA (QyHKIMK POp(X), KOTOPBIH aHAIOTHIEH NPUBEIEHHO-

My B JcTHHTE 5.1, HO BTOpasi CTpoKa KOTOPOTO 3aMEHSIETCs CTPOKOH

X =x-3* ((x > 2) & 0x33333333);

DTOT KO BBINOIHSETCS 33 T€ JKe IIECTh KOMAHA, 9TO M 3aMEHEHHBIH, HO TpeOyeT Halndust KO-
MaHJ[bI OBICTPOTO YMHOJICEHUs HA 3.

ITpu moacuere KOAMYECTBA SANHUYHBIX OMTOB B CIIOBE O aITOPUTMY, IPEATOKSHHOMY B
HAKMEM [25, item 169], ucmone3yercsi TONBKO TPH MEPBBIX wieHa u3 (opmyinsl (1) mms
(bopmMupoBaHusT TPEXOUTOBBIX CIIOB, B K&XKIOM M3 KOTOPBIX MOMEIIAETCS CyMMa €ro €IHHIY-
HbIX OMTOB. 3aTeM 3HAYCHHS, COICPIKALIMECS B COCEIHUX TPEXOUTOBBIX MOJISX, CKIAABIBAIOTCS,
a pe3yibTaT MOMEMAeTCs B IecTrOuToBOe mose. ITocie 3TOro CyMMHPYIOTCS 3HAYEHUsI, CO-
JIepKAIIUecs] B IECTUOUTOBBIX MOJISX, BBIYMCIISSA 3HAYCHHE cloBa 1o Moy o 63. Ha s3eike C
9TOT AJTOPUTM 3aIMCHIBACTCS CIACAYIOUMM obpa3oM (0OpaTuTe BHUMaHHE, YTO AJTHHHBIEC KOH-
CTaHTHI 3[1ECh 3aMHCAHBl B BOCBMEPUYHON CHCTEME CUHCIICHHS):

int pop (unsigned x)
{

unsigned n;

n = (x > 1) & 033333333333; // TlomcueT OGUTOB
X = X - n; // B 3-OUTOBHIX
n (n >> 1) & 033333333333; // ToJax
X = X - n; //
X = (x + (x >> 3)) & 030707070707; // 6-paspsOHLE CYMME
return x % 63; // CroxeHue 6-paspsaIHEIX CYMM
}
5.1. [IOJACUET EAMHMYHBIX BUTOB e
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B mocrienHel cTpoke UCIOIb3yeTcst Oe33HaKoBasi (DyHKIWS MTOyYeHUS 3HAYEHHS X TI0 MOIY-
110 63 (370 MOXKET OBITh KaK 3HAKOBOE, TaK M OE33HAKOBOE YMCIIO, €CJIM JJIMHA CJIOBA KpaTHa 3).
JanHas GyHKUMS CKIaAbIBaeT 3HAUCHHMS, CoAeprKamiecss B 6-OMTOBBIX IOJISX CJIOBa x, YTO CTa-
HOBUTCS MOHATHO, €CITH PACCMATPHUBATh CJIOBO x KAaK IIEJIOC YKCIIO, 3alMCAHHOE B CHCTEME CUIC-
JIeHus ¢ ocHoBaHueM 64. OcTaTok OT JCNIEHUS IIEJIOTO YMCIa B CUCTEME CUMCIICHHS C OCHOBAaHHEM
bwua b—1 mist b>3 cpaBauM Mo Momaya0 b—1 ¢ cymMMoii TMdp ITOTO YMCiIA M, KOHEIHO, MEHb-
e b. Tak kak cymma 1uép B HaleM ciydae He TpeBbinaeT 32, 3HadeHre modu(X,63) ODKHO

OBITH paBHO CyMMe QD X, T.€. KOTMIECTBY EANHUIHBIX OUTOB B 3TOM CJIOBE.

Ha xommerorepax DEC PDP-10 ects koMaHa, BEIYUCIIAIONIAS OCTATOK OT JCIEHUS, BTOPOH
oIiepaH]| KOTOPOIl CONIEPIKUT ajpec CIIOBA B MAMSTH, a TOTOMY Ha 3THX MAIIMHAX ITOJICUET e/Iu-
HUYHBIX OMTOB B cioBe BemonHsAeTca 3a 10 komann. Ha xommeiotepe RISC Tpebyercs oxomo
13 xomaH[I, eciM B MX YUCIIE UMEETCS OTACIbHAS KOMAaHIA OCMAMKA Om OeieHUst o MOOYTIo.
OnHako, BEpOsSITHO, 3TO HE OYEHb OBICTPBIA METOJ, TaK KakK JeJeHHe — OIepalys JOBOJIbHO
MeuieHHas1. [IpocToe pacimperre KOHCTAHT He TTO3BOJIIET paboTaTh ¢ 64-0MTOBBIMHU CIIOBAMH,
HO BIOJHE MPUMEHUMO IS CJIOB JJTUHON 10 62 OHT.

B [26] npemtoxena Bapuanus anropurMma HAKMEM. Crauana ¢ ucnosib3oBanueM (op-
Myist (1) mapamienbHO MOJICYUTHIBACTCS KOJIMYECTBO CIHHHYHBIX OMTOB B BOCBMHU 4-GHTOBBIX
monsix. Ilomydennsie 4-OuTOBBIE 3HAUEHHUS MPEoOpasyroTcs B 8-OMTOBBIE CYMMEI, a 3aTeM de-
ThIpe OaiiTa CyMMHpPYIOTCS TIPH MTOMOIIK YMHOKeHus Ha gnciio 0x01010101.

int pop (unsigned x)
{

unsigned n;

n (x >> 1) & 0x77777777; // TlomcueT OMUTOB
X = X - n; // B 4-OUTOBHIX
n= (n> 1) & 0x77777777; // Tonax

X = X - n;

n= (n>> 1) & 0x77777777;

X = X - n;

X = (x + (x > 4)) & OxOFQOFOFOF; // BHUMCJIEHME CYMM
x = x*0x01010101; // CroxeHue 6alToB

return x >> 24;

3nech s Beruncienuid Tpebyercst 19 6azoBbix RISC-xomana. 1ot kox addexTuBHO pa-
0oTaeT Ha IByXaJPEeCHOW MAIlMHE, TaK KaK B MEPBBIX IIECTH CTPOKAX BBIMOIHIETCS TOJIBKO OJI-
Ha KOMaHJIa nepecvlixu pecucmpad. HeoHOKpaTHO UCHONB3yeMYIO MacKy 0x77777777 MOYXKHO
OJTHOKPATHO 3arpy3uTh B PETHCTP W OOpAIAThCs K HEi MpH MOMOIIM KOMaH, paboTarommx
TOJIbKO ¢ peructpamu. Kpome TOro, GONBIIMHCTBO CIIBUTOB B 3TOM KOJIE — Ha OJIMH pa3psi.

CoBcem Jipyroit MeTo1 mojicueTa 6uToB npesioxker B [54, 60] (muctunr 5.2). 31ech MUKIHN-
YecKH cOpachIBaeTCsl KpalHUHA CIIpaBa eIUHUYIHBIN OUT MCCIIeTyeMOoro CcoBa, 0 TeX Mop MoKa
9TO cIOBO HEe cTaHeT paBHBIM 0. OTOT MeTox, s pabOTH KOTOPOTO TpeOyeTcsl BBHITIOIHEHHE
2+5pop(x) xomaHn, 3pHEeKTUBHO pabOTaeT CO CIOBAMH, B KOTOPBIX COAEP)KHTCS TOIBKO He-

0OJIBIIOE KOJIMYECTBO CANMHUYHBIX OHTOB.

JIucrunr 5.2, [Toacuer eAMHUYHBLIX OUTOB B MaJ103aI0JTHEHHBIX CJI0BaX

int pop (unsigned x)
{

int n;

n =20;

78 I'JTABA 5. TIOACYET BUTOB
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n + 1;
x & (x - 1);
return n;

JUist c10B ¢ OONBIINM KOJUYECTBOM €AUHUYHBIX OUTOB MPUMEHSETCS JyalbHbIH aarOPUTM.
B clioBe IMKITMYECKH yCTaHABIMBACTCS KpaHMil cripaBa HyseBoOi OuT (x = x | (x+1)) mo
TEX MOp, [OKa BO BCEX pa3psi/iax CI0Ba HE OKa3bIBAIOTCS eOWHHUIB! (T.€. TOKa CJIOBO HE CTAHET
paBubiM —1). Tlocne 3Toro Bo3epamaercs unciao 32—n. (B apyrux BapuaHrtax 3TOro ajiropur-
Ma OHMTBI HCXOJIHOTO 3HAUEHMsI X MOTYT OBITh MHBEPTHUPOBAHbI, HAYaJIbHOE 3HAYECHUE N MOXET
OBITh 33/1aHO PABHBIM 32 U TIPH BBHIYMCICHUH YMEHBLIATHCS, @ HE YBEIMYUBATHCS.)

Elie oiH HHTEPECHBIN aNropuT™M MOJCYESTa SAMHUYHBIX OUTOB MpesiokeH B [47]. B atom
ITOPUTME BBIYUCISIETCS CyMMa BCeX 32 CJIOB, IOJyYEHHBIX B pE3YJIbTaTe IUKINYECKOTO CABHU-
ra cJIOBa BJIEBO Ha OJMH pa3psi. MToroas cymMMa paBHa 3HaUY€HHIO Pop(X) CO 3HAKOM MHHYC!

CrnemoBaTebHO:

31 rot |

pop(x) =Y. x<i |, 2

i=0
T/Ie BCE CIIO’KEHHS BBIMTOJHSIIOTCSA 10 MOAYIIIO JUIMHBI CIIOBA, a UTOTOBAasi CyMMa paccMaTpHBa-
€TCs Kak Iejioe, AOMOJIHEHHOe 0 2. DTOT crmocod — He OoJiee 4eMm KpacuBas, HO He dddek-
THUBHAS IS IPAKTHYIECKOT0 MpUMEHeHus (hopMyna: MK BemonHsAeTcs 31 pas, T.e. Tpedyercs
BEITTOJTHEHHE 63 KOMaH/I, He CUNTAasi KOMaH][ YIPABICHUS [IUKIOM.

Yro6bl MOHATE, Kak paboTaeT ypaBHeHHE (2), TOCMOTPHM, YTO MPOUCXOAUT C KaXkIbIM OT-
JICTBHBIM OUTOM CJIOBa X. DTOT OUT MpU NUKIMYECKOM CIIBUTE OKA3bIBACTCS B KAXKIOM paspsi-
Jie, W TIPU CIIOKEHUH BCeX 32 YHUCe, MOJNyYCHHBIX B pe3ylibTare 31 IUKINYECKOro CIBHra, B
HUTOTOBOM CJIOBE B KaXJIOM paspsjae Oyaer enuanna. Ho 3To umcino npeacraBiseT coboit —1.
st voumtocTpanuu paccMoTpuM 6-6uToBoe ciioBo x = 001001.

001001 x
rot
010010 x<1
rot
100100 x<2
rot
001001 x<3
rot
010010 x«4
rot
100100 x<5

Paszymeercs, caBur BpaBo padoTaeT He MeHee KOPPEKTHO.

Merton mojicueTa eTMHNYHBIX GUTOB IO (popmyrte (1) OYeHb MOX0K Ha METO IIHKIMIECKO-
'O C/IBUTa W CIIOXEHMS, UTO CTAHOBUTCSI TIOHATHO, eclii ypaBHerue (1) mepernmcars Kak

31 u
pop(x) = X—Z(X»l) .
i=1
Brruncnenne dysknun pop(x) mo 3Toi dopMyne OyAeT MPOMCXOANTh HEMHOTO OBICTpee IO
CPaBHEHHIO C MMOJICYETOM EAMHUYHBIX OUTOB 10 Popmysie (2) mo AByM npuuuHam. Bo-mepBhix,
B HEM HUCIIOJIE3YETCs KOMaH/a CIIBUTa BIIPABO, KOTOPAsl, B OTIUYUE OT KOMAH/IBI IIUKINYECKOTO
C/IBUTA, €CTh MPAKTUYCCKU HAa BCEX MAIIMHAX; BO-BTOPBIX, €CIIH MPH CIBUIE CJIOBA IOTYy4acTCs

HYJICBOC 3HAYCHUEC, IUKJI 3aBCPIIACTCH. Taxum 06pa30M, OTO MO3BOJIACT YOPOCTUTH LHUKII U CO-
KOHOMUTDH HECKOJIBKO HTepaHHﬁ. CpaBHeHI/Ie AJITOPUTMOB ITOKAa3aHO B JIMCTUHIC 5.3.

5.1. [IOJICHET EIMHNYHBIX BUTOB 79
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Jluctunr 5.3. [lukandeckue aJropuTMbI MOACYETA KOJHYECTBA eITHHUYHBIX ONTOB
int pop (unsigned x)
{

int i, sum;

// LUUKIMYEeCKMUM CIOBUI' M CJIOXeHMe // COBUIT BINPaBO M BHUMUTAHUE

sum = X; // sum = x;
for(i = 1; i <= 31; i++) // while(x != 0)
{ /7 A
x = rotatel(x,1); !/ X = x > 1;
sum = sum + X; // sum = sum - X;
} /7 0}
return -sum; // return sum;

Anroput™, BBIYHCIIONMNE QYHKIMIO POp(X) ¢ HCMOIb30BAHHEM MACCHBA 3HAYCHHUM, Me-
Hee OPUIHMHAJIEH 110 CPABHEHMIO C NPENbIAYLINMHI aJIrOPUTMAMH, TEM HE MEHEE BIIOJHE MOXKET
KOHKYpUpOBaTh ¢ HuMH. Hanpumep, mycts uis 3Hadennit ot 0 1o 255 umeercs Maccus table
3HaveHnit Gpynkimn pop(x) . IIpu mojacuere eAMHUYHBIX OGUTOB B CIIOBE BBINOIHSCTCS YETHIPE
o0palleHnst K MacCHBY table M 3aT€M CKIABIBAIOTCS YETHIPE TOIYYEHHBIX Yncaa. BoT oqun
W3 BapHUAHTOB 3TOTO anroputMa (6e3 YCIOBHBIX TEPEXO/IOB):

int pop (unsigned x) // Tlomck B Tabjaule
{
static char table[256] = {
o, 1,1, 2,1, 2,2, 3,1, 2,2, 3, 2, 3, 3, 4,

4, 5, 5, 6, 5, 6, 6, 7, 5, 6, 6, 7, 6, 7, 7, 8};

return table [x & OxFF] +
table [(x >> 8) & OxFF] +
table [(x >> 16) & OxXFF] +
table [(x >> 24)];

B [25, item 167] npuBeieH KpaTKHii ajrOpHTM IOACYETa KOJMYECTBA €JUHUYHBIX OMTOB B
9-0MTOBOM 3HAUYEHUH, BRIPOBHEHHOM BIIPABO W Pa3MEMICHHOM B PETUCTPE. DTOT aJIrOPUTM pa-
0OTaeT TOJNBKO Ha MAIlIMHAX C JUTMHOH perumctpa 36 u Gosbie O6ut. Himke mpuBeeH BapuaHT
9TOTO AJTOPUTMAa JUIs paboThl Ha 32-0MTOBOM MalIuHe (TOIBKO JIst 8-OUTOBBIX BEJIMYMH).

x = x * 0x08040201; // Cosmawrca 4 konum

X = x >> 3; // YnmajleHue COOTBETCTBYWIMX OUTOB
x x & 0x11111111; // Kaxmeni 4-11 6uT

x = x * 0x11111111; // Cymma umop (0 mym 1)

X = x >> 28; // TloJloxeHMe pe3yJbTaTa

Bor BEpCUA aJiropurMa Ajis 7-OUTOBBIX BEINYHH:

x = x * 0x02040810; // Cospawnrca 4 xonuwu

X x & 0x11111111; // Kaxnoemi 4-11 6uT

x = x * 0x11111111; // Cymma umop (0 mym 1)
X = x >> 28; // TlojloxeHMre pesyJbTaTa

3/1eck mocneHNe Ba IIara MOTYT OBITh 3aMEHEHBI BRIYUCIEHHEM OCTaTKa OT X o Moayio 15.
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DTN METOIBI PaboTaOT HeMOCTaTOUHO d()(PEKTHBHO. BONBITMHCTBO POTPAMMHUCTOB TIPEI-
MTOYUTAIOT TIPU MOJCYETE SAMHUIHBIX OWTOB MOJIBH30BATHCS TAOMUIIAMU 3HAYEHHUH 3TOH (QyHK-
mun. Tlocneaanit U3 pacCMOTPEHHBIX aTOPUTMOB, OHAKO, IMEET BEPCHIO C HCIOIh30BaHUEM
64-0uToBOi apu()METHKH W MOKET OKa3aThCs ITOJIE3HBIM Ha 64-OMTOBBIX MalIMHAX, Y KOTOPBIX
€CTh KOMaHAa OBICTPOTO YMHOXKEHUS. APTYMEHTOM JaHHOTO alropuTMa sBisiercs 15-6utoBas
BenmmurHa (S HE IyMaro, YTO €CTh TMOXOKHUM aaroput™ st 16-OMTOBBIX BETHMUYHH, KPOME CITy-
Yast, KOTJa 3apaHee W3BECTHO, YTO He Bce 16 OUT SBIAIOTCS CAMHWYHBIMH). THIT TaHHBIX
long long mpezacTaBiser coboii pacmmpenue s3pika C B kommmiatope GNU [57] u o3Hayaer
LIEJIOE YUCIIO BIBOE OOJIbIIEH JUTHHBI, YeM THI int (B HallleM cliydyae TUM long long UMEET
1Hy 64 6uta). Cydduke ULL 03Ha9aeT KOHCTAHTHI THIa unsigned long long.
int pop (unsigned x)

{
unsigned long long vy;
vy = x * 0x0002000400080010ULL;
v =y & 0x11111111111111110LL;
v =y * 0x11111111111111110LL;
v =y >> 60;
return y;

IloacyeTr eAMHUYHBIX OUTOB B MacCHBe

B HpOCTeﬁHIeM criocobe noacyera CAMHUYHBIX OUTOB B MAaCCHBE IOJHLIX CJIOB npu OTCyT-
CTBUH KOMAaHJIbI pOp(X) CHayvaJia IMOJACYHUTHIBACTCA KOJUYCCTBO CIMHHUYHBIX OUTOB B KaXXaoM
CJIOBC MacCCHBa, HAIpUMEP € MCHOJIb30BAHUEM IPOUCAYPbI U3 JIUCTUHTA 51, a 3aTeM IOJIYyYCH-
HBIC BHAYCHUA ITPOCTO CKIIAABIBAIOTCA.

Z[pyl"OfI nyThb, KOTOpLIﬁ MOJKET OKa3aThecs 0osiee 6I)ICTpLIM, COCTOUT B MCIIOJIb30BAHUU II€P-
BbIX JIBYX CTPOK JTOHU Mmpoueaypsbl Ui IpyImi U3 TpEX CJIOB € MOCICAYIOINM CIIOKECHUEM TPEX
MPOMCIKYTOUYHBIX 3HAYCHHH. HOCKOJ’IBKy MAaKCUMAJIbHOC 3HAYCHHUC KaKI0Ir'o0 NpOMEKYTOYHOTO
pe3yjibTata B KaXJI0M 4-pa3pﬂﬂHOM IoJIC€ paBHO 4, TOCJIC CJIOKEHUA 3TUX TPEX MPOMCEIKYTOY-
HbIX PE3YJbTATOB B KAXKIOM 4—pa3p5mH0M I10JIC 6yz[eT MakKCUMYM 4YUCJIO 12, TaK 4TO IEeperio-
HCHUS TPU CJIOXKCHUN BO3HHUKHYTH HE MOXKCT. 3arem KaxJasd n3 MOJYYCHHBIX CYMM MOXKET
OBITE r[peo6pa3OBaHa B CJIOBO C YETBIPbMA 8-OMTOBLEIMU MOISIMU ¢ MAKCHMAJIbHBIM 3HAYEHHEM
0Jisg, paBHbIM 24, C UCIIOJIb30BAHUEM

x = (x & OxOFOFOFOF) + ((x >> 4) & OxOFOFOFOF) ;

IMomy4eHHBIe TAKUM 00pa30M CIIOBa CKIAIBIBAIOTCS IO TeX IOp, II0OKa MaKCHMaIbHOE 3Ha-
YeHHE UX CYMMBI B KaXK/IOM TI0JIe PE3YIIBTHPYIOMIETO CI0BA OCTAETCS MEHBIIE 255; BCero Mox-
HO CIIOXHMTb JIECATh TakHX c110B (| 255/24 ). Tocne cnoxenus 10 cI0B nomydeH bl pe3ynbTaT
mpeodpasyeTcs B CIOBO ¢ ABYMs 16-OMTOBBIMH HOJSIMH ¢ MakcHMalbHBIM 3HaueHHeM 240 B
K)XIOM M3 HUX:

x = (x & O0xO0FFOOFF) + ((x >> 8) & OxOOFFOOFF) ;

Teneps, npexzae yem noTpeOyercs MPUMEHUTh OYepeHOe IpeodpazoBaHue B 32-0MTOBOE
CJIOBO, MOXHO CIOXHTb 273 Takux cioBa (| 65535/240 ). ITo npeobpa3oBaHUE BBINOJIHACTCS
CIIEAYIOIINM 00pa3oM:

x = (x & O0x0000FFFF) + ((x >> 16);
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Ha mpakTuke KOMaHIBI YIIPAaBICHNS [IUKIOM CYIIECTBEHHO MPEBBICIT MOIYIESHHYIO IIPH HC-
MTOJTF30BAHNH ATOTO METO/Ia YKOHOMHMIO, TaK YTO CTPOTO CIIEI0BATh OMHCAHHON IpoIeaype, Be-
pOATHO, HE UMeeT cMbIcia. Hampumep, kox B JMcTHHTE 5.4 HCHOIB3YET TOIBKO OJWH IIPOMe-
KYTOYHBIH ypoBeHb. CHadanma GpopMHPYIOTCS CIIOBa ¢ YETHIPHMS 8-OMTOBBIMHU TOJISIMHU C TIPO-
MEXYTOYHBIMH CyMMaMH B KaXJOM TIOjie. 3aTeM BCe OTH CJIOBa CKIAIBIBAIOTCS C
o0pa3oBaHHMEM IIEJIOTO CJI0Ba, CoAeprkamiero cyMmmy. KomnaecTo cioB ¢ 8-OMTOBBIMU TOTISIMH,
KOTOPO€ MOXHO MPOCYMMUPOBATh 0€3 pUCKa MEPENOITHEHUs, PaBHO L255/8J =31.

JIncrunr 5.4. Illoacuer eAMHNYHLIX OHTOB B MAaCCHBE
int pop_array (unsigned A[], int n)

{
int i, j, 1lim;
unsigned s, s8, Xx;

s = 0;
for (1 = 0; 1 <n; 1 =1 + 31)
{
lim = min(n, i1 + 31);
s8 = 0;
for (j = 1; j < lim; J++)
{
x = A[j];
x =X - ((x > 1) & 0x55555555);
x = (x & 0x33333333) + ((x >> 2) & 0x33333333);
x = (x + (x > 4)) & O0xOFOFOFOF;
s8 = s8 + x;
}
x = (s8 & OxO00FFOOFF) + ((s8 >> 8) & OxO00FFOOFF) ;
x (x & OxO000FFFF) + (x >> 16);
s = s + Xx;
}
return s;

HHTEepecHO CpaBHUTH ATOT AATOPUTM C MPOCTHIM IUKIUYECKUM anroputmoM. O6e mpoiie-
aypel 6butn oTkoMIinpoBansl GCC Ha oo MammHe, oueHb noxoxeit Ha RISC ¢ ocHoB-
HBIM Ha0OpOM KoMaHI. Pe3ynpTar — 22 KOMaHJIBI Ha OJHO CIIOBO VIS MIPOCTOTO MUKIAYECKO-
ro meroja U 17.6 KOMaH/IbI Ha CJIOBO IO aJIrOPUTMY U3 JIUCTHHTA 5.4, T.e. YKOHOMHUS Ha CIIOBO
cocraBisieT 20%.

IIpumenenue

Dynkuus pop(X) HCIONb3yeTcs, HAIpUMEp, IPH BBIYHCICHUM “PAaccTOSHUA XeMMHUHra’

(Hamming distance) mexxay aBymst GUTOBBIMU BeKTOpamu. PacctosiHie XeMMuHra (KOHICIHSI
U3 TEOPHH KOJOB C UCIIPABICHHEM OIIMOOK) MPEACTaBIsIeT COO0i KOIHYECTBO pa3psiioB, B KO-
TOPBIX 3TH BEKTOPBI OTIHYAIOTCA, T.C.
dist(x,y)=pop(x®y).

(Cmotpure, HapuMep, TIIABY O KOJaX C UCIIpaBICHHEM ommOoK B [12].)

Hpyroe npumeHeHne — obecnedeHne GbICTPOro HHASKCHOIO J0CTYIA K 3JIEMEHTaM paspe-
JKEHHOTO MaccuBa A, MPEICTABICHHOIO HEKOTOPHIM KOMITAKTHBIM 00pa3oMm. B kommakTHOM
NPEICTABICHUH COXPAHAIOTCS TOJBKO ONpPEACICHHBIC, HeHYJICBbIE JICMEHTHI MaccuBa. I11ycTs
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€CTh BCIIOMOTATENIbHBIM MacCUB OMTOBBIX CTpOK bits (comepxarimx 32-pa3psiHble CIIOBa),
MMEIOIINH eIMHNYHBIA OUT JUIS Ka)XI0Tr0 WHAEKCA i, Tl KOTOPOro OmpejeneH siaeMeHT Ali].

JInist yCKOpeHHst OCTyIa UMEeeTCst TaKkKe MaccuB ci1oB bitsum, takoit, uto bitsum| j] mpexacras-

JseT €000 00lee KOJMYECTBO BO BCEX CIIOBAX MaccuBa bitS eMHMYHBIX GMTOB, IPEIIIECT-
BYIOIHX j-My. [IpOMIUTIOCTPHPYEM CKa3aHHOE Ha MacCHBe, B KOTOpOM ompeneneHst O, 2, 32,
47, 48 n 95-i1 hieMeHTEHI.

bits bitsum  Jannwie
0x00000005 0 AlQ]
0x00018001 2 Al2]
0x80000000 5 A[32]
A[47]
A[48]
A[95]

Jlnst 3amanHOTO MHAEKCA |, 0<i <95, COOTBETCTBYIONINI HHIEKC SPArse i B MaccMBe JaH-
HBIX 33/1a€TCS Yepe3 KOJMYECTBO eIUHUYHBIX OUTOB 3JIEMEHTOB MaccuBa bits, mpemmectryro-
mmx OUTY, COOTBETCTBYIOMEMY I. Ero MOKHO BBIUHCIIHUTH CIIEAYIONIMM 00pa3om:

J =i >> 5; // j = 1/32
k =1 & 31; // k = rem(i,32)
mask = 1 << k; // ”"1” B pazpane k
if ((bits[j] & mask) == 0)
goto no_such_element;
mask = mask - 1; // emuHMUE cHopaBa oT k
sparse_1i =

bitsum[j] + pop(bits[j] & mask);

3arpatbl MaMATH MPH TAKOM IIPEICTABICHUN Pa3peKEHHOTO MacCHBa — JBa OWTa HA SJIEMEHT
MTOJTHOTO MacCHBa.
DyHKuMA pop(X) IPHUMEHAETCS TaKKe HPH BBIYUCICHUH KOJIMYECTBA 3aBEPIIAIOIINX Hylel

croBa (cM. paszgen 5.4).

5.2. YeTHOCTH

Iox “uerHocThr0” (parity) OMTOBOM CTPOKH MOHHUMAETCS, KAKOE KOJIMYECTBO €IMHHYHBIX
OWTOB — YETHOE WM HEUETHOE — COJIEPIKUT 3Ta cTpoka. CTpoka cunuTaeTcs “ HeUeTHOH , eciu
OHA COZICP)KUT HEUETHOE KOJMYECTBO EJAMHUYHBIX OMTOB; B IPOTHBHOM CIIydae CTpPOKa SIBIISICT-
CST 9eTHOI .

BoluncieHne 4eTHOCTH CJI0BA

PesynbTaT IpoBepKH Ha YETHOCTH PaBeH 1, €CIM HEKOTOPOE CIIOBO X SBJIACTCS HEYETHBIM, H
paBeH O, ecy CIIOBO SBIISIETCS] YETHBIM. DTOT PE3yAbTAT MPEICTABIIET COO0M CyMMy BCeX OMTOB
CJIOBA 10 MOYJIIO 2, T.€. Hajl BCEMH OMTaMU X BBIIOJHSETCS OTEPALUS UCKIIOUAIOWE20 U,

!B nanmom paszene 3HaueHHS TEPMHHOB “ueTHOE” ¥ “HeueTHOe” OTIHYAIOTCA OT OOBIYHBIX. Besze
B pasJielie, TJie He OTOBOPEHO MHOE, “9EeTHOCTH  O3HAYaeT HAJMYME YETHOTO YHCIIA CTUHUYHBIX OHTOB B
paccMaTprBaeMOM 3HAYCHUH, a “HEYETHOCTh — HEYETHOE KOIMIECTBO OUTOB. — [Ipum. peo.
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Ilpn mpoBepke ClIOBa Ha YETHOCTh MOXHO HCIIONB30BaTh (DYHKIMIO POP(X) — B TAaKOM

CJlydae YETHOCTH MPEICTABISACT cO0O0M MiIaaIInii OUT 3HAUCHHMS, BO3BPALIAEMOro 3TOW (PyHK-
1ueit. TOT METOJ BIOJIHE IPHMEHNM TPH HAJIMYHH KOMAHIBI 17T BEYUCIeHHs pop(X) . Ecmm

K€ TaKOM KOMaH/Ibl HET, TO BMCCTO HUCIIOJIB30BAaHHA KOJA AJIs1 BBIYUMCIICHUA pOp(X) JIy4iie BOC-

[10JIb30BaThCs 00JIee 3(1)(1)CKTI/IBHLIMI/I CricuajJIn3upOBaHHbIMU METOJaMU.
O)II/IH N3 TaKUuX METOAOB COCTOUT B BBEIYHMCICHHUU

n-1 u
y i@o ( X>>i j ,
rae N— AJMHA CJIOBA, a PE3yJbTaT MPOBEPKH HAa YETHOCTH CJIOBA X MMOMEIIACTCS B MIIAIIINA
6ut y. (Omepatop @ o03HAYAET UCKIIOUQIOUee Ui, HO B JJAHHOM CJTydae €ro MOKHO 3aMEHUTH
OOBIYHBIM CJI0KEHHUEM. )
Hwxe npuBoutest 60i1ee OBICTPBIN CIIOCO0 MPOBEPKU HA YETHOCTD IS HE CITUIITKOM OOJBIITIX

3HaveHuii N (B mpuMepe N =32 ; CIBUTH MOTYT OBITh KaK 3HAKOBBIMH, TaK H OE33HAKOBBIMH).

v =X N (x> 1);

y =y "~ (y >> 2);
y =y " (y > 4); 3
y =y "~ (y > 8);
y =y "~ (y > 16);

Bcero Boimonusiercs 10 KoMaH, 4TO 3HAYUTENBHO MEHBIIIE, YeM B TIepBOM MeTojie (62 KoMan b,
JlaKe TIPU TIOJIHOM DasBEPTHIBAHUM IMKJIA. 37€Ch OMT YETHOCTH TAKKE OKA3BIBAECTCS B MIIAJIIEM
paspsize Y. B IeficTBUTENLHOCTH BCET/Ia PH BBIOJHEHUH O€33HAKOBBIX CIIBUIOB i-if OUT pe3yibTara
Y JIa€T YETHOCTh OMTOBOM CTPOKH, COCTOSIIIEN M3 BCEX OMTOB X OT i-ro jio crapiero. Kpome toro,
TaK KaK UCKIoudloujee Wiy TPEICTaBISICT COOOM CBOIO COOCTBEHHYIO HMHBEPCHIO, YETHOCTH
(x>>1)®(x>> j) paBHa YETHOCTH IOZICIIOBA, COCTOSIIIEr0 M3 OMTOB X ¢ jmo i—1 (i > j).

IIpuBeACHHBIN BBINIE METOJT SBJIETCS IPUMEPOM METOJIa “TIapajuielbHOTO Nnpedukca”, Win
“CKaHMPOBaHMsA" , KOTOPBIN MIPUMEHSETCS B NapauielibHbIX Beraucienusx [30, 41]. [lpu Hanu-
YMU JOCTATOYHOIO KOJIMYECTBA MPOIIECCOPOB OH MO3BOJISIET MPE0OPa3oBaTh HEKOTOPHIE KaKy-
LIMeCs MOCJIEA0BATENbHBIMUA MPOILIECCHl B MapauielbHble, COKpalas BpeMsi BBIYUCICHUN OT
O(n) mo O(logn). Hampumep, ecnu HEOOXOAMMO BBINOJIHUTE OHEPALHIO NOPAa3PSLHOTO UC-

KAouaowe2o uiu Haj 1ejbIM MAacCHBOM, BBl MOXETE CHAyalla BBIOJHUTE jeiicTBus (3) Han
KaX/[bIM CJIOBOM MAacCHBa U 3aTeM IPHUMEHHTb, M0 CYTH, Ty K€ METOJUKY K MAaCCHBY, BBIIIOJI-
HSISL OTIEPAIIUIO UCKIIOHAIOWe20 Ul HAJl CIIOBAMHU MaccuBa. [Ipu TaKOM MOJXO/I€ BBITIOJIHSIETCS
Goliblliee KOJIMUECTBO DJIEMEHTAPHBIX (C OTACIBHBIMU CIOBAMU) KOMAHJ UCKIIOUAIOWe20 UL,
4YeM B MPOCTOM alirOPUTME, paboTaroIeM ClieBa HANPABO, a CIIEIOBATEIBHO, IS OJJHOMPOIIEC-
COPHOTO KOMITBIOTEPA MPUMEHSTh JaHHBIM METOJ He cTouT. HO Ha KOMIBIOTEpPE C J0CTATOY-
HBIM KOJMYECTBOM MMapajUIeIbHBIX MPOIECCOPOB MPOBEPKA HA YETHOCTD MO OMUCAHHOMY BHIIIIE
anroputMy 3aHuMaet BpeMs O(logn), a He O(n) (rae N — KOIMYECTBO CIIOB B MACCHBE).

HenocpeacTBEHHBIM TIPUIIOKEHHEM MeToa (3) ABISETCS NPeoOpa3soBaHKe LEJbIX YUCEN B
ko I'pest (cm. rimaBy 13).

Ecnu usmennts ko1 (3), 3aMEHMB BCE CABMIM BIIPABO CIBHUIAMH BIEBO, TO PE3YJILTAT MPO-
BEPKU Ha YETHOCTH IIEJIOT0 CJI0Ba X OTOOpakaercs B crapuieM Oure Y, a i-if OuT cioBa y co-
JIEPIKUT YETHOCTH OUTOB CJIOBA X, PACIIOJIOKEHHBIX B i-i MO3ULIMHU U npaeee Hee.

Ilpy MCHONB30BAHNM YUKIUYECKUX COBU208 B PE3YIILTUPYIOIIEM CJIOBE BO BCEX paspsaaax
OyIyT JIMOO €IUHULBI, €CITH X COJAEPKUT HEYETHOE KOJMUECTBO EIMHMYHBIX OUTOB, JTUOO HYJIH,
€CJIM MX KOJIMYECTBO YETHOE.
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B CICAYIOLIEM METOAC YE€THOCTH CJIOBA X BBIYUCIISICTCA 3a JAC€BAThL KOMaH[, IIPU 3TOM pe-
3YyJIbTAT OKa3bIBACTC PABCH Owmwm 1 (BCC CIBHI'M B KOJIC 6633HaKOBLIe).

A

X = X (x >> 1);
X = (x ~ (x > 2)) & Ox11111111;
x = x*0x11111111;
p = (x >>28) & 1;

[Tocne BeIMONHEHNS! BTOPOH CTPOKU Kak/asi IeCTHaAIaTepuyHas U pa B X MPUMET 3HaYCHUE
0w 1, B 3aBUCHMOCTH OT YETHOCTH UCXOAHOU 1M pbl. KoManna ymHoocenuss cyMMHUpyeT Bce
mudpsl, TOMeNas CyMMy B CTaplIMi NIeCTHAANATepUUHbIH pa3psn. [lepeHocoB npu 3TOM BO3-
HUKHYTh HE MOJKET, IOCKOJIbKY MaKCUMaJlbHOE 3HaYeHHe JIIoooro Oaiita paBHo 8.

Komannel ymroocenuss v coguea MOKHO 3aMEHUTh KOMaHJI0H, KOTOpasi BBIYUCIISIET OCTaTOK
OT JienieHus X Ha 15, 9To maet (MeIICHHYI0) pealn3aliio AITOPUTMa 32 BOCEMb KOMaH]I, €CIIH,
KOHEYHO, B KOMITBIOTEPE €CTh KOMaH/a TIOyUeHHS OCMAmKd om OelleHUsi Had HenocpeocmeeH-
HO 3a0aHHOe 3HaAYeHue.

JlobaBjieHue OMTA YeTHOCTH K /-OUTOBOM BeJIMYNHE

B [25, item 167] ectb MHTEpECHBIN anropuT™, J00ABJISIONIMI OUT YETHOCTH K 7-OHTOBOM Be-
nuyrHe (BBIPOBHEHHOM BIPABO M IOMELIEHHOH B peructp). [lox 3tM moapa3ymeBaercs ycra-
HOBKa OWTa YETHOCTH CJieBa OT CEMH OMTOB TaKMM 00pa3oM, YTOOBI MOJIYYHTh BOCBMHOHMTOBYIO
BEJIMYMHY C YETHBIM KOJIMYECTBOM €JMHMYHBIX OWTOB. B yKazaHHOH paboTe mpuBeIeH IpuMep
KoJia juts 36-0MTOBO MaIlIMHBI, HO OH KOPPEKTHO paboTaer 1 Ha 32-OMTOBBIX MalllMHAX.

modu (( x * 0x10204081) & 0x888888FF,1920) .

3necs modu(a,b) o3HauaeT 0CTaTOK OT OE33HAKOBOTO JeNeHHUs & Ha b, aprymeHTsI U pe3yibrar
MHTEPIPETHPYIOTCS KaK Le/Ible Yicia 6e3 3HaKa, “ + " 03HAYaeT yMHOKEHHE 110 MOIymo 2%, a
xoHcranTa 1920 papua 15-2. dakTHuecky 31ech BHIUMCIAETCS CyMMa OHTOB B CIIOBE X C Pa3-
MEILEHHEM 3TOH CyMMBI ciieBa OT ceMu OMTOB X. Hampumep, 310 BbIpakeHHe IpeoOpasyeT
yucno 0X0000007F B 0XOO0003FF 1 0x00000055 B 0x00000255.

B [25] ectb emie ofHa ocTpoyMHas hopMyina s [OOABICHHST OUTOB YETHOCTH K 7-OUTOBOMY
yucny (mpu 3ToM 00pasyercst 8-GUTOBOE YMCIIO C HEYESTHBIM KOJIMYESCTBOM SIUHIHYHBIX OUTOB):

modu(( x * 0x00204081) | 0x3DB6DB00, 1152) ,

rae 1152 = 9-2'. Tlousits, Kak paGoTaer sta (hopmyna, TOMOXXET TOT (paKT, 9TO CTETeHb 8 1o
monymo 9 pasna t1. Ecian 3amenuts 0X3DB6DB00 3nauennem 0XxBDB6DBO0, ata ¢popmyna
Oyner j1aBaTh BOCBMUOWTOBOE YUCIIO C YETHBIM KOJIMYECTBOM €JMHIUYHBIX OMTOB.

Ha coBpeMeHHBIX MalllHaX BCE 3TH METOJbl HEJAOCTATOUHO NPAKTHYHBI, TaK KaK MPH TOM,
YTO MaMSTh JICIEBEET, JACJICHHE BCE €1lIe BBINOIHIETCS JI0BOJIBHO MeWIeHHO. [loaToMy OobIIMH-
CTBO IIPOrPaMMHCTOB MPEIIOYUTAIOT UCIIOJIL30BATh BMECTO BBIYMCIIEHHI IOMCK B TAONHIIE.

IIpumenenue

Ormepanuisi Y€THOCTH WCIIONB3YETCS TPH MepeMHOKeHHH OuTOBBIX Matpuil B GF(2) (rme
OTIEPAITHS CLONCEHUsL TIPEIICTABISIET COOOM UCKIoUaiowee u).
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5.3. Ioacuer Beaymux HyJeBbIX OMTOB

Cy1ecTByeT psiJi IPOCTHIX CIOCOOOB MMOJICUETa BEAYIIMX HYJICBBIX OUTOB CIIOBA, peallu3ye-
MBIX IIPY TIOMOIIM METoJ[a OMHApHOro moucka. Hiske mpuBeieHa MoOJeNb, UMEIOIas psijl Ba-
puanwmii. Ha mporieccope ¢ 6a3oBeiM HabopoM RISC-koMaH; BBIYUCIICHUS BBHITOJIHSIOTCS 3a
20-29 xomann. Bee cpaBHeHHsT O€33HAKOBEIE.

if (x == 0) return(32);

n = 0;

if (x <= Ox000QFFFF) {n = n +16; x = x <<16;}
if (x <= OxOOFFFFFF) {n = n + 8; X = x << 8;}
if (x <= OxOFFFFFFF) {n = n + 4; X = x << 4;}
if (x <= Ox3FFFFFFF) {n = n + 2; X = X << 2;}
if (x <= Ox7FFFFFFF) {n = n + 1;}

return n;

B APYyrOM BapHaHTE BCE CPABHCHMS 3aMCHSIOTCS KOMaHAAMMU 1.

if ((x & OXFFFF0000) == 0) {n = n +16; x = x <<16;}
if ((x & OxXFF000000) == 0) {n =n + 8; x = x << 8;}

Eie onuH BapuaHT, MO3BOJSIONIMI H30€kKaTh OOJBIINX HEMOCPEJCTBEHHO 3a/1aBACMBIX
3HAYEHHH, UCTIONB3YET KOMaH/bI cO8Ued GNPABO.

[ocnenamii U3 omepaTopoB if MPOCTO MPHOABISIET EAWHMITY K 1, €CIIM CTapIIHii OUT x paseH O,
TaK YTO B BapUaHTe €3 UCIIONH30BaHUS YCIIOBHOT'O TIePEX0ia MOXKHO MPUOCTHYTh K MHCTPYKIIHH

n=n+1- (x> 31);

3mecs “+1” MOXHO OIMYCTUTH, €CIIM HHUIHMAIM3UPOBATh epeMerHyo n He 0, a 1. 3to Habmio-
JICHUE TPUBOAUT K aJITOPUTMY, JUIsl paboThl KOTOporo norpedyercst BbinoiaHeHue ot 12 no 20
ocHoBHBIX RISC-komany (muctuar 5.5). DTOT KOA MOXKHO YIY4IIUTh €lIe HEMHOTO, €CIIH X Ha-
YUHASTCS ¢ €AMHUYHOTO OUTA; TOTa IIEPBYIO CTPOKY MOXKHO 3aMEHHTh CIICAYIOLIEit:

if ((int)x <= 0) return (~x >> 26) & 32;

JIucrunr 5.5. [Moacyer BeAymux HyJ1eBbIX ONTOB OMHAPHBIM IMOMCKOM
int nlz(unsigned x)

{

int n;

if (x == 0) return(32);

n =1;

if ((x >> 16) ==0) {n = n +16; x = x <<16;}
if ((x >> 24) ==0) {n = n + 8; x = x << 8;}
if ((x >> 28) ==0) {n =n + 4; x = x << 4;}
if ((x >> 30) ==0) {n =n + 2; x = x << 2;}
n=n- (x> 31);

return n;

B nuctunre 5.6 moka3aH BapHaHT MOJCYETa OJHAM W3 METOJOB, OOPATHBIX MPUBEICHHOMY
Bhime. OH TpeOyeT BBIOJIHCHUS TEM MEHBIIETr0 KOJUYECTBA ONEPAldii, YeM OOJBIIC BEAYIIHX
HyJIell UMEeTCsl B CIIOBE, U MO3BOJISIET N30€XKAaTh MCIONIB30BaHUs OOJBIINX HEMOCPEACTBEHHO 3a-
JIaBaeMBIX 4Kcell U 00abIIMX cABUroB. Beero Beimonasercs ot 12 1o 20 ocuosHbx RISC-koman.
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JIuctrunr 5.6. [MoxcyeT BeAyIUX HYJIeBbIX ONTOB OMHAPHBIM IMOMCKOM
B 00paTHOM HATIpaBJIeHUHU
int nlz(unsigned x)

{

unsigned vy;

int n;

n =32;

vy = X >>16; if (y '=0) {n =n -16; x = vy;}
v x > 8; 1f (y '=0) {n=n - 8; x = vy;}
v =x > 4; if (y '= 0) {n =n 4; x = vy;}
v =x > 2; if (y '=0) {n=n-2; x =vy;}
v =x > 1; if (y !'= 0) return n - 2;
return n - XxX;

Ot1oT AJITOPUTM MO3BOJIICT MUCIIOJIB30BaTh METO/ ITIOUCKA B Ta6n1/1ue, IIpU 3TOM ITOCJICTHUC
YCTBIPE UCIIOJTHAECMBIC CTPOKHU KOAA 3aMCHAIOTCA CTPOKaMHU

static char table[256] = {0,1,2,2,3,3,3,3,4,4,..., 8);
return n - tablel[x];

Hcnonb3oBaTh BCHOMOTaTEIbHBIA MOMCK B TaOIWIE MO3BOJSIOT MHOTHE aJTOPUTMBI, XOTS
YIIOMUHAETCsl 00 ITOM HEYacTo.

Jnsi KOMIIAKTHOCTH JIBa TOCJIEIHHUX aJTOpHUTMa MOXXHO KOAMPOBATH C HCIIOJIb30BaHUEM
k0B, Harmpumep, anroputM U3 jucTuHra 5.7 sBisieTcsl BApHaHTOM alrOpUTMa W3 JIMCTHH-
ra 5.6 ¢ ucrnosnp30BaHNeM IMKIa. BEINOMHAETCS 3TOT BapHaHT anropurMa 3a 23—-33 0a30Bble
RISC-komannpl, 10 U3 KOTOPBIX MPEACTABIAIOT COO0I KOMaH/IBI YCIOBHOTO BETBIICHUS.

JIucruur 5.7. [loxcyeT BeAYIUX HYJIeBbIX ONTOB OMHAPHBIM IMOMCKOM
€ MCI0JIb30BAHHEM LMK
int nlz(unsigned x)

{

unsigned vy;

int n, c;
n =32;
c = 16;
do {
v = X >> C;
if (y '=0) {n=n-c¢c; x = vy;}
c =c > 1;
} while (c !'= 0);
n=n- (x> 31);
return n - X;

OueBuaHO, UIs TMOJCYETa KOJMYECTBA BEIAYIIUX HYJIEH MOXXHO HHMKIMYECKH BBIIOJHSITH
CHIBUT BJIEBO Ha 1, MO/ICUMTHIBAsI KOJMYECTBO HYJIEBBIX OUTOB /IO TEX MOP, MOKA 3HAKOBBII OUT
HE CTaHEeT PaBHBIM 1; MOXKHO TaK)Ke IUKINYECKH CABUTATh CIOBO HA OJIHY MO3HUIIMIO BIPABO JI0
TeX MOp, OKa Bce OUTHI CJIOBA HE OKaXyTcs HysieBbIMU. O0a anropurMa J0CTaTOYHO KOMITAKT-
HBl H XOPOIIO Pa0oTalOT CO CIOBAMH, COAEPIKAIIUMH Majioe (MM COOTBETCTBEHHO OOJIBILOE)
KOJIMYECTBO BEIYIINX HYJIEBBIX OMTOB. MOXHO OOBEIUHNUTH ONHCAHHBIE METOJbI B OJTHOM all-
TOpHUTME, KaK Moka3aHo B jucTHHTE 5.8. Crioco0 00beqiHEHNS IBYX aJTOPUTMOB U TIOTYYEHHS
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pe3yibTaTa Mo 3aBEPIISHHH BBIYUCICHUN OIHUM M3 HHUX YIIOMSHYT 371eCh MOTOMY, YTO HMEET
MHOKECTBO IIPUMEHEHHHA. B 9acTHOCTH, OH MO3BOJISIET TOIYYUTH KO, OBICTPO paboTatommii Ha
cymepckasspubix 1 VLIW-manmHax (MarmiHax co cBepXGOIBINON UTHHON CIIOBA) BCIECICTBHE
HAJIMYKsI COCETHMX HE3aBUCHMBIX KOMaH (9TH MAIIMHBI TO3BOJISIOT BBIMIOJIHATH HECKOJIBKO
KOMaH/I OJJHOBPEMEHHO TIPH YCIIOBHH HX HE3aBHCHMOCTH).

Jluctunr 5.8. /IByxXcTOpoHHHU MoacyYeT BeAYIIHX HYJIeBbIX OUTOB

int nlz(int x)

{

int y, n;
n = 0;
Yy = X;
L: 1if (x < 0) return n;
if (y == 0) return 32 - n;

n=n=+171;

X = X << 1;
v =y > 1;
goto L;

Ha wmammue c ©0a3oBeiM Habopom RISC-komana 3TOT KOJ  BBINOJHSETCS 3a

min(3+ 6niz(x),5+6(32—- nIz(x))) KOMaH/JI, 4TO B Xy/IIeM ciydae paBHo 99 komanngam. OnHa-

KO MOYKHO TPEJICTaBUTh cynepckasipuyto wi V0LIW-mammHy, B KOTOpO# Teno uKia BBIIOJI-
HSIETCS 32 OAWH TakT (€CNH Pe3yJbTaT CPaBHEHHs MOJy4aeTcs Kak MOOOYHBII pe3yabTaT BbI-
MOJIHEHHsT KOMAaHJ| CIBHIa; B MPOTHBHOM Ciydyae MOTpeOyeTcs [Ba TaKTa), IUTIOC HaKIaJHbIC
pacxo/ibl Ha KOMaH bl BETBIICHHSI.

JoctaTodHo mpocTo npeodpazoBaTh KOJ U3 JIUCTUHIOB 5.5 1 5.6 B SKBUBaJICHTHBIN, HO 03
HCIIONIb30BAaHMsl YCIIOBHBIX IepexoJioB. B mmctuHre 5.9 mpencraBieH MeToJ BBIYHCICHUS
¢byskuu nlz 3a 28 ocHoBHbIX RISC-kOMaH/I.

JIucrunr 5.9. [Moacyer BeAyIUX HYJIeBbIX ONTOB OMHAPHBIM IMOMCKOM
0e3 yCJIOBHBIX NE€PeX0/10B
int nlz(unsigned x)

{

int y, m, n;

v = —-(x >> 16); // Eciu jeBasg mnoJjyioBuHa xX = 0,
m (v >> 16) & 16; // n = 16. Ecnu jieBasd IOJIOBMHA
n =16 - m; // He HyJeBas, yCTAHOBUTL n = 0 u
X = X >> m; // CIOBMHYTH X BIpPaBO Ha 16 Our.
// x npuHmMaeT Bun 0000xxxx
y = x - 0x100; // Ecnu paspsane 8-15 HyJeBEHE,
m (y >> 16) & 8; // kK n pmobaByigeTcsa 8 UM BHIIOJHAETCSH
n=n+m; // cOoBuUT X BJIEBO Ha 8
X = X << m;
v = x - 0x1000; // Ecnu paszpsane 12-15 HyJeBHE,
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m= (y > 16) & 4; // yBeauuuBaeM n Ha 4 u

n=n + m; // cOoBuTaeM X BJIeBO Ha 4

X = X << m;

v = x - 0x4000; // Eciu paspsnu 14-15 HyseBue,

m= (y > 16) & 2; // yBeJIuuMBaeM N Ha 2 u

n=n + m; // cmnBuTaeM X BJIEBO Ha 2

X = X << m;

v = x >> 14; // YcraHaBauBaemMm y = 0, 1, 2 wmmm 3
m=vy & ~(y > 1); // m =0, 1, 2 unu 2 COOTBETCTBEHHO

return n + 2 - m;

Eci Bamn KOMITGIOTEp OCHAIIEH KOMAHIOH JUTA BBIYUCICHN (QYHKIMH POp(X) , TO CYIIECTBYET

3¢ QeKTUBHBI crnoco0 MmojcyeTa BEAYIINX HYIEBBIX OWTOB, moka3aHHBIM B jmctuHre 5.10. ITsaTh
TIPUCBOCHUH 3HAYEHUN MTEPEMEHHON X B JEHCTBUTEIILHOCTH MOYKHO BBITTOJTHATH B JTFOOOM TIOPSIIIKE.
OTOT aJIrOpUTM BBINONHsAETCs 32 11 KOMaH/T M He UCTIONB3YyeT KoMaH 1 BeTBIeHsI. OH TI0JIe3eH Jaxe
B TOM CITydae, KOT/ia CIIeNHaNbHOH KOMAH/IBI ISl BEIMUCIICHNS (GyHKIMH POP(X) B KOMITLIOTEPE HET.

B 3T0#1 cuTyanmu MOYKHO HCTIONB30BaTh MPOrpaMMy U3 JIMCTHHTA 5.1, KoTopas BBITIONHSAETCS 3a 21
KOMaHIIY, TaK YTO TIONCK KOJIMYECTBA BEAYIINX HYJIEBBIX ONTOB BBITIONHACTCS MpH oMoy 32 6a30-
BeIX RISC-xomanz, prdeM cpeit HUX HET HA OTHOM KOMaHIbI YCIIOBHOTO ITEPeEXo0/a.

Jluctunr 5.10. [oacuer Bexymux Hy1eBbIX OMTOB
¢ Hcnosb30BaHneM GyHKIHH Pop(X)

int nlz(unsigned x)

{

int pop (unsigned x);

x =% | (x> 1);
x =x | (x> 2);
x =x | (x> 4);
x =x | (x> 8);
x x | (x >>16);

return pop (~x) ;

Metoabl ¢ J1aBaoed TOYKOM

[Ipu moxcyere BeoymMX HyJIEBBIX OWTOB CIIOBa MOXKHO HCIIOJIB30BATH HOPMAM30BAHHBIC
YHUClia ¢ IUIaBaIoNIe TOYKOW, HapuMep duciia ¢ TuraBarorei Toukoid B |EEE-popmare. Unes
3aKJTFOYAETCSl B MPEoOPa30BaHUH JAHHOTO 0€33HAKOBOTO IIEJIOTO YUCIIa B YUCIIO C TUTABAIOMIEH
TOYKOHM JBOWHOHN TOYHOCTH, BBIJEJIEHHMU W3 HETO CTEIEHHOM YacTH W BBIYUTAHUHU €€ U3 KOH-
ctaHThl. COOTBETCTBYIOIINI KO MpHUBECH B JIucTHHTE 5.11.

Jluctunr 5.11. [oacyer BegymuX HYJ1eBbIX OMTOB C HCIOJb30BAHHEM YHCE
¢ muiaBamwuieii Toukoii B | EEE-dopmare
int nlz(unsigned k) {
union {
unsigned asInt[2];
double asDouble;
}i

int n;
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asDouble = (double)k + 0.5;
n = 1054 - (asInt[LE] >> 20);
return n;

DTOT KO UCoNb3yeT aHoHUMHOE (6e3bIMsiHHOe) 0ObenuHeHie C++ s TIepeKphITHS Lie-
JIOTO 4MCJa U BEJIMYMHBI C IUIAaBAIOIIEH TOUKOM ABOMHOM TouHOCTH. IlepeMeHHas LE JODKHA
ObITh paBHa 1, ecru mporieypa BBIONHAETCS HA MAaIIMHAX, TJIE apec MJIaIero 0aifta MeHb-
nre aapeca crapmiero, u 0 B mpotuHoM cirydae. Ciaaraemoe 0.5 (mmk apyroe mMaoe 9mcIio) He-
00X0TMMO TSI KOPPEKTHOM pabOTHI MPOTrpaMMBI TIPH k = 0.

OueHHTh BpEMs BBIIIOJIHEHUS] 3TOW NPOrpaMMBlI MPAKTHYECKH HEBO3MOXHO, TaK Kak Ha
Pa3HbIX MalllMHAX YHCIa C IUIaBalolleil TOYKoM oOpadarsiBatoTcsl mo-pasHomy. Hanpumep, Ha
MHOTHX MallIMHAX, KPOME PETHCTPOB JUIS XpAaHEHHS LIEJBIX YUCEN, UMEIOTCS CIIeHabHBIE pe-
THCTPBI JUISl XpaHEHHMsT YHCell ¢ TulaBaronield Toukoi. Ha takux mammHax, B 4aCTHOCTH, MOXET
MoTpeOOBaThCS MEPEChUIKA AaHHBIX B MaMSTh Ul IPeoOpa3oBaHuUs 1IEJI0T0 YKCiIa B YHCIO C
IUTABAONICH TOYKOW ¥ HA00OPOT.

Kon B mucrunre 5.11 ve cootBerctByer ANSI-crannapty s3pikoB C n C++, MOCKOJIBKY OH 00-
paraercst K OJHOM M TOH ke 00J1acTH MaMsATH Kak K JABYM pasiIMYHBIM TUMaM JaHHbIX. ClieoBa-
TEJIbHO, HET HUKAKUX I'apaHTHi, YTO 9TOT KOJ OyJeT NPaBUIbHO paboTaTh Ha BCEX MAIIMHAX MIIN
CO BceMH Kommuisitopamu. Tem He MeHee oH pabortaet ¢ kommuisitopom XLC IBM na mmardop-
Mme AIX u ¢ kommunstopom GCC na miardopmax AlX u Windows 2000 mpu BceX ypoBHSIX OII-
TMH3aLKH (IO KpaitHel Mepe Ha MOMEHT HalMCaHust KHUTH). Eclii H3MEHHTh KOJ Kak MOKa3aHo
HIDKE, TO KOJI B PEXKMME ONTUMHU3ALNN B YKa3aHHBIX CHCTEMax padOTaTh HE CTaHET.

xx = (double)k + 0.5;
n = 1054 - (*((unsigned *)&xx + LE) >> 20);

Kcratn, 10T K0 Hapymiaer eme oxuH cragaapt ANSI, a umenHo To, 9TO apudMeTHIECKIe
JIEACTBHSL MOTYT BBITIOJTHATHCS TOJBKO C yKasaTelssMH Ha sieMeHThl MaccuBa [8]. IIpobiema,
TEM He MeHee, CBs3aHa C MepBbIM HapyILICHHEM CTaHJapTa.

HecMoTpst Ha TO YTO JaHHBIA KOI HE COBCEM KoppeKTeHz, Janee MPUBEICHO HECKOIBKO €ro

BapUaHTOB.
asDouble = (double)k;
n = 1054 - (asInt[LE] >> 20);
n=(n&31) + (n>> 9);

k =k & ~(k > 1);
asFloat = (float)k + 0.5f;
n = 158 - (asInt >> 23);

k =k & ~(k > 1);

asFloat = (float)k;
n = 158 - (asInt >> 23);
n=(n& 31l) + (n > 6);

2 HeKoppeKTeH B culty croco0a MCIOJIb30BaHUS SI3bIKA nporpaMMUpOBaHUsL C. Dtu METOAbI COBEP-
IIEHHO KOPPEKTHO 6y,I[yT pa6OTaTI) Ipyu KOAUPOBAHWKW Ha MAIIMHHOM SI3BIKE 160 6y}1y‘11/l CreéHepupo-
BaHHBIMU KOMIIWJIATOPOM IJId KOHKPETHOI'O TUIIa KOMIIBIOTEPA.
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B mepBom BapmaHTe mpobnema ¢ k = 0 pemieHa He myTeM gobasieHus ciaaraemoro 0.5, a
[IPU TTOMOIIY JIOTIOJHUTEIBHBIX apU(PMETUUECKUX JIeUCTBUIT HaJ pe3yabTaToM n (KoTopoe 0e3
TpUMeHEHUs Koppekuuu OyaeT pasao 1054 (0x41E)).

B cnepyromux AByX BapuaHTax 3TOT0 KOJA MCIOJB3YIOTCS YMCIA C IUIABAIOLIEH TOYKON
OIMHAPHOHN TOYHOCTH, KOTOPBIE TPE0OpaszyroTcss OOBIYHBIM METOIOM C HCIIOIB30BAHUEM aHO-
HUMHOTO o0BenmHeHus. [IpaBaa, 31ech BOSHUKAET HOBas MpobieMa: IpH OKPYTIICHUH Pe3yiib-
Tara BO3MOXHBI HETOYHOCTH, KaK TPH OKPYTJIEHUH K Oikaiiiemy duciy (Haunboliee pacipo-
CTpaHEHHBIH METOJ OKPYIJICHHUS), TaK U TIPH OKPYTJIIEHUH B OOJIBIIYI0 CTOPOHY. B pexnme ok-
pYTIIeHUs K OMiKaifieMy 9ucily mpoOJIeMbl ¢ OKPYIJIEHHEM k BO3HHKAIOT B JMana3oHax (B
mectHaanarepuuHoit 3amucu) ot FFFFFF80 no FFFFFFFF, ot 7FFFFFCO no 7FFFFFFF, ot
3FFFFFEO no 3FFFFFFF u 1.1. IIpu oxpyriaeHuH 3TUX YUCEI 00aBIIEHUE €IMHULIBI MPUBOIUT
K MOSIBJICHHIO MEPEHOCA B JICBBIX pa3psax, YTo BICUET 3a COOOH M3MEHEHHE MO3UIIMU CTapIIIe-
ro eauHNYHOTO OmTa. [lOKa3aHHBIC BBINIE CHOCOOBI KOPPEKIUHU COPACHIBAIOT OUT CrpaBa OT
CTapILEro eIUMHUYHOTO OUTA, TIO3BOJISS TEM CaMbIM H30€XKaTh MePeHOCA.

Kommumnstop GNU C/C++ naet BO3MOKHOCTh KOJUPOBATH 000 U3 3THX METOIOB B BUIIC
Makpoca, Mo3BOJIsISl BMECTO BBI30Ba (DYHKI[MM HCIOJIb30BAaTh BCTPOEHHBIN Ko [57]. Kommus-
TOp pa3pelraeT UCIOIb30BaTh B MAKPOCe OOBSBICHUS, a IOCIEHEE BRIPAKCHUE CPEIH OIepa-
TOPOB Makpoca JIaeT BO3BpaIaeMOe MAaKpOCOM 3HaueHHe. Hrnke MpUBOAUTCS MPUMEpP MaKpo-
OTpejieIeH s AJisl AITOPUTMA C TIPUMEHEHHEM YKcel C oJuHapHON TouHOCThIO. (B si3pike C B
HA3BAHUSIX MAKPOCOB OOBIYHO HCIIOJIB3YIOTCS POMUCHBIE OYKBBI.)

#define NLZ (kp) \

({union {unsigned _asInt; float _asFloat;}; \
unsigned _k = (kp), _kk = _k & ~(_k >> 1); \
_asFloat = (float)_kk + 0.5f; \
158 - (_asInt >> 23);1})

CuMBOJIBI TIOAYEPKUBAHUS B UMEHAX HYXKHBI IS TOTO, YTOOBI M30€XKaTh KOH()INKTOB UMEH C
napameTpoM kp (0OBIYHO ONpeJelIeHHBIE TI0Ib30BaTEIEM UMEHA IEPEMEHHBIX HE HAUMHAIOTCS
C CHMBOJIA [TO{YEPKUBAHUSI).

Caa3b ¢ Jorapupmom

Mo cymectBy, Nlz peacrasiser co60i HYHKITHIO “1e7I0TO TorapudmMa Mo OCHOBAHHUIO 2.
Jlst 6e33HaKOBOTO X # 0 CIpaBeUTHBLI CIICAYIONINE COOTHOMIEHUs (CM. Takke pasaen 11.4):

| log, (x) |=31-niz(x),
[log, (x)]=382-nlz(x-1).
Jpyroit TecHO CBsI3aHHOW ¢ Hel (GyHKUme# sBnsercs GyHKuus bitsize — xomuyecTBo Ou-

TOB, KOTOPOE TPEeOYeTCs JJIsl IPE/ICTABICHHs €€ apryMEHTa KaK 3HaKOBOW BEJIMYUHBI B JOIIOJI-
HUTEJILHOM Kojie. DTa (QyHKIMS ONpeIesIieTcs CIEAYIONMM 00pa3oM:

1 X=-1wmm O,
2, X=—2wml
bitsize( x) = 3 —4<Xx<-3mwm 2< X< 3,
( )_ 4, —8<Xx<-5mwmd<x<7,
32, 2% <x<-2*+1mm 2¥ <x<2* 1.
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W3 onpeneneHus o4eBHIHO, 4TO bitsize(x) = bitsize(—x-1) . Ho, mockoapky —X—-1=-x,
MOYHO 3aMucaTh CIEAYIOMUI Koa s BbluncicHus Gyukiuu bitsize (capur B xome —
3HAKOBBIH):

x =x " (x > 31); // Ecom (x < 0), x = -x - 1;
return 33 - nlz(x);

IIpumenenne

OyYHKIMY BBIYUCIICHHUS BEIYIIUX HYJICBBIX OUTOB CJIOBA OOBIYHO HCIIOIB3YIOTCS MPH MOJIEC-
JUPOBAHUU apU(PMETHYCCKUX JCUCTBHUIA HAJ YACIaMU C IUIABAIONICH TOYKOM M B Pa3IMYHBIX
anropurMmax aenenns (cm. muctuard 9.1 u 9.3). Kpome storo, komanna nlz(x) uMeeT MHOe-

CTBO JIPYT'MX PUMEHEHUM.

OHa MOXET HCIIOJIB30BAThCS MPH BBIYHCICHAM OTHOLICHWSI X =Y 3a TpU KOMaHmsl (cM.
pasnen 2.11) u psma sneMeHTapHbIX GyHKIME (cM. pazaenst 11.1-11.4).

Eme onHo mHTEepecHoe mMpuUMeHeHHe (YHKIHMU — Ui FeHepalud SKCIOHEHIMAIbHO
pacupeneeHHbIX ClydallHBIX LEeJIbIX Yucell. J[1s 3Toro reHepupyroTcs ciiydyaiiHble paBHO-
MEpPHO pachpe/elieHHbIe Leble Yicia U K pe3yiapTary npumensercs ¢ynkuus nlz [19].
BepostHocTs Bo3BpaTa GyHKuuei 3HaueHuss O paBHa 1/2, BeposITHOCTH 3HaueHHs 1 paBHa
1/4, 2 — 1/8 u T1.1. Kpome TOro, QyHKIMS MPUMEHSETCS B Ka4eCTBE BCIIOMOraTelbHOI
[pU MOKMCKE B CIIOBE MOACTPOKU ONPEACICHHOW UIHHBI, COCTOAMICH M3 CTUHHYHBIX (WIIH
HYJIEeBbIX) OHTOB (MpOLECC, HMCMOIb3yEeMbId B HEKOTOPBIX AITOPHUTMAaxX paclpeaeieHHUs
JMCKOBOTO MPOCTPAaHCTBa). B mocimemHUX ABYX 3ajadax HCIOJB3YeTCs Takxke (yHKLHA,
BBIUUCIIAIOIIAS KOIUYECHBO 3A8EPUUAIOUUX HYTIe8blX OUMOS.

5.4. TloacueT 3aBepHIAIOIIMX HYJIEBbIX OUTOB

Ecmm nmeercs komaHma moacdeTa BEAYIIHUX HYJIEBBIX 6I/ITOB, TO IIOACYET KOJHUYCCTBaA 3a-
BEPINAIOIMINX HYJIEBBIX OouTOB JIy4q1I€ BCETO CBECTHU K HCITOJIB30BAHUIO 3TOU KOMaH/IBI.

32-nlz(—x & (x-1)).

IIpy HanM4uu KOMAaH/bl BBIYMCICHHS KOJMYECTBA CAMHUYHBIX OMTOB CJIOBA CYILECTBYET
6onee 2p(GEKTUBHBIA METO], COCTOSIINN B (POPMHUPOBAHMH MACKH IS BBIZICIICHHUS BCEX 3aBEp-
MIAONMX HYJIEBBIX OUTOB U TOJICUECTE EUHUIL B 9TOH Macke [27], Hanpumep Tak:

pop(—.x & (X —1)) WA
32-pop(x |-X).

CdhopmupoBaTh MacKy JJIS BBLACICHUS 3aBEPIIAIONINX HYJIEBBIX OHMTOB MOXKHO IO (opMy-
JlaM, KOTOpbIe NPUBOASATCS B paszaene 2.1. DTu MeToAbl MPUMEHUMBI JaXe B Cliydae, Korjaa
Cpe/ir KOMaH]| KOMIbIOTEpa KOMaH/a MMoJicYeTa KOJIMIEeCTBA eAMHUYHBIX OMTOB CIIOBA OTCYTCT-
ByeT. Hampumep, ecnu [uisi mojcyeTa €JUHHUYHBIX OUTOB BOCIHOJIB30BATHCS AJITOPUTMOM H3
quctunra 5.1, To nepBoe M3 MPHUBEICHHBIX BBIIIE BBIPAXKEHHN BbhIUMCISIECTCS 38 3+ 21=24 Ko-
MaH/Ibl, CPEAU KOTOPBIX HET KOMAaH]I BETBIICHHUSI.

B sucrunre 5.12 mnokasaH ajaroputM, KOTOPBINA BBIMOJIHSET OMHMCAHHBIE JEHCTBHUS HEMO-
cpenctBeHHO, Tpedys ot 12 1o 20 6a3oBbix RISC-komana (s x#0).
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JIucrunr 5.12. loacyeT 3aBepIalOIINX HYJIEBBIX OUTOB OHHAPHBIM MOHCKOM
int ntz(unsigned x)

{

int n;

if (x == 0) return(32);

n=1;

if ((x & OxO000QFFFF) == 0) {n = n +16; x = x >>16;}
if ((x & 0x000000FF) == 0) {n =n + 8; x = x >> 8;}
if ((x & 0x0000000F) == 0) {n =n + 4; x = x >> 4;}
if ((x & 0x00000003) == 0) {n =n + 2; x = x > 2;}
return n - (x & 1);

BripaxeHnue n + 16 MOXKHO YIPOCTHTH IO 17, €CIIU KOMIIHJISTOP HEJJOCTATOYHO MHTEIICK-
TyaJleH, 9TOOBI CENaTh 3TO CAMOCTOSTEIBHO (3TO HE BIHWSET HA MOJCYHUTAHHOE HAMH KOJIHMYIe-
CTBO KOMaHI).

Eme omuH BapmaHT npencraBieH B JmcTuHTe 5.13. 31ech HCIOMB3yI0TCS Mallble HETOCPEACT-
BEHHO 3a/1aBacMbIC 3HAUCHHMS U BBITIOJIHSIIOTCS 00jIee MPOCThie AeiCcTBUs. [IpH BRIYMCICHHUSIX Tpe-
Oyercs BRIOIHUTE OT 12 no 21 6a3oBoit RISC-xomanzpl. B oTimune oT mepBoit mporeaypsl, npu
MEHBIIIEM KOJMYECTBE 3aBEPIIAOIINX HyJIeH BBIOMHAECTCSA OOJbIIee KOIMYECTBO KOMaHA (HO,
BIIPOYEM, ¥ GOJIBIIIEE KOIMYECTBO YCIOBHBIX MIEPEX0/I0B, TPOMYCKAFOIINX BHIYMCIICHNS).

Jluctunr 5.13. [loacuer 3aBepiiawInX HYJdeBbIX OUTOB,
MaJjible HeMoCPeICTBEHHbIE 3HAYeHUSI
int ntz(unsigned x)

{
unsigned vy;

int n;

if (x == 0) return 32;

n = 31;

v x <<16; if (y '= 0) {n =n -16; x = vy;}
v = x << 8; if (y '=0) {n=n - 8; x =vy;}
v = x << 4; 1if (y '= 0) {n=n - 4; x =vy;}
v = x << 2; 1if (y '=0) {n=n - 2; x =vy;}
v = x << 1; if (y !'=0) {n =n - 1;}

return n;

CTpoKy TIepes onepaTopoM return MOXKHO 3aMEHHMTH CTPOKOM, KOTOPask 3KOHOMHT OJIUH
YCIIOBHBIH TTepexo1 (HO He KOMaHIy):
n=n- ((x << 1) >> 31);

B cMbIcie KomMyecTBa BRIMTOIHAEMBIX KOMAH TPYJHO MPEB30MTH MOUCK MO AepeBy [4].
B muctunre 5.14 mpencraBieHa cOOTBETCTBYIOMIAS Mpoleaypa A 8-0MTOBOTO apryMeHTa.
B KaIoM MyTH 3TOM MPOIEAYPHI BHITOIHAETCS CeMb KOMaH (3a HCKIFOUCHHEM MOCITEIHNX
JIBYX — return 7 M return 8, TJIe BBIOJHSETCS JeBATh Komanm). [lus 32-6utoBoro ap-
rymenra Tpedyercs BHIOJHUTE 0T 11 1o 13 xomana. K coxanenuto, s 6onbnx pasmMepos
CJIOB TporpaMMa OBICTPO CTaHOBHUTCS Bce Oosbine u Oombire. Tak, st 8-0uToBOrO apry-
MEHTA MCXOHBINH KO/ 3aHuMaeT 12 ucroHseMbIX CTpoK (M KoMmmumiupyercs B 41 komaHay);
32-OutoBbI aprymMeHT TpeOyeT 48 ucrnonHseMmblXx CTpok koxa u 164 komannabel, a 64-
OWTOBBII — eIIe BABOEC OOJIbIIIE.
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JIucrunr 5.14. Iloacyer 3aBepiaomInX HyJIEBBIX OUTOB,
MONCK M0 OMHAPHOMY /iepeBy
int ntz (char x)

{
if (x & 15) {
if (x & 13) {
if (x & 1) return 0;
else return 1;

}
else if (x & 4) return 2;
else return 3;

}

else if (x & 0x30) {
if (x & 0x10) return 4;
else return 5;

}

else if (x & 0x40) return 6;
else if (x) return 7;

else return 8;

Ecimm oxupmaeTrcs Manoe WM, HAIIPOTHB, OOJBIIOE YUCIO 3aBEPIIAIONINX HYJIEBHIX OWUTOB,
TO JIyYIIle UCTIONB30BaTh MPOCTHIE IMKINYecKue anroputMbl (muctuar 5.15). Kox B neBoit yac-

TH JIUCTHHTA BBITIONHACTCS 3a 5+ 3ntz(X) KoMaH, a B npaBoif — 3a 3+ 3(32—ntz(x)) 6a30BbIX

RISC-xoman.

Jluctunr 5.15. [oacuyer 3aBepiawIuX HyJdeBbIX OMTOB
€ HCIOJIB30BAHUEM IUKJIOB
int ntz(unsigned x)

{

int n;

X = ~X & (x - 1);

n = 0; // n = 32;

while(x != 0) { // while (x != 0) {
n=n+1; // n=n - 1;
X = x > 1; // X = X + X;

} // 0}

return n; // return n;

I/IHTepeCHO OTMETUTH, YTO IIPH PABHOMEPHOM PACIIPEACICHUU YUCCI X CPECAHEE KOJIUYECT-
BO 3aBCpHIAONIUX HYJICBBIX 6uToB oueHs 01u3ko0 K 1.0. UTtoOs! YBUIACTH 3TO, CJIOKUM MPOU3BEC-
JACHUSA PN, TAE P — BEPOATHOCTb TOr'O, YTO B CJIIOBE COJACPIKUTCS N; 3aBEPIIAIOLINX HYJICBBIX

ouros. Takum oOpazoM

s=loslailontigitgls, o5 0
2 4787167 2 e S

UToO6B!I BEIYUCINUTH 3TY CyMMY, PACCMOTPHM CIIEIYIOIIUA MAaCCHB:
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1/4 18 1/16 1/32 1/64
1/8 1/16 1/32 1/64
1/16 1/32 1/64

1/32 1/64

1/64

CyMMa KaXXa0oro CTOJ'I6Ha SABJIACTCS YJICHOM psia S CHeﬂOBaTeJ’ILHO, S— o510 CyMMa BCEX
3JIEMEHTOB MaccuBa. Berancimm CyMMy Ka)KIIOﬁ CTPOKHU.

11 1 1 1
S+ =2

4 8 16 32 2

1 1 1 1 1
S+ —+—+...==
8 16 32 64 4
1 1 1 1 1
Tt t...==
16 32 64 128 8

1 11
[TomHast cymma, TakuM 00pa3oMm, paBHA > + 2 + s +...=1. AGcomOTHasE CXOAUMOCTb HCXOIHOTO
psAaa onpaBIbIBAET UCIIOIH30BAHUE MIEPECTAHOBKHY.
Hnorna tpebyercsa QyHKIMA, aHANIOTHYHAS Ntz(X), HO PaCCMaTPHBAIONIAS APIyMEHT, PaB-

HbIi 0, Kak crienuanbHb (BO3MOXKHO, OITHOOYHbII), TAK UTO 3HAYEHHE (YHKIIUH B 3TOH TOYKE
JOJDKHO OTIMYAThCs OT “0OBIgHBIX” 3HaUeHui. Hanpumep, onpenenum GyHKIHIO “ KOIHIECTBO
MHOxHUTeneR 2 B X" Kak

ntz(x), x=0,

nfact2( x) ={ -1, x=0.

OTy DYHKIHIO MOXKHO BBIYHCIUTH 110 popmyne 31—nlz(x & —x) .

IIpumenenue

B [19] paccmaTpuBaeTcs HECKOJIBKO HHTEPECHBIX MPUMEHEHHH (YHKIMH, BBIYHUCISIONICH
KOJIMYIECTBO 3aBEPIIAIONINX HyJeBsIX OuTOB. Ee HaspiBaror “ Qynkimeit muneiika” (ruler func-
tion), Tak kKak OHa 3aJacT OTMETKH Ha JIMHEHKE, KOTOpas pasjieicHa Ha MOJIOBHHBI, YETBEPTH,
BOCBMBIE YaCTH U T.JI.

®yukuwst htz ucnonssyercs B anmroputme ['ocmepa (R.W. Gosper), o6HapyKHBArOIIEM ITHK-
JIbl U 3aCNY)KHMBAIOIIEM JIETAIbHOTO PACCMOTPEHHUSI B CHIIy CBOCH DJIETAaHTHOCTH W (YHKIIHMO-
HAIIbHOCTH, KOTOPYIO Ha MEPBbIN B3I/ OT HETO TPYAHO OXKHUIATh.

Ilycte wmMeercss mocnemoBatelnbHOCTE Xo, X3, Xp,..., OIpenensemMas IPaBHIOM
Xoa = f(X,). Eciu dynkuus f orpannyena, To 3Ta mocneaoBaTeNbHOCTD SBISCTCS TIEPUOIU-

geckoi. OHa COCTOMT M3 HEKOTOPOH Bedyllel nocienoBareabHoCcTh Xo, Xg, Xo, ...y X1, 32 KO-
TOPOHl MJET HEPHOIMYECKH IIOBTOPSIOWIAACA MHOCHENOBATENBHOCTD Xy X1, .oy Xyraa
(Xy=Xyszr Xus1=Xyss1 ¥ T.0., THE A— ee nepron). Ham TpeOyeTcs HalWTH HHIEKC IEPBOTO
SIIEMEHTA TIEPUONYECKOM TIOANIOCIIEA0BATENLHOCTH L ¥ TIepruoa A. OGHapyKeHHE [IMKIIa YaCcTO
UCIIOJIB3YETCS MPU TECTUPOBAHUU T'€HEPATOPOB CITyYaWHBIX YKCEIT U JIISL OTPEICIICHHUS, IMEeT-
Cs1 JI LIMKJI B CBA3aHHOM CIIHCKE.

KoHeuHO, MOKHO COXPAHSTh BCE 3HAYCHHUS ITOCICIOBATEILHOCTH [0 MEPE MX BBIYUCICHHUS
1 CpaBHHMBATh HOBBIH 3JIEMEHT CO BCEMH NPEAbIAYIMMHU. Takum 00pa3oM MOXKHO HEIoCpe/cCT-
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BEHHO BBIYHMCIUTH HAYaJlo BTOporo Iukia. OmxHako uMeroTes U 6osee 3(h(HEeKTHBHBIE aNTOpHT-
MbI — KaK B CMBICJIC BPEMEHH BBITIOJIHEHHS, TAK U B CMBICIIC HEOOXOAMMO# MaMsITH.

Bo3smoxHO, caMblii ipocToii MeTox mpemnoxed doiigom (RW. Floyd) [39, pasnmen. 3.1,

3ajaua 6]. B 3TOM anroputMe UTEpaTHBHO BHIMTOJHSIETCS CIEAYOIIHIA TIPOTIECC:

x=f(x)

y="1(f(y)
(rme HavanbHBIE 3HAYEHHs X U Y paBHBI Xg). ITocie N-ro mrara X=X, 1 Y=Xo,. 3aTeM 3TH 3Haue-
HUsI CpaBHUBAOTCsI. ECITM OHU paBHbI, 3HAYHT, JIEMEHTHI MMOCIEAOBATENLHOCTH Xy U Xp, OT/IE-
JIEHBI JPYT OT JApYra KOJMYIECTBOM DIIEMEHTOB, KPATHBIM Teproay A, T.e. 2n—n=n KkpatHo A.
UtoObl HANTH MHICKC [/, TIOCICIOBATEIBPHOCTh TCHEPUPYETCS 3aHOBO U Xg cpaBHUBAeTCs ¢ X,
Xy — ¢ Xps1 M TaK JI0 TE€X HOP, NOKA He OyJeT HaljieH 21eMeHT X, paBHbIH X, M HakoHen, A
onpeJeNAeTcs MyTeM JalbHeilell reHepanuy 3JIE€MEHTOB U CpaBHEHHEM X, C 3JIeMEHTaMU
X1, Xya2,.... OTOT aNropuT™ TpeOyeT HEOOJBIIOrO KOJMYECTBA NAMATH, HO (yHKLMS f mpu
9TOM BBIYHCIISIETCS MHOTOKPATHO.

B anropurme Tocriepa [25, item 132; 39, OtBeTsI Ha yrpakHeHus K pasaeny 3.1, 3amnaua 7]
onpeeNseTcss TOIBKO TEPUO A, HO He HayajbHas TOYKa A EPBOTO [HUKJIA. [ TaBHOE TOCTOMH-
CTBO JITAHHOTO aJITOPUTMA B TOM, YTO B HEM He TpeOyeTcs MOBTOPHOE BhIuucieHue GpyHkiu f, a
TaKXkKe CKOPOCTh PabOThI U IKOHOMHOE HCIIOJIb30BAaHKUE MaMSTH. AJITOPUTM HE OTPaHUYCH Ka-
KHMH-TH00 3HaYeHUsAMH; s paboThl eMy TpeOyercs Tabimua pasmepa log,(A)+1, roe A —

MaKCHMaJIbHO BO3MOXHBIH ITEPHOI. DTO HE TAK MHOTO: HAIIPUMED, €CJIH 3apaHee M3BECTHO, UTO
A £2% | To J0CTaTOYHO MaccuBa U3 33 CIIOB.

B muctunre 5.16 nmpuBenen kox Ha s3pike C, peammsyromuii anroputM ['ocniepa. B kagectse
mapaMeTpoB (DYHKIMH TepeaacTcsl yKa3aTelb Ha pacCMaTpPHBaBIIyrOCs (QyHKImIO f 1 Hauams-
Hoe 3HaueHne Xo. OyHKIMS BO3BpAIIAET BEPXHIOI W HIKHIOW IpaHuibl 4 v niepuon A. (Xots
asroput™ ['ocriepa v He MO3BOJISET ONPEICIUTh TOYHOE 3HAYCHHUE [, OH MO3BOJISET BEIYUCIUTD
€ro HIDKHIOIO U BEPXHIOI TPAHHIIBI /4 U [4,, TAKHUE, UTO p, — 1 +1< max(1-11).) Anropurm pa-

Goraer myrem cpaBHenust X, (1 N = 1, 2, ...) ¢ nmoamHoxecTBoM (pasmepom | log,n [+1)

MPEIIIECTBYIOMNX 3HAUYCHUH. DJEMEHTAMH JTaHHOTO MOJMHOXKECTBA SIBISTIOTCS OJIDKaifIie
npeaniecTByonme X, Takue, 4To i +1 3aKaHUYMBAETCS €IUHUYHBIM OUTOM (T.€. | — dYeTHOe
YHCIT0, TIPEIeCTBYOIIee N), i+1 3aKaHYUBACTCS POBHO OJHHM HYJICBBIM OUTOM, i+1 3aKaH-
YHBAETCS] POBHO JIByMs HYJIEBBIMU OWTaMH H T.J.

Jluctunr 5.16. Aaropurm I'ocnepa
void 1d_Gosper (int (*f) (int), int X0, int *mu_1,
int *mu_u, int *lambda)
{
int Xn, k, m, kmax, n, 1lgl;

int T[33];
T[0] = XO;
Xn = XO0;
for (n = 1; ; n++)
{
Xn = f£(Xn);
kmax = 31 - nlz(n); // Floor (log2 n)
for (k = 0; k <= kmax; k++)
{
if (Xn == T[k]) goto L;
}
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Tntz(n+l)] = Xn; // HeT coBnameHUM
}
L:
//Beuucngem m = max{i | 1 < n u ntz(i+l) = k}
m= ((((n>>%k) -1) | 1) << k) - 1;

*lambda = n - m;

1gl = 31 - nlz(*lambda - 1);

*mu_u
*mu_1

m;

m - max (1,

// Ceil(log2 lambda)-1
// BepxHas TpaHMIa mu

1 << 1gl) + 1; // HumxHsasa TpaHMlIa MU

Taxum 06pa30M, CPaBHCHMSI BBIIIOJIHSKOTCS TaK:

XX XX X x

1t
2t
3"
4
5.
6+

X

©

X X X X

©

-

Xy,

-
Xg:
X

X!
X

: XG’ X5’ X3 X13 : X12’ x9’ Xll’ x7
6’X5’X3’x7 x14 : X12’X13’X11’X7
8’X5’X3’x7 xlS : X14’X13’X11’X7
8’x9’x3‘x7 X16 : x14‘X13’x11‘x7‘X15
10‘x9’x3‘x7 xl7 : x16‘X13’x11‘x7‘X15

XlO‘XQ’xll‘X7 X18 : x16‘X17’X11’X7‘x15

MOoO>KHO TMOKa3aTh, YTO BBIYHCICHHS BCErJa 3aBEPIIAIOTCS BO BTOPOM IHKIE, T.€. IPH
n< u+2A4 . Bojee moapoOHO 3TOT aaroputM omucas B [39].

OyHKIMS JTUHEHKN HCIOJIb3yeTcs B 3a1aue 0 XaHOWCKuX OarrHsx. [lepenymepyem N juc-
koB ot O 10 n-1. Tlpu kaxaom nepemenienun K, riae K npunumaer 3nauenus ot 1 1o 21,
HUKINYECKU IepeMernaeM Juck ntz(k) Ha MHHMMAaJbHYIO Pa3pelleHHY0 JUCTAHIUIO BIPABO.

DYHKIUSA JTUHERKH UCIONB3YETCS TaKKe TP TEHEPAIMM OTPAKEHHOTO OMHAPHOTO KOoJa
I'pes (cm. pasaen 13.1). Haunnbas ¢ mpou3BOIBHOTO N-GMTOBOTO CJI0Ba Ha KaxaoM miare K (rae
k npunnmaer sHagenust ot 1 no 2™-1), usmensiem 6ur ntz(k) .
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['JTABA 6
ITOUCK B CJIOBE

6.1. I[Touck nmepBoro HyJeBoro daiita

Heo0xomnMocTs B OTAETBHON (QYHKIIMH ITOMCKA HYJIEBOTO OaiiTa BO3HUKAET TIIaBHBIM 00pa-
30M HU3-3a croco0a MpeACTaBICHUS CUMBOJILHBIX CTPOK B si3bike C. CTpOKH HE cojiepKaT SBHO
YKa3aHHOW [UTMHBI, BMECTO 3TOTO B KOHIIE CTPOKH IOMemIaeTcst HyneBoi Oait. B C mist Beramc-
JICHUS JUTMHBI CTPOKH HCIIONB3yeTCsl GYHKIHA strlen. OTa QyHKIHSA CKaHUPYET CTPOKY ClieBa
HAIPABO JI0 TEX IOP, IIOKA HE HAXOJUT HYJICBOW OAWT, M BO3BPAIIAET KOJUUECTBO IIPOCKAHUPO-
BaHHBIX 0alTOB O€3 yueTa HyJIeBOTO.

BricTpast peanu3aius GYHKIMH strlen MOXET 3arpyKaTh B PETHCTP IENIOE CIOBO 3a pa3 U
HCKaTh B HEM HyJeBoi Oaiit. Ha kommbroTepax, rie mepBeIM XpaHHTCS cTapiimii OaiiT cioBa,
(YHKIUS NODKHA BO3BPAIIATh CMEIIEHNE NIEPBOTO HYJIEBOTo OaiiTa cieBa. Y 10OHO HCIIONB30-
BaTh 3HaueHUA oT 0 10 3, KOTOpPBIE COOTBETCTBYIOT HOMEPY HYyJIEBOTO OaifTa B CJIOBE; €CIIN Hy-
neBoro OaiiTa B cJIOBe HET, BO3BpamaeTcs 3HadeHne 4. JTo 3Ha4YeHHe MO X0y IOMCKa 100aB-
nsfeTcs K JUTHHE cTpokd. Ha KoMmbroTepax, T/ie MepBbIM XPaHUTCS MIIAAIINHA OalT, COOTBETCT-
BYyIOIIas TIPOBEepKa MOJDKHA BO3BpAIIaTh HOMEp IEPBOTO HYJIEBOTO OaifTa ciipaBa, MOCKOJIBKY
MOPSAOK OaWTOB MPH 3arpy3Ke CIIOBa B PETHCTP HAa TAKUX KOMIBIOTEPaxX M3MEHIETCsS Ha o0paTt-
Heli. OnpenenuM QyHknuu zbytel (x) u zbyter(x) (*00” oGo3Hauaer HyneBoil Gaiit, “nNN” —

HEHYJIeBO# OaiiT, 6aiiT “XX” MOXKET ObITh KaK HYJIEBBIM, TAK U HCHYJICBBIM).

0, X=00XXXXXX, 0, X=xxxxxx 00,
X = NN00XXXX, 1, x=xxxx00nn,
., X=nnnn00xx,  zbyter(x)=<2, x=xx00nnnn,
. X=nnnnnn00, 3, x=00nnnnnn,
. X=nnnnnnnn. 4, X=nnnnnnnn.

P~

zbytel (x) =

AW

B muctunre 6.1 npuBenen xon GpyHKmu zbytel (X), KOTOpas HIIET nepeblii Hyneoll baiima

cnesa. TIpoBepKa BBIMOJIHAETCS TOCIEN0BATENBHO, CIIEBA HANPABO, MOCJIE YEro BO3BPAILAETCS
HOMeEp TIepPBOTO CJIeBa HYJICBOTO Oaiita (eCiii TAKOBOM 0OHAPYKEH).

JIuctunr 6.1. [Tonck mepBoro cjieBa HyJ1eBoro 0aiTa ¢ HCMOIb30BAHHEM BeTBJIEHUS
int zbytel (unsigned x)

{

if ((x >> 24) == 0) return 0;
else if ((x & O0xO0FF0000) == 0) return 1;
else if ((x & O0xO0000FF00) == 0) return 2;
else if ((x & O0x000000FF) == 0) return 3;

else return 4;

Jns eraucnenns ¢ynkuuu zbytel (X) Tpebyercs BbimosHHTH OT 2 10 11 6azoBbix RISC-

komanja (11 komaHa B cily4yae, €CliM B CJIOBE HET HYJIEBBIX OaiiTOB, YTO SABJISIETCS Hamboliee
PacrpoCTpaHEHHON cuTyauuel it GpyHkuuu strlen). Kox nus dyHkumn zbyter(x) mpakru-

4eCKH aHaJIOTH4eH Koy zbytel(X) .
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B mucrunre 6.2 gynkuus zbytel(x) Bblumcisercs 6e3 HCIONB30BAaHUA KOMAH[ BETBIICHHS.

Wpnes 3axmovaercs B TOM, 4TOOBI IpeoOpa3oBaTh KakAbld HyneBoi Oaiir B 0x80, a kaxiplii
HEHYJIeBOW — B HYJIEBOH, IIOCJIE YEro JOCTaTOYHO BOCHOJIB30BaThCs (DYHKIMEH Mojcyera Be-
JYIIUX HyJeBbIX OMTOB. ECiii B KOMIBIOTEpE €CTh KOMaH/a /Ul BBIYMCICHUS KOJIMUECTBa Be-
JYIIUX HyJEeBBIX OWTOB M KOMaHJA uiu-He, TO JUIsl TIOMCKa HyJieBoro Oaiita morpedyercst BO-
ceMb KoMaH/I. [ToX0uii aaroput™ onucat B [42].

Jluctunr 6.2. [Touck mepBoro cjieBa HyJieBoro faiiTa 6e3 HCIOJIb30BAHUS BETBJICHUSI

int zbytel (unsigned x)
{
unsigned vy;

int n;

// Vicxonuemi GamT: 00 80 mpyrue
v = (x & O0X7F7F7F7F) + Ox7F7F7F7F; // 7F 7F l1XXXXXXX
y = ~(y | x | OX7F7F7FTF) ; // 80 00 00000000
n = nlz(y) >> 3; // n=0 ... 4; 4 eciimt B X
return n; // HeT HyJeBOTO Damnra

ITo3unuio nepBoro HyJaeBOro Oaiita crpaBa MOXKHO MOJIYYUTh, Pa3AeIUB HAIEIO KOJIUYECT-
BO 3aBepINAIONIMX HyJEBBIX OMTOB B y Ha 8 (¢ orOpacwkiBaHueM apobHoii wacTtu). Eciu BoC-
MTOJTF30BATHCS BRIPAKEHHEM TS BEIYMCIICHHS 3aBEPIIAIOIINX HYJIEBBIX OMTOB C HCIIOIH30BAHNU-
eM KoMaHzbl NIz (cM. pasmen 5.4), To B IPUBEIEHHOM BBIIIE KOJIE CTPOKY, B KOTOPOM BBIIHCIIS-
€TCs n, MOXKHO 3aMEHUTH CTPOKOM

n= (32 - nlz(~y & (y - 1))) > 3;

Taxum 06pa3oM, eciii B KOMITBIOTEpEe UMEIOTCS KOMAHIbI uii-He U U-He, PEIeHNe OCTaBIIeH-
HOW 3a7auul OyZAeT noxydeHo 3a 12 koman.

Crnenyer ormMeTnTh, 9To Ha POWErPC B G0NBIIMHCTBE CITydaeB Mpoleaypa MOUCKa MepBOTO
cripaBa HyJeBOro 6alTa He Hy)XKHa; BMECTO Hee MOXKHO BOCIIOJNB30BATHCS KOMAaHAOW 3acpysku
cn08a ¢ 0OpPamHvLIM ROPSAOKOM 6alimog 1wbrx.

[porenypa 13 mictunra 6.2 kpaiiHe neHHa Juist 64-paspsiIHBIX KOMIBIOTEpOB. Jlenno B ToM, 4To
Ha 64-paspsiHOM KOMIbIOTEpE 3Ta mpoleaypa (¢ HeOOXOIMMBIMH BIIOJHE OYECBHAHBIMH M3MCHE-
HUSIMH) BBITIOJIHSIETCS] IPUMEPHO 32 TO K€ KOJIMYECTBO KOMaH/I (CeMb MM JECSTh — B 3aBUCHMOCTH
OT croco0a reHepaliy KOHCTAHT), 4To U Ha 32-paspsaHoit. [Iporenypa ¢ HCmomb30BaHHEM KOMaH/T
BeTBieHus (cTuHr 6.1) B Xy/aireM citydae motpeOyeT s BBIIOIHEHUs 23 KOMaHIbL.

Ecnu Tpebyercst ToJIbKO MPOBEPHTH, €CTh JIM B JJAHHOM CJIOBE HYJIEBOI1 OaiT, TO rmocie BTO-
pOro MPUCBOCHHS y MOXHO JH00aBUTh KOMAHIY 6emeGIeHUs. npu Hylegom 3xaveruu (WIH, Ha-
TIPOTHB, HEHYIEE0M).

Ecim komanma nlz oTcyTcTBYET, MOUCK TIEPBOTO HYJIECBOTO GaiiTa yCioXHseTcs. B aucTuH-
re 6.3 moka3aH OMH U3 BAPHAHTOB IIOMICKA HYJIEBOTO OaliTa B clioBe O€3 MCIOIB30BaHUS (YHK-
uu NlZ (mpuBeeHa TOABKO MCIOIHIAEMAs YacTh KOJIa).

Jluctunr 6.3. Ilonck mepBoro cjieBa HyJ1eBoro faiira
0e3 ucnoJb30BaHusA GYHKIUH nlz

// Vcxonuemt OamrT: 00 80 mpyrue
v = (x & OxX7F7F7F7F) + OxX7F7F7F7F; //7F 7F 1XXXXXXX

y = ~(y | x | Ox7F7F7F7F); //80 00 00000000
/ /3Ty mary OoTOoOpaxamoT :
if (y == 0) return 4; //00000000 ==> 4,
else if (y > O0x000OFFFF) //80xxxxxx ==> 0,
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return (y >> 31) ~ 1; //0080xxxx ==> 1,
else //000080xx ==> 2,
return (y >> 15) ~ 3; //00000080 ==> 3,

Jtot ko TpebyeT BhimonHeHust oT 10 10 13 6a3oBeix RISC-komann (10 komana B ciydae,
KOTJIa B CJIOBE HET HyJIeBOro Oaiira). Takum 06pa3oM, STOT aarOpUTM, MOKAIyH, yCTYMaeT KO-
Iy U3 muctuHra 6.1, XOTsS ¥ MMeeT MEHbIIee KOJIMYECTBO KOMaH] BeTBieHus. K coxalieHuo,
MacIITaOupOBaHKE JJAHHOTO arOpUTMa JUist 64-pa3psIHBIX KOMITBIOTEPOB HE 3P PEKTUBHO.

PaccMoTtpuM elie 0/1Hy BO3MOXHOCTh H30€KaTh UCIOIb30BaHus QyHkiuu NlZ. 3HaueHue v,
BBIYHCIICHHOE B JINCTUHTE 6.3, COCTOUT W3 YEThIpeX 0AWTOB, KK M3 KOTOPHIX paBeH 100
0x00, m6o 0x80. OcraTok oT meneHus Takoro yucia Ha OX7F mpencrarisier co00l HCXOTHOE
YKCIIO, €AUHUYHBIE OUTHI KOTOPOro (MX He 0oJice YETHIPEX) IIEPEMENIEHBI B UETHIPE KpaiHUE
CIpaBa MO3UIHU. TakuM 0Opa3oM, OCTATOK OT Oe33HAKOBOTO AeiieHus B quamna3one ot 0 g0 15
OJTHO3HAYHO UACHTUDHUIUPYET UCXOAHOE YUCIIO, HATIPHUMED:

remu (080808080, 127) = 15,
remu (080000000, 127) = 8,
remu (0x00008080,127) = 3.

DT0 3HaYEHHE MOXKHO MCIIOIB30BaTh MPH TIOMCKE HYJIEBOrO Oalita B KauecTBe MHIEKCA B Tald-
uie pasmepom 16 Gaiit. Takum 06pasoM, 4acTh KOJa, KOTOpas HAYMHAETCA CO CTPOKH
if (y == 0), MOXHO 3aMEHHUTH CIIAYIOMUM (37€Ch y — 0€33HaKOBOE):

static char table([l6] = {4, 3, 2, 2, 1, 1, 1, 1,

o, 0, 0, 0, 0, 0, O, O};
return table[y%127];

Bwmecto 127 MOXHO BOCIIONB30BaThCs YHUCIOM 31, HO, pa3yMeeTcs, ¢ JPYTHMM MacCHBOM table.

Ha npakTrke MeTOBI, MCIIONB3YIONIIE OCTATOK OT fAeneHus Ha 127 wmu 31, He mpuMeHsIoT-
Cs1, TaK KaK MOJyYeHHe ocTaTka oT neneHns 3aanMaet 20 u 0oJiee TaKTOB Jake MPH HETIOCPe-
CTBEHHOH almapaTHOW pean3aiiy dTOH KOMaHIbl. TeM He MeHee KO/ U3 JIMCTHHTA 6.3 MOXKHO
YCOBEPILIEHCTBOBATh, 3aMEHUB 4aCTh KOJla, HAYMHAIOILYIOCSI CO CTpOKH 1f (y == 0), OJTHOM
U3 JBYX CIICAYIOIIUX CTPOK:

return tablel[hopu(y, 0x02040810) & 157;
return table[y*0x00204081 >> 28];

31ech hopu (a,b) 03HaudaeT crapmmue 32 6uta O€33HAKOBOTO MPOU3BENECHUS a U b. Bo BTO-
pOH CTpOKE B COOTBETCTBHHM C COTJIAIICHUEM, PUHATBHIM B SI3bIKaX BBICOKOTO YPOBHS, IIPEAIIO-
Jlaraercst, 4TO 3Ha4eHHEe MPOM3BEJICHUs NPEICTaBIsIeT co0oil muanmue 32 Outa pesysbrara.
OTOT METO]| BIOJIHE IIPAaKTU4EH, 0COOEHHO Ha KOMIBIOTEPaX C OBICTPHIM YMHOXKEHHEM, a Tak-
K€ Ha TeX, y KOTOPBIX €CTh KOMaH/a CO8Uea-U-Cl0JiCeHusl, TaK KaK B MOCJIEJHEM Clly4ae yMHO-
xenne Ha 0X00204081 peanusyercst Kak

y(1+27+24+2%) = y(1+27)(1+2%)..

[Ipu ucnonp30BaHUK TaKOTO 4-TAKTOBOI'O YMHOXKCHHUS OOINEe BPEMs BBIYMCICHHUIA COCTABISACT
13 taktoB (7 TaKTOB JJIsl BEIYUCIIEHUS y, 4 — JUISl BBITOJHEHUSI KOMAH]T CO8ULA-U-CLONCCHUSL,
2 — s cosuza énpaeo Ha 28 U HHISKCHPOBAHUS MacCHBa table); KPOME TOTO, STOT KOJ HE
COJICPKHUT KOMaH]I yCJIOBHOI'O IIEPEX0/Ia.

3TOT AITOPHUTM JOCTATOYHO MPOCTO MACIITAOMPYETCs ISl MPUMEHEHHs Ha 64-pa3psaHbIX
KOMIbIOTEpax. B ajJropurMe ¢ 0CTaTKOM OT JCJICHUS UCTIOB3yeM UHCTPYKIIHIO

return table[y%511];
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3nech table comepxut 256 amemenToB co 3Havenusimu 8, 0, 1,0, 2,0,1,0,3,0,1,0, 2,0, 1,
0,4, ... (T.e. table[i] paBHO KOJMYECTBY 3aBEPIIAIONINX HYJICBBIX OUTOB B ).
B MyJNbTHIUIMKATUBHBIX METO/IaX MCIOIB3YETCsI OJIHA M3 JBYX HHCTPYKIIMI:

return tablel[hopu(y, 0x0204081020408100) & 255];
return table[y*0x0002040810204081>>56];

3neck table uMeeT pasmep 256 u 3Hauenns 8, 7, 6,6, 5,5,5,5,4,4,4,4,4,4,4,4,3, ....
Ymuoxernne Ha 0x2040810204081 M0>kHO BEITIONHUTE 32 13 TaKTOB CIEIYIOIIMM 00pa3oM:

t, y(1+ 2),
t, —t,(1+2%),
ty e t,(1+2%).

OueBHAHO, Bce BapUAHTHI TIOMCKA C HCIOIB30BaHUEM TAOJHII JIETKO PEaTN3yIOT MOUCK Tep-
BOTO CIIpaBa HYJIEBOTO OaifTa IyTeM IPOCTOT0 W3MEHEHNS TaHHBIX B TAOIHUIIE.

Ecimm Ha 32-pa3psgHoM KOMITBIOTEpE HET OTAEIBHOI KOMAaH/IBI U1U-He, TO BMECTO KOMaH/bI
He BO BTOPOM IIPHUCBOCHUH y B JIMCTUHTE 6.3 MOXXHO HCIOIB30BaTh OJWH U3 TPEX OMHCAHHBIX
BBIIIE OIIEPAaTOPOB return C MAaCCUBOM table[i] = {0, O, O, O, O, O, O, O, 1,
1, 1, 1, 2, 2, 3, 4}.DracxemMa He paboTtaeT a1 64-0MTOBOTO KOMITBIOTEPA.

PaccmoTrpuM elie 07IHy MHTEPECHYIO BapHAIMIO MPOLEAYPHI U3 JTUCTUHTA 6.2, KOTOpasi He
ucnosnb3yet Gyukimio Nz, Iycts @, b, ¢ u d — oHOOUTOBBIE TEpEMEHHbIE, O3HAYAIOIINE Pe-

IVKATHl “TIepBBIA OalT X HEHyeBo#” , “BTOpoil OalT X HeHyneBoi~ u T.1. Toraa
zbytel (x) =a+ab+abc +abcd .

BHGCL YMHOKEHHUE PCAIU3YCTC IPHU MMOMOIIN KOMAHAbI U, YTO JAa€T NPOLUCAYPY, [IOKA3aHHYIO B
nuctunre 6.4 (HpI/IBe)IeHa TOJIBKO BBIIIOJIHACMAs 4aCTh KOJ_'[a).

JIuctunr 6.4. [Tonck mepBoro cjieBa HyJ1eBOro 6aiiTa BbIYHCIeHHEM MOJUHOMA

v = (x & OX7F7F7F7F) + OX7F7F7F7TF;

vy =v | x; // 1 B HeHyJIeBHIX OamrTax
tl = y >> 31; // £l = a

t2 = (y >> 23) & tl1; // t2 = ab

£3 = (y >> 15) & t2; // t3 = abc

td = (y > 7) & t3; // t4d = abcd

return tl + t2 + t3 + t4;

Bcero tpebdyercst BoimonaanTh 15 6a3zoBeix RISC-komana. DToT anroput™ padoTaeT He OYeHb
ObICTPO, 3aTO YaCTh BBIYMCIEHUI MOXKHO pacriapajuienuTs. Ha cynepckansipHOM KOMIBIOTEpE,
KOTOpasi CriocoOHa BBINOJHATE MapaUIEIbHO 10 TPEX HE3aBUCUMBIX apU(PMETHIECKUX KOMaH],
BBINOJIHEHHE anropurma 3aiiMer 10 TakToB.

BHecenne HeOOIBIINX M3MEHEHUI TI03BOJISIET JIETKO HAWTH TEPBBIH ClIpaBa HyJIeBOH OaiT:

zbyter (x) =abed + bed +cd +d .

(3mech TSt BEIYHCIICHHH TTIOTPEOYeTCs Ha OJIHY KOMaHIy ¢ OOJIBIIIE, YeM B KOJIE U3 JIUCTHHTA 6.4)

HexoTtopnblie 00001meHus

Oyukuun zbytel u zbyter moryT ucnons30BaThCs IpH TMOKCKe OaiiTa, comepikamiero HeKo-
TOpOE 3alaHHOE 4HCIO. JIJIst 3TOro Haj apryMEHTOM X M CIIOBOM, B KaXKIOM 0aiiTe KOTOpPOro
COZEPIKUTCSI Hy’)KHOE 3HAYCHHUE, MIPOU3BOAUTCS ONEPALMS UCKIIOUAIOWe20 Ui, U B TOIyInB-
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mieMcsl CJIOBE OCYIIECTBIISICTCS TOWMCK HykHoro Oaifra. Hampmmep, uroOer maditm ASCII-
mpobern (0x20) B ciioBe X, HEOOXOIMMO HAWTH HYJIEBOM OallT B ciioBe X @ 0x20202020 .

AHAJIOTHYHO, JIJIS TIOMCKA OJIMHAKOBBIX OAHTOB B CIIOBAaX X U Y BBHITIOJHSACTCS MOUCK HYJICBO-
ro OaiiTa B cJIoBEe X @ Y.

Kon u3 muctrnra 6.2 1 ero Moaudukanim ¢ HeOOIBIIIMMHI H3MEHSHUSMH MOXKHO HCITONTh30BaTh
1 JUTS TIOMCKA, He CBA3aHHOTO ¢ TpaHuiamu Oaiita. Hanprmvep, mycTsb TpeOyeTcs HaifTi HyJIeBoe 3Ha-
yerwe (eCIM TaKOBOE €CTh) B MEPBBIX YETHIPEX OUTAX, CIICAYONMX 3a HUMH 12 GHTaX WX B MOCIIE/-
Hux 16. JIiist 5Toro MOKHO KCIIOJIB30BaTh Ko U3 jmcTurra 6.2 ¢ mackoit OX77FF7FFF [51] (ecom
JUTHHA TTOJISE paBHa 1, TO B COOTBETCTBYIOIIEM paspsizie Macku ycranaiusaercs 0).

Ilouck B 3aJaHHOM JHANa30He 3HAYCHUH

KOI{ W3 JUCTHHTA 6.2 MOKHO JIETKO MOHI/I(l)I/IIII/IPOBaTL JJIA IIOMCKa 6aﬁTa, 3HAa4YCHUEC KOTO-
pOro HaxoAguTCs B JUAIlIa30HC OT 0 J0 HEKOTOPOIro 3aJaHHOr'0 3HAYC€HHUA, MCHBIICTO 128.
B MPpUBCJACHHOM HUKE (bparMeHTe BBIYHCJIACTCS MHACKC IEPBOIr0O CJICBa 63]7[Ta, 3HAYCHHUEC KOTO-
POro HaxoAUTCH B JUAIa30HE OT 0 0 9.

vy = (x & OX7F7F7F7F) + 0x76767676;

y=v | %

y =y | Ox7F7F7F7F; // Baitta > 9 = OXFF

Yy = ~Yi // BamtTel > 9 = 0x00
// BamTel <= 9 = 0x80

n = nlz(y) > 3;

Paccmotprm Gomnee oOmrwit cirydaii. [Ipemmososkim, 9To B citoBe TpeOyeTcst HalTH MePBhIN clieBa
0aiiT, 3HAYEHHE KOTOPOT0 HAXOIUTCS B JMANA30HE OT a JI0 b, mprdyeM pasHOCTh BEpXHEH U HIDKHEH
TpaHwHII 3Toro uanazoHa Menbme 128. Hanpumep, 8 ASCI| nponmicHbIe GYKBBI MIMEIOT 3HAYCHUS OT
0x41 mo Ox5A. UToOBl HaliTH TEpBYIO IPOICHYI0O OYKBYy B CIIOBE, BBIYTEM M3 HETO HHCIIO
0x41414141 Tak, 9To0BI TIPX STOM HE BO3HWKIIO PACIIPOCTPAHEHHUS 3aeMOB 3a Tpenelsl Oaiita. [To-
Clle 3TOro MOMCK Oaifra, cojepskaiiero 3HadeHne u3 jauanasona or O mo Ox19 (pasHocThb
O0x5A-0x 41), BBITIOJTHACTCSI TaK e, Kak M B TIPUBEICHHOM BHIIIe Koze. Vicrmonb3ys GpopMyIsl st
BBIMUTAHUS U3 pasziena 2.17 ¢ OueBUIHBIMEU YIPOIICHUsIME Ui Y = 0x 41414141, nomy4um

d = (x | 0x80808080) - 0x41414141;

d = ~((x | O0x7F7F7F7F) ~ 4);

v = (d & Ox7F7F7F7F) + 0x66666666;

y=vy | d&

Vv =Y | Ox7F7F7F7F; // Bawnte, He paBHHe 41-5A, cranoBsarcsa FF

YV = ~y; // BamTel, He paBHble 41-5A, craHoBsaTrcsa 00
// BamuTH, paenele 41-5A, cranomarcsa 380

n = nlz(y) >> 3;

JIJis HEKOTOPBIX JHANa30HOB 3HAYCHUI BO3MOXKEH OoJjiee mpocrtoil koa. Hampumep, 4ToObI
HAWTH TEPBbINA OaiiT, coepikaiuii 3Hauenue B quanasone ot 0x30 mo 0x39 (necsatuunas ud-
pa B koauposke ASCII), He0OXOAUMO BBITIOIHUTE OMEPAIIUIO UCKTIOUAIOWE20 U C UCXOTHBIM
cinoBoM u yuciaoM O0x30303030, a 3areM BOCHOJIB30BATHCS MPHUBEJICHHBIM BBIIIC KOJOM JUIS
noucka Oaiira co 3HaueHueM u3 quanazona ot 0 10 9 (3T0 ynpoleHHe MPUMEHUMO B TEX CITy-
Yasix, KOrjaa N cTapmux OUTOB BEPXHEW M HWKHEH TPaHUI] AMANa30HA COBIAJAIOT U HIDKHSIS
rpaHUIla 3aKaHYMBAETCSA 8—N HYJEBBIMU OUTAMM).

OTH METOIBI MOTYT OBITh aJalTUPOBAHEI IS paboTHl ¢ OOJBIIMMH JHania30HaMu 0e3 J0-
MMOJIHUTENIBHBIX KOMaHI. Hampumep, s moncka WHAEKCA IEPBOro cjieBa Oaiita, 3HaYCHUE KO-
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Toporo Haxomutcs B auanazone ot 0 mo 137 (0x89), crpoky mporpamMmsl moncka Gaiita co 3Ha-
yeaneM oT 0 10 9y = y | x clemyer 3aMeHHTh CTPOKOH y = y & X.

AHANIOTHYHO, 3aMCHUB CTPOKY v = y | d B mporpamme MOKCKa IEepBOTro clicBa Oaiita co
3rageHrneM oT 0x41 mo OX5A cTpokoit y = y & d, HONXydUM KOJ JJIs TTOWCKA IEPBOTO CIIeBa
OaiiTa, cofepkaniero 3HadeHue B quamnazone ot 0x41 mo OXDA.

6.2. I[Touck cTPOKH eTMHUYHBIX OUTOB 32IaHHOM JINHBI

3ajaya 3aKIII04AeTCsl B MOUCKE B CJIOBE, HAXOJSILEMCSl B PETHCTPE, TIEPBOI CTPOKH U3 e/Iu-
HUYHBIX OWTOB, JJIMHA KOTOpOW He MeHee N. B pe3ynbraTe MOKMCKa BO3BPAIIASTCS MMO3HIUS
MepBOro OMTAa CTPOKH; €CIIM TaKOil CTPOKH B CJIOBE HE 0OHAPYKEHO, BBIIAETCSI HEKOTOPOE CIie-
LUaJIbHOE 3HaUeHHe. BapranTamu 3TOM 3a7a4u sSBJISIOTCS 3a/a4a OTBETa Ha BOIPOC O CYILECT-
BOBaHWH JIAHHOM CTPOKW (BO3BpAIaeTcsi 3HAUCHHE Od WITH Hem) W 3ajiada MOMCKa CTPOKH, CO-
CTOSIIIIEH POBHO M3 N €AMHUYHBIX OMTOB. 3a/1a4a HAXOAUT MPUMEHEHHE B MPOrpaMMax pacripe-
JIEJICHAS] TUCKOBOTO MPOCTPAHCTBA, B YaCTHOCTH TpH JedparMeHTalMu qucka (mepeMenieHus
JIAHHBIX Ha JIMCKE TAKUM 00pa3oM, 4ToObI B pe3ysibTare Bce OJIOKH, B KOTOPHIX XPAaHUTCS HEKO-
TOpBIi (haiiil, pacmoNaraiics HEMPEePhIBHO, APYT 3a Apyrom). DTa 3amada Oblia MpeIoXkeHa
mue Anpbeprom Yanrom (Albert Chang), koTopsrii ykasani, 9To MPH ee PEIIeHHH MOKHO HC-
M0JIb30BaTh (PYHKIIHUIO OTPEICTICHUs KOIHYECTBA BEAYIUX HYJIEBbIX OUTOB.

Jlaree mpeamoaracTcs, YT0 KOMIBIOTEP UMEET KOMaHIy (MO0 MOAMporpamMMy) BEIYHCIIE-
HUs QYHKIMH NlZ, OTIpeeNsoIe KOMNYeCTBO BEMAYIINX HYJIEBBIX OUTOB.

[lepBbIM B TOJOBY MPUXOAUT MPOCTEHIIMN aNrOPUTM: BBIYUCIHTH KOJMYECTBO BEAYIIHMX
HYJIEBBIX OUTOB M BBINOJIHHUTH C/ABUT BJIEBO HA MOJYYEHHOE YHMCIIO. 3aT€M BBIUHCISIETCS KOJH-
YECTBO BEAYIIUX CAMHUIHBIX OUTOB (MHBEPTUPYS CIIOBO W TIOJICUMTHIBASI KOJINYECTBO BEAYIIAX
HyJIeBbIX OHTOB). ECIM KOJIMYECTBO HyNEBBIX OMTOB B 3TOW TPYIIIe HE MEHBIIE 3aaHHON JUTH-
HBI CTPOKHM, 3HAYUT, UCKOMas Ipymma HaiaeHa. Eciu KOMMYECTBO HYJIEBBHIX OUTOB MEHbIIE
TpeOyeMOro, BBIMIOJHSAETCS C/IBUT CJIOBA BJIEBO HA KOJMYECTBO HYJIEBbIX OMTOB U BCE NEUCTBHUS
noBTOpsitoTcst cHavyana. COOTBETCTBYIOIIMI KOJ MpHBeAeH Hibke. Ecian HaifeHbl N uaymmx
TTOZIPSIT €ANHIYHBIX OMTOB, Bo3Bpamaercs drcio ot 0 mo 31, yka3siBaromiee MO3HUINIO IEPBOTO
OuTa mepBOil TakOH CTPOKH. B MpOTHBHOM ciTydae BO3BpamiaeTcsl 3Ha4eHHe 32, yKa3bIBaIoIIee
Ha TO, YTO COOTBETCTBYIOIIAsl CTPOKA HE Hali/ieHa.

int ffstrl(unsigned x, int n)

{

int k, p;
p = 0; // VHuUUManMsauusa BO3BpallaeMOM [103ULUU
while (x != 0)
{
k = nlz(x); // YimajleHVe BeIylUX HYJIEBEIX OMTOB
X = x << k; // (ecyiy OoHM eCTb)
p =p + k;
k = nlz(~x); // TlomcueT TPYINIBl €OUHULL
if (k >= n) // EcCau emuHMl] OOCTAaTOUHO,
return p; // BO3BpallaeTCsa HaMIOeHHas [103ULMUSA
x = x << k; // Ecau emuHMul] He IOCTATOYHO,
p =p + k; // mpomnyckaeM MX

}

return 32;
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ANTOPHUTM BIOJIHE IPUMEHUM, €CIIU LUKJ BBITOJHAETCS BCETO HECKOJIBKO pa3, Harpumep
KOT/la B CJIOBE X €CTh OTHOCHTENIBHO OOJIBIIIME TPYIIIEI HYJIEBBIX M €AMHUYHBIX OMTOB. DTO yC-
JIOBUE BIIOJIHE OOBIYHO JUISl INPUIIOKEHHWH, BBINOJHSAIOMINX paclpeaeieHne JUCKOBOTO IpO-
crpaHcTBa. OHAKO B XYAILIEM CiIydae BBIIOJHEHHE STOr0 AJTOPUTMa 3aHMMAET JOBOJBHO
MHOT'O BpeMeHH: Hanpumep, npu X=0x55555555 n n>2 BemonHsercs okono 178 komana u3
noiHOro MHOXecTBa RISC-komanz.

ANTOpPHUTM, KOTOPBIH Jy4Ille CIpaBisieTcsl ¢ HAMXYALINM CIIydaeM, OCHOBaH Ha II0CJIeN0Ba-
TENBHOCTH KOMaHA cosuza 61e60 M u. UTOOBI MOHATH, KaKk OH paboTaeT, pacCMOTPUM IOHCK
CTPOKM M3 BOCBMH HJIHM OoJiee MOCIIeI0BaTENIbHBIX SIMHUYHBIX OUTOB B 32-OMTOBOM CJIOBE X.
Hwke nokaszaHo, Kak MOXHO BBITIOJHUTB 3TOT ITOMCK.

X X & (x<«1)
X X&(x<2)
X X&(x<4)

IMocne mepBOro MPUCBOCHUS CAWHMYHBIC OWTHI B X YKa3bIBAIOT HAYAIbHBIC IMOJIOKCHUS
CTPOK €MHUYHBIX OMTOB C JIMHOH 2. [Tocie BTOpOro NpuUCBOCHUSI €IUHUYHbIE OUTHI B X yKa-
3BIBAIOT HAYaJIbHBIC TTOJOKEHHUS CTPOK C JUTMHOM 4 (CTPOK UTHHOMN 2, CIEAYIOMUX 3a IPYyTHMH
crpokamu JutnHO# 2). TTocie TpeThero NpUCBOEHHS €IMHUYHbBIE OUTHI B X YKA3bIBAIOT HAYAIIb-
HBIE MO3UIUK CTPOK jauHON 8. [Ipumenenne GyHkuuu hlZ K MONyYHBIIEMYCS CIIOBY BO3Bpa-
IIaeT TOJIOKEHUE IIEPBOTr0 OWTa CTPOKH, JUIMHA KOTOpod He MeHblie 8. Ecnm Takoil cTpoku
HET, BO3Bpamiaercs 32.

st pa3paboTKu airopuTMa, KOTopblii Okl paboran ¢ moObiMu uHamMHu N ot 1 no 32, cie-
JIyeT B3DJISHYTh Ha 3a/1a4y HECKOJIbKO MHaue. [Ipexie Bcero 3aMeTHM, Y4TO TPU MPHUBEICHHBIC
BBIIIIC MTPUCBOCHUS MOXKHO BBIMOJHSTH B JIFOOOM mopsiiake. OOpaTHBINA MOPSIOK MOXKET OBITH
nake Oonee ymoOHbIM. [l MILTFOCTpAaIuy 00IIET0 METoIa paccMoTpuM cirydaii n=10.

X ¢ X &(x<5)
X, X, & (X, < 2)
Xy ¢ X, & (X, < 1)
X, 6 X3 & (X < 1)

HepBaﬂ WHCTPYKIUS BBINOJHACT CABUI HA n/2 . Ilocne storo 3aJa4a CBOAUTCA K MOUCKY

CTPOKH U3 IIATH IMOCICAOBATCIBHBIX CIMHUYHBIX OHTOB B X1. DTO MOXKET OBITh CAECJIaHO ITYyTEM
cIBMI'a BJICBO Ha LS/ZJ =2 OuTa ¥ BEIIOJIHCHUEM KOMaH/JIbl U, IIOCJIC Y€T'0 BBIIIOJHACTCSA ITOUCK

CTPOKH U3 Tpex exuHnuHbX 6utoB (3=5-2). [locneanue aBa onepaTopa OMPeaeISIFOT HAualb-
HBIE MO3UIMK CTPOK UTMHOH 3 B clioBe X;. CyMMa BeJIMYMH BCEX CIABUTOB Bcerja paBHa n—1.
CoOTBeTCTBYIOIIMIA KO MOKa3aH B JuctuHre 6.5. Bpems pabothl koja mpu n ot 1 mo 32 co-
cTaBisgeT OT 3 10 36 KkoMaHI U3 rmojiHoro Muoxkectsa Rl SC-komans.

Ecin n He 0YeHb BEIMKO, IMEET CMBICI Pa3BEPHYTh MUK (Ha 32-paspsmHOM KOMITBIOTEPE
JIOCTATOYHO MOBTOPHUTH TEJIO MHUKIIA MATh pa3) U OMYCTUTHh MPOBEpKY n > 1. Koj ¢ pa3BepHy-
TBIM IIMKJIOM HE COJEPKUT YCIOBHBIX MEPEXOI0B M BhIMoiHseTcs 3a 20 komaHn (mocieqnee
MPUCBOCHUE n MOKHO OIYCTHTH). TeM He MEHee [UTS MAJBIX 3HAYCHHH n JyUIle HCIONb30BaTh
KOJI ¢ IUKJIOM. B ciiydae Manbix 3HaUEHHA n TOUCK 110 JITOPUTMY C Pa3BEPHYTHIM ITUKJIOM BBI-
MOJIHSETCS. ME/IJICHHee, MOTOMY YTO KaK TOJIbKO MEepeMEeHHasi n CTAaHOBHUTCS paBHOH 1, ee 3Ha-
YyeHHEe OOJbIIC HE M3MEHSCTCS WM, TAKUM 00pa3oM, BCe MOCICAYIONIUE JCHCTBUS HE M3MEHSAT
3HAYCHUH HU x , HU n. B CMBICIIE KOIMYECTBA BBHIMOIHAESMBIX HHCTPYKIIMN Pa3BEPHYTHIA UK
paboTaeT OpIcTpee OOBITHOTO ITUKIIA MPH n = 5.

6.2. TIOUCK CTPOKU EAVHUYHBIX BUTOB 3AJJAHHOI JUTMHBI 105
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JIuctunr 6.5. [Monck nepBoii cTpoku U3 N eAMHNIHBIX OUTOB
¢ MIOMOIIBLI0 KOMAH/I cO6uza M U

int ffstrl (unsigned x, int n)
{
int s;
while (n > 1) {
s =n > 1;
X = X & (X << 8);
n=mn-s;

}

return nlz(x);

IMowck cTpoKH, cojiepsKalieii TOUHO N eMUHNIHBIX OUTOB, TpeOyeT Ha IeCTh KOMaH I Gobiie (Ha
YeThIpe, €CITM eCTh KOMaH/a u-#e). [locie BBIMOMHEHNS BCeX NEHCTBHIA JcTrHra 6.5 eMHIIHBIe
OUTHI B X HAXOMATCS B MO3MIIMSX, TIC B UCXOTHOM CJIOBE HAYMHACTCS CTPOKa W3 N wiu Oojee eau-
HUYHBIX OMTOB. Clle[OBATENbHO, TOCIE MO/ICTAHOBKU BHIYMCICHHOTO 3HAYEHHSI X BhIPAXKEHUE

X& —.(x>u>1j& —|(x<<1)

COJICPXKHUT CJMHUYHBIA OUT B TOHM TO3UIMH, B KOTOPOW B X HAXOIUTCS HU30JIMPOBAHHBIN €JTH-
HUYHBIA OWT, T.€. C ATOM MO3UIMK B MCXOIHOM CJIOBE X HAYMHAETCS CTPOKA POBHO M3 N eIu-
HHUYHBIX OUTOB.

JlaHHBINA ANTOPUTM MOJKHO JIETKO aIalTHPOBAaTh W JJIS TIOMCKA CTPOK JJIHHOM N, KOTOpBIE
HAYUHAIOTCS B ONPE/EICHHBIX Mo3ulusax. Hanpumep, 4ToObl HAWTH CTPOKY, MEPBbI OUT KOTO-
poii HaxoauTCsl Ha rpaHuiEe 6alTa, HEOOXOIMMO MPUMEHUTh KOMaHIy U K KOHEYHOMY 3Haue-
Huro X 1 yuciry 0x80808080.

3TOT aJITOPUTM MOYKHO HCIOJIB30BaTh M IS TIOMCKA CTPOK M3 HYNEBBIX OMTOB. [Ipm 3TOM
100 BHAYalle HHBEPTUPYIOTCS BCE OUTHI X M 3aTeM BBIMOJHSIIOTCS BCE OOBIYHBIC BBIYHCIICHHMS,
00 KOMAaHBI 1 3aMEHSIOTCS KOMaHIAMU Uiy, a X UHBEPTHPYETCS HEMOCPEICTBEHHO IMepe;]
BbI30BOM (yHKIuu NlZ. Huke mokasaH ajiropuT™ MOKCKa MepBOro (CaMoro JIEBOro) HYyJIEBOTO
Gaiita (TOYHOE OIpeieieHre ITOM 3a/1auu PUBEICHO B pasjeie 6.1).

X x|(x < 4)
X x|(x<2)
X x|(x<«1)
X « OX7TF7F7F7F | x

penlz(—|x)>u>3

Bcero mpu sToM Tpebyercs BhinonHenne 12 komana u3 moanoro Habopa RISC-kxomann (T.e.
ATOT AJITOPUTM OKa3bIBaeTCs MeHee I (EKTUBHBIM, YeM aJrOPUTM U3 JIUCTHHTA 6.2, B KOTOpOM
BBIMOJIHSAETCS BOCEMb KOMAH]).

106 I'JTIABA 6. TIOMCK B CJIOBE
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['JTABA 7
MEPECTAHOBKA BUTOB U BAWITOB

7.1. PeBepc OMTOB U 0aiiTOB

Ion omeparyeii peBepca OUTOB MOJPA3yMEBACTCSl OTPAKEHUE COJCPIKUMOTO PErucTpa OT-
HOCHUTENILHO CEPEIMHbI CJI0BA, T.€. pa3MelieHre OUTOB B CJIOBE B 0OPATHOM MOPSIKE:

rev(0x01234567) = OXE6A2C480
rev(00000001001000110100010101100111) = 11100110101000101100010010000000

IMox omepanueii peBepca GaWTOB MOAPa3yMEBACTCS AHAIOTHYHOE OTOOPaKCHHE YEThIPEX
GaiitoB peructpa. Oneparus peBepca 0afiToB HeoOXoaUMa NP NPeoOPa3OBaHUK TAHHBIX Me-
KOy popmarom, Korjaa mepBeiM uaet muaaumii Gait (little-endian), koropslii ucnons3yercs,
nampumep, DEC u Intel, u ¢popmarom, korna nepBeiM uaet crapuuii Oaiit (big-endian), uc-
MOJB3YIONIHICS OOJBIIMHCTBOM IPYTUX MPOU3BOUTENCH.

Hmxe mokazan a¢dexTuBHbI MeTo peBepca 6uToB B cioBe [3]: B mepBoil cTpoKe MeHs-
IOTCSL MECTaMH COCEJJHUE OHTHI, BO BTOPO# — coceqHue 2-OUTOBbIC OIS U T.1. Bee msaTh ome-
pPaTopOB MPHCBOCHHUSI MOKHO BBIMOJNHSTE B TIPOM3BOJIBHOM MOPSIKE.

x = (x & 0x55555555) << 1 | (x & OxAAAAAAAA) >> 1;
x = (x & 0x33333333) << 2 | (x & 0xCCCCCCCC) >> 2;
x = (x & OxOFOFOFOF) << 4 | (x & OxFOFOFOF0) >> 4;
x = (x & O0x00FFOOFF) << 8 | (x & OxFFOOFF00) >> 8;
x = (x & O0x0000FFFF) << 16 | (x & OXFFFF0000) >> 16;

Jlns psma MallMH MOXKHO BOCIIOJIB30BaThCSl YCOBEPIICHCTBOBAHUEM, IIPUBEACHHBIM B JIHC-
THHTE 7.1, KOTOpOE 3aKiovyaeTcs B TOM, 4TOOBI M30€KaTh OOJNBIINX HEIOCPEICTBEHHO 3aja-
BaeMBIX 3HaueHHH. DTOT KoJ Tpedyet BomonHeHHs 30 6a30BeIx RISC-koMaHa 1 HE HCTIONB3Y-
€T KOMaH/l BeTBJICHHS.

Jluctunr 7.1. PeBepc 6uToB
unsigned rev(unsigned x)

{

x = (x & 0x55555555) << 1 | (x >> 1) & 0x55555555;
x = (x & 0x33333333) << 2 | (x >> 2) & 0x33333333;
x = (x & OxOFOFOFOF) << 4 | (x >> 4) & 0xQOFOFOFOF;
x = (x << 24) | ((x & OxFF00) << 8) |

((x > 8) & OxFFO00) | (x >> 24);
return x;

[Mocnennee mpucBoeHne X B 3TOM KOJIe BHINIOJIHSAET peBepc Oaiira 3a neBsth 60a3zoBbix RISC-
koMaH. Ecian xoMmbloTep cHocoOeH K BBINOJHEHHIO IHUKINYECKOTO CIBHIA, BBIYHCIUTH X
MOXKHO 33 CEMb KOMaH]I:

x =((x & OxOOFFOOFF);iSJ |((xr<28j & OXOOFFOOFF] .
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Ha PowerPC omepanuio pesepca 6aiiTa MOXHO Pead3oBaTh BCETO 3a TPH KOMaHbl [26]:
yurauueckull cogue 61eso Ha 8 GHT, 32 KOTOPHIM CJIEAYIOT aBe KOMaHmsl rlwimi (rotate left
word immediate then mask insert — yuxauueckuii cosue 61e6o nenocpedcmeeHH020 3a0AHHO20
€no6a ¢ nociedyoujeli 6CMasKol MACKU).

O0001eHHbIH peBepc OUTOB

B [19] npennoskeno crneayromiee 0600IIeHne peBepca GHTOB:

if (k & 1) x = (x & 0x55555555) << 1 | (x & OxAAAAAAAA) >> 1;
if (k & 2) x = (x & 0x33333333) << 2 | (x & 0xCCCCCCCC) >> 2;
if (k & 4) x = (x & OxOFOFOFOF) << 4 | (x & OxFOFOFOF0) >> 4;
if (k & 8) x = (x & OxO0FFOOFF) << 8 | (x & OxFFOOFF00) >> 8;
if (k &16) x = (x & O0x0000FFFF) << 16 | (x & OxFFFF0000) >>16;

(TTocneanue Be KOMaH/bI ¥ MOXHO OMYCTUTh.) Ecin k = 31, 3TOT KO/ BBIMIOJIHSET PEBEPC
Bcex OuToB cioBa. [Ipu k = 24 BeIMOdHSIETCS peBepc 6aiiToB cioBa. Ecnu k = 7, BBITTOTHAETCS
peBepc OUTOB B KaXKJIOM OaiiTe, HO pacIoJIOKEHHE OAWTOB B CIOBE IPU 3TOM HE U3MEHSICTCS.
Ipu k = 16 BBIMOJHSIETCS MEPECTAHOBKA JIEBOTO M IPABOTO MOJIYCJIOB, U T.I. B 00mem ciyyae
OWT, HAXOAAIIMICS B MO3UIMHK IM, TepeMerniaercs B no3uimio m® k . Ha ammapatHoMm ypoBHE
3TOT MPOIECC PEATU3YETCs MOA00HO MUKINYECKOMY CABUTY (MATh YPOBHEN MYIIbTHILIEKCHPO-
BaHMsI, KAXKJ(BIM U3 KOTOPBIX YIPABISIET CBOI OUT BenuuuHbl casura K).

CoBpeMeHHBbIE METO/IbI peBepca OMTOB

B [25, item 167] npuBomsTcs Gosiee CIIOKHbIE BRIPaXKEHHs 11 peBepca 6-, 7- n 8-OUTOBBIX Lie-
JIBIX yrcell. HecMOTpst Ha TO 4TO BCE ATH BBIPAKEHHS Pa3pad0TaHbl st 36-OMTOBBIX MAIIIVH, BBIpa-
JKeHHUE JIIS peBepca 6-OMTOBBIX IETIBIX YhceN paboTaeT U Ha 32-OMTOBBIX MAIIMHAX, & BRIPAKEHUS
JUTs peBepca 7- 1 8-OUTOBBIX UrceT — Ha 64-OMTOBBIX MarmHaX. [IpuBeeM 3TH BBIPaKEHUS.

6 6ur; remu(( x * 0x00082082) & 0x01122408, 255)
7 6ur: remu(( x * 0x40100401) & 0x442211008, 255)
8 6ur: remu(( x * 0x202020202) & 0x10884422010,1023)

B pesynprare moxydarorcst “gmcTeie” IeNble YHCia, T.€. YHCia, BRIPOBHEHHBIE 10 PaBOU
rpaHuIie, HEUCIIOIb3yeMbIe cTapiine OUThl KOTOPBIX paBHbl 0.

Bo Bcex Tpex ciiydasx BMeCTO (YHKUIHH F€MU MOXXHO HCIOJIb30BaTh (QYHKIMH €M WiiH
MOod, OCKOJIBKY apryMEHThI (BYHKIMH EMU MOJI0KUTETbHBI. DYHKIUS 0cmamok om OeieHust
B JIaHHBIX (hOpMyliax MPOCTO CYMMHpPYET HU(PBI YUCIa B CUCTEME CUUCIICHHS 110 OCHOBAHHIO
256 wm 1024, nono6HO TOMY KakK B IECITUYHON CHCTEME CUHCIICHHS OCTAaTOK OT JesieHus Ha 9
MPOCTO pPaBeH CyMMe Tmdp gucia (eciu MoNydeHHOe YHUCIo Gobine 9, mporecc CyMMHpPOBa-
uust nrdp mosTopsiercs). ClieqoBaTebHO, 3Ty QYHKIMIO MOXHO 3aMEHHTH KOMAHIAMH YMHO-
JlceHus U cosuea enpaso. Hampumep, peBepc 6-OMTOBBIX drcen Ha 32-OMTOBOM KOMITBIOTEpE
MOYKHO BBITTOJHUTE Tak (YMHOKEHHE BBITIOIHSACTCS IO MOIYITIO 2%):

t « (X * 0X00082082) & 0x01122408
(t *0x01010101)> 24

[MpuMmeHeHne OMUCAHHBIX (OPMYJ OTPAaHMYEHO, TAK KaK OHH BKJIIOYAIOT MOJYy4YCHHE
ocratka (Tpebyromee mis BeimoaHenuss 20 TakTOB W GOJbINE) H/MIH HECKOIBKO KOMAH]I
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YMHOKEHHS, a Tak)Ke KOMaHIBI 3arpy3ku OONpmuX KOHCTaHT. [locmenusas ¢opmyna, Ha-
npumep, Tpedyer BomonHeHus 10 6a3oBeix RISC-xomanz, aBe W3 KOTOPBIX — KOMaHIBI
YMHOdceHus:, 9T0 cocTaBisger npuMmepHo 20 TakToB Ha coBpeMmeHHBIX RISC-mammHax.
C nmpyroit cTopoHBI, afganTanus Koga U3 TuctuHra 7.1 mis peBepca 6-OMTOBBIX HENBIX YH-
cex motpedyet okono 15 komanx u mpuMepHo oT 9 10 15 TaKTOB, B 3aBUCHMOCTH OT BO3-
MO’KHOCTEHl KOHKPETHOM MalIMHBI 10 paclapajieIMBaHUIO BBIYMCIECHUM Ha ypOBHE KO-
MaHa. Tem He MeHee MO00HBIE GOPMYITBI Tal0T OYeHh KOMIIAKTHEIN Ko Hmke mpuene-
HO €Ile HECKOJbKO AaHAJOTHYHBIX aITOPUTMOB Mg 32-OmToBOoW MamuHbl. [lpwm
MPUMEHEHHUH ITOTO MeToAa s 8- 1 9-OMTOBBIX LENbIX YHCeNn Ha 32-OMTOBOW MallvMHE B
AJITOpUTMAaX JBaXkJIbl IPUMEHSIOTCS uien us [25].
BOT Kak BBRITTSIINT METOIHMKA peBepca 8-OMTOBBIX HENBIX YHCET:

s« (x*0x02020202) & 0x84422010
t « (X *8) & 000000420
remu(s+t,1023)

3neck GyHKIHS reMU He MOXeT ObITh 3aMEHEHa KOMaHIaMH YMHodiceHus u cosuea. (UToOsl
MOHATH, IOYEMY TaKasl 3aMEHa B JaHHOM CIIy4ae OKa3bIBAE€TCS HEKOPPEKTHOM, BHIMOJIHUTE BCE
OIMCAHHbIC ISHCTBHUSI U IOCMOTPHUTE, KaKKe [IPH 3TOM MOIy4YaroTCss OUTOBbIC KOMOUHALIMH. )

Bot eme oauH Meron peBepca 8-OMTOBOTO IEJIOro 4Mciia, KOTOPHIH WHTEPECEH TEM, 4TO
MOJKET OBITh HECKOJIBKO YIPOIIEH:

S¢ ( X* 0X00020202) & 0x01044010
t« (X * OX00080808) & 0x02088020
remu(s+t,4095)

VYpolieHue 3aKkifo4aeTcsi B TOM, 4TO BTOPOE MPOM3BEICHUE MPEACTAaBIsieT co0ol cosue
671€60 TIEPBOTO MPOU3BECHUSI, MMOCICIHSS Macka MOXKET OBbITh IOJIy4eHa M3 BTOPOW MAacKH Iy-
TEM eJMHCTBEHHON KOMAaHJIbl cO8U2d, & KOMaHIy OCMAmoK On OelleHusi MOKHO 3aMEHUTH KO-
MaH/IaMHU YMHOXCeHus: B cosuea. Tlocne Bcex ynpomeHuid ko TpedyeT BeimoiaHeHus 14 6a3o-
BbIX RISC-komaHm, 1BE U3 KOTOPBIX — KOMAH/BI YMHONMCEHUSL.

U « X *0x00020202
m « 0x01044010
S«—u&m
t—(ux2)&(m«l)

(0x01001001% (5 +1))>24

PeBepc 9-0MTOBOTO IIETIOT0O YHCIIA BHITOIHIETCS CICIYIOIIMM 00pa3oM:

s« (x*0x01001001) & 0x84108010
t < (x *0x00040040) & 0x00841080
remu(s+t,1023)

Broporo yMHOXEHUsI MOXKHO M30€XaTh, TAK KaK OHO PAaBHO MEPBOMY IPOU3BEICHUIO, C/IBU-
HyTOMY BIpaBo Ha 6 Out. [TocienHsss Macka paBHa BTOpOW Macke, CABUHYTOW BIPaBO Ha 8 OWT.
IMocne cooTBeTCTBYIOMMX 3aMeH Koj Oyner TpeboBath BhimoiHeHus 12 6a3oBeix RISC-koman,
BKJIFOUasi OJIHY KOMAHIY YMHOJCEHUs U OTHY ocmamka om Oenenusi. KoManna ocmamok om Oe-
Jlenusi TOJDKHA OBITh 0€33HAKOBOM, M €€ HENb3s 3aMEHHUTh KOMaH/IAMU YMHOJICEHUS U cO8Ued.

YuraTenb, U3yYUBINUI 3TH HEOOBIYHBIC METOJIbI, MOXKET CO3JaTh AHAJIOTHMYHBIN KOJ U JUIS
JPYTUX OTEpaIuii IepecTaHOBKU OUTOB. PaccMOTpHM clieyromiuii mpocToil (4 10CTaTOYHO HC-
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KyCCTBEHHBIH) mipuMep. ITycTh uMeeTcss 8-0MTOBast BEIMUMHA, U3 KOTOPOH TpeOyeTcs HM3BIEYb
KaXXIbI BTOPOH OMT, U yIIakoBaTh YeTHIpEe MOIYUYEHHBIX OWTa B KpaifHUE MpaBbIe pa3psiibl, T.€.
BEITIOJTHUTH CIEyIOIIee Mpeodpa3oBaHue:

0000 0000 0000 0000 0000 0000 abcd efgh =
0000 0000 0000 0000 0000 0000 0000 bdfh

Z[aHHoe Hpe06pa30BaHI/Ie MOJKHO BBITIOJHUTD CJICAYIOIIUM 06pa30M:
t « (x *0x01010101) & 0x40100401
(t * 0x08040201) > 27

Tem He MeHee Ha OOJILIINHCTBE KOMIILIOTEPOB Hanboiee MPpaKTUYHbIM OKa3bIBACTCA METOMH,
OCHOBaHHBLIH Ha WHACKCUPOBAHNU TaGJ’II/IHLI us3 OI[HO6aI7[TOBLIX (I/IJ'II/I 9-6I/ITOBI>IX) TCIIBIX YUCCII.

YBemnueHue 00palIeHHOTO 1eJI0T0 YN CJIa

B anropurme Gbictporo npeodpasopanist Oypee (BIID) ncronp3yercs Kak Lenas nepeMeHHa |
B LIMKIE, B KOTOPOM HPOHMCXOIUT ee yBenndeHue Ha 1, Tak u 3HaueHue rev(i) [50]. Ipocrelimmii

crmoco0 paboThl COCTOUT, KOHEYHO, B BBIUKCIICHHH B K&XKIOH HUTEPALMH YBENYSHHOTO 3HAYCHHMS | ¢
HOC/IEYIONIM BbI4UCIeHHeM rev(i). be3ycinoBHO, 11 MalbIX 3HaYeHHH i ObICTpee U IpaKTHYHEee

IPOBOJUTH MOVCK 3Ha4eHMii rev(i) B TaGiuIe, HO YTO JenaTh NpH GONBIINX i, KOT/A MOUCK B Ta0-
JIIe HENPHMEHUM B CHITy HEIPAaKTHYHOCTH, a JUIA BeIYMCIeHus rev(i) TpeOyercs 29 komMaHn?

Ecnu ucnonb30Bath MOKCK B TAOIIHIE HEBO3MOXKHO, JIYUILIC XPAHUTH | KAK B HOPMAIIBHOM, Tak
U B PEBEPCHOM BHJIE, YBENMYMBasi 00a 3HA4YEHHUS MpU Kaxa0i nrepaumu. [Ipu 3ToM BO3HMKaeT
BOIIPOC: KaK HanOosiee 3()(eKTUBHO BHINOIHUTH IPUPALICHHUE 1IEIOT0 YHCIIA, KOTOPOE XPAHHUTCS B
peructpe B peBepcHoM Buae? Hampumep, Ha 4-0MTOBOI MalllMHE NPH TaKOM yBEITMYEHUH HE00-
XOJIMO TIOCTIEIOBATEIBHO MPONTH TaKKe 3HaueH s (B IIECTHAAIATSPHYHO 3aITHCH):

0o, 8, 4, ¢, 2, A, 6, E, 1, 9, 5, Db, 3, B, 7, F.

B anroputme GoicTporo npeobpasoBanus Dypbe Kak i, Tak U PEBEPCHOE 3HAYECHUE UMEIOT
OJIMHAKOBYIO JIUIMHY, KOTOpasi HOYTH HABEPHSKA MEHbIIE 32, 1 00a 3HAUYCHUs B PETUCTPAX BhI-
POBHEHBI 10 NpaBoi rpanuie. OJHAKO MBI CYMTAEM, UTO | — 32-GUTOBOE Iieioe Yncio. ITocie
mpubasnerHns 1 x peBepcHOMY 32-OMTOBOMY 3HAUEHHIO BEITIONHACTCS cO8UZ 6NpABO OTIpelie-
JICHHOTO KOJIMYeCcTBa OUTOB, M 3aTeM IOJy4€HHOE 3HAYCHHUE UCIOJb3yercs B anroputme BIID
JUTSL MHIEKCAILMKM MAacCHBa B MAMSITH.

HenocpeacTBeHHBI METOJ| NPUPAILEHUST PEBEPCHOTO 3HAYCHUSI COCTOMUT B BBIIIOJHEHUH
MOCJIEI0BATENILHOTO CKAHUPOBaHHSI CJIOBA CJIEBa HAIMPABO JI0 TeX IOp, MOKa He Oyaer oOHapy-
JKeH TIEPBBIA HyJEeBOH OMT. DTOT OWT ycTaHaBIMBaeTCs paBHBIM 1, a Bce OWTHI, pacmoioKeH-
HBIE CIIeBa OT Hero (eCiii TaKOBbIe MME0TCs), copacsiBatorest B 0. BoT ko aTOTO MeTO/1a:

unsigned x, m;

m = 0x80000000;

A

X = X m;
if ((int)x >= 0)
{
do
{
m=m >> 1;
X = x ~ m;
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} while (x < m);

3/1ech MPOUCXOMUT BHIMOJIHEHHE TpeX 0a3oBbiX RISC-komaHI, ecim x HAYMHACTCSI C HyJIe-
BOT0 OWTa, IUTFOC YETHIPE JOIMOJHUTEIILHBIE KOMAHIBI T KaKI0H UTepannH IuKiIa. II0CKoIIb-
Ky BEpOSITHOCTB TOTO, YTO X HAUWHAETCS C HYJIEBOrO OWTa, paBHa 1/2, uto x HaumHaercs ¢ 10

(B OuHapHOIA 3amicH) paBHa 1/4 | T.X., CPEHEE YUCIIO BHIMONHIEMBIX KOMaH ] PABHO

3-1+7-£+11~}+15~i+...:
2 4 8 16

:4-1+8~}+12~}+16-l+...—1:
2 4 8 16

1 2 3 4
=4 —+—+—+—+...|-1=
2 4 8 16
=T7.

(Bo BTOpO#i CcTpOKe MBI OOABHJIM M BBIWIM 1, MpuyYeM IepBas eAUHHULA NPEACTABICHA B
BUZI€ CyMMBI 1/2+1/4+1/8+.... IloydeHHBIA pAa MOXOX Ha P, Y)KE€ pacCMaTPHUBABIIHUICS B
pasnene 5.4.) OpHako B Xy/ILIeM CIIy4ae BBIMOJIHATH MPUXOAUTCS AOCTATOYHO GONBIIOE KOJIH-
4yecTBO KomaHa — 131.

Ecnu B KOMIBIOTEpE €CTh KOMaHJa BBIYMCICHUS KOIUYECMBA BeOVUUX HYNeGbIX OUMOE B
CJIOBE, TO YBEJIMUUTH PEBEPCHOE 3HAUCHUE Ha 1 MOYKHO CIIEAYIOLIMM 00pa3oM:

CHAYasIa BEIYUCIISETCS s« nlz(—x),
a 3aTeM 0o X X® (0x80000000>s> sj ,
1160 X (( X< sj + OXSOOOOOOOJ 5.

B mo60M cityyae BBITIONHSETCS MATh KOMaH/I U3 moiaHoro Habopa RISC-koman, a kpome Toro,
s koppektHoro nepexona ot OXFFFFFFFF x O tpebyertcs, 9T00bI CIBUTH BBITIONHSIIACH IO
mozaymo 64. (U3-3a sToro mpuBemeHHbIE (OPMYINBI HE OymyT paboTaTh Ha KOMIBIOTEpax ¢
nporeccopom Intel X86, MOCKOIBKY CABUTH B HEM BBITIOIHSIOTCS IO MO0 32.)

7.2. IlepememiuBaHue OUTOB

JpyriuM Ba)XHBIM BHJIOM IIEPECTAHOBKH OWTOB B CJIOBE SIBJISETCS ONEpALMs “MICaIbHOTO Ie-
pemeruuBanus’ (perfect shuffle), kotopas ncnone3yercs B kpunrorpaduu. CyiiecTByer ABe pas-
HOBHJIHOCTH H/ICAJIGHOTO IEPEMEIIMBAaHMsI, KOTOPbIE HAa3bIBAIOTCS “BHEIIHUM' U “BHYTPEHHHM' .
OOGe oneparyy yepeayroT OUTHI U3 JIBYX MOJIOBHH CJIOBA. B 11eoM nporiecc aHajorudeH racosa-
HHIO KOJIOJbI M3 32 KapT, pa3HHIA JIKIIb B TOM, Kakasi KapTa JOJbKHA ObITh NepBoil. B pesymbrare
BHEIIHETO WJIEATbHOTO MIepEMENINBaHIs BHEITHIE OUTHI OCTAlOTCS BO BHELIHHUX ITO3MIMSX, a I10-
clie BHYTPEHHETO MJIeaIbHOro NepeMelnBaHus OUT M3 No3unuy 15 nepemeniaercsi B MO3UILIMIO
31. Eciut 32-6uT0BOE CIIOBO PaBHO (37€Ch Kakaast OykBa 03Ha4aeT OAWH OUT)

abcd efgh ijkl mnop ABCD EFGH IJKL MNOP,

TO IIOCJIC BBIIMMOJHCHUA BHCIMHETO MACAJIBHOTO NEPEMCIIUBAHUA PACIIOIIOKCHUEC OHTOB B CJIOBE
OKaXXETCs CICAYIOLIUM:

aAbB cCdD eEfF gGhH iIjJ kK1L mMnN oOpP,
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A MOCJIC BHYTPEHHETO MOJIHOTO IIEPEMEIITUBAHUA:

AaBb CcDd EeFf GgHh IiJj KkL1 MmNn OoPp.

[yctes nymnHa cnoBa W nipencrapisier co0oit crenens 2. Torma oneparyio BHEITHETO HCaIbHOTO
TIepEMENTMBAHMSA MOYKHO BBIIOJHHUTE HpH momontn 6asoBeix RISC-xomann 3a log, (W/2) maros,

TIpUYEeM Ha Ka)KJOM IIare BBIMOJHIETCS MEpEeCTaHOBKAa BTOPOM U TPEThell YeTBepTeil BO BCE MEHb-
nmx gactsix crosa [19], T.e. 32-6uToBOE CII0BO MPE0OpasyeTest CIeAYIONIM 00pa3oM:

abcd efgh ijkl mnop ABCD EFGH IJKL MNOP
abcd efgh ABCD EFGH ijkl mnop IJKL MNOP
abcd ABCD efgh EFGH ijkl IJKL mnop MNOP
abAB cdCD efEF ghGH ijIJ k1KL mnMN opOP
aAbB cCdD eEfF gGhH iIjJ kK1L mMnN oOpP

IIpuBenem Koja, HEMOCPEACTBCHHO PEATU3YIONIMK ONMUCAHHBIA alrOPUTM U TPeOyroImi
BoInoyiHeHus 42 6a3oBeix RISC-xoman,.

x = (x & 0x0000FF00) << 8 | (x >> 8) & Ox0000FF00 | x & OxFFOOOOFF;
x = (x & 0x00F000F0) << 4 | (x >> 4) & O0x00F000F0 | x & OxFOOFFOOF;
x = (x & 0x0C0COCOC) << 2 | (x >> 2) & 0x0COCOCOC | x & 0xC3C3C3C3;
x = (x & 0x22222222) << 1 | (x >> 1) & 0x22222222 | x & 0x99999999;

DTOT KO MOKHO COKpaTuTh J10 30 KoMaH [ (XOTs IIPH 3TOM BPEMsI BBINOJIHEHUs Bo3pacTeT ¢ 17 1o
21 TaxTa Ha MallIMHAX C HEOTPAHMYECHHBIMH BO3MOXKHOCTSIMU pacHapasuie/IMBaHus BbIYMCICHH HA
YPOBHE KOMaH]I), €CJTH HCITONB30BaTh sl OOMEHA JIBYX MOJIEH PETHCTPa METO UCKIIOUAIOWe20 Wil
(xoTopBIit paccMatpuBaiics B paszene 2.19). Bee ucronb3yeMbie BeTMUMHBT 033HAKOBBIE.

t = (x ~ (x > 8)) & 0x0000FF00; x = x ~ t ~ (t << 8);
t = (x " (x> 4)) & 0xO00F000FO0; x =x ~ t ©~ (t << 4);
£t = (x " (x> 2)) & 0x0COCOCOC; x =x ~ t ~ (t << 2);
t = (x° (x> 1)) & 0x22222222; x =x ~ t ©~ (t << 1);

Jnst BBINOSTHEHHS OOpaTHOW ONepalyy JOCTaTOYHO M3MEHHTH MOCIIEA0BATEILHOCTE O0Me-
HOB Ha 00paTHYIO.

t = (x "~ (x > 1)) & 0x22222222; x =x ~ t ~ (t << 1);
t = (x ~ (x > 2)) & 0x0COCOCOC; x =x "~ t ©~ (t << 2);
t = (x ~ (x > 4)) & 0x00F000F0; x = x ~ t ©~ (t << 4);
t = (x* (x > 8)) & 0xO0000FF00; x = x ~ t ©~ (t << 8);

Hcnonp30BaHNE TONBKO TOCIEAHUX JIBYX IIaroB 0OOMX MPHBEIACHHBIX aJTOPUTMOB IIEepe-
MeIIMBaeT OMTHI B Ipeaenax 0alTOB; TPH MOCIEIHNUX IIara IMPUBOIAT K IEpEeMEIINBAHNIO Ou-
TOB B TIpe/ieax MOIyclIoBa U T.1. B IByX MOCIEIHNX CTPOKAX 3TOTO KOJA BBHIMOJHSAETCS Iepe-
MeIINBaHNe OWTOB B KAKAOM OTIENBFHOM OaifTe; B TpeX MOCIEAHNX CTPOKaX — B KaXKIOM II0-
mycnoBe # T.1. To ke 3aMeuyaHne CIIpaBeUTUBO U JUIS ONepaluy, oOpaTHOW IepeMenInBaHuIo,
TOJIBKO B 3TOM CITy4ae BMECTO ITOCJIETHUX IIar0oB PacCMaTPHBAIOTCS TIEPBHIE.

[Ipu BHyTpeHHEM HACATEHOM IEPEMENINBAHNI CHaYalla B PETUCTPE OCYIIECTBISIETCS TIepe-
CTaHOBKA IPABOTO M JIEBOTO IOJIYCIIOB, a 3aTE€M BBITIOJIHSAETCS Ta K€ TOCIIeOBATEIHHOCTD KO-
MaH/I, 9YTO ¥ IpU BHEITHEM HICaIbHOM mepementnBaHui. OOMEH IBYX IOJYCIOB B PETHCTPE
MOJKHO BBITIOJTHUTD CIIEAYIOIINM 00pa3oM:

x = (x >> 16) | (x << 16);
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(760 ¢ TTOMOIIBIO KOMAHIBI YUKAUYEecKko2o cosuea Ha 16 6ur). Omepanust, oOpaTHas BHyTPECH-
HEMY HICaJbHOMY IE€PEMEIINBAHHIO, BBHIOJIHIETCS aHAJOTMYHO, HO YIIOMSHYTas CTpOKa JO-
OaBJIsIeTCS B KOHEL KOJ1a.

Ecimm m3MEeHNTHh ONMMCaHHBIA BBHIIIE MPOIECC IMEePEeMENINBaHUS TaKuM 00pa3oM, 4TOOBI Ha
Ka)X/IOM IIare BEHITIONHSIACH TIEPECTAHOBKA 1ep8oli U Yemgepmoli YeTBEepTeil BO BCe MEHBIIINX
YacTAX CJIOBa, TO B PE3yNbTAaTe IOIYYUM PEBEPC CIOBA, 0OPa30BAHHOTO BHYTPEHHUM HIICalb-
HBIM TIEpEMEITNBAHUEM .

[Moskanyif, CTOUT YIIOMSHYTh OJMH YaCTHBIH CIydaif, KOT/ia JieBas MOJIOBHHA CiioBa (JIeBOe
TMOJTYCITOBO) X COCTOMT W3 OJHUX HYJICBBIX OHTOB; HHAUE TOBOPS, TPEOYETCS pa3MECTHTh OUTHI
U3 MPABO MOJIOBUHEI CJIOBA X TaK, YTOOBI OHU OKA3alIUCh B KAKIOM BTOPOM paspse, T.e. Ipe-
00pa3oBaTh UCXOTHOE 32-0MTOBOE CIIOBO

0000 0000 0000 0000 ABCD EFGH IJKL MNOP

B CJIOBO

0AOB 0COD OEOF OGOH 0IOJ OKOL OMON 0OOP.

Bremnraee mpeanbHOE IepeMEIIMBaHUE MOXKET OBITH YIPOIIEHO Tak, 9To OyneT TpeboBaTh
BeImosHeHHsT 22 6a30BbIX RISC-komann. [IpuBeneHHbIl ke HUXKE KO AJIs HaIllel 4acTHOW 3a-
Jlauu BBITIONHsAETCS ToNbKO 3a 19 6a3oBeix RISC-komann 6e3 yBemmdenust BpeMeHu paboThl Ha
KOMIBIOTEPE C HEOTPAHWYCHHBIMH BO3MOXHOCTSMH paclapayieMBaHNs BBIYUCICHUN Ha
ypoBHe KoManz (12 TakToB mpu Jr060M Metoze). [l maHHOTO Koza He TpeOyeTcst yCTaHOBKa
JIEBOH MMOJIOBUHBI CJI0Ba x paBHOH 0.

x = ((x & OxFF00) << 8) | (x & OxOOFF);
x = ((x << 4) | x) & OxOFOFOQFOF;
x = ((x << 2) | x) & 0x33333333;
x = ((x << 1) | x) & 0x55555555;

AHAIOTHYHO, KOIl 00paTHOM ormeparuu (YaCTHBIH CITydail yakoBKH; cM. paszaern 7.4) MoxeT
O6ITh yrporieH a0 26 mwim 29 6a30Beix RISC-xomanz, B 3aBUCHMOCTH OT TOTO, TpeOyeTcs Jn
BBINOJIHEHHE KOMAH/bI ¢ JJIsi OYMCTKH OUTOB B HEUETHBIX paspsaax wid Her. Kon, npuBeseH-
HBIH HIDKE, TO3BOJISIET PEIINTh 3a/lady 0OpaTHOTrO MICAbHOTO MEePEeMEIIUBAHUS JUIS YaCTHOTO
CiTydasi HEHyJIeBBIX 4eTHBIX O6mToB 3a 18 mmm 21 6a3oByro RISC-xomanmy, co BpemeHnem pabo-
Thl Ha KOMIIBIOTEPE C HEOTPAaHWYCHHBIMH BO3MOXKHOCTSMH pacrapajieMBaHusl BbIYUCICHUI
Ha YpOBHE KOMaH], cocTaBismontiM 12 mmu 15 TakToB.

x = x & 0x55555555; // (IlIpm HeoOXOOMMOCTH)
x = ((x >> 1) | x) & 0x33333333;
x = ((x >> 2) | x) & O0xOFOFOFOF;
x = ((x >> 4) | x) & 0xO00FFOOFF;
x = ((x >> 8) | x) & 0x0000FFFF;

7.3. TpancnonupoBaHue GUTOBO MATPHUIIBI

IIpu TpaHCIOHUPOBAaHUK MATPHIBl A MONYYaETCs MATPHIA, CTOJOIBI KOTOPOW SIBIISIIOTCS
CTpOKaMH Matpuilsl 4, a CTPOKH — CTOJ0IaMH. B 3TOM pasierie pacCMaTpHBAOTCS METOBI
TPAHCIIOHUPOBAHKST OWTOBOM MATPHIIBI, JIEMEHTHI KOTOPOM SBJISIFOTCS OTACIBHBIMUH OWUTaMHU,
yIIaKOBaHHBIMA TI0 8 B OTHOM 0aiiTe, a CTPOKU M CTOJIOIBI HAYMHAIOTCS HA TPAHUIAX OalTOB.
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DTO HECIIOKHOE Ha TIEPBBIN B3I NPeoOpa3oBaHUe OKA3bIBACTCS YPE3BHIYANHO TPOMO3IKHM
IT0 KOJIMYECTBY BBITOTHIEMBIX KOMaHI.

Ha GonpmmmHCTBE KOMIBIOTEPOB 3arpy3ka W COXpaHEHHE OTICIBHBIX OMTOB BBHIMOJHIETCS
OYEeHb MEIUIEHHO, IJIaBHBIM 00pa3oM H3-3a KOJa, KOTOPBIA JOJDKEH W3BJIEKATh U (4TO elle
CIIO’KHEE) COXPAHATH OTACIbHBIC OWUTHI. JIydllle pa3maeuTh HCXOMHYIO MaTPHIy Ha TIOIMATPH-
bl pazMepoM 8x8, 3arpy3uTh KaXIyI HOAMATPUILy 8X8 B perucTphl, TpaHCIIOHUPOBAThH KaXkK-
JIYIO M3 TOJMATPHIl B PETUCTPAX MO OTACIBHOCTH M 3aTEM COXPAHUTh UX B COOTBETCTBYIOIIUX
MECTax Pe3yJbTHPYIOIIeH MaTpUIlbl. B 3TOM pasfene cHavyama paccMaTpUBaeTCs 3a/1a4a TPAHC-
TIOHUPOBAHUS TIOAMATPHUIIH pazMepoM 8x8.

Kak uMEeHHO XpaHHTCS MaTpHIla — IO CTPOKAM HJIH CTOJIOLIAM, 3HAYCHUS HE HMEET: B JIFOOOM
ClTy4ae BBIIOJHSIOTCS OJJHU U T€ K JeHCTBHA. [IpeInookuM il ONPEIeICHHOCTH, YTO MaTPH-
1a XpaHUTCS TIOCTPOYHO M 3arpy3Ka MoAMaTpHIEl 8X8 B BOCEMBb PETHCTPOB OCYIIECTBISIETCS BO-
CEMbBIO KOMaHIaMH 3a2pysums 0aiim, ajpecyronuMA CTOJIOIBI HCXOMHONW MaTpHImI (T.e. 3Haue-
HUSL aJIPECOB, MCHONB3yeMbIe B KOMaHIaX 3aepy3ums Oatim, OTAMIAlOTCS Ha BEIMYUHY, KPATHYIO
[IMPUHE UCXOHON MaTpHIlbl B GaiiTax). [Tocie TpaHCIOHUpOBaHuUs moaMarpuiia 8x8 coxpanser-
Csl B CTOJIOIE PEe3YNIbTHPYIOMICH MATPHIIBI, T.€. COXPAHEHHE MTOJIMATPUIL BBITIOJIHSIETCS 32 BOCEMb
KOMaHJI coxpanumy 6atim B SYEUKH, aipeca KOTOPBIX OTIMYAIOTCS Ha BEJIMYHMHY, KDATHYIO IIH-
pHHE BBIXOAHON MaTpHIlpl B Oaiitax (3Ta BEJIUYHMHA MOXKET OTIIMYATHCS OT IIUPHHBI UCXOHOU
MAaTpHIIbI, €CJIH, KOHEYHO, MATPUIIbl HE SBIISIOTCS KBaApaTHbIME). TakuM 00pa3oM, B pErucTpax
a0, al, ..., a7 y Hac ecTh BOCEMb 8-OUTOBBIX BEJIMYMH, BRIPOBHEHHBIX 110 NpaBoii rpanuie. Tpe-
6yeTc;1 BBIYMCIINTE U Pa3MECTUTh B peTUCTpax b0, bl, ..., b7 BOoceEMb 8-OMTOBBIX BEINYHNH, BBI-
POBHEHHBIX IO TIPaBOIl TPaHUIIE, KOTOPBIE 3aTeM OYIyT HUCIIOJIB30BATHCS KOMaHIIAMU COXPAHUMb
oaum. KakuM UMEHHO JIOJDKHO OBITh COAEPIKMMOE PETHCTPOB MOCIIE BBIYKCICHHH, TIOKa3aHO HU-
xe. Kaxnas mudpa u Oyksa 3/1ech MpejcTaBisieT OJMH OUT. 3aMETUM, UTO TJIABHAS JUArOHAJb
npoxoaut depe3 o6ut 7 Gaiita O (a0) u 6ut O Gaiita 7 (a7). Te, KOMy 3TO MPUBBIYHEE, MOTYT CUH-
TaTh, 4TO, TJIABHAS TMAroHaIb MpoxoauT depe3 out O Gaiita O u 6ut 7 Gaiita 7.

a0 = 0123 4567 b0 = 08go wEMU
al = 89ab cdef bl = 19hp xFNV
a2 = ghij klmn b2 = 2aig yGOW
a3 = opgr stuv ==> b3 = 3bjr zHPX
ad = wxyz ABCD b4 = 4cks AIQY
ab = EFGH IJKL b5 = 5dlt BJRZ
a6 = MNOP QRST b6 = 6emu CKSS$
a7 = UVWX YZS$. b7 = 7fnv DLT.

HeHOCpe[[CTBeHHOG peuicHue 3aaavd TPaHCHOHWUPOBAHUA MaTpULbl COCTOUT B BI)I60pe u
Pa3MEIICHUU KaXJI0ro oura pe3ylibTaTa, KaK MOKa3aHO HHKE. VMHOXEHHS B JACJICHUA TIpea-
CTaBJIAIOT CABUT'A COOTBETCTBEHHO BJICBO U BIIPABO.

bO0=(al0 &128) (al &128)/2 (a2 &128)/4 (a3 &128)/8 |
(a4 &128)/16 (a5 &128) /32 (a6 &128) /64 (a7 )/128;
bl=(al0 & 64)*2 (al & 64) (a2 & 64)/2 (a3 & 64)/4 |
(a4 & 64)/8 (a5 & 64)/16 (a6 & 64)/32 (a7 & 64)/64;
b2=(al0 & 32)*4 (al & 32)*2 (a2 & 32) (a3 & 32)/2 |
(ad & 32)/4 (a5 & 32)/8 (a6 & 32)/16 (a7 & 32)/32;
b3=(a0 & 16)*8 (al & 16)*4 (a2 & 16)*2 (a3 & 16) |
(a4 & 16)/2 (a5 & 16)/4 (a6 & 16)/8 (a7 & 16)/16;
b4=(a0 & 8)*16 (al & 8)*8 (a2 & 8)*4 (a3 & 8)*2 |
(a4 & 8) (a5 & 8)/2 (a6 & 8)/4 (a7 & 8)/8;
b5=(a0 & 4)*32 (al & 4)*16 (a2 & 4)*8 (a3 & 4)*4 |
(ad & 4)*2 (a5 & 4) (a6 & 4)/2 (a7 & 4)/4;
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b6=(a0 & 2)*64 | (al & 2)*32 | (a2 & 2)*16 | (a3 & 2)*8 |
(ad & 2)*4 | (a5 & 2)*2 | (a6 & 2) | (a7 & 2)/2;

b7=(a0 )*128| (al & 1)*64 | (a2 & 1)*32 | (a3 & 1)*16]
(a4 & 1)*8 | (a5 & 1)*4 | (a6 & 1)*2 | (a7 & 1);

Ha 60o/bIIMHCTBE KOMITBIOTEPOB TOT KOJT BBIMOJHSAETCS Tpy oMot 174 komans (62 koMaH bt
u, 56 koMaHz cosuea v 56 koMaun wi). KoMaHb! iy MOXKHO 3aMEHUTh KOMaHIaMU ciiodiceHus. Ha
PowerPC tpaHCIIOHHpOBaHHE TTOIMATPHIIEI MOXKET ObITh BBIMOJHEHO BCEro 3a 63 KoMaH/s! (CeMb
KOMaH/1 1epechliku peucnpos 1 56 KOMaH] Yukiuyecko2o co8uza 611e60 Ha HENOCPEOCHBEHHO YKA-
3aHHOe KOIUYeCmEo OUmog ¢ nociedyioweil 6Cmagkoll MAackiy). 31eCh He yUTeHbI HU KOMAHJIbI 3a-
2pY3KU Y COXpaneHust 0atimos, HA KOJI TIOMYUYCHHS aIpeCOB 3arpyKacMbIX OalTOB.

XOoTs pacCCMOTPEHHBIA BBINIE KOJ U HE Ka)XETCs OYCHb I'POMO3IKHM JUISl TAKOH CIIOXKHOU
3a]lau, HWKE OIKCAH PYroi METO, KOTOPBIil MPEBOCXOIUT PACCMOTPEHHBIH 00JIee YeM B JBa
pasa npu padore Ha RI SC-xommbroTepe ¢ 6a30BEIM HAOOPOM KOMAHI.

Ha mepBoMm mrare 6mroBast MaTpumia 8x8 uHTeprpeTnpyercs Kak 16 OMTOBBIX MaTpHIl pas-
MepOM 2X2 U BBINOJHACTCS TPAHCIIOHUPOBAHUE KAXKI0H U3 HUX. Ha BTopoM Iiare MaTpuIia vH-
TEPIPETUPYETCS KaK YeTHIPE TIOAMATPHIIB pazMepoM 2X2 (KasKIbIif SIIeMEHT TaKOM MoMaTpH-
1Bl SBJISETCS MATPUIEH pasMepoM 2X2) U BBIMOJHIETCS TPAHCIIOHMPOBAHUE BCEX YETBIPEX
moxMatpur 2x2. Ha mocnenHeM mmare MaTpuiia HHTEPIPETUPYETCS KaKk MaTpuIa 2X2, 3JeMeH-
TaMH KOTOPOW SIBIITIOTCSI MATPHUIBI pasMepoM 4x4, W BBIMOJHICTCS TPAHCIOHHUPOBAHUE ITOM
MaTpHIBl 2X2. OTH npeoOpa3oBaHusI MPOWLTIOCTPUPOBAHBI HUXKE.

0123 4567 082a 4cbe 08go 4cks 08go wEMU
89ab cdef 193b 5d7f 19hp 5d1t 19hp xFNV
ghij klmn goig ksmu 2aig 6emu 2aig yGOW
opgr stuv => hpjr ltnv => 3bjr 7fnv => 3bjr zHPX
wxyz ABCD wEyG AICK wEMU AIQY 4cks AIQY
EFGH IJKL xFzH BJDL xXFNV BJRZ 5d1t BJRZ
MNOP QRST MUOW QYS$ yGOW CKS$ 6emu CKSS
UVWX YZS. NVPX RZT. zHPX DLT. 7fnv DLT.

o cpaBHEHMIO ¢ aNrOPUTMOM, B KOTOPOM Ha KaXKJOM IlIare IMPUXOJMUTCS BBIIOJIHATH JISHCT-
BUSI HaJ| K&XK/IBIM U3 BOCBMH OUTOB B BOCBMH PETHCTpPax, TOT METO/ OKa3bIBaeTcsi Oosee s dek-
THBHBIM. CHauana 0aiiThl YIIaKOBBIBAIOTCS 110 YETHIPE B PETHCTP, 3aTE€M BHINOJIHSETCS IepecTa-
HOBKa OMTOB B 9THX PErHCcTpax, 3a KOTOPOil ciienyeT pacnakoBka. Ko raHHOM nponeaypsl mpesa-
craBieH B yictuHre 7.2. Ilapamerp A mpexcraBisier co0oi ajgpec mepBoro Oaiira o MaTpHIbl
8x8 ncxoHoit MaTpuibl (pazmep KoTopoi 8Mx8n GuT). AHAOTHYHO, MapamMeTp B SIBISAETCS aj-
pecom TepBoro Gaiita 8x8-moamaTpuibl pe3ybTUpYOLIeH MaTpuibl (pasmepom 8nx8m 6wur).
(TakuMm 06pa3zoM, pa3Mep UCXOAHOM MaTPHIIBI B Gaiitax — 8MXN, pe3yabTupyroiei — 8nxm).

Jluctunr 7.2. TpancnoHUpoOBaHUe MATPHIILI pa3MepoM 8X8 ouT
void transpose8 (unsigned char A[8], int m, int n,
unsigned char B[8])
{
unsigned x, vy, t;
// 3BarpyxaeM MacCCUB M yIaKOBEHIBAEM €TI0 B X U Y

x = (A[0]<<24) | (A[m]<<16) | (A[2*m]<<8) | A[3*m];
vy = (A[4*m]<<24) | (A[5*m]<<16) | (A[6*m]<<8) | A[7*m];
t = (x ~ (x > 7)) & 0x00AAQ002A; x = x ~ t ©~ (t << 7);
t = (y ~ (y > 7)) & 0x00RAAQ02A; vy =y ~ t ~ (t << 7);
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t = (x ~ (x >14)) & 0x0000CCCC; x =x ~ t ~ (t <<14);
t = (y ~ (y >>14)) & 0x0000CCCC; v =y ~ t ~ (t <<14);
t = (x & OxFOFOFOF0) | ((y >> 4) & O0xQOFQFQFOQF) ;

y = ((x << 4) & OxFOFQFO0F0) | (y & OxQFQFQFOQF) ;

X = t;

B[0]=x>>24; B[n]l=x>>16; B[2*n]=x>>8; B[3*n]=x;

Bl[4*n]l=y>>24; B[5*n]l=y>>16; B[6*n]=y>>8; B[7*nl=y;

Crpoka
t = (x "~ (x > 7)) & 0x00AA002A; x = x ~ t ©~ (t << 7);

KaKeTcsl 3arafkoi. B Heit BbImonHseTcs nepectanoBka 6uros 1 u 8 (ecimu cumnrars crpasa), 3u 10, 5
u 12 v T.1. B cnoBe x; B TO e Bpemst outhl O, 2, 4 1 T.11. OCTalOTCs Ha MecTe. Bee mepecTaHOBKH
OCYIIECTBIISIOTCS C MIOMOIIIBI0 METO/IA TIEPECTAHOBKY OUTOB (CM. paszern 2.19), B KOTOpOM HCIIONb-
3YIOTCSL KOMaHJIBI uckmouaiouwezo wiu. CIIOBO x JIO U MOCIIE IEPBOTO IUKJIA UMEET BUJT

0123 4567 89ab cdef ghij klmn opgr stuv
082a 4c6e 193b 5d7f goig ksmu hpjr ltnv

UToObI peaJlbHO CPaBHUTH 3TH METOJBI, JUIsl HETIOCPEICTBEHHOTO METO/1a, OIIMCAaHHOTO paHee,
COCTaBJIeHa 3aBepIleHHasl POrpaMMa, aHAJIOTWYHas poleaype u3 auctunra 7.2. O6e nporpam-
MbI oTKOMIMpoBanbl kommuisitopoM GNU C st neneBoro komiisrorepa, nogobdroro RISC-
KOMIbIOTEpY ¢ 0a30BbIM HaOOpoM KomaHJ. [1oJHOe KOJIMYecTBO KOMaHJI C YU4eTOM BCEX KOMaH]|
3aepy3Ku, coxpanerus, Kojia aJpecaluy JIeMEHTOB MacCHBOB, IIpoJiora M 3nmiora GpyHKIUH co-
crapsietr 219 mns Hemocpeactennoro meroxa u 101 g merona w3 muctunra 7.2. (Ilposor u
SMWIIOT B JAHHBIX IpoLeaypax ObUIM IyCTBIMM, €CIIM HE CYMTATh KOMaHIbI BO3Bpara n3 (yHK-
1un.) BapuanT koma u3 mictunra 7.2 1 64-6utoBsix RISC-koMIbl0TepoB ¢ 6a30BbIM HAOOPOM
KoMaH[ (KOrja x M y COAEPXKATCcs B OJHOM PETHUCTPE) COASPIKUT OKONIo 85 KoMaHI.

ANTOPUTM W3 JHCTUHTA /.2 OCYIIECTBISIET MPOIECC MEPECTAHOBKH OMTOB B OJIOKaxX pacTty-
mux pasmepoB. OJJHAKO TPAHCHOHUPOBAHUE MATPHIBI MOYKHO PEaln30BaTh U HA0OOPOT — OT
OonpIIMX OJIOKOB K MEHBIINM. B TakoM anroputMme Ha IEpBOM Liare Marpuia pazmepom 8x8
MHTEPIPETUPYETCST KaK MaTpHIia pa3MepoM 2X2, 3JIeMEHTbl KOTOPOW SIBIISIIOTCS MaTpUIIAMH
4x4, v BBIOJHSIETCS TPAHCIOHUPOBAHUE MATPUIBI 2X2. 3aTeM KaXIas U3 YETHIPEX MaTPUIIL
4x4 uHTEpIpeTHpYETCS KaK MaTpHuma 2X2, 3IeMEHTHl KOTOPOH SIBISIOTCS MAaTPHUIIAMH pa3Me-
POM 2X2 OWT, M BBIIIOJIHSIETCS TPAHCIIOHUPOBAHKUE BCeX YeThIpeX moamarpull 2x2 u t.1. Koa B
9TOM Clydae ToJIydaeTcsl TaKoH Jke, KaK M B JIICTUHIE 7.2, HO IIPU ATOM TpPH I'PYIIIBI ONepaTo-
POB, BBHIIOJIHSIOLIMX EPECTAHOBKY OMTOB, BBIIIOJIHSIIOTCS B OOpaTHOM IOPSIIKE.

TpancnionupoBanue OUTOBOI MaTpUlILI pa3Mepom 32x32

EcrecTBeHHO, 4TO TP TPAHCIOHUPOBAHUKM MATPHUL] OOJBIINX Pa3MEPOB HCHONIB3YeTCsS TOT
e PEKYPCUBHBIN METOJI, YTO U MPU TPaHCHOHUpoBaHWUU MaTpull 8x8. Takum oOpa3om, TpaHc-
TOHUPOBAHUE MATPHUIIBI 32X32 BBITIOIHICTCS B MSAThH ITAIOB.

Jleranu peanu3alii TPAHCIIOHUPOBAHHS MATPHILI 32X32 CYIIECTBEHHO OTIMYAIOTCS OT
MIPOIeTyPHI, IPUBEACHHON B JIUCTHHTE 7.2, TaK KaK MBI II0JlaraeM, 94TO MaTpUIly 32x32 HEBO3-
MOJKHO TIOJIHOCTBIO Pa3MECTUTh B PErMcTpax OOIIEro Ha3HAuYeHHs M MOITOMY HEOOXOIMMO
pa3paboraTh KOMIAKTHYIO MPOILEAYPY, KOTOpask MHAESKCHPYET COOTBETCTBYIOIINE CIOBA OUTO-
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BOW MaTpPULBI IJIs BBITOJIHEHUS NIEPECTaHOBKH OMTOB. ONMCAaHHBIH alITOPHTM PaboTaeT JIydqiie
NP ABMKEHUH OT O0NBIINX GJIOKOB K MEHBIIHM.

Ha mepBoM dTare McXoIHas MaTpHLa pacCMAaTPHBACTCS KaK YETBIPE MATPHIBI PazMepoM
16x16 1 npeoOpasyeTcs CIeAyIOLMM 00pa3oM:

e =[5 o)

3mecs A 0003HaUaeT JIEBYIO MOJIOBHHY MEPBHIX 16 CI0B MCXOIHON MaTpuIlsl, B — mpaByro mo-
noBuHY TepBBIX 16 citoB u T.1. O9eBHAHO, YTO TaKOe MPeoOpa3OBaHUE MOXKET OBITH BBHITIOTHE-
HO TIOCPEJICTBOM CJIE/TYIOUINX OOMEHOB!

mpaBas mosioBrHa cyioBa O ¢ JIeBo# MOI0BHHOM coBa 16,
TpaBas moJIoBHHA clioBa 1 ¢ JieBoit monoBuHOM cioBa 17,

mpaBas moJIoBHHA clioBa 15 ¢ neBoii mosioBuHOM ciioBa 31.

[Mpu peanuzammu 3TOTO AITOPUTMA B KOJIE UCIONB3YETCS HHAEKC K, MPUHUMAIOIIHI 3HAYCHHS
or 0 1o 15. B nukie nmo K mpasast mojioBHHA cjI0Ba ¢ HOMEPOM K MEHSETCS MECTaMU C JIEBOi
MOJTIOBHHO ciioBa K+ 16.

Ha Bropom 3Tame maTpuiia paccmarpuBaeTcs kak 16 marpui pazmMepom 8x8 OUT u BBITION-
HSETCS CIEAYIoIee Mpeodpa3oBaHue:

A BCOD|] [AECG
E F G H B F D H
I J K L|T|1I M K O
M NOP| |[JNLP

Taxoe npeo6pa3OBaHHe MOKET OBITH BBIITOJIHEHO Ipyu MIOMOIIH CJICAYIOIUX 0OMEHOB:

ouroB OXOOFFOOFF ciosa O ¢ 6uramu OXFFOOFFOO ciiosa 8,
ouros OXOOFFOOFF ciosa 1 ¢ 6uramu OXFFOOFFOO ciiosa 9 u T.1.

3710 03Havaet, uTo OuTHl 0—7 (Miamure BoceMb OUTOB) coBa O MEHSIOTCS MecTaMu ¢ OUTaMU
8-15 cnoa 8 u T.1. HAEKCH MEPBOTO CJIOBAa B 3TUX MEPECTAHOBKAX MPHHUMAIOT 3HAYCHHUS
k=0,1,23,4,5,6, 7,16, 17, 18, 19, 20, 21, 22, 23. Ha kaxioM Iiare ouepeHoe 3HaueHue K
MOJKHO BBIMUCIHTB 110 opmyne k'=(k+9)& —8. B uukie no K 6ursl cnosa K meHstorcs Mec-

TaMu ¢ 6uramu ciosa K+8.
AHAJIOTHYHO, HAa TPETHEM DTAIle MEHSIOTCA MECTAMHU

outel OXOFOFOFOF ciiosa O ¢ 6utamu OXFOFOFOFO ciosa 4,
outel OXOFOFOFOF ciiosa 1 ¢ 6urtamu OXFOFOFOFO cioBa 5 u T.1.

Wupexcol OGUTOB B MEPBOM CJIOBE B 3THX mepectaHoBkax pasuel K =0, 1, 2, 3, 8, 9, 10, 11,
16, 17, 18, 19, 24, 25, 26, 27. Ha kax/0M mmare oyepeHoe 3HadeHue K Beraucisiercs no ¢pop-
Mmyne k'=(k+5)& —4. B nukie no K 6uts! cnosa K MeHstoTCs MecTamu ¢ 6utamu ciiosa K + 4.

Bce omnucanHble 1eHCTBUS B LESIX KOMIAKTHOCTH MPE/ICTABIICHBI B BUJIE OTJEIBHON (QYHKIIMU
Ha si3bike C B muctuare 7.3 [19]. BHemHMA UK BBITOJIHSIET OMKMCAHHBIC TIATh 3TAIOB; IIEPeMeH-
Has j IpH 3TOM NpuHKUMaet 3Hadenus 16, 8, 4, 2 u 1. Ha xaxxnom srane gpopmupyeTcsi Macka m,
npuHuMatonias 3HadeHns: 0XOO00FFFF, OxOOFFOOFF, OXOFOFOFOF, 0x33333333 n 0x55555555.
(Kon BBIMMCIICHNSI MACKM KOMITAKTEH M KpachB: m = m” (m<<j). O6paTHOro emMy Koja He CyIe-
CTBYET, ¥ B TOM OCHOBHasi IPHYMHA TOTO, YTO MPEOOPa30BaHUsl BHIIIOIHSIIOTCS OT OJIOKOB 00JIb-
LIMX pa3MepoB K OJIOKaM MEHBLINX pa3MepoB.) Bo BHyTpeHHeM I1uKie k MPUHHUMAET OIMHMCAHHbBIC
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BBIIIIE 3HAYCHUs. 3/1eCh BBITOJIHIECTCS OOMEH OWTOB a[k], ONMpeneNsieMbIX MAacKoW m, ¢ OUTaMu
alk+3j], CABUHYTBIMHU BIPAaBO HA j ¥ BBIICICHHBIMH C TIOMOIIBIO MACKU m, YTO SKBHBAJICHTHO
BEIIENIEHUIO OMTOB a[k+j] C IOMOIIBIO JAOMONHEHNUS K Macke m. KoJI, BEITOIHSIONIHA OOMEH,
HCTIONb3YET METOMKY TPEX UCKIIOUAIOWUX U, OTIMCAHHYIO B paszerne 2.19.

JIucrunr 7.3. KoMnakTHBIA KO TPAaHCTIOHMPOBAHUS OUTOBOI MaTpUIBI 32X32

void transpose32 (unsigned A[32])
{
int j, k;
unsigned m, t;
m = 0x0000FFFF;
for (j =16; jJ !'=0; j =3 > 1, m=m" (m<< 3J))
{
for (k = 0; k <32; k= +(k+3+1) & ~3)

Alk] ~ t;

(alk] ~ (Alk+3] >> J)) & m;
I = Alk+3] ©~ (£t << 3);

OtkomnmnpoBanublii ¢ nomomibio GNU C st komnbrotepa, ananoruynoro RISC ¢ 6a3o-
BBIM HaOOpPOM KOMaHj, 3TOT KoJ cojepxut 31 komanay — 20 Bo BHYTpeHHEM LUKIE U 7 BO
BHeIIHeM 0e3 ydera BHyTpeHHero. Ce10BaTelbHO, BCETO BBHIMOJHIETCS 4+ 5(7+16~ 20) =1639

KoMaH. Eciam mpu TpaHCHOHMPOBAHWM MAaTPHIIBI UCTIONB30BaTh 16 oOpameHnii K mporesype
TPaHCIIOHMPOBAHMSI MaTpHILbl 8X8 13 mucTHHTA 7.2, TO B 9TOM Clly4ae TPAaHCHOHHPOBAHUE BBI-
nonHseTca 3a 16(101+5)=1696 KoMaHI B NpPEANONOKEHHH, YTO BCe 16 BEI30BOB CIETYIOT

OJMH 3a JApYyruM. Pacxonpl Ha BbI30B (DYHKIMH COCTABISIIOT, KaK IOKA3al0 PAacCMOTPEHHUE
CKOMITMJIMPOBAHHOTO KOJa, IATh KOMaHA. TakuM 00pa3oM, ¢ TOYKH 3PCHHS BPEMEHH BBIIIOJ-
HeHHs 00a METO/1a MPAKTHIECKH DKBUBAICHTHBI.

C npyroii CTOPOHBI, KO U3 JIUCTHHTA 7.3 JIETKO MOAM(HUIMPOBATE ISl 64-0MTOBOM MAIIMHBI 1
TPaHCIIOHHUPOBAHUsT OUTOBOI MaTpHIlBl pasMepoM 64x64. B aToM ciydae MOHAIOOUTCS BBIMOIHUTE
npuMepHO 4+ 6(7+32-20)=3886 komann. TpaHCHOHHpOBaHHE TOH XK€ MATPHIBI C BBEI30BOM

(yHKIMI TPaHCTIOHMPOBaHUs MaTpHIIb! 8x8 TpeOyer BbmoHeHust 64(85+5)=5760 KOMaH[I.

B amroputme Bce mpeoOpa3oBaHHS BBIOJIHSIOTCS 0€3 HCIONB30BAHUS JIOMOJHUTEIEHON
MaMSTH, CJIEJ0BATEIBHO, 3TOT AJITOPUTM MOXKET MPUMEHSATHCS [T TPAHCIIOHUPOBAHUS MATPUII
OOJIBIINX PA3MEPOB, C JIOTIOTHUTEIHLHBIMU IEHCTBUSMH TI0 TIEPEChUTKE MOAMATPHI] 32X32. 310
K€ MOYKHO CJIeIaTh, IOMECTUB PE3yJIbTHPYIOILYI0 MATPHUIy B JPYroi 00JacTH MaMsiTH U BbI-
TIOJTHSIS IEPECHUIKY TOAMATPHIL B IIepBOH JTHOO0 MOCIeIHEH HTepalliyi BHELTHETO UK.

OKOJI0 TIOJIOBMHBI KOMaH/, BBITIOIHIEMBIX B (DYHKIMH U3 JIUCTHHTA 7.3, HCIIOIB3YIOTCS IS
yIpaBieHHus: MUKIOM, ¥ (QYHKIHS ISITh pa3 3arpy)kaeT W COXpaHseT BCIO Matpuily. Moxer
ObITh, UMEET CMBICI Pa3BEPTHIBAHUE LHUKIOB, KOTOPOE MO3BOJIUT yOpaTh M3 KOJa KOMAaHJIbI
yrpasieHus? Jla, ©MeeT, eclii Bac HHTEPECYET B MEPBYIO 04Yepeb CKOPOCTh pabOThI MPOTrpam-
MBI, €CJIM JOTIOIHUTEIbHbBIE PACXObI IAMSITH HE MPEACTABIISIOT IS BaC MPOOJIEMBI, €CITH KOIII
MPOIECCOopa BalIero KOMIbIOTEpA MMEET JOCTATOYHBIA pasMep Ul XpaHeHHs OOJbIIHX O10-
KOB KOJIa, a TJIABHOE — MPU MEIUICHHOM BBIIIOJHEHHUM KOMAaH]{ BETBJICHHUS BalllMM KOMIIbIOTE-
pom. Teo iporpammer 6yaet coctostth u3 80 (5-16 ) MOBTOPHBIX 0OMEHOB GUTOB TIPH TTOMOTITH
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urectu komaua. Kpome toro, B mporpamme Oyzier 32 KOMaH/Ibl 3a2py3Ku UCXOIHOW MATPHIIBI U
32 KOMaHABI coOXpaHeHus pe3yiabTaTa; UTOro IO MeHbIIeH Mepe 544 KoMaHIbI.

Kommunstop GNU C He B COCTOSHHM BBINTOJHUTH Pa3BEPTHIBAaHHE MO TAKOMY OOJBIIOMY
guciry ureparwii (16 171 BHyTpeHHETo MKIIa U MSTh JUTS BHEIIHero). B nmctuare 7.4 npencras-
JICH KOJI, B KOTOPOM 3TO pa3BepThIBAHHE BBINOJIHEHO BpyuHyro. Kak BuuTe, MaHHas GyHKIHs
MOMEIIAeT TPAHCIOHUPOBAHHYIO MATPUILy B JPYrOd MacCHB, OTJIMYHBIA OT UCXOJHOTO; OJIHAKO,
eciu napameTpamu (QYHKIHH BBICTYNACT OJMH M TOT )€ MAacCHUB, 110 3aBepIleHUH paboThl Mpo-
rpamMMBI OH OyzieT TpaHcIoHHpoBaH. KonmndecTBo cTpok swap B maHHOM koze pasHo 80. ITocrme
koM GNU C st RISC-kommbroTepa ¢ 6a30BbIM HA00pOM KOMAaH T KOJT COJICPIKUT, BKITIO-
Yasi IPOJIOT U AMUIIOT, 576 KOMaH/1, Cpe/in KOTOPBIX HET KOMaH][ BETBJICHHs (HE CUUTasi KOMaH/IbI
BO3Bpata U3 (PyHKIUK). Y [EIEBOr0 KOMIBIOTEPA HET KOMAHJ COXPAHUMb HECKOALKO CNO8 U 3d-
2py3ums HeCKOIbKO 1068, HO OH B COCTOSHHU COXPAHSATh U 3arpyXaTh IO JIBA PETHCTPA 33 TaKT
TIPY TIOMOIIY KOMAH]T COXPAHUMb OB0UHOE CIL0GO U 3a2pY3uimb 0B0UHOE CI0GO.

Jlucrunr 7.4. JIunelinblii KO TPAHCHOHUPOBAHHUS MATPHIIBI 32X32
#define swap(al, al, j, m) t = (a0 ~ (al >>3j)) & m; \
a0 a0 ~ t; \
al = al ~ (t << J);

void transpose32 (unsigned A[32], unsigned B[32])
{
unsigned m, t;
unsigned a0, al, a2, a3, a4, a5, a6, a7,
a8, a9, al0, all, al2, al3, al4, al5,
alée, al7, al8, al9, a20, a2l1l, a22, a23,
a24, a25, a26, a27, a28, a29, a30, a3l;

a0 = A[ 0]; al = A[ 1]1; a2
ad = AJ[ 4]1; a5 = A[ 51; a6

Il
b
)

a3 = A[ 31;
a7 = A[ 71;

|
b
(<)}

a28 = A[28]; a29 = A[29]; a30 = A[30]; a31 = A[31];

m = 0x0000FFFF;
swap (a0, al6, 16, m)
swap(al, al7, 16, m)

swap (al5, a3l, 16, m)
m = 0xO00FFOOFF;

swap (a0, a8, 8, m)
swap (al, a9, 8, m)

swap (a28, a29, 1, m)
swap (a30, a31, 1, m)

B[ 0] = a0; B[ 1] = al; B[ 2] = a2; B[ 3] = a3;
B[ 4] = a4; B[ 5] = a5; B[ 6] = a6; B[ 7] = a7;
éiéS] = a28; B[29] = a29; B[30] = a30; B[31] = a3l;

HpOI/I?)BO,HI/ITeJ'ILHOCTL KOJa MOXXHO HCMHOI'O YBCJIUYHUTH MPHU HAJIUYHMU B KOMIBHOTEPE KO-
MaHIbl YUKIUYeCcKo2o cosuza (HeBa)KHO — BJICBO WJIN BHpaBO). I/Iﬂeﬂ COCTOUT B 3aMCHEC BCECX
onepaunﬁ oOMeHa OWTOB M3 JIMCTUHIA 74, KaxJad U3 KOTOPBIX BBIIIOJHACTCA 3a HICCTh KO-
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MaH[, 6osiee MpOCTHIME OOMEHaMu Oe3 CABUTA, BHITOIHSAIOIIMMHUCS 33 YETHIPE KOMAaH/bI Ka-
nast (IIpU 3TOM HCIIOJIB3YIOTCSI MMEIOIUECs] MAKPOCHI, HO C OITYLICHHBIMH CIIBUTAMH).
CHavasia BBINOJNHSETCS LHKIMYECKHI cABHT BrpaBo Ha 16 paspsimos cio A[16.31] (t.e.

Alk] mns 16<k<31). 3arem BbINOJHsSETCS OOMEH MECTaMH IPaBbIX IOJOBHH cl0B. A[0] ¢
A[16], Al ¢ A[17] u T.x., aHANOrHYHO KOAY M3 JHUCTHHIra 7.4. TIociae 3TOro BBIMOJHSETCS
LMKINYECKUH CABUI BIPABO Ha BOCEMb paspsiaoB cioB A[0.8] u A[24.31] u oOmeH Outamu,
coorsercTBytomumu Macke OXOOFFOOFF, mexny caoBamu A[O] u A[8], Al u A[9] u T.x1.

ITocie BHIMOMHEHHUS IISITH TALOB TPAHCIOHUPOBAHNE [OIHOCTBIO He 3aBepleHo. Heobxoxumo
BBINOJIHUTD LIMKINYECKUH caABHUT ciioBa A[l| Ha oxuH paspsn, cnoBa A[2] — Ha JBa paspsja U

1.1. (Bcero 31 xomanna). Ko s 3Toro MeToa He NPUBOIUTCS, OJHAKO HIDKE IOKA3aHa I10-
CJICZIOBATEIILHOCTD IIATOB Il OUTOBOM MaTPUIIBI 4X4.

abcd abcd abij abij aeim aeim
efgh => efgh => efmn => nefm => nbfj => bfjn
ijkl klij klcd klcd kocg cgko
mnop opmn opgh hopg hlpd dhlp

Yacth mporpamMMbl U3 JIUCTUHTA 7.4, B KOTOPOU BBITTOJHSAIOTCS MEPECTAHOBKHA OUTOB, Tpe-
6yet BoimonHeHus 480 xomans (80 mepecTaHOBOK IO IIECTh KOMaH/I B KaX10i). B ucnpasien-
HOU MporpaMme ¢ UCIOJIb30BaHHEM KOMaH/ IMKINYecKoro casura BeinonHsercs: 80 mepecra-
HOBOK 10 Y€ThIpe KOMaH/bI Kaxas, mwiroc 80 koMaH[ yukiuueckoeo cosuea (16-5) Ha mepBbIx
IISITH 3Tanax ¥ 3asepuatomas 31 komanna yuxiuueckoeo cosuea — wuroro 431 xomanna. Ilo-
CKOJIBKY KOJI ITPOJIOTa M SIMJIOra OCTAETCs HEM3MEHHBIM, HCIIOIb30BaHUE KOMAH/L YUKIUYECKO-
20 cO8U2a TI03BOJIAET COKOHOMUTD 49 KoMaHI.

CylecTByeT elmie OAWH METOJ TPAHCIOHHPOBAaHHS OMTOBOW MATpHIBl, OCHOBAHHBIA Ha
Tpex npeobpaszoBanusx ciasura [19]. Eciu umeercs Matpuiia pasMepoM NXN, TO BBEIIOJHAIOTCS
crenyromye marn: 1) MAKTMYecKuil CIBUT CTPOKH | BIPABO HA i paspsmoB; 2) MAKIHIECKHI
caBur cronbua j BBepx Ha (j+1)modn pa3psnos; 3) HHKIMYECKHIl CABHT CTPOKH | BIIPaBO Ha

(i+1)modn pa3spsmos; 4) oTpaxeHHe MaTPHIBI OTHOCHTEIHHO I'OPH30HTAIBHON OCH, POXO-

Jsie uepes ee cepequny. [IporuniocTpupyeM cka3aHHOe Ha IIpUMepe MaTpHIlsl 4x4.

abcd abcd hlpd dhlp aeim
efgh => hefg => kocg => cgko => bfjn
ijkl klij nbfj bfijn cgko
mnop nopm aeim aeim dhlp

DTOT METOo]] He MOXKET KOHKYPHUPOBaTh C JPYrHMH HM3-32 BBICOKOH CTOMMOCTH Iara 2.
(YT0OBI BBIMOJHKUTH HTOT IIAT 3@ Pa3yMHOE KOJMYECTBO IIATOB, CHAYAA BBIMOJIHACTCS [THKIIH-
YEeCKUI CABHUT BBEPX Ha N/2 TO3WIMU BCEX CTOJOLIOB, KOTOPBIE ODKHBI OBITH CABUHYTHI HA
n/2 paspsiaa wiu 6oiee (3TO CTONOIBI OT N/2—-1 N0 N—2), 3aTeM BBITIOIHACTCS [TUKINIECKUI
cIBuT BBEpX Ha Nn/4 mosunud U T.1.) [llaru 1 u 3 TpeGyrOT BBITIOIHEHUS BCETO JHIIE TI0 N—1
KOMaH/1 Kax/blil, a mar 4 He TpeOyeT HUKaKUX JeUCTBUH, €CITH COXPAHATh PE3y/IbTaThl BBIYHC-
JICHUH B COOTBETCTBYIOLIMUX HO3UIIHSX.

Eciu GurtoBas matpuia 8x8 coxpansiercs B 64-pa3psaHOM CIIOBe Kak OOBIYHO (BEpXHSIS
CTPOKa MOMENIAETCsI B CTapIIKe BOCEMb OUTOB U T.J.), TO ONEPALHs TPAHCIIOHUPOBAHUS TAKOH
MaTpUIbl SKBUBAJICHTHA TPEM BHEIIHMM HJCAJbHBIM MEPEMCIIUBAHUSAM WIH OOpPATHBIM MM
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npoueccam [19]. Eciau nepeMelnnBanie peaqn3oBaHO Ha KOMIIBIOTEPE B BHIE OTAEILHOM KO-
MaHJIBI, 3THM MOYXHO BOCIIOJIB30BaThes; oaHako it Rl SC-komMmbioTepoB ¢ 6a30BBIM HAOOPOM
KOMaH/JI 9TOT CIIOCO0 HE TOIUTCS.

7.4. CxkaTHe, WJIM 00001LIEHHOE U3BJICYEHHE

B s3pike mporpammupoBanuss APL mMeeTcs omeparus, KOTopas Ha3bIBAaeTCs CHKaTHEM
(compress) u 3amuceiBaetes kak B/V, roe B — 0Oyses Bektop, a V — BEKTOp ¢ MPOH3BOJIbHBI-
MU JIeMEHTaMH TOH ke JUIMHBI, 4yTo u B. PesynpratoM maHHOI omepaumu sBIseTCs BEKTOD,
COCTOSIIIMI M3 TeX 3JIEMEHTOB V, JUIsl KOTOPBIX COOTBETCTBYIOUIMI OUT B B paBen 1. J{nuna pe-
3yJBTHPYIOLIET0 BEKTOPA paBHA KOJMYECTBY €JMHUYHBIX OHTOB B B.

PaccMoTpHM aHaJIOTHYHYIO ONEPALMIO C OMTaMH B CJIOBE. 3a1aHbl Macka M | CIOBO X; Tpe-
Oyetcst BBIOpaTh T€ OUTHI CIIOBA X, KOTOPBIE COOTBETCTBYIOT €IMHUYHBIM OMTaM MAcKH, W Tie-
pemecTtuth UX Brpaso (“cxate”). Hampumep, eciii c:xMMaeMoe CI0BO

abcd efgh ijkl mnop grst uvwx yzAB CDEF,
/i€ KOKIBIH CUMBOJI TIPECTABIISET OJUH OUT, 8 MACKa UMEET BHT

0000 1111 0011 0011 1010 1010 0101 0101,
TO B pe3yJibTaTe OylIeT MOIYYEeHO CIIOBO

0000 0000 0000 0000 efgh klop gsuw zBDF.

DTy omepanyio MOXHO TaKXe Ha3BaTh obobwennvim uszeneuenuem (generalized extract) mo
QHAJIOTUH C KOMAHIOM uzeneuenus, IMEBLIENCS B PAIE KOMIILIOTEPOB.

Hac uHTEpecyeT Koll, OCYLIECTBIISAIOIMN TaHHYIO ONEPALMIO ¢ MUHMMAJIbHBIM BPEMEHEM
paboTHl B HAMXY/IIEM ClTydae, U B KAYECTBE MEPBOrO MPUOIMKEHHs, KOTOpOe OyaeT coBep-
[IEHCTBOBATHCSA, BO3BMEM MPOCTOM LMK/ M3 JIMCTHHIA 7.5. DTOT KO HE COIAEPKHUT KOMAaHI
BETBICHUA B TeJle IMKIA U B XyJILIEM cliydae TpeGyeT BuimojaHeHus 260 KoManj, BKIOYas
NPOJIOT ¥ SITHJIOT (YHKIIHH.

JIucrunr 7.5. Onepauus cxkaTHsi HA OCHOBE MPOCTOT0 IUKJIA
unsigned compress (unsigned x, unsigned m)

{

unsigned r, s, b; // PesynbTaT, COBUI', MACKUPYEMHII OUT

r = 0;

s = 0;

do

{
b=mé&l;
r=r | ((x &b) << s);
s = s + b;
X = x > 1;
m=m > 1;

} while (m != 0);

return r;

VYIy4qunTs 3TOT KOJ MOXKHO ITyTeM MHOTOKPATHOTO MPUMEHEHHs] MeToa “mapajieibHOTo
npedukca” (cMm. pasmen 5.2) ¢ omepanueii uckmouaroueeo un [19] (manee 6ymem o6o3HauaTh
a1y omeparuto kak PP-XOR). OcHOBHasi uziesi COCTOUT B TOM, YTOOBI MPEXKIE BCEro ompeje-
UTh OUTHI apryMeHTa X, KOTOpble OyIyT MepeMeIleHbl Ha HeUYeTHOe KOJIMYECTBO MO3HIHH, U
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nepeMecTuTh ux (ITa 3ajjaua YIpoIaeTcs, eCly cHayajia MPUMEHNUTh OMEPAIUIO U K CJIOBY X H
K MacKe, OYMCTHB OMTHI, KOTOPbl€ HE MMEIOT 3HAYECHHUS). BUTHI MacKy MEpEMEIIalOTCsS TOYHO
TakuM e 00pa3oM. 3aTeM ONpeAeIIOTCs OUTH X, TIepeMelaeMble Ha He4eTHOE YHCII0, YMHO-
xeHHoe Ha 2 (2, 6, 10 u T.71.), mocie 4ero BIPaBO MEPEMEINAOTCS KaK 3TH OHTHI, TaK U COOT-
BeTCTByIomue OuTsl Macku. [anee pabortaem ¢ Outamu, IepeMenaeMbIMA Ha HEUETHBIE YHCTIA,
YMHOXEHHEIC Ha 4, 3aTeM Ha 8 u 16.

[TOCKOIIBKY 3TOT aJrOpUTM JOCTaTOYHO CIIOKEH I MOHWMAaHMS, PaCCMOTPHM ero Ooiee me-
TabHO. [IpernonoKum, YTo BXOAHBIMA JAHHBIME JITS HALIIETO aJITOPUTMA SIBJISFOTCS CIICYFOIIHC:
x = abcd efgh ijkl mnop grst uvwx yzAB CDEF,
m = 1000 1000 1110 0000 0000 1111 0101 0101,

1 1 111
9 6 333 4444 3 2 10

3nech kaxnas OyKBa B x O3HA4YaeT OMUH OUT (KOTOPBIit MOXKET MpuHUMaTh 3HaueHus O miu 1).
Uucina o KaxkJpIM €IMHUYHBIM OMTOM MAacKH yKa3bIBalOT, HACKOJIBKO JAJIEKO JOJDKEH Iepe-
MEIIATBCST BIIPABO COOTBETCTBYIOIIMI OUT x (3TO 3HAYCHHE PABHO KOJIMYECTBY HYJICBBIX OHTOB
B m CIpaBa OT paccMmaTpuBaeMoro 6ura). Kak ynmoMmmHamoce paHee, CHadana CTOUT COPOCHUTH
BCE HE MMEIOIINE 3HAYEHH OUTHI X, YTO JACT HAM YHCIIO

x = a000 e000 ijk0 0000 0000 uvwx 0zOB ODOF.

CHayasia Hy)KHO OIpEJeNTb, Kakiue OUTHI OymyT NepeMelleHbl BIIPaBO Ha HEUYETHOE KOJH-
YeCTBO IIO3ULMH, ¥ NMEPEeMECTUTh MX Ha OIHY IO3WIMIO BIPaBO. BCOMHUM, YTO omepaius
PP-XOR naet Ham eTMHUYHBIE OUTHI B TTO3UITHSIX, JIJISI KOTOPBIX KOJMYECTBO SIUHIUYHBIX OUTOB
B JJAHHOM TO3MIIMY U CIIpaBa OT Hee He4eTHO. Hac jxe mHTepecyloT OUTHI, /ISl KOTOPHIX HEYeT-
HO KOJINYECTBO HYJIEBBIX OMTOB, PACIIOIOKEHHBIX CTPOTO CIIpaBa OT JaHHOW mosunmu. Haidtu
UX MOYKHO IyTE€M BBIUHCIICHHS mk = ~m<<1 u npuMmeHeHueM onepanuu PP-XOR k nonyueHHO-
My 3Ha4yeHHI0. Pe3ynpTar Oyaer cieayronmm:

mk = 1110 1110 0011 1111 1110 0001 0101 0100,
mp = 1010 0101 1110 1010 1010 0000 1100 1100.

3ameTuM, 9TO mk YKa3bIBaeT OMTHI m, KOTOPHIE COAEpKaT HYJIEBOW OMT PSAAOM CIpaBa, a mp
CYMMHpYeT UX clpaBa 1o Moayiio 2. TakuM o0pa3oM, mp OmpenenseT OUTHI m, KOTOPBIE NMe-
IOT HEUYETHOE KOJIMYIECTBO HYJIEBBIX OMTOB CIIPaBa.

Butel, KOTOpBIC MOKHBI OBITH MEPEMEIICHBI HA OJHY MO3HIHUI0, HAXOIATCS B MO3MIIUAX,
MMEIOIMX HEYETHOE KOJIMIECTBO HYJICBBIX OHTOB CripaBa (yKa3bIBa€MbIE CIIOBOM mp), U B 9THX
MO3UIMSAX B m HAXOMASATCS €JMHHYHBIC OHTHI, T.€. UX MOXHO IMOJIYYUTHh C MOMOIIBIO TPOCTOM
onepanuy mv = mpé&m.

mv = 1000 0000 1110 0000 0OOO 0000 0100 0100

COOTBETCTBYIOIIHE OUTHI m MOTYT OBITh IIEPEMEIICHBI ITyTeM MPUCBOCHUS

A

m= (m "~ mv) | (mv >> 1);

A OHUTBI X — C IOMOIIBIO JIByX NPUCBOCHUI:
t = X & mv;
x = (x~t) | (&> 1);

(MepemernieHre GUTOB m BBIMOJHAETCS TIPOIIE B CHITY TOTO, UTO 3/1€Ch BCE BEIOPAHHBIC GUTHI
SBJISIIOTCS €AMHUYHBIMU.) Onepalys uckirouarouezo uiu copacsiBaeT GUTHI, KOTOPHIE paBHBI 1
Bm U X, a ONEPaIysl Uiy yCTAHABIMBACT OUTHI, KOTOPBIC B m M x paBHbI 0. TH onepaimu MOryT
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OBITh 3aMEHEHBI OTEPANMAMU GbIYUMAHUSL Y CA0JICeHUsE THO0 00€ OBITh OTEePaITUsIMU UCKTIO-
yarougezo unu. Tlocne nmepeMenieHuss OUTOB, BRIOPAHHBIX IPHU MOMOIIK mv, HA OJHY MO3HIIUI0
BIIPABO TOJIYYaeM:

m = 0100 1000 0111 0000 0000 1111 0011 0OO11
x = 0a00 e000 0ijk 0000 0000 uvwx 00zB OODF.

Tenepr HEOOXOIMMO MOATOTOBUTH MACKy U BTOPOH WTeparuu, Tae OyayT yKka3aHbl OHUTHI,
KOTOPBIE JTOJDKHBI OBITh TIEPEMEIICHBI BIIPABO HA BEIWYHHY, IPEACTABIAIONIYIO cO00i HedeT-
HOE YHCJI0, YMHOXKXEHHOE Ha 2. 3aMEeTHM, YTO BEIMYHHA mk&~mp OMpeNeNsieT OUTHI, COCeIOM
KOTOPBIX CIpaBa B UCXOJHON MacKe m SIBJISETCS HYJICBOW OWUT, U OUTHI, KOTOPBIC B MCXOIHOM
MacKe UMEIOT CTIpaBa YE€THOE YHCIIO HyJIEBBIX ONTOB. DTH CBOWCTBA MPUMEHSIOTCSI COBMECTHO,
XOTSl ¥ HE KaXKII0€ B OTACIBHOCTH, K HOBOMY 3HAYCHHIO MAacKH m (T.e. mk yKa3bIBAET 6ce MO3H-
UM B HOBOW MAacKe m, y KOTOPBIX CIIPaBa PACIIOJIOKEH HYJICBOW OHT, a BCETO CIpaBa HaXOMHT-
Csl YETHOE YHCIIO Hylel). Byaydn MpocyMMHpPOBAaHHOW CIpaBa IPH TOMOIIHM OIEPAIln
PP-XOR, sTa BennunHa yKa3pIBaeT OUTHI, KOTOPHIE IIEPEMENIalOTCsl BIPaBO Ha KOIUIECTBO IO-
3UIMH, paBHOE YABOCHHOMY HedeTHOMY umciy (2, 6, 10 u 1.1.). Takum 06paszom, HEOOXOIUMO
MIPUCBOWTH 3TO 3HAYCHHE IMEPEMEHHON mk W BBIIOJIHUTH BTOPYIO HTEPAIHIO OIMMCAHHBIX BBIIIE
miaroB. HoBoe 3HaueHne mk UMEET BUJT

mk = 0100 1010 0001 0101 0100 0001 0001 0000

3aBepuennas pynkius C, peanu3syromas paccMaTpUBaeMyIo Ollepaluio, IPUBEIEHA B JIHC-
tuHre 7.6. OHa TpeOyer BhinoiHeHus: 127 6a3oBeix RISC-xomann, BKIIOUas IPOJIOT U SIHIIOT.
B nuctunre 7.7 nokazaHa mociieoBaTeNIbHOCTh 3HAYEHHUH, TPUHUMAEMBIX PAa3JIMYHBIMU IIepe-
MEHHBIMH B KJIFOYEBBIX TOYKAX BBIYMCICHHH (BXOAHBIC JaHHBIC TE )K€, YTO HCIOJIb30BAIUCH
IPU PACCMOTPEHHH JAHHOTO aIropuTMa). 3aMeThTe, YTO MOOOYHBIM PEe3yNIbTaTOM PaboThI ai-
TOpUTMa SIBJISIETCS] 3HAUCHHE MACKH m, B KOTOPOM BCE €JMHIYHbIE OUTHI IIEPEHECEHBI BIPABO.

Jluctunr 7.6. MeToa napauieibHOTo npedukca 1J1s1 onepauuu CKaTUus
unsigned compress (unsigned x, unsigned m)

{

unsigned mk, mp, mv, t;

int 1i;
X = X & m; // COpoc HeszHauaumx OUTOB
mk = ~m << 1; // Toncumraem 0 cnpaBa
for (i = 0; 1 < 5; 1i++)
{
mp = mk *~ (mk << 1); // lapasjenbHBEl HpeduKc
mp = mp *~ (mp << 2);
mp = mp *~ (mp << 4);
mp = mp *~ (mp << 8);
mp = mp ~ (mp << 16);
mv = mp & m; // TlepeMemaeMele OMUTHL
m=m"mv | (mv >> (1 << 1)); // Cxarue m
t = xXx & mv;
x=x "t | (t> (1L <<1i)); // Cxartue x

}

return x;
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Jluctunr 7.7. lelicTBUA NPH NCMOJIB30BAHNH MET0/1a MAPA/LIEILHOTO pedukca
JUUIS1 ONIePALMH CKATUS
x = abcd efgh ijkl mnop grst uvwx yzAB CDEF
m 1000 1000 1110 0000 0000 1111 0101 0101
x = al000 e000 ijk0 0000 0000 uvwx 0zO0B ODOF
i =0, mk = 1110 1110 0011 1111 1110 0001 0101 0100
[locne PP, mp = 1010 0101 1110 1010 1010 0000 1100 1100
mv = 1000 0000 1110 0000 0OOO 0000 0100 0100
m = 0100 1000 0111 0000 0000 1111 0011 0011
x = 0a00 e000 0ijk 0000 0000 uvwx 00zB OODF
i=1, mk = 0100 1010 0001 0101 0100 0001 0001 0O0O0O
[locne PP, mp = 1100 0110 0000 1100 1100 0000 1111 0000
mv = 0100 0000 0000 0000 0OOO 0000 0011 0000
m = 0001 1000 0111 0000 0000 1111 0OOO 1111
x = 000a e000 0ijk 0000 0000 uvwx 0000 zBDF
i=2, mk = 0000 1000 0001 0001 0OOO 0001 0000 0O0OO
[locne PP, mp = 0000 0111 1111 0000 1111 1111 0000 0O0O0O
mv = 0000 0000 0111 0000 0OOO 1111 0000 0OOO
m = 0001 1000 0000 0111 0000 0000 1111 1111
x = 000a e000 0000 0ijk 0000 0000 uvwx zBDF
i =3, mk = 0000 1000 0000 0001 0OOO 0000 0000 0O0OO
[locne PP, mp = 0000 0111 1111 1111 0000 0000 0000 0O0O0O
mv = 0000 0000 0000 0111 0OOO 0000 0000 0O0O0O
m = 0001 1000 0000 0000 0000 01211 121111 1111
x = 000a 000 0000 0000 0000 Oijk uvwx zBDF
i=4, mk = 0000 1000 0000 0000 0OOO 0000 0000 0O0OO
[locne PP, mp = 1111 1000 0000 0000 0000 0000 0000 0O0O0O
mv = 0001 1000 0000 0000 00OOO 0000 0000 0O0O0O
m = 0000 0000 0000 0000 0001 11121 2111 1111
x = 0000 0000 0000 0000 00O0a eijk uvwx zBDF

Anroput™m u3 juctuHTa 7.6 Ha 64-O6nuToBOl MarmmHe ¢ 6a30BbIM RISC-Hab0pOM BBITTOIHS-
eTcs 3a 169 xomaHz, B TO BpeMs Kak aJrOpUTM U3 JIUCTHHTA 7.5 B Xy/mmieM ciiydae TpeOyeT BbI-
noaHeHus 516 KkomMaHI.

KommgecTtBo KoMaH[, BEIOJHEHHUS KOTOPHIX TpeOyeT aNropuTM W3 JIUCTUHTA 7.6, MOXET
OBITH 3HAYNTEIBHO CHI)KEHO, €CITH m TIPEICTABIET cO00M KOHCTAHTY. DTO MOXKET OBITh B ABYX
curyanusx: 1) Koryia BbI30B compress (x,m) OCYIIECTBISIETCS B IIUKJIE, B KOTOPOM 3HAYCHHE
m HE M3BECTHO 3apaHee, HO MOCTOSHHO B MpeZeiax LHUKIA, 2) KOTJa W3BECTHO 3HAYEHHE m U
Ko QYHKIMU compress TCHEPUPYETCS 3apaHee, BO3MOKHO, KOMITHUIIATOPOM.

OO0paTtuTe BHUMaHUE Ha TO, YTO 3HAYCHHE, MPUCBOCHHOE X B IMKIIE B JIMCTUHTE 7.6, Hc-
MOJIb3yETCSl B 3TOM IUKJIC MCKIIOYUTEIHLHO B CTPOKE, TJE BBIMOJHICTCS MPHUCBOCHUE x. Kak
BHJTHO M3 KOJIa, X 3aBUCUT TOJBKO OT ce0sl caMoro M rmepeMeHHoH mv. ClieoBaTebHO, BCe 00-
palieHus K x MOKHO YJIJIUTh, & MATh BBIYUCIIIEMBIX 3HAYCHUI mv COXPAHUTh B MEPEMEHHBIX
mv0, mvl, ..., mv4. Torma B CUTyaInuu 1 BHe mUKIa, B KOTOPOM HMEETCS o6pameHHe com-
press (x,m), MOXHO pa3MeCTUTh (YHKIHIO, KOTopas He Oyler oOpamartbcs K x, a Oyaer
JIUIIG BBIYUCIIATH 3HAYEHHSI mv 1, @ B CAMOM IUKJIE MOYKHO Pa3MECTHTh CIIEAYIOIINE CTPOKH:

X = X & m;

t=x &mvl; x =x "~ t | (£t > 1);

t x &mvl; x =x ~ t | (t > 2);

t=x &mv2; x =x "~ t | (t > 4);

t=x &mv3; x =x "~ t | (£t > 8);

t =x &mvd; x =x ~ t | (£t > 16);
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Takum 06pa3oM, BEIYUCIICHAS B IIUKIIE COCTOAT n3 21 KoMaH bl (3arpy3ka KOHCTAHT BBIHO-
CHTCS 3a TIPENeNIbl [IHKIA), UTO SIBISIETCS 3HAUUTEIBHBIM YIIyUIICHHEM 0 CpaBHEeHHo co 127
KOMaHJIaMH, HEOOXOMMBIMH B CITydae MOJIHO ITOAIpOTrpaMMBbl U3 JIUCTHHTA 7.0.

B curyarun 2, B KOTOPOH M3BECTHO 3HAYEHHE m, MOYKHO BBITIOJHHUTH IPUMEPHO TE XK€ Neii-
CTBUSL, HE CUUTAs JPYrol BO3MOXKHOM OnTHMHU3aK. Tak, MOXKET 0Ka3aThCs, YTO OJIHA U3 IISTU
Macok paBHa O, ¥ B 3TOM Clly4ae MOKHO OIyCTUTh OJHY W3 MPUBEICHHBIX BHIIIE CTpok. Ha-
MpUMEP, €CIH HET OUTOB, KOTOPHIC JOJIKHEI OBITh IEPEMEIICHBI HA HEUSCTHOE YHCIIO MO3HIINH,
Macka m1 paBHa O; ecnu HeT OUTOB, KOTOPHIC MEepeMeNIarTcs 6ojee yeM Ha 15 mosumuii, pas-
Hoii O okakeTcst Macka m4.

Taxk, mis

m = 0101 0101 0101 0101 0101 0101 0101 0101

BbIYMCJICHHBIC MACKH PaBHbIL

mv0O = 0100 0100 0100 0100 0100 0100 0100 0100
mvl = 0011 0000 0011 0000 0011 0000 0011 0000
mv2 = 0000 1111 0000 0000 0000 1111 0000 0000
mv3 = 0000 0000 1111 1111 0000 0000 0000 0000
mv4 = 0000 0000 0000 0000 0000 0000 0000 0000

[Mockonbky mocneansisi Macka paBHa O, B CKOMITMJIMPOBAHHOM KOJIE OIEPAIHsl CKATHS BBIIOJI-
mstetest 3a 17 komany (He cunTas KOMaH. TSl 3arpy3kd Macok). Koneuwo, uMerorcst erre Golee
CIeHAaIN3UPOBAHHbIC CIyyaH, B Y4CTHOCTH KOJ| U3 pasjeia 7.2, B KOTOPOM CXXHMAIOTCS depe-
Iyrommecs: OUTHI, BBITTONHAETCS Beero 3a 13 komaH.

Hcnoab30BaHNe KOMAaH/ BCTABKH U U3BJI€YEHHUS

Ecnu Bamr koMmrmpiotep uMeeT KoMaHay écmasku (iNSert), mpudem mpeamouTUTENHHO ¢ He-
MMOCPEICTBCHHO 33aJ]aBaCMbIMK 3HAYCHHUSIMH B KaueCTBE OIEPAHIOB, KOTOPHIC OMPEACISIOT Ou-
TOBOE I0JIC B IIEJICBOM PETHCTPE, TO OHA MOXKET UCIIOJIL30BAThCS JIJIsl BBIMOJIHCHHS OICPAIlUH
colcamusi ¢ MEHBIIUM YHUCIIOM KOMAHJ, YeM B OMHCAHHOM BbIIIe MeToae. Kpome Toro, mpu
9TOM HE HAKJIAJBIBAIOTCS OTPAHUYCHUS HA MCIIOJIb30BAHUE PETUCTPOB, XPAHAIINX MACKH.

[eneBoil perucTp MHUIMATH3UPYETCS HYJIEBBIM 3HAUCHHEM, IOCIC Yero Uil KaKIoh He-
MIPEPBIBHOW TPYIIIIBI SIMHUYHBIX OUTOB B MacKe m MEPEMECHHAsS x CIBUTACTCS BIPABO JUIS BBHI-
PaBHUBAHHS OYEPEAHOTO TOJISI U UCIOJIB3YETCsl KOMaHa 6CHAGKU, KOTOPAasi BCTABIISIET OUTHI X
B COOTBETCTBYIOIIEE MECTO ILIEJIEBOr0 peructpa. Takum o0pa3oM omeparusi C)KaTHsI BBITOJIHS-
eTcsl ¢ MOMOIBI0 2n+1 KOMaH[, TJae N— KOJMU4ecTBO moseil (rpyrn eIUHUYHBIX OUTOB) B
Macke. B Hauxymiiem ciydae TpeOyercsl BBIMOJHHUTh 33 KOMaH/bl, TAK KaK MaKCHMallbHOE
YHCITO ToJIel paBHO 16 (ciyuaii uepeIoBaHus ¢IUHUIHBIX U HYJIEBBIX OUTOB).

B kadecTtBe nmpumepa, KOrJa METO/I C UCIIOJIb30BaHHEM KOMAaH/Ibl BCTABKH JAET CYIIECTBEH-
HBII BEIATPHINI, paccMoTpuM m=0X0010084A. Cxatne ¢ Takoif MacKoi TpeOyeT mepeMeeHus
6utoB Ha 1, 2, 4, 8 u 16 no3unmii. CieqoBaTensHO, IPH UCTIONB30BaHUU METO/Ia MapaulesIbHO-
ro npedukca TpedyeTcs BBIMOTHEHUE BeeX 21 KoMaHabl, B TO BpeMs KaK IPU HCIOJIb30BAHUM
eécmaexu joctarouno 11 komana (B Macke uMeeTcs msth nojieit). Eie 6osee yaauHbiM puMe-
poM MoxeT ciayxuTh Macka m=0x80000000. 3nech MPOUCXOIUT MIepEeMEIeHHE OTHOTO OUTa Ha
31 mo3mmmio, uto TpebyeT BHIMONHEeHHs 21 KOMaHORl B METOJE MapauIeIbHOTO TpeduKca,
TOJIBKO TPEX KOMaH/I ITPH UCIIOB30BAHUH BCTABKH M TOJBKO OTHOM KOMAHIIBI (cO8uUe 61Mpaso Ha
31 6um), ecinu BBl HE OIPaHUYEHBI ONPEIETIEHHOM CXEMOM BHIYMCIIEHHIA.

MOKHO TakKe BOCIIOJB30BaThCS KOMAHION uzeneuenus (extract) must peanusamuu orepa-
LUK CXKATHSI TOCPEACTBOM BBIMOIHEHHsT 3n— 2 KOMaHI, Iie N — KOJMYECTBO T0Jieil B MacKe.
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CoBepIIeHHO SICHO, YTO CO3JaHHE ONTHMAIBHOTO KOJA, PEaM3yIOLIEero CKaThe Ui 3apa-
HEe U3BECTHOM MacKH, MPEACTaBIsIET COOOH TaJIeKO HE TPHBHAIIBHYIO 3a7ady.

C:kaTue BJIEBO

O4eBUIHBIM MyTEM pELIeHHs TOH 3aJauu SBJSIETCS pEBEpPC apryMeHTa x M MAacKH m, BbI-
MTOJTHEHUE CHKATHS BIIPABO W PEBEPC IOIYUEHHOTO pe3yibTarta. Emme oanH cmocod pemeHus co-

CTOUT B CXKaTHUH BIIPABO C MOCJIEAYHOIINM CABUI'OM BJIEBO Ha pop(m) MO3HIMHA. DTH pemcHusA

HanboJee MpUEeMIIeMBl, €CIIH Balll KOMITBIOTEP UMEEeT KOMaH Bl peBepca WiIH IOIcUeTa KoJmde-
CTBa eAWHWYHBIX OWTOB. Ecim ke TakWx KOMaHJ B HaOope KOMMbBIOTEpa HET, MOXKHO JIETKO
aIalITHPOBATh AITOPUTM U3 JHCTHHTA 7.6, IPOCTO M3MEHUB HAIpaBIIEHHE BCEX CIBUTOB Ha 00-
paTHOE (32 HCKITFOYECHHNEM JIBYX CIBHTOB B BRIPAKECHHSAX 1<<i, BCETO0 BOCEMb H3MEHEHMH).

7.5. O0001IeHHBbIE TEPEeCTAHOBKH

Ipu BBITONIHEHUH 00OOIIEHHON MEPECTAHOBKH OMTOB B CIIOBE (WU Ijie-au00 €ele) rIIaBHOM
poOJIeMOi CTaHOBUTCS IIPECTABICHNE TIepPeCTaHOBOK. OUeHb KOMIIAKTHO NPEACTABHUTH IIepe-
CTaHOBKY HEBO3MOXKHO. [ocKoIbKY B 32-OMTOBOM CIIOBE MOKHO BBIIOJTHUTH 32! epecTaHoB-

KW, A1 YKa3aHUs OQHOM W3 HUX TpedyeTcs, Kak MHHUMYM, (Iog2 (32!)—| =118 6uTOB, WA 3 CI0-

Ba M eme 22 Oura.

OnrH HHTEPECHBIH CITOCOO MPEICTABICHHS IEPECTAHOBOK TECHO CBS3aH C OIeparueil cxa-
TS, paccMaTpuBaeMoii B pasjene 7.4 [19]. HauneM ¢ HENOCPEACTBEHHOTO METO/A, B KOTOPOM
JUTSL KQXKI0TO OUTa MPOCTO YKa3bIBAETCs MO3MIKS ero nepemenienus. Hanpumep, amst nepecra-
HOBKH, KOTOpasi BBITIOJIHSETCS MyTEM LUKIMYECKOTO C/IBUra BJIEBO Ha 4YeThIpe OHTa, OUT B MHO-
surpn O (Mymaammii OUT) MepeMeCTUTCS B MO3KIUI0 4, B o3uimu 1 — B mo3umuio 5, ..., B 1O-
sunun 31 — B mo3umuio 3. Takas mepecTaHOBKa MOXKET OBITh IPEACTaBICHA CIICAYIOIINM BEK-
TOpPOM U3 32 MATHOUTOBBIX HHJIEKCOB:

00100
00101
11111
00000
00001

00010
00011

PaccmarpuBast 3TO mpecTaBicHHE KaK OUTOBYIO MATPUILY, TPAHCIIOHHPYEM €€ TaK, YTOOBI
IIPU 3TOM BEPXHsS CTPOKa CoJieprKalia MIIAJIINE OWTHI, a Pe3yibTaT MPeIcTaBuM B (opmare,
KOTJla My OUT pacrojiaraercs crpapa. Takum o0pa3oMm OyJeT MOydeH MAacCUB M3 ISATH
32-0UTOBBIX CJIOB.

= 1010 1010 1010 1010 1010 1010 1010 1010
= 1100 1100 1100 1100 1100 1100 1100 1100
0000 1111 0000 1111 0000 1111 0000 1111
= 0000 1111 1111 0000 0000 1111 1111 0000

[0
[1
[2
[3
[4] = 0000 1111 1111 1111 1111 0000 0000 0000

(el e R Rl RLo]
I

Kaxmprii Out B p [0] mpeacTaBisieT cOO0H MITaqmInil OUT TO3UINH, B KOTOPYIO MEPEHOCHT-
Csl COOTBETCTBYIOIIUN OUT UCXOTHOTO CJIOBA X, OUTHI B p[1] MPEACTABIAIOT COOOH Cleayro-
M 3HaYanmi OUT U T.4. ITO OYCHb MOXOXKE HA TO, KAK MAaCKa m B MPEbLAYIIEM pa3eie Ko-
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JMPOBATACh 3HAYCHHSIMU mv, TOJBKO B aJTrOPHTME CHKATHS OTH 3HAYCHHS NMPUMEHSUINCH K 00-
HOBJIICMOMY 3HAYCHHUIO MACKH, & HE K HCXOTHOMY.

Ormepanust CxaTHsl, HHTEPECYIOLIAsi HAC, JOJDKHA CKMMATh BIICBO BCE OWTHI, TOMEUCHHBIC B
MACKE eMHULAMH, U BIIPABO — OHTEI, TOMEUYEHHbIE Hy/1aMu'. MIHOIIa 3Ty ONepAIHio HA3bIBAIOT
onepauueit pasaenenus “ardues u kosnmuir” (sheep and goats— SAG) wiu “ 06001IEHHBIM YIIO-
pstnoueHuem” (general unshuffle). Beraucauts 3Ty onepanmnio MOXKHO 1Mo Gopmye

SAG(x, m) = compress_left(x, m) | compress (x, ~m).

Hcnone3ys SAG B kauecTBe 0a30BOI Olepariy, a MEPEeCcTAaHOBKY p OMMCAHHYIO Tak, Kak
MMOKA3aHO BBIIIE, OUTHI CIIOBA X MOYKHO MEPECTABUTH B HY)KHOM TOpsiake 3a 15 maros..

x = SAG(x, pl0]);
pll] = SAG(p[1], pl0]);
pl2] = SAG(p[2], pl0]);
pl3] = SAG(p[3], pl0]);
pl4] = SAG(p[4], pl0]);
x = SAG(x, pll]);
pl2] = SAG(p[2], pll]);
pl3] = SAG(p[3], pll]);
pl4] = SAG(p[4], pll]);
x = SAG(x, pl2]);
pl3] = SAG(p[3], pl2]);
pl4] = SAG(p[4], pl2]);
x = SAG(x, pl3]);
pl4] = SAG(p[4], pl3]);
X = SAG(x, pl4]);

3necey onepanus SAG HCHONB3yeTCs JJIs BHIMOJIHCHUS YCTONYMBON JTBOUYHOM TOpPa3psi-
HOU cOpTUPOBKH (YCTOHYMBOCTH O3HAYAET COXPAHEHHE MOPSIKA CIEIOBAHUS PABHBIX 3JIEMEH-
TOB TIPH COPTUPOBKE). MacCHB p MCHONB3yeTCs Kak 32 MATUOUTOBBIX KIIFOYA [Tl COPTUPOBKH
ouroB x. Ha IIepBOM IIIare Bce OWTHI X, I KOTOPBIX p[0] = 1, mMEpEeMEIIarOTCs B JICBYIO MOJIO-
BHHY PE3YJIbTHPYIOIIECTO CJIOBA, a BCE, ISl KOTOPBIX p[0] = 0, — B mpaByto. [lopsaok 6utos
MPH 3TOM He U3MeHseTcs (T.e. COPTHPOBKA yCTOWYNBA). 3aTeM aHAIIOTHYHO COPTHUPYIOTCS BCE
KITIOYH, KOTOpBIe OyIyT MCIIONB30BaThCSA B CIEMYIONINX MIarax amropurma. Ouepemnas, mec-
Tas, CTPOKa COPTUPYET X Ha OCHOBE BTOPHIX MIIAJIINX OMTOB H T.1I.

[TomoOHO cxaTHIo, ecIM HEKOTOpask MePECTaHOBKA p UCTIONB3YETCS C PSAIOM CIIOB X, MOXKHO
3HAYUTEIIBHO COKOHOMUTH BBINOJIHAEMBIE KOMAHABI IIYTEM IIPEABAPUTENILHOTO BBIYMCIICHUS
OOJIBIIIMHCTBA TEPEYHCICHHBIX IIaroB aaropuTMa. MacCHB MEPECTAHOBKH IPEIBAPUTEIHHO
npeoOpas3yeTcs B CIICAYIOIIUIL:

pll] = SAG(p[1l], pl0]1);

pl2] = SAG(SAG(p[2], pl[0]), pll]);

pl[3] = SAG(SAG(SAG(p[3], p[0]), pl[1]), p[2]);

pl4] = SAG(SAG(SAG(SAG(p[4], pl0l), pll]l), pl2]1), pI31);

ITocne 3TOro0 KaXkaasi NEPECTaHOBKA OCYILECTBISETCS C IOMOIIBIO CIEIYIOINX AEHCTBUMN:

X = SAG(x, plO0]

)
X = SAG(x, pll]);
X = SAG(x, pl[2]);
X = SAG(x, pl31);
X = SAG(x, pl4]);

! Ecmm HCIOJIB3YETCA (1)0pMaT, B KOTOpOM MJTAIIIAN ouT HaXOAUTCA CIIpaBa, BJIEBO CXKHUMAIOTCS ou-
Thbl, IOMEYECHHBIC HYJIAMHU, a IOMEYCHHBIC €AUHNUIIAMHU CKUMAKOTCS BIIPABO.
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Bonee mpsiMoit (XOTs1, OKaIyit, MEHee HHTEPECHBII) CIOCO6 OCYIIECTBICHUS 0600IIEHHBIX
[EPECTAHOBOK OMTOB B CJIOBE COCTOMT B IPEACTABICHHH MIEPECTAHOBKH KaK IOCIICI0BATEIBHO-
cTi 32 IATHOUTOBBIX MHIEKCOB. K-if MHIEKC MpeicTaBiseT coboil HOMep OHWTa B HCXOJHOM
CITOBE, KOTOPBIi OyzeT momerieH B K-fo mosunuro mpu rnepecranoske. (Crucok “otkyma”, B OT-
JIMYHe OT CIUCKa “Kyma”, mpuMeHseMoro ipu Metoae GAS.) DTr MHIEKCHI MOTYT OBITH YIIAKO-
BaHBI TI0 6 B 32-OMTOBOE CIIOBO; TAKMM 00pa3oM, JJIs XpaHEHUS BceX 32 MHAEKCOB TpelyeTcs
[IECTh CJIOB. ANMapaTHO KOMaHa MOKET ObITh peali30BaHa KaK

bitgather Rt, Rx, Ri,

rje Rt — MeNieBOi peructp (a TakKe UCTOYHHUK), PETUCTP Rx COJEPIKUT TEpecTaBiseMbie Ou-
THI, @ B PETHCTPE Ri COMEPIKUTCS MIECTh MATHOMTOBBIX MHAEKCOB (M JBa HEMCIIOIB3YEMBIX OH-
ta). Huke npuBesieHa orneparus, BhITOIHAEMAas KOMaH 0H.

t e (t<<B) X, X, X, X %; X -

T'oBOpst OOBIYHBIM SI3BIKOM, COJEPIKMMOE IEJICBOT0 PETHCTPa CABUIAETCS BJIEBO HA LIECTh
MO3UIIMA U U3 CJIOBa X BBIOMPAIOTCS MIECTh OUTOB WM MOMEIIAIOTCS B MIECTh OCBOOOKICHHBIX
no3unmii t. Beioupaemsie OGUTBI ONIPEIETSIOTCS MIECTHIO TATHOUTOBBIMH HHACKCAMH B CIIOBE |,
OepyIMucs B TIOpsiIKe ciieBa HanpaBo. Hymepaiust OMTOB B MHAEKCAX MOXET ObITh KaK ClieBa
HAIpaBo, TaK U CIpaBa HAJIEBO.

J171st IepecTaHOBKH CJI0BA UCIIOJB3YETCs ITOCIESI0BATEIbHOCTD U3 IIECTH TAKMX KOMAaH]I, BCE
C OJJMHAKOBBIMHU Rt M Rx, HO C pa3HBIMH MHJICKCHBIMHU PErUCTpaMu. B epBoM MHIEKCHOM pe-
THCTPE TOCIIEOBATENBHOCTH 3HAYANIMMHE SIBIISIFOTCS TOJBKO HHJIEKCHI i4 U 5, a OUTHI, BHIOU-
paeMbIe OCTATbHBIMH YETHIPHMSI HHACKCAMH, IPOCTO BBHIABUTAKOTCS 3 TPEACIBI Rt.

Peanusanust 3Toi KOMaH/bl, cKopee Bcero, OyJeT MO3BOJISITh WHASKCHBIM 3HAYEHHSM MO-
BTOPSITHCSI, TAK 4TO 3Ta KOMAH/a MOJKET HUCIIOJIb30BAThCSI HE TOJBKO ISl TIEPECTAHOBKU OUTOB.
OHa MOKET MPUMEHSATHCS JJIT MHOTOKPATHOTO TMIOBTOPEHUS JTIF0O0TO BEIOpAHHOTO OWTA B IIeiie-
BoM peructpe. Oneparym SAG Takas yHUBEpCaJIbHOCTb HE CBOIICTBEHHA.

He crumkoM CIIoKHO peann3oBarh 3Ty KOMaHIy Kak ObICTPYIO (T.e. BBIMOJIHAEMYIO 33 OJUH
TakT). Momyis BeIOOpa GuTa coctouT u3 mect 32:1 MyabTHIuIeKcopoB. Ecian oHM TIOCTPOEHSDI
Ha 0aze mATH MYJIBTUIUIEKCOPOB 2:1, TO maHHAs KOMaHIAa MOKET BEIONHATHCS OBICTpee, YeM
32-6urtoBas KoMaHa ciaoxeHus [45].

ITepecTanoBKka OUTOB MPHUMEHSETCS B KpUNTOTpaduu, a Ui KOMITBIOTEPHOW rpaduKu Xa-
paKkTepHa TECHO CBSA3aHHAS C MEPECTAHOBKOM OWTOB omeparus MEepecTaHOBKU MOJCIOB (Ha-
[IpUMeEp, TEPECTaHOBKA 0alTOB B mpejenax ciosa). O0a >TH MPUMEHEHHS PabOTaIOT Yalle C
64-0MTOBBIMH CIIOBaMHM, HHOTIA naxke co 128-0ntoBeiMu, yeM ¢ 32-0utoBeiMU. MeToasl SAG n
bitgather merko Mo wIPOBATH 1Ist PAOOTHI CO CIOBAMH YKA3aHHOM JJTHHBL.

Js mmdpoBanus W IemMPpPOBaHUS COOOIIECHUS C TIOMOIIBIO AITOPUTMa CTaHJIAPTHOTO
mmdposanus aanHbX (DES) TpeGyercst GONBIIOe KOIUYIECTBO OTOOPAKCHHUIM, aHATOTHIHBIX
niepectaHoBkaM. CHadalia BBITTOJIHSETCS TEHEpaNus KIfo4a, KoTopas BKIo4aeT 17 mepecTaHo-
BOYHBIX OTOOpaXKeHMA. 3aTeM Ka)JIbIi OJIOK COOOIIEHHs, COCTOSIMA U3 64 OUTOB, TIOBEpTa-
eTcs 34 omepanusM TniepecTaHOBKH. [lepBast ¥ MOCIEAHSISI OTIEpAIliH MIPEICTABIISIIOT co0oi 64-
OWUTOBBIE IePECTaHOBKHY, IPUYEM OJTHA M3 HUX oOpaTHa aApyroi. Kpome toro, 16 nepecranoBok
C TIOBTOPSHHUSIMH OTOOpaKarloT 32-OMTOBbIC BEIMIMHBI Ha 48-0nToBbIe U erie 16 BRIMONHIIOTCS
B npenenax 32-0uToBbIX ¢ioB [11].

Bmpouewm, B HacTosimee Bpems DES Brimen u3 ynorpebnenus, nocie Toro kak B 1998 roxy
Electronic Frontier Foundation Oblia JoKa3aHa €ro HU3Kas KPUITOCTOMKOCTH NPH HATHYHU
CIEHAIBHOTO anmnapaTtHoro oodecrnedeHus. HalpoHanbHblii HHCTUTYT CTAaHIAPTOB M TEXHOJIO-
ruii (National Institute of Standards and Technology — NIST) B kauecTBe BpeMEHHOM 3aMEHBI
TPEeUTOKMIT  Ucons3oBare Triple DES— wmerton mudpoBaHus, B KOTOPOM K KaKIOMY
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64-6uroBomy 610Ky DES npumensieTcst TpHKIbI, KaX bl pa3 ¢ APYTHM KIIF0UoM (TakuM oOpa-
30M, JUTMHA KITfoya paBHa 192 Gutam, Brirodas 24 6ura ueTHocTH). Takoit Metos TpeGyeT co-
OTBETCTBEHHO B TPHU pa3a OOJIbIIE ONEpauii MePpEeCTAaHOBKH OWTOB 10 CPABHEHHUIO C OOBIYHBIM
DES.

Onnako npepiaraemas “mnocrosiHaas” 3amena DES u Triple DES, crannapt Advanced En-
cryption Standard [1], coBceM He WCIONB3YeET MEPECTAHOBKM Ha YpOBHE OWTOB. Bimkaiimast K
MepecTaHOBKAM OIEpallysi, HCIOJb3yeMas HOBBIM CTaHJAPTOM, — TPOCTOH IHUKIMYCCKHUI
CIIBUT Ha paccTosiHus, kpaTHbie 8. [lpyrue npeuiaraeMble WM IpUMEHsIeMble METOIbI mH(po-
BaHMsI HCIOJIB3YIOT TOPa3/io MEeHbIIIE IEPECTaHOBOK 10 cpaBHeHHIO ¢ DES.

IIpu cpaBHEHHMH JBYX pPACCMOTPEHHBIX METO/OB MEPECTAHOBKH CIIEIYET yKa3aTh JOCTOHH-
cTBa Kakmoro u3 Hux. Meton bitgather obmamaer ciemyromuMu IpenMyIiecTBaMu: MPOCTOTA
[OJI'OTOBKY MHIEKCHBIX CJIOB M3 JaHHBIX, ONMCHIBAIOLINX [IEPECTAHOBKY, O0JIee MPOCTOe armra-
patHOe obecrieuenne u 6oJee yHUBEpcambHOE 0ToOpakenne. Meroq SAG 1) BBIMOJHSET Tiepe-
CTAQHOBKY 3a MEHbBIIEEC YHCIO KOMaHI, 2) HCIONB3yeT B KOMAaHIEC TOJNBKO JBa PETHCTpa-
HCTOYHHKA (Y4TO MOKET UrpaTh CymIECTBEHHYIO poib B psae RISC-apxurektyp), 3) nerde mac-
mIrabupyeTest TS BBITIOJTHEHHST IEPECTAHOBKH B IBOMHBIX CJI0BaX, 4) 6oiee 3G HEeKTHBHO BHI-
MOJIHSIET TIEPECTAHOBKY MOJICIIOB.

IMynkr 3 moapo6Ho paccmatpuBaercst B [43]. Komanma SAG mo3BosIsleT OCYIECTBUTD Tie-
PECTaHOBKY JBOMHOrO CIIOBa ITyTE€M BBINOJHEHHs JBYX KoMmaHa SAG, HECKONBKHX 0a30BbIX
RISC-xomaH 1 ABYX MOJHBIX MIEPECTAHOBOK eMMHMYHBIX ciioB. Komana bitgather mossonser
C/IeNaTh TO YK€ MYTEeM BBIMOJIHEHHS npeX MOJHBIX MePeCTAHOBOK EJAMHUYHBIX CIIOB U HECKOJIb-
kux 6a30Bbix RISC-koman. 37ech He y4UTHIBACTCS PeABapUTEIbHAS 00paboTKa MepecTaHoB-
KM, COCTOSIIAs B TIOJIy4CHHH 3HAYCHHUH, 3aBUCAIINX TOJIBKO OT HEE; ITOT MOJCYET OCTAETCS M-
TATEJIO B KAYECTBE JOMAIITHETO 3a/aHusl.

UYro kacaercst myHKTa 4, TO /I IEPECTaHOBKH, HANIPHUMeED, YeThipeX 0alTOB CII0Ba MPH I10-
Moty bitgather TpeGyeTcst BBITIOTHUTE IECTh KOMaH]{ — CTOJBKO e, CKOJIBKO MPH 00001IIeH-
HOW niepectanoBke. Meton SAG mo3BOJISET BBIMOIHHUTH T€ XK€ ACHCTBUS 32 IBE KOMaH[bI, a HE
3a MATh, KOTOPBIE TPEOYIOTCS ISl OCYIIECTBIICHUS OOOOIEHHOW NMEepEeCTaHOBKH C ITOMOIIBIO
9TOro MeTosa. Beiurpseiil B 3()(EKTUBHOCTH JOCTUraeTcst Jake B TOM Cliydae, Korjaa pasmep
MepeCTaBIISIEMbIX TIO/ICIIOB HE SIBJISIOTCS CTENEHBIO 2; JUIsl IEPECTAHOBKH N TOJCIIOB Tpedyercst
[log,n| maroB (B N He BXOAAT BO3MOXHEIE TPYIIILI OMTOB, PACIONOKEHHBIEC HA KOHIAX CJI0BA

U HE YYacCTBYIONIHUE B TIEPECTAHOBKE).

Kpome xomann SAG u bitgather (kortopsie umeror umena GRP u PPERM cootseTcTBEH-
HO), B [43] paccMaTpHBAaIOTCS W IPYTHe BO3MOXHBIE KOMAHIIBI MEPECTAHOBKH, & TAKXKE Tepe-
CTaHOBKH ITyTEM IIOMCKA B TAOJIHMIAX.

7.6. IleperpynnupoBKH U NPeodpa30BaHusl MHAEKCOB

MHorue npocTsle NeperpynnupoBKd OUTOB B KOMIIBIOTEPHOM CJIOBE COOTBETCTBYIOT €Ile
Gosnee MPOCTBIM PEOOPA3OBAHUAM KOODPMHAT, MM HHICKCOB OuTOB [19]. DTH coOTBETCTBUS
MIPUMEHHUMBI K NeperpynnupoBKaM 3JIEMEHTOB B II0OOM OJHOMEPHOM MAaCCHUBE, B KOTOPOM KO-
JIMYECTBO DJIEMEHTOB IIPEJICTABIISIET COOOM Lenylo cTeneHb 2. B KOHTeKCcTe NMpakTHYecKOro
IIpOrpaMMHpOBaHus HanboJsiee BaXKEeH CIlydail, KOrja 3JIeMEeHTbl MacCHBa MPEACTaBISIIOT CO00i
croBa (WM MPEBOCXOAAT UX O pa3Mepy).

PaccmoTpuM B KadecTBe IpuMepa BHEIIHEE HJealbHOE NMepeMelIUBaHUEe IEMEHTOB Mac-
cuBa A pazmepoM 8, naromee B pe3ynbTate MaccuB B u cocTosiee U3 ciaeayronux naros:
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A — By
A —B;

A — B,;
A — B

A — B,
A — B

A — Bg;
A —B,.

Kaxnpiit B-unnexc npencrapisier co0oi cCOOTBETCTBYIONMN A-MHIEKC, IUKIMYECKH CJIBUHYTBIN
BJICBO HA OJIHY MO3HIKMIO (MPH UCIIOIb30BAHHH LIUKIHYECKOTO BpalleHus Tpex OuToB). OGpaTHbIit
BHEIITHEMY U/I€ATbHOMY MEPEMEIINBAHUIO MIPOLIECC MOTyYaeTCsl yTeM LIUKINUECKOro CIBMUra Ka-
XKIIOTO MHJEKCA 61paso. Ps mogoOHBIX COOTBETCTBHH MpuBezeH B Tadmn. 7.1. 3neck N — kosde-
CTBO JIEMEHTOB MacCUBa, a IUKIMYECKUE CIBUTH MPOU3BOITCS Hax log,n OuTamu.

Tadanua 7.1. [leperpynnupoBKH U Mpeodpa3oBaHusi HHAEKCOB

O6o01eHHbIH peBepe (cM. pas-
nen 7.1)

L{uKIIMYecKuii CIBUT BIIEBO Ha K
(0370005054

Hukmrueckuil cIBUT BIIpaBoO Ha
K mo3unmit

Buemnee naeanbHoe nepeme-
UIMBaHUE

Oreparisi, 0OpaTHas BHSITHEMY
UJICATHHOMY TTEPEMEIITBAHHIO

BuyTpenHee uaeansHoe mepe-
MeIlUBaHUE

Omnepanusi, oOpaTHast BHYTpeH-
HEMy UCaIbHOMY IIepeMellu-
BaHHUIO

TpancrioHupoBaHUEe OGUTOBOI
matpuibl 8x8, xpausuieiics B
64-61TOBOM CIIOBE

bIID

Hcxnrouarowee uu ¢ KOHCTaHTOM
Berauranue K (mod n)
IMpuGasnenue k (mod n)

[luknraeckuii CIBUT BICBO HA
OJIHY TO3ULIUIO

uknuueckuit cBUT BIIPaBO Ha
OJIHY TO3ULIUIO

[lukmuaeckuii CIBUT BIEBO HA
OJIHY TIO3UIIHIO, 3aTEM JOIOJIHE-
HYE MIIAJIIIEro oura

Z[OHO.]'IHGHI/IC M1aamero 6I/ITa,
3aTCM III/IK.]'II/I‘{GCKI/Iﬁ CABHUT
BIPpaBO Ha OAHY MO3UIIUIO

uknuaeckuii caBur (BI€BO
WK BIIPABO) HA TPH MO3UIIUH

Pesepc OutoB

IleperpynnupoBka IIpeodpazoBanue HHAEKCOB
Hnpexc maccusa, Obparnas
WIH NpsiMasi HyMepauusi OUToB HyMepauus OUTOB
PeBepc Jlonosnnenue Jlononnenue

Hcxnrouarowee unu ¢ KOHCTaHTOM
IMpuGasnenue k (mod n)
Berauranue K (mod n)

yknuueckuit cBUT BIIPaBO Ha
OJIHY TO3ULIUIO

[Iuknraeckuii CIBUT BICBO HA
OJIHY TO3ULIUIO

Z[OHO.]'IHGHI/IC Mi1aamero 6I/ITa,
3aTeM III/IK.]'II/I‘{CCKI/Iﬁ CABHUT
BIPpaBO Ha OAHY MO3UIIUIO

[lukmmaeckuii CIBUT BIEBO HA
OJIHY TO3UIIMIO, 3aTEM JIOIOJIHE-
HYE MIIAIIIEro oura

uknuaeckuii caBur (BI€BO
WK BIIPABO) HA TPH MO3UIIUK

Pesepc OutoB

130

[JIABA 7. IEPECTAHOBKA BUTOB 1 BAIITOB




Cp. 131

['JTABA 8
YMHOXEHHUE

8.1. YMHoKeHHe 00JIbIINX YHCeT

Takoe yMHOXEHHE MOXKET OBITH BBITOJHEHO TPAJMIFOHHBIM IIKONBHBIM CHOCOOOM “B CTOI-
6uK”. OHAaKO BMECTO MCIIONB30BAHMS MacCHBa MPOMEXYTOUHBIX PE3YyIBTATOB ropasio 3 ¢eKTHs-
Hee J00aBISTh K IPOU3BEICHHIO KKIYIO HOBYIO CTPOKY HEMEJUICHHO MOCIIE €€ BBIYUCIICHUS.

Ecimm MHOKMMOE COCTOHT M3 M CJIOB, MHOXHUTENb — U3 N CJIOB, TO MPOU3BE/ICHIE 3aHUMAET HE
6o0JIee M+ N CJIOB, HE3aBUCUMO OT TOTO, BBITIOJHSIETCS 3HAKOBOE WM 0€33HAKOBOE YMHOKEHHE.

[Tpu ucnonb3oBaHuK MeTO/IA “B CTOJIONK” Kaskoe 32-0MTOBOE CIIOBO pacCMaTpHUBAETCs Kak
otaenbHas 1udpa. Takoit METO BIOJIHE PUMEHUM, €CIIM Y HAC €CTh KOMaH/a, KOTopasi JaetT
64-6utoBoe mpousBercHUE ABYX 32-OMTOBBIX cioB. K coxkaneHuro, axke HaJMYME TaKOH KO-
MaH/Ibl B BallleM KOMIIBIOTEPE HE 03HAYACT JIOCTYIMHOCTH K HEH W3 SI3bIKa BBICOKOTO YPOBHSI.
B neiictButensHocTH MHOTHE coBpeMmeHHbIe RISC-koMIBIOTEpPHl HE UMEIOT TaKOH KOMaHIbI
MMEHHO MOTOMY, YTO OHA HEJOCTYITHA W3 SA3bIKa BBEICOKOTO YPOBHS, a IOTOMY U MPAKTHYCCKH
He ucnonb3yercs. (Jpyrast npuyrHa 3aKII0YAETCsA B TOM, YTO 3Ta KOMaH/a — OJIHA U3 HEMHO-
X, BO3BPAIIAIOIINX PE3YJIbTAT B JIByX PETHCTPAXx.)

Kon manHoit niporieaypsl nipencrasieH B ctunre 8.1. 3neck B kauecTse “1udp” UCTIONB3YOTCS
noyciosa. [TapameTp w COIEPIKUT Pe3yiibTar, a U U v — MHOXXHMOE M MHOXKHTEIb COOTBETCTBCH-
HO. Kaxnmplii mapamerp mpencTaBiIser coO00W MacCHB TOJNYCIOB, B KOTOPOM TIEPBOE TIOJYCIIOBO
(w[01,ul01, v[0]) sBIseTCS MIIaIeH 3Hadamel mudpoi (mpsmoii nopsaok). [lapamerphbl m U n
TIPEJICTABIISIOT COOOI KOIMYECTBO MOJYCIOB B MACCHBAX U U v COOTBETCTBEHHO.

Jluctunr 8.1. 3HakoBoe yMHOKeHHE OOIbIIUX YK Ce

void mulmns (unsigned short w[], unsigned short ul],
unsigned short v[], int m, int n) {
unsigned int k, t, b;
int i, 3J;
for (1 = 0; 1 < m; 1i++)
w[i] = 0;
for (j = 0; j < n; j++) {
k = 0;
for (1 = 0; 1 < m; 1i++) {
t = ulil*v[j] + wl[i + J] + k;
wli + j] =t; // (T.e., t & OXFFFF).
k =t >> 16;
}
w[j + m] = k;
}
// Tenepp w[] comepxmuT Ge33HaAaKOBOE MPOU3BEIEHUE.

// KOppeKTMpyeM BBUMTaHMEeM Vv*2**1ém npm u < 0 u
// BHUMTaHMeM u*2**1lén mpm v < 0
if ((short)ulm - 1] < 0) {

b = 0; // VHMUMaIu3upyeMm 3aeM

for (3 = 0; j < n; j++) {
t =wlj +m] - v[j] - b;
w[j + m] = t;
b=t > 31;
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}
if ((short)v[n - 1] < 0) {

b =0;
for (i = 0; 1 < m; i++) {
t = wli + n] - uli]l - b;
wli + n] = t;
b=t > 31;
}
}
return;

IMousTh Ko U3 ucThHra 8.1 MOMOXKET CIeAyIoIas WIUTIOCTpanus (HUKAKOU CBSI3U MEXIY T
M m HET, JIF000e U3 HIUX MOKET OBITH GOJIBIIIE IPYTOTO):

um—]. um—2 ul uO
X Vi, v, V,
W, W, w. W,

m+n-1 m+n-2

Hannas npouenypa cieayet anroputmy M u3 [39, pasgen 4.3.1], Ho B kauecTBe pabo-
4yero si3bika ucnosibdyer C m MoauuuupoBaHa AJisl BHIIIOJIHEHUS 3HAKOBOI'O YMHOXEHHS.
3aMeTHM, YTO NPUCBOEHHE t B MEPBOM MOJIOBHHE JUCTUHTA 8.1 HEe MOXKET BBI3BaTh Iepe-
MIOJIHEHUS, IOCKOJIBKY MaKCUMaJIbHOE 3HaYCHHE, KOTOPOE MOXKET OBITh IPUCBOCHO t, PaB-

2
Ho (2°-1) +2(2°-1)=2"-1.
YMHOH(CHI/IG 60HLH.II/IX YHUCCJI BBIIIOJIHACTCA HpOH.[C 11 6633H3.KOBBIX OHepaHHOB. HO CyTI/I,
kox B jucTHHTE 8.1 BRIMONHAET 0e33HAKOBOE YMHOKEHHE C KOPPEKIHeH pe3ynbTara, Tak uTo,
OHyCTI/IB KO ITOCJIC TpCXCTpO‘IHOFO KOMMeHTapI/I}I, MOXHO HOHy‘II/ITL Hpoueﬂypy 6633HaKOBOFO

YMHOXEHH O0JbmMX dncelsl. be33sHakoByI0 BepCHIO YMHOXKEHHS MOXKHO PacHpOCTPaHUTH Ha
3HAKOBBIE OIIEPaH/IbI TPEMS CIIOCOOAMH.

1. Tlomy4unTh aOCOMIOTHBIE 3HAYEHHS KaXIOTO BXOJHOTO OIEpPaH/a, BEIIOIHUTH OE33HAKO-
BOE YMHOXXEHHE, a 3aT€M M3MEHHTh 3HAK Pe3yIbTaTa, €CIM COMHOXHTEIN UMEIOT pa3-
HBIC 3HAKH.

2. BBITOTHNTD YMHOXKEHHE C MCHOIB30BAHUEM 3JIEMEHTapHBIX O€33HAKOBBIX YMHOXKEHHUH,
33 UCKIIIOYEHHEM YMHOXKEHHS OJHOTO M3 CTapIINX MOTYCIOB; B 3TOM CIIydae HUCIIOJIb3Y-
€TCsl YMHOKEHHE 3HAaKOBOEX0E33HaKOBOE MIIM 3HAKOBOEX 3HAKOBOE.

3. BrmonHuTh 6e33HaKOBOE YMHOXEHHE, @ 3aTEM CKOPPEKTUPOBATD IOJIyYEHHBII pe3yIIbTar.

HepBbIﬁ METOA I BBIYMCJIICHUS a0COJIIOTHOrO 3HAYECHUS Tpe6yeT nmpoxoaa 1mo BceM m+n
BXOIHBIM IIOJTYCJIOBaM. Ecm OIWH W3 OIICpaHdOB ITOJOXHUTCIICH, a BTOpOfI OTPULIATEIICH, TO
I TIOJTYYEHHSA JOTMOJHEHUSA OTPULATEIBHOTO OI€paHaa W pe3ylbpTaTra Tpe6yeTc;{ IIpoxoa 1o
max(m, n) + M+ N OO0JyCJIOBaM. Ho Tropas3go HEIPUATHEC U3MCHCHUC 3HAYCHUS BXOJHOI'O OIIC-

panza (KOTOpBIit MOKET ObITh MepeaaH B QYHKIHIO MO aapecy), YTO MOXKET ObITh HempHemJIe-
Mo JuIsl psifa npuiokeHnil. Kak BapuaHT 00xo/1a 3TOH cuTyaruu, A pa3MelleH s OlepaH/10B
MOJKHO BPEMEHHO BBIIEIISITH JIOTIOJIHUTENBHYIO AaMSTh JIMOO TTOCiIe MX U3MEHEHUs U TpoBejie-
HUSI BBIYMCIICHUH BOCCTaHABIMBAThH UX MPEbLIyIINE 3HaueHus. Bripouem, 3T1 00X0IHBIE MMyTH
TaKKe MAJIOTIPHUBIIEKATEbHBI.

Bropoit MeTox TpeOyeT Tpex BapHaHTOB dJIEMEHTAPHBIX Omepaimii yMHOxeHus (6e33HaKOBOE
X 0e33HaKOBOE, OE33HAKOBOE X 3HAKOBOE M 3HAKOBOE X 3HAKOBOE), & TAKKE 3HAKOBOTO PACIIHpE-
HUS IPOMEKYTOUHBIX PE3YJIbTAaTOB, YTO CYIIECTBEHHO YBEJIMUMBACT BPEMsI BHIUHCIICHUH.
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Takum 00pa3oMm, ny4iie BeIOpaTh TpeTuit Meto. st Toro 4to0bl MOHATh, KAK KIMEHHO OH
paboTaeT, pacCCMOTPUM YMHOXEHHE [IBYX 3HAKOBBIX LIEJIBIX 3HAYCHUI — U U V pazmepom M u
N OHTOB COOTBETCTBEHHO. BEIUMCIICHNS B MEpBOM YacTH JIMCTHHTA 8.1 paccMaTpuBarOT U Kak
0€33HAKOBYIO BEJIMUYKHY, UMEIOIIYI0 3HaueHue U+2"u,, ,, rie u,, , — 3HaKoBbIi OuT U (T.e.

Uy, =1, ecd U OTPHLATENBHO, U Uy, , =0 B MPOTHBHOM Cliy4ae). AHATIOTHYHO, V HHTEPIIPETH-
PYyETCsl IPOrpaMMOii Kak UMeEIoLIee 3HaueHne v+ 2" v, ;.

TIporpaMma BEMHCIISET MPOU3BEIEHHE STUX OE33HAKOBBIX BETUYNH, & HMEHHO:
(u+2"uy ) (v+ 2" ) =uv+ 20y v+ 2% U+ 2" Ny v

Jlist TOro 9TOOBI MOTYYHTh TpeOyrommiics: pe3ynbTar ( UV ), HeOOXOANMO BBIYECTD U3 OE33HAKO-
BOrO MpOU3BeaeHus Beiauuuny 2" u,,_v+2"v, _,u. Berautars uien 2Y*u,, v, , HeT HeoOXo-

JMMOCTH, TTOCKOJIbKY M3BECTHO, YTO PE3yJbTAT MOXHO BBIPA3UTh MpH moMou M + N OuToB,
TaK 4TO HET HEOOXOIMMOCTH BBIYHCISATH OWTHI cTapiie, 4eM OuT B mo3unuu M + N —1. Omu-
CaHHbIC BBIYUTAHUS BBIIOJNHSIOTCS B JucTHHTE 8.1 mocie TpeXCTPOKOBOro KOMMEHTapusl H
TpeOYIOT MPOX0/1a MAKCHMYM 110 M-+ N MOJIYCIOBaM.

MoeT OKa3aThCsl COOJIA3HUTEIBHBIM KCIIONB30BAaTh MPHUBEJCHHYIO B JucTHHTE 8.1 1Ipo-
rpammy, nepenarasi € B KauecTBE IMapaMeTpOB MACCUBBI U3 MOJHBIX CJIOB. Takas mporpamma
Oyzmet paboTaTh Ha MaIlMHE C MPSIMBIM MOPSAKOM 0aiiToB, HO He ¢ 0OpaTHBIM. Eciu xpaHuTh
MacCHBBI B 0OpPAaTHOM TMOPSsJIKE, KOora u[0] COAEPKHUT CTapiiee MoixyciaoBo (K mporpamma Oy-
JIET COOTBETCTBYIOIINM 00pa3oM M3MEHEHa), TO TPH Mepenade B KauecTBe MapaMeTpOB MacCH-
BOB ITOJIHBIX CIIOB TIporpamma GyzeT paboTocrmocoOHOM Ha MaIiHe ¢ 0OpaTHBIM (HO HE ¢ TIpsi-
MBIM) MOPSIKOM OAMTOB.

8.2. Crapiuee c10B0 64-0MTOBOr0 YMHOKEHUS

Tenepb paccMOTpUM 3ajady BBIYMCIEHHs cTapmux 32 OUT NpOW3BeAEHMs JBYX 32-
OUTOBBIX LENBIX YKceln. DTo QyHKIMK U3 Hawero 6azoBoro Habopa RISC-xomann — cmapuwee
cnoso suaxosozo ymnodicenus (multiply high signed, mulhs) u cmapwee croso bes3snaxosozo
ymnooicenus (Multiply high unsigned, mulhu).

B cnydae 6e33HaKOBOro YMHOKEHHsI XOpOLIO pabOTaeT ajJrOpUTM W3 MEPBOW YaCTH JIHMC-
tunra 8.1. TlepemnuiiieM ero AJst YaCTHOTO Cliydass M=N=2 C Pa3BePHYTHIMH I[[UKJIAMHU U BbI-
MOJTHEHUEM OYEBHIHBIX YIIPOIIEHNH (M3MEHUB TapaMeTphl Ha 32-OUTOBBIE TIENTBIC THCIA).

B ciyyae 3HaKOBOTO YMHOXKEHHSI HET HEOOXOJMMOCTH B KOPPEKTHPYIOLIEM KOJIE U3 BTOPOii
MOJIOBHHBI JIUCTUHTA 8.1. DTOT KOA MOXHO OIYCTHTH, €CIIU MPABUIILHO MOJOUTH K TIPOMEKY-
TOYHBIM pe3yJibTaTtaM, OOBSIBISIS UX KaK 3HAKOBble. KOHEUHBIH allrOPUTM MPUBENICH B JINCTUH-
re 8.2. Ilpu ucronb30BaHUN 0€33HAKOBOW BEPCHU MPOCTO 3aMEHUTE BCE OOBSBICHUS int 00b-
SBJICHUSIMHU unsigned.

Jluctunr 8.2. Crapiiee ¢JI0BO pe3yJIbTATa 3HAKOBOI0 YMHOKEHUS
int mulhs(int u, int v)

{

unsigned u0, vO0, wO0;

int ul, vl, wl, w2, t;

ul0 = u & OxXFFFF; ul = u >> 16;
v0 = v & OxFFFF; vl = v >> 16;
w0 = u0*v0;

t = ul*w0 + (w0 >> 16);

wl = t & OXFFFF;
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w2 = t >> 16;
wl = u0*vl + wl;
return ul*vl + w2 + (wl >> 16);

Jannblii anroput™ TpeOyet BbioiaHeHus: 16 6a30Bbix RISC-komaHn B Kak10# M3 Bepcuid
(3HaKoBOIT U 6E33HAKOBOI), YETHIPE M3 KOTOPBIX SBISIOTCS YMHOXKCHHSIMU.

8.3. IIpeobpa3oBanue 3HAKOBOI0 M 0€33HAKOBOI0 NMPOU3BEAeHH I

[IpennonoxuM, 9T0 HAII KOMIBIOTEP IMO3BOJISET JIETKO BHIYHCINTH CTAPIIYIO TIOJIOBUHY 64-
OUTOBOTO MPOM3BEACHUS IBYX 32-OUTOBBIX 0€33HAKOB8bIX TENBIX YHCEIN, HO HaM TpeOyeTcs BbI-
MTOJTHEHUE JTOI OMepaIiu UIL 3HAKO8blx dHcel. MOXKHO BOCIONB30BaThCS NPOLEAYPOH W3
muctuHra 8.2, Ho OHA TpeOyeT BBHIOIHEHUS YeThlpeX YMHOXeHui. bomree sddextuBHyto mpo-
[eIypy MOXHO HaiTH B [6)].

AHanmM3 JaHHOTO alTOPHUTMa IPEJCTaBIseT COOON YacTHBIM CiTydail aHaim3a mpeodpas3o-
BAHHOTO JUIsl YMHOEHUsI 3HaKOBBIX umncen anroput™a Kuyra (cm. muctunr 8.1). Tlycts X 1y
03HAYaroT ABa 32-OMTOBBIX 3HAKOBBIX IIEIBIX YHCIA, KOTOPBIE TpeOyeTcs NepeMHOXNTh. KoM-
NBIOTEP PACCMATPHUBAET X KAK He33HAKOGOE 1ENOE YUCIIO, UMEIOIIEE 3HaueHue X+ 2%x, , rie

X, — Ilenasi BeM4yKHa, paBHas 1, ecnu X oTpunarensHo, u O B IpOTHBHOM citydae. AHaJIOTHY-
HO, Y PACCMATPUBAETCS KaK O€33HAKOBOE YHCII0, MMEIOIIEE 3HaYeHne Y+ 2%y, .

XOoTq HAC MHTEPECYIOT TOJBKO cTapmue 32 OWTa BETUYMHBI Xy , KOMIIBIOTEpP HMPOU3BOIHT
BBIYHCIICHHE

32 32 32 64
(X+ 2%, ) (Y + 2% Y ) = 0+ 2% (XY o YarX) + 275, Yy
Jlyist TOro 4TOObI MOJYYUTh UHTEPECYIONINN HAC PE3YIILTAT, HEOOXOMMMO BBIUECTh U3 MOIY-
YEHHOM BEIUIUHBI 2% (XY + Y3X) + 2% X, Y3, . [IOCKONIBKY H3BECTHO, YTO PE3yIbTaT MOKET OBITh

3aMMcaH IpHu MOMOIH 64 OUTOB, MOXKHO MCIIONB30BaTh apU()METHKY 10 MOJIYIIIO 2%, 310 03-
HAYaeT, YTO MOXKHO CHOKOWHO MIHOPHPOBATh MOCJICIHUH YIEH U BBIYUCISATH 3HAKOBOE POU3-
BeJIeHHeE, KaK NOKa3aHo Huke (rocpeacTBoM cemu 6a3oBbix RISC-koman).

p < mulhu(x,y) // Komanna 6e33HaKk0BOro 64-6UTOBOTO YMHOKEHHUS

t, (x>s>3l) &y It =%,y (1)
t, < ( y>s>31) & x II't, = yux

p«p-t —t, Il p — ucxomulil pezynomam

be33nakoBoe npou3sBeacHHuEe

OO6paTtHoe TnpeoOpa3oBaHNe — 3HAKOBOI'O MPOMU3BENCHUS B O€33HAKOBOE — BBIMOJIHACTCS
Tak xe npocto. [lonyveHHas B pe3yspTaTe nmporpaMma mnpeacrasisier coboit (1) ¢ Tem oTianyu-
€M, YTO IiepBas KOMaHJa 3aMEHSEeTCs] KOMaHJIOW 3HAKOBOro 64-OMTOBOrO yMHOXKEHHMS, a IO-
CJIEHSS OTIEPALUsl 3aMEHSeTCA Ha P P+t +1,.
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8.4. YMHOKeHHe HA KOHCTAHTY

CoBepIIeHHO OYEBHHO, YTO YMHOXKECHHE Ha KOHCTAaHTY MOYKHO IIpeoOpa3oBaTh B MOCIEIO0-
BaTENILHOCTD CO6U206 U crodicenuil. Hanpumep, mmst ymHoxxenus X Ha 13 (1101 B mBomuyHOM
MPEICTaBICHHH) MOXXHO BOCIIOJB30BaThCs MPHUBEICHHBIM HIDKE cOCOOOM (pe3yiabTar yMHO-
KeHus — I).

LeXxk2
f, e Xx<x3
ret+t+x

B 3TOM pasnene neBble CIBUIM 3alIMCHIBAIOTCS KaK YMHO)KEHHS HA CTEIICHH JBOWKH, TaK
YTO NPUBEINCHHBIN IUIAH BBIYHCICHUH 3aIMCHIBACTCS KaK I ¢ 8X+4X+ X ; 9TO TOJDKHO SICHO
MIOKa3bIBaTh, YTO JIsl BEIYMCIEHHH Ha OOJBIIMHCTBE KOMIIBIOTEPOB HaM IOTPeOYeTCsl YeThIpe
6a3oBbix RISC-komanb!.

Xorenock Obl MOAYEPKHYTH, YTO TEMa YMHOXKEHHUS! Ha KOHCTAHTBI CJIOXKHEE, YeM KaKeTCs
Ha TepBbId B3rsiA. KpoMe mpouero, mpu pacCMOTPEHHMH pa3HbIX BapUAHTOB YMHOXKEHUS Clle-
JIyeT YYUTBIBATh HE TOJBKO KOJIMYECTBO COBLU208 U CLOJCEHUIl, HEOOXOAUMBIX JUISl PeaTU3aluy
TOTO WJIM WHOTO YMHOXEHUs. JIJIsl WITFOCTpalvy CKa3aHHOTO PacCMOTPHM JBa BapHaHTA yM-
Hoxenust Ha 45 (101101 B ABOMYHOM MpEICTABICHHH).

t < 4x t, < 4x
rex+t t, < 8x
te2t ty; < 32x
rer+t r<t+x
t « 4t t,—t+t,
rer+t rer+t,

[l:1aH BRIYMCIIEHUH, IPEICTABICHHBIA ClIeBa, UCIIOIB3YET IIEPEMEHHYIO U I XpaHeHHs Be-
JIUYUHBI X, CABHHYTOW HA KOJUYECTBO MO3HIMI, COOTBETCTBYIOIIMX CIUHUYHBIM OUTaM MHO-
skutens. Kaxaoe cBUHyTOe 3HaueHHE MOJy4aeTcs U3 CABUHYTOTO Mepes dTHM. Takoil miaH
o0JagaeT CIeayrIUMH TPEUMYIIIECTBAMH:

e It pabOTHI KPOME PETHCTPOB IS BXOJHOTO W BEIXOJHOTO 3HAYEHHs TPeOyeTCs TOIBKO
OIIUH PETHUCTD;

® Bce KOMAaHIIbI, 32 HCKIIIOUYCHUEM TIEPBBIX BYX, ABYXaIPECHBIC;

® BCJIWYHHBI CIBUTOB OTHOCHTCIIHPHO HCBCIIUKH.

OTH e CBOICTBA OCTAIOTCS ACHCTBUTEIFHBIMH U JJIS IPYTUX MHOXKHTEIEH .

B cxeme crpaBa cHavana BBIMOJHSIOTCS BCE cOsueu C X B KauecTBE omepaHsa. | JiaBHOe mpe-
HMMYILIECTBO TAKOT'0 PEIICHHs] — yBEJIMUeHUe Napasuien3Ma BeruucieHuid. Ha komisrorepe ¢ gocra-
TOYHBIMU BO3MOYKHOCTSIMU pacHapajieMBaHus BBIYMCICHUN Ha YPOBHE KOMaH/I IIpaBasi cXxeMa Bbl-
TIOJIHSIETCS] BCETO 3a TP TaKTa, B TO BpeMsl Kak JieBas cxeMa Ha MallliHe ¢ HEOrpaHUYEHHBIMU BO3-
MOYKHOCTSIMU PacrapauIeIMBaHNs BEIYHUCICHHUI HA YPOBHE KOMaH]] TPEOYeT YeThIpPEe TaKTa.

Kpowme Toro, 3aiaua moucka MUHUMAILHOTO KOJIMYECTBA KOMaH/I ([oApa3yMeBas 1Mo 1 HUMH
KOMAHJIbl CO8U2A U CROMNCEHUsL) JUIS BBIOJHEHUS YMHOXEHUsI HA KOHCTAHTY HETPHBHAJIBHA.
Hanee OyneM cUuTaTh, YTO MHOXKECTBO JOMYCTUMBIX KOMAHJ COCTOUT U3 CJLOJCEHUS, GbIYUMA-
Hust, cosuea eneso n ompuyanus (ne). Kpome toro, Oynaem cuutath, 4T0 GOpMaT KOMaHI —
TpexaJpecHblil. BrpoueM, eciM OrpaHUYUTHCS TOJBKO crodicenuem (IPU 3TOM CIBHUT BJIEBO
OCYIIECTBIISIETCS ITyTEM CIIOKEHHS YHCIIa ¢ CAMUM CO0OM, 3aTeM CyMMBI ¢ caMmoii co0oii u T.11.),
3a/ja4ya OTHIO/b HE YIPOIIAeTCs, KaK ¥ B Cliydae, €Clii B HAO0Op KOMaHJ J00aBUTh IPYrUe KO-
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Manel, HampuMep komauay HP PA-RISC cosue u crooicenue (oHa caBuraer coaepxumoe pe-
THCTpa Ha OJHY, [IBE WM TPHU TO3UINH, CKIAIBIBAET C COACPKUMBIM BTOPOTO PETHUCTpA U II0-
MeIIaeT Pe3ynbTaT B TPETHH PETHCTpP; TAKUM 00pa30M MOXKHO OCYIIECTBHTh YMHOKEHHE Ha 3,
5 wnu 9 o1HOH, TIO-BUIMMOMY, OYeHb OBICTPOI KOMaH0#1). Byem Takke CunTaTh, 9TO HAC WH-
TepecyroT TOJIbKO Mitaame 32 OuTa Mpou3BeACHUS.

[lepBoe ymydimieHne K MpeAyIOKESHHON BBIIE 0a30BOM cXxeMe OMHApHOTO PasJIOKEHHUS CO-
CTOUT B HCIIOJIE30BAHUH 6b6IYUMAHUS TSI COKPAIIEHHS TIOCIEI0BAaTeIFHOCTH BEIYHCICHNUH, ec-
JI1 MHOXKHATEIb COJEPIKUT TPYIITY M3 TPEX MM OONBIIETO KOIWIECTBA TOCIEI0BATEIBHBIX a1~
HUYHBIX OuTOB. Hampumep, st ymuoxkenus Ha 28 (11100 B ABOMYHOM TIPEACTABICHAH) MOK-
HO BBIYHMCIIUTE 32X —4X (TpH KOMaHJIbl) BMECTO TOI'O, YTOOBI BBIYUCIATE 16X +8X +4X 3a IATh
koMmaHJ. Ha MammHax ¢ MCIojb30BaHUEM JOMOIHEHUS 0 TBOWKU KOHCUHBIA Pe3ysbTaT OCTa-
€TCS KOPPEKTHBIM, JIaXKe €CJIU IMPOMEXYTOYHOE 3HAUCHUE 32X BBI3BIBACT IEPCIIOIHCHHUE.

YMHOXEHHEe Ha KOHCTAaHTY M 110 cxeMe OMHAPHOTO Pa3IOKEHUS C MCTIOIF30BAHAEM TOIBKO
KOMaHJI coguea U crodcenis TpeOyeT BBIIOIHEHUs 2pop(m)-1-46 KxomaHn, rae =1, ecam m

3aBepIIaeTCs eAMHUYHBIM OuToM (HeueTHO), U pasHO O B mpoTHBHOM ciydae. Ecim xe B jo0-
HOJIHEHHE K TIEPEUMCIEHHBIM KOMAaH/IaM HCIIONB3YOTCA KOMAH/IbI BEIYMTAHMUS, TO YMHOXKEHHE
Tpebyer BemonHenus 4g(m)+2s(m)-1-4 komaH#, rae g(m) — KOJIMYECTBO TPy U3 ABYX H

OoJee 1OCIENOBATENBHBIX €AHHUYHBIX OMTOB B M, a S(M) — KOJIUYECTBO “ONMHOKUX' eIu-

HUYHBIX OUTOB. 3HaUEHHE O ONpPENEISIETCS TaK XKe, KaK U paHee.

Juist Tpynmel U3 AByX 6alTOB 00a METO/Ia paBHOIICHHEI.

Crenyroriee yimydIieHre COCTOUT B PACCMOTPEHHH TPYII CHEIMAI3APOBAHHOTO BHJIA, COCTOS-
[OIMX W3 pa3AeieHHBIX OJHUM HYyJICBBIM OWTOM TPYINI 3 IIOCIENOBATENHHBIX €AMHNYHBIX OWTOB.
Paccmotpum, Hampumep, M=55 (110111 B mBOMYHOM MpeACTaBICHHN). METOI TPYIIT MO3BOJISIET
BBIYUCIUTH IIPOU3BEACHUE ITyTEM BBIMOIHEHUS LIECTH KOMAaHJ. (64x—16X)+(8x— x) . Ecimn ke

BBIYHUCIIAITh TPOM3BEACHHE KaKk 64X —8X — X , TO MoTpedyeTrcsi BBIIOJIHEHHE TOJBKO YETHIPEX KO-
MaHZ. AHAJIIOTUYHO, yMHOKeHHe Ha aponmdHoe urcio 110111011 tpeGyer BBIMONHEHHS MIECTH KO-
MaHJI, 9TO HIDTIOCTpUpYeTCs PopMymoi 512X — 64X —4xX — X .

[TpuBeneHHble BbIIE (GOPMYJBI JAIOT BEPXHIOK T'PAaHMIYy KOJIMYECTBA KOMaHj, TpeOyro-
IIMXCS U1l YMHOKCHUSI IEPEMEHHON X Ha JaHHOE 4ucio M. Jpyrast rpaHuIia MOXeT OBbITh HO-
JIydeHa MCXO/Is M3 pasMepa M B OuTax: n=|log,m|+1.

Teopema. Vumnoowcenue nepemennoii X na N-bumosyro koHcmauwmy M, M1, moowcem
ObIMb 8bINOIHEHO He 6osiee Yem 3a N KOMAHO CNOJHCeHUs, 8bIYUMAHUA U CO8USA 61180 HA
HeKomopoe 3a0anHoe 3HadeHue.

JokazaresbeTBo (10 HHAYKIUK 1O N). YMHOXeHHe Ha 1 BeimonHsercs 3a 0 koMaH, Tak
gro a1 N=1 teopema crpasenusa. i1 N>1 yMHOKeHIe Ha M (eciu M 3aKaHYUBASTCSI HyJIe-
BbIM OMTOM) MOXHO peaju30BaTh MyTeM YMHOXKCHHs Ha YMCIIO, MPEICTaBIstolee coboi e-
Bble N—1 6uTOB uKcia M (T.e. HA M/2) 32 N—1 KOMaHAy, U coguUea 61€60 HA OJHY MO3HUIIHUIO,
T.€. BCEro 3a N KOMaH/I.

Eciau M B 1BOMYHOM HCUYHCIICHHH 3akaH4dnBaeTcs Ha 01, TO MX MOXHO BBIYHCIHUTH MyTEM
YMHOKEHHS X Ha YHCII0, COCTOSILICE U3 JIEBBIX N—2 6uToB M (s yero motpedyercs He Gonee
N—2 KOMaHJ), ¢ HOCICAYIOLINM CO8U2OM PE3YTbTATA 671e60 Ha IBE TIO3ULHU H CLOJCEHUs C X.
Bcero s aToro Tpebyercs BHIIIOIHEHHE N KOMaHI.

Ecan m B IBOMYHOM HMCYMCICHHMH 3aKaHYMBaeTcd Ha 11, TO HyXKHO paccMOTPETh CiIy4au,
Korga M B IBOMYHOM TpexacraBieHnn 3akanumBaercs Ha 0011, 0111, 1011 m 1111. Ilycts
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t — pesynbrar yMHOXeHHUS X Ha JieBble N—4 Outa M. Ecim m 3akanumBaercs Ha 0011, to
mx =16t + 2X + X , JUIA 4ero TpeOyeTCs BBHIMOJIHCHHE (n—4) +4=n xomanza. Eciu m 3akaHuu-

Baetcst Ha 0111, To mx =16t +8x — x, a eciim Ha 1111 — 10 Mx =16t +16X — X ; B 000UX CiTyya-
SX JIJIS1 BEIYUCIICHNH TpebyeTcst BEIONHUTE N komaH . [locinenaunit cirydait — Korna JBOMYHOE
npejcTaBieHne M 3akanguBaeTcst Ha 1011.

IIpu 3TOM JIETKO MMOKa3aTh, YTO MX MOYKHO BBIYHCIIMTH 3@ N KOMaH/I, €CIIH M 3aKaH4YNBACT-
cst Ha 001011, 011011 uim 111011. Ocraercst paccmotpeTs cirydaid 101011,

OTH pacCyKICHUSI MOXKHO IIPOJIOJKATh — M BCSIKMH pa3 “mocnenHui ciydait” OyzaeT mnpen-
cTaBIATh c000# yncno Buaa 101010...10101011. B koHIle KOHIIOB OyIET TOCTUTHYT pa3Mep M
1 HaM OCTaHETCsl PacCMOTPETh TONbKO N-OuroBoe uncio 101010...10101011, kotopoe conep-
KHUT n/2+1 enuHAYHBIX O6uTOB. HO paHee OBUIO MOKAa3aHO, YTO X HA TAKOE YHCIIO MOYKHO YM-

HOXUTH 32 2(N/2+1)—2=n KOMaHZ.

Takum o0pa3zoMm, Ha 32-OMTOBOM KOMITBIOTEpPE, HAIPUMEpP, YMHOXKCHHE Ha JIFOOYIO KOH-
CTaHTY MOXET OBITh BBIMOJIHEHO MAaKCHMyM 33 32 KOMaHIbl B COOTBETCTBHH C OIUCAHHBIM
BBIIIIE METOJIOM.

IIpoBepka moxassIBaeT, 4To, Koraa N geTHo, N-ouroBoe uucio 101010...101011 tpedyer
BEIMOJTHEHHs N komaH[, kak u yncino 1010101...010110 B ciaydae HeYeTHOTO N, TaK YTO yKa-
3aHHAs TPAHUIIA KOMITAKTHA.

OnucaHHass METOJIOJIOTHS HE CIHMIIKOM CJIOKHA JIO T€X IOp, MOKa MBI paboTaeMm ¢ Hel
BPYYHYIO WJIM BCTPAWBAEM B allTOPUTM JIJIsl KCIIOJIB30BaHUs, HAIIPUMEp, B KoMmuisaTope. OiHa-
KO TaKOW aJrOpUTM HE BCErJa JAeT ONTHUMAJbHBIA KOJI, IIOCKOJIbKY MHOT/IA BO3MOXHO Jalib-
Helllee ero yaydiieHue. OTO YIyYlIeHUEe MOXKET HCIOJIb30BaTh, HAIPUMED, PE3yJIbTAaThl pa3-
JIOXKCHHST M WU MPOMEXKYTOYHBIC PE3YNIbTaThl BHIYHMCICHUI. B3risHeM emie pa3 Ha ciydait
mM=45. OnucaHHbIA BBIIIE METOJ TPeOYET BBIMOIHEHUS MIECTH KOMaH][, HO pasjoxenue 45 Ha
MHOXHUTENH 5 U 9 TaeT HaM pellieHHEe C UCIOJIb30BAHUEM BCErO YETHIPEX KOMAH]I.

t<«—4x+x
r<8t+t

PasnoxxeHrne MoXeT ObITh CKOMOMHUPOBAHO C aIMTUBHBIMH MeToAaMu. Hampumep, ym-
HokeHne Ha 106 mpu MCHONB30BaHUM AUTUBHOTO METOJa TPEOYET BBIMOJIHCHUS CEMHU KO-
MaHJI, HO 3anuch 106 kak 7-15+1 maeT pemieHue, COCTOSIIEe U3 MATH KOMaH]I.

Pemenne 3agaun 0 MaKCUMaJIbHOM KOJIMUECTBE KOMaH I, HEOOXOIMMOM ISl YMHOXKEHHSI Ha
N-OUTOBYIO KOHCTAHTY C MCIIOJB30BAHMUEM PA3JIOKEHHS, aBTOPY HE M3BeCTHO. [t Gompmmmx N
OHO MOXeT OBITh MEHBINE, YeM JIOKa3aHHas paHee rpaHura N. Hampumep, 3HaueHHE
mM=0xAAAAAAAB 6e3 mcrons30BaHus pa3oKeHHs1 TpeOyeT 32 KOMaHIl, HO €CIIH 3aIfcaTh
9TO 3HaYeHHWe Kak 2-5-17-257-65537+1, To OymeT moiydeHo perreHue, cocrosmee u3 10 ko-
MaH] (4TO, BEPOSATHO, HETUIIUYHO YISl OOJIBIIUX YHCEN; PA3IOKEHUE OTPAXKAET UepeOBaHUE
€/IMHAYHBIX U HYJIEBBIX OUTOB B IBOMYHOM ITPEACTABICHUH YUCIIA).

B [39, pa3zmen 4.6.3] paccMaTpuBaeTcs TECHO CBsI3aHHas C AaHHOMW 3ajauei mpobiieMa BbI-
YHucIeHns a" C MCIOJIB30BAHNEM MHHHMAIIFHOTO KOJMYEeCTBA YMHOKEHHH. JTa 3a1a4a aHayo-
THYHA 337]a4e YMHOXKCHHUS Ha M C HCIOJIb30BAHUEM TOJIEKO KOMAH][ CIIOKEHHsI. AJTOPUTM BBI-
YHCJIEHHST MX , KOTOPBIH MOXHO HCIIOJIL30BaTh B KOMIIMJIATOPE, OnucaH B [5].
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['JTABA 9
HEJOYUCJIEHHOE JEJEHHUE

9.1. IIpenBapuTesibHbIE CBEIEHUS

B aT0if 1 cnemyromeii TIaBax MPUBOIUTCS PsI MPHEMOB M aJTOPUTMOB “KOMIBIOTEPHOTO
JeneHnsT IeNbIX Jucel. B Marematndeckux (GopMmyliaX HCIOIB3YeTCs 3amuch X/y Uit 000-

3HAYCHHUSI OOBIYHOTO JACTICHUA, X-+Y — JJId 3HAKOBOI'O KOMIIBIOTEPHOI'O JACJICHUA LEIIBIX YUCEII

(c orceuenneM apoGHOM yacTu), U xiy — 151 6€33HaKOBOTO KOMITHIOTEPHOTO JIETICHHUS 11e-
neIx uncel. B kone Ha s3bike C x/y 03Ha4aeT KOMIBIOTEPHOE JEJICHUE, KOTOPOE MOXKET OBITh
KaK 3HAKOBBIM, TaK U 0€33HAKOBBIM — B 3aBUCHIMOCTH OT €TO OIIEPAHJIOB.

Jenenne npencrasisieT coO0M CIIOKHBIN POIIECC, ¥ BKITIOYAIOIIHE €ro aJlrOPUTMBI 3a9acTyIO He
CJIIIIKOM 3JIeTaHTHBI. boJiee TOro, cepbe3HBIM BOPOCOM SIBIISIETCS TaXKe TO, KaK UMEHHO JIOJDKHO
OBITH OIpEIEIIEHO 3HAKOBOE JENICHNE. BONBIIMHCTBO S3BIKOB BEICOKOTO YPOBHS W HAOOPOB KOMaH/
KOMITBIOTEPA OTIPE/IEISIIOT PE3yIIbTaT [EJIOYMCICHHOTO JIeJICHHs KaK Pe3yJIbTaT PaliOHATIBHOTO Jie-
JICHWsI ¢ OTOPOIIEHHOH JPOOHOM YacThio. Hrbke MpOMIIIOCTPHUPOBAHBI TaHHOE U JIBa IPYTUX BO3-
MOKHBIX OTIPEIEIIEHHSI LIEJIOYHCIIEHHOTO JeieHns (FeM 03Ha4YaeT OCTaTOK OT JIEJIECHHS).

OTcedueHue MonyJiib OkpyTJieHne
K MEeHblIeMy
3HAYEHUIO
7+3 = 2 rem 1 2 rem 1 2 rem 1
(=7)=+3 = -2 rem -1 -3 rem 2 -3 rem 2
T7+(-3) = -2 rem 1 -2 rem 1 -3 rem -2
(=7)=(-3) = 2 rem -1 3 rem 2 2 rem -1

Coortnomenue Jemumoe= Yacmnoe* [Jenumens+ Ocmamox BBIOJHSIETCS TPU JIFOOOM orIpe-
JIeJIEHNH LIeJIOUMCIIEHHOTO Jienienust. “MoyiibHoe” JiesieHre onpesensieTcst Kak TpeOyroliee, 4To-
6bI OCTATOK OT JIC/ICHHS GBI HEOTPHIATENLHBIM , 4 JC/ICHHE ¢ OKPYTJICHHEM K MCHBIIIEMY 3Hade-
HHIO TpeOyeT, 4TOOBI pe3ysbTaT MPeCTaBIsul co00l HanboJIbIIee 11eJI0e YUCII0, HE TIPEBOCXOI-
11ee pe3yJbTata palloHAIBHOTO JieNieHus . [Ipy ITOJI0KUTENBHOM JIeTIUTENe 3TH JBa METO/Ia aloT
OJIMHAKOBBIE Pe3ynbTaTbl. ECTh M YEeTBEPTHIi, PEAKO HCIOIb3YyEeMbli BapHUaHT LEJIOYUCICHHOTO
JIeJIEHNs], KOT/1a pe3yJIbTaT PalMOHATIBHOTO JAEJICHHUS OKPYTJISIeTCs 10 OrKaiIero 1enoro 4nca.

OnHO U3 JOCTOMHCTB MOAYJIBHOTO JEJICHUS U JIEJICHHS C OKPYTJICHUEM K MEHbLIEMY 3Haue-
HUIO 3aKJII0YAETCsl B TOM, YTO OHM YNPOILAIOT PsiJi UCIOJIb3yeMbIX pueMoB. Hanpumep, nerne-
Hue Ha 2" MOKHO 3aMEHHTh 3HAKO6bIM CO6U20M 61PAGo Ha N TIO3MIIMIA, & OCTATOK OT JEIEHHs X
Ha 2" mosydaeTcst B pe3ynbTaTe IpUMEHEHHs onepamn u K X 1 2" —1. S Taxke momospesaro,
YTO MOZYJBHOE JEJeHHe M JeNICHHe C OKPYIJIeHHeM K MEHbIIeMY 3HAa4eHHIO yalle JAI0T TOT
pe3yJbTaT, KOTOPBIH Bac MHTepecyeT. Hanpumep, npeAnonokum, 4To Bbl MULIETE IPOrpaMMy

1 o 3maro, uTo MemHst GyIyT KPHTHKOBATH 3a TAKYIO KIACCH(HKALIIIO, IOCKONBKY M3 MOHSITHS “MO-
IyJp" He cliefyeT moHsTHe “HeoTpuuarenbHblid’ . Oneparop mod y Kuyra [38] o3Hawaer ocrarok ot 1e-
JIGHHsI C OKpyIJIeHHeM K MeHbleMmy 3HaueHuro (floor), koTopslii uMeer oTpuuarenbHOe 3HaYeHHe (HIIH
pasen 0), eciu euTeNb OTpULaTeNeH. Psj S36IK0B IPOrpaMMUpPOBaHUs ompeessier GyHKImo mod kak
OCTaTOK IpU OTceKarommeM aeneHnu. OHako, HalupuMep, B TEOPHH KOMIDIEKCHBIX YHCET MOAYJIb €CTh Be-

JIMYWHA HEOTpULIaTCIbHAasA, KaK U B pAAC APYIrUX pa3z€JI0OB MaTEMAaTUKH.
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IS BBIBOJIA TpadiiKa HeJOYHCICHHON QYHKIMH, 3HAYCHHS] KOTOPOH HAXOATCS B THANA30HE OT
imin mo imax, u xoture, YT00Bl KPAaWHUMH 3HAYCHMSIMHE [0 OCH OPIMHAT ObUIM HAWMEHBIIINE
kpatsble 10 uncia, BKIIOYAtomue imin u imax. Ty KpaiiHue 3HaYeHus paBHbI (imin+10)+10 u

((imax+9)+10) *10, eCJIi BOCIIOJIb30BATHCS “MOJYJIbHBIM” JCICHUEM WM JCJICHUEM C OKPYT-

JICHUEM K MCHbIIEMY 3HAYCHUIO. Ecau e ucnoybp308aTh 00BIMHOE ACJICHUEC, BaM MPUACTCA U~
CcaThb KOJ Hanoz[061/1e CIICYIOLIECTO:

if (imin >= 0) gmin = (imin/10)*10;
else gmin = ((imin - 9)/10)*10;
if (imax >= 0) gmax = ((imax + 9)/10)*10;
else gmax = (imax/10)*10;

[Homumo ToTO YTO “MOIyNBEHOE” HETICHHE W JeNieHHe C OKPYTJICHHEM K MEHBIIEMY 3Hade-
HUIO MPaKTHYHEE JEJCHUsI C OTCEYCHHEM, CIIEAYET OTMETHUTh, YTO HEOTPHUIATENbHBIA OCTATOK
OT JeieHust TpeOyeTcsi, ToXKallyH, Jalle, 4eM OCTATOK, KOTOPbIi MOXKET MPUHUMATh OTpHIIA-
TeJIbHbIC 3HAUCHHUSI.

Craenatb BEIOOD MEXAY “MOAYIBHBIM® JEJICHHUEM H JIEIIEHHEM C OKPYTICHHEM K MEHBIIEMY
3HAYEHHIO HEMPOCTO, MOCKOJIbKY OHHM OTJIIMYAIOTCS TOJBKO B CIydae OTPHUIATEIBHOTO JEJIUTe-
JIsI, 4TO BCTPEYAETCsl JOBOJBHO peiko. OOpalieHne K CyIIeCTBYIOUMM sI3bIKaM IPOrPaMMHUPO-
BaHHsI BHICOKOTO YPOBHSI B 9TOM CHTYallMH HE TIOMOXKET, IIOCKOJIbKY MPAKTUUECKH BE3Jie Jele-
HHUE 3HAKOBBIX IEJbIX YHCENl x/y O3HAa4yaeT JAeleHHe ¢ orceueHneM. HekoTopbie sI3bIKH MpO-
IpPaMMHUPOBAHUS TIPH JICJICHUU LEJIbIX YHCENl BO3BPAIIAIOT YMCIIO C IUIABAIONIEH TOYKOH, T.e.
paunoHanbHOe. HuuyTh He mpole cuTyanust ¢ octatkamu ot aeneHus. B Fortran 90 ¢pynkums
MOD J1aeT OCTaTOK OT JEJICHUsI C OTCEYECHUEM, a (PYHKIMS MODULO — OCTaTOK OT JEJICHUS C OK-
PYTJICHHEM K MEHBIIEMY 3Ha4YeHHIO (KOTOPBIM MOKET OBITh OTPHIIATEIHHBIM). AHAJOTHYHO B
Common Lisp u ADA ¢yHKIHs REM JaeT OCTATOK OT JENICHHUS ¢ OTCEYEeHHEM, a MOD — OcCTa-
TOK OT JICNICHHS C OKPYIJICHHEM K MeHbIeMy 3HaueHuo. B PL/| 3HaueHie MOD HeOTpHULATEb-
HO (OCTaToOK OT MOAyIbHOTO JeneHus). B Pascal omeparms A mod B ompeneneHa TOIBKO ISt
B> 0, a e pe3yabTar BCeraa HeOTPULATENIeH (T.€. 3TO OCTATOK OT MOJYIbHOTO JACNICHHUs THO0
OT JIeJICHUS C OKPYTIIEHHEM K MEHBIIIEMY 3HAYEHHIO).

Kak GbI TO HH OBIIO, MBI HE MOYEM H3MEHHTb MU, JaXe eCITH ObI i XOTeITH 9TO C/IeIaTh?,
TaK 4To Jajee, Ceays 3a GOJMBIIMHCTBOM, OyIeM HCIIOIb30BaTh 00bIUHOE (OTCEKaroIIee) ompe-
JIeTICHUE JICCHHsT X+ Y .

Camoe 1IeHHOE CBOWCTBO OTCEKAaIOILEro JIEJICHUS 3aKiIIo4aeTcss B ToM, 4to juisi d #0 BbI-
MOJHSIOTCS CIISYIOIIUE COOTHOIICHHSI:

(-n)+d=n+(-d)=—(n=d).
OnHako K MOJ00HBIM MPEeoOPa30BaHUSIM B MPOTPAMMax CIIEAYET MOJXOMUTh OCTOPOXKHO, TaK
kak eciau N win d npeactaBisior coboii Haubosbiiee (0 MOIYII0) OTPHUIATEILHOE YUCIIO, TO
-n wim —d He MOryT ObITh TpenacTaBieHbl 32 Ouramu. Oneparust (—232) +(—1) BbI3BIBaET He-
penosiHeHue (pe3yIbTaT HE MOXET OBITh MPEJCTABIICH B BUJIE 3HAKOBOW BEJIMUMHBI B JOTOJIHH-

TCIbHOM KOﬂe), 1 Ha OOJILIIUHCTBE KOMIILIOTEPOB PE3YJIbTAT OKAXKCTCA HEOIMPLCACIICHHBIM R195(000)
onepanusa — HEBBIIIOJIHEHHOM.

2 Brpouewm, HekoTOpbIe MHTAoTCs. 1351k |BM PL.8 HCIIOIB3yeT MOMyIbHOE AeleH e, a KOMAHA JIc-
nenus B MamrHe Kuyra MMIX ucnonb3yer geneHne ¢ OKpyriieHHeM K MEeHbIIeMy 3HadeHuro [48].
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3HakoBoe 1e0e (OTCEKalOIIee) JEIEHHE CBA3aHO C OOBIYHBIM PAIMOHAIBHBIM JICICHUEM
CIIEAYIOIINM COOTHOIICHUEM

. |, ecnud=0,nd=0;
4 al
s (%—‘, ecimd #0,nd < 0.

Be33HakoBoe 1ienoe eneHue, T.e. AeNeHHe, MPU KOTOpoM i N u d paccMaTpuBarTes Kak 0es-
3HAKOBBIC IIENbIC YKCIIA, YAOBICTBOPSIET BepxHel yacTu (1).

B nanpHeiimeM paccCMOTPEHHHM TEMBbI UCIIOIB3YETCS s/l QJIEMEHTAPHBIX apH(METHUECKUX
CBOMCTB, KOTOpbIE IPUBOJSTCS 3/1ech Oe3 jokazarenbcrTBa. PyHKIMHM, BO3BpallaroN[Ue Hau-
Gonbliree 1enoe Yucio, Menbiiee ganHoro (floor — “mon”), u HauMeHsblee, GoNbIIee JAHHOTO
(ceil — “moTonok”), moapo6Ho onwmcansl B [18, 38].

)

Teopema D1. ]us deticmeumensrozo X u yenozo K cnpaseonusut credyroujue coomHoueHust:

[x]==[=x]
x—1<|x|<x

| x|<x<[x]+1
x>k | x|2k

x>k=|x|>k

x<k=|x|<sk=x<k+1

x<ke|x|<k

[x]==[-x]
x<[x]<x+1
[x]-1<x<[x]
x<k e[ x]<k
x<k=[x]|<k
x2k=[x]2k=x>k-1

x>k e[ x]>k

Teopema D2. /{ns yenvix Nu d (d>0) cnpaseonusvr coomnowenus:
[EJ_[n—d+l_ u [E"‘_Ln+d—lJ
dj | d dl L d |
Ipu d< 0 cnpaseonusvl coomnowenus
n|_[n-d-1] u nl_|n+d+1
d d d d '

Teopema D3. /{1s deticmeumenshozo X u yerozo d =0 cnpasednuevt coommoutenus
[LxJ/d|=lxd] w [[x]/d]=[x/d].

Cnencrsue. /na oeticmeumenvhoix yucen a u b (b20) u yenoco d#0 cnpaseoruswr co-

LAl - T

Teopema DA4. /{1 yenvix nu d (d=0) u deticmsumenvrozo X cnpagednugv coomuouieHus:

LE-FXJ:V]J’ eciu 0< X< 1, u [E+X—‘=$Vﬂ—‘, ecxzu—‘E
d d d d d d

<x<0.
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B npuenenHoi Huxe Teopeme rem(n,d) obo3HayaeT ocTaTOK OT meneHus N Ha d. s ot-
pUIaTeIbHBIX 3Ha4eHMH d melicTByeT cienyromee onpenenenue: rem(n,—d)=rem(n,d), Kax B
ClIydae JIeleHHs C OTCEYeHUeM M MoxynbHoro penenus. IIpu Nn<O ¢ynkuus rem(n,d) He uc-

nojip3yercst (Takum 00pa3oM, P HAIIEM KCIOJIL30BAHUU JaHHON (YHKIMH €€ 3HAYEeHHs BCe-
rJla HEOTPHUIIATEIbHBI).

Teopema D5. /{na n>0 u d 20 cnpaseonusvr coommowenus:

2rem(n,d) wiu
2rem(n,d)—|d|

2rem(n,d)+1 wu

rem(2n,d)={ 2rem(n,d)—|d|+1

u rem(2n+ld)= {
(npuuem xascooe uz snavenutl 6oavue uiu paeno 0 u menvuie \d\ ).

Teopema D6. /{12 n>0 u d 20 cnpaseonuso coomnowenue:

rem(2n,2d)=2rem(n,d).

Teopembr D5 u D6 nerko qoka3bIBarOTCS MCXOJs U3 0a30BOr0 ONPEACICHUS OCTAaTKa, T..
YTO JIJIsl HEKOTOPOTO LIEJIOTO ( OH YIOBJIECTBOPSIET COOTHOIICHHIO

n=qd+rem(n,d), O<rem(n,d)<|d

rae N20 u d#0 (N u d MoryT ObITh HE LETBIMH, OJHAKO OyIeM MPUMEHSATH HAIIH TEOPEMBI
TOJIBKO K LIEJIBIM YHCIIaM).

9.2. lesieHue 00JIbIINX YHCEJT

Kak u B ciiydae yMHOXEHUSI, JielieHHe OOJBIIMX YUCET MOYKHO OCYIIECTBUTH TPAJUIIMOH-
HBIM IIKOJIBHBIM CTIOCO00M “B cTonOnK” . OHAKO ETaIH peaqn3alui TAKOro MEeTo/1a Ha yIUB-
nenue crnoxHbl. B mmctunre 9.1 npusenen amroputm Kuyra [39, pasmen 4.3.1], peanusosan-

u
HbIi Ha s3bike C. B ero ocHoBe JiexuT Oe33HaK0BOE JeieHue Tuina 32+16 = 32 (Ha caMoM Jiene
YaCTHOE TIPH TAKOW OTIEPAIHH JCIICHUsI UMeeT UTHHY He Oonee 17 6ur).

JInctunr 9.1. be3snakoBoe aeneHue 00JbIINX HEJIbIX YHCET
int divmnu(unsigned short gl[], unsigned short rI[],
const unsigned short ull],
const unsigned short vI[],
int m, int n)

const unsigned b = 65536; // OcuoBauue umcen (16 GurToB)
unsigned short *un, *vn; // HopManmM30OBAHHEI BUI U U V
unsigned ghat; // Tlpennosaraemasa uud@pa YacCTHOTO
unsigned rhat; // OcTaTok
unsigned p; // llpomusBermeHMe OBYX LUPP
int s, i, j, t, k;
if m<n || n<=0 || vin-1] == 0)

return 1; // Bo3BpamaeTcs OPpM HEKOPPEKTHOM IapaMmeTrpe
if (n == 1) // YacTHBI CJydal OeJuTeJis M3 OIOHOM LMQPH
{

k = 0;

for (j =m - 1; j >= 0; j--)
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aljl = (k*b + uljl)/v[0];

k = (k*b + ul3jl) - ql3l*v[0];
}
if (r != NULL) r[0] = k;
return 0;

// Hopmamnmszaluusa IyTeM CcIOBMI'a V BJIEBO, TakKoI'0, 4YTO

// crapumy OMUT CTaHOBMUTCS E€IOMHUYHEM, M CIBMUITa U BJIEBO
// Ha Ty Xe BenuuuHy. Ham MoxeT norpeboBaTbcsa NOBaABUTH
// crapmyio LMOpy K YACTHOMY; MBI IejlaeM 3TO 0e3yCJIOBHO
s = nlz(v[n-1]) - 16; // 0 <= s <= 16.

vn = (unsigned short *)alloca(2*n);
for (i =n - 1; 1 > 0; 1--)
vnli] = (v[i] << s) | (v[i-1] >> 16-s);
vn[0] = v[0] << s;
un = (unsigned short *)alloca(2*(m + 1));
un[m] = u[m-1] >> 16-s;
for (i =m - 1; 1 > 0; 1--)
unl[i] = (uli] << s) | (uli-1] >> 16-s);
unf[0] = ul[0] << s;
for (j =m - n; j >= 0; j--) // TIaBHEM LUKJ
{ // BeumcIigeM oueHkKy glj]
ghat = (un[j+nl*b + un[j+n-1])/vn[n-1];
rhat = (un[j+n]*b + un[j+n-1]) - ghat*vn[n-11];
again:
if (ghat >= b || ghat*vn[n-2] > b*rhat + un[j+n-2])
{

ghat = ghat - 1;
rhat = rhat + vn[n-1];
if (rhat < b) goto again;

}
// YMHOXeHMEe U BBUMTAHMNE
k = 0;
for (i = 0; 1 < n; i++)
{
p = ghat*vnl[i];
t = unl[i+j] - k - (p & OXFFFF);
unl[i+j] = t;
k = (p >> 16) - (t >> 16);
}
t = unl[j+n] - k;
unl[j+n] = t;
qglj] = ghat; // CoxpaHeHye LUPPH YACTHOTO
if (t < 0) // EcCJaM MBI BBIUJIM CJIMIIKOM MHOTO,
{ // BepHeM Hasan
qljl = qljl - 1;
k = 0;
for (i = 0; 1 < n; 1i++)
{
t = un(i+j] + vnl[i] + k;
unl[i+j] = t;
k =t >> 16;
}
unl[j+n] = un[j+n] + k;
}
} // for jJ

// EcJiu BBIBHIBAKIIEN GOYHKLMM HYXHO 3HAUEeHME OCTaTKa,
// DeHOpMaNM3yeM U BO3BpallaeM eTIo
if (r != NULL)
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for = 0; 1 < n; 1i++)

(i
r[i] (un[i] >> s) | (un[i+l] << 16-8);
}

return 0;

AJroput™M 00padaThIBacT BXOJHBIC M BBIXOJAHBIC JAHHBIC MO MOJCIOBa. KoHeyHO, OBUIO OBI
TIpeIoYTHTENbHEe 00padaThIBaTh JAHHBIE TI0 CJIOBY, HO TAaKOHW aTOPUTM TPeOyeT HaJIMIMs KOMaH-

u
Ibl JieeHdst 64+32 = 32 . OmHaKo Nperoaraercs, 9Yro Takoi KOMaH/Ibl B KOMIIbIOTEpE HET (Win
OHa HEOCTYITHA U3 SI3IKA BHICOKOTO YPOBHS). XOTs TPH 3TOM TIPEIIIONIAraeTcsi HATHIUE KOMAaH/IBI

JICIICHUS 32132 = 32, Ui pelIeHusl Halllei 3a7a4uu JJOCTATOYHO KOMaH/IbI 32116 =16.

Takum oOpa3oMm, B JaHHOH peanu3anmy anroputMa KHyTa oCHOBaHHME CUHCIEHHS b paBHO
65536. B [39] BbI HaiigeTe mogpOGHOE MOSCHEHHE JAHHOTO arOPUTMA.

Jemumoe u U ICIUTENh v HCIOIB3YIOT MPSIMOM MOPSIOK, T.€. u[0] U v[0] MpPeICTaBISIOT
co6oit muaaiue nudpel ynucaa (BIpoyeM, TaHHBIN KOJI KOPPEKTHO paboTaeT MpH UCIOJIB30Ba-
HHUH Kak TPSIMOTO, TaKk 00paTHOro mopsiaka). [lapaMeTphl m ¥ n MPEACTaBISsIOT COOO0M KonYe-
CTBO TOJNYCJIOB B u M v cooTBercTBeHHO (KHYT ompesenser m Kak [UTHHY YacTHOTO). BBI3HI-
Baromias GyHKIHMS TODKHA 00ECTICUnTh aMSITh ISl XPAHEHHsT YaCTHOTO g U (HeoOs3aTeIbHO)
UL ocTaTka r. [IpoCTpaHCTBO [UIS YaCTHOTO JOIDKHO WMETh pa3Mep, Kak MHHUMYM, m-n+1
MTOJTYCJIOB U n MOJYCJIOB IS OCTaTKa. Eciy 3HaueHne ocTaTka HaC HE MHTEPECYeT, BMECTO afl-
peca s ero pa3MenIeHHsT MOXKHO TepeaaTh mapamerp NULL.

Anroput™m TpeOyet, 9ToObI ctapmas nudpa nemuTens v[n-1] ObUta HeHyIeBol. JTo yI-
poIIaeT HOPMATU3AIHMIO ¥ TIOMOTaeT YOeAUThCs, YTO BBI3BIBAOMIasi (PYHKIMS BBIACITHIIA TOCTa-
TOYHOE KOJHMYECTBO MaMSTH JJisi 4acTHOro. Koja mpoBepsieT, sBIIsseTCS JIM 3HaYeHHE v [n-1]
HEHYJICBBIM, a TaK)KE BBITIOJIHEHHE YCIOBUH n =1 U m>n. Ecnu moboe U3 3TUX ycioBuil Ha-
PYIIEHO, BO3BpAIaeTcst Koj ommbku (3HaueHue 1).

[Tocne 3TX MPOBEpOK KOJA BBHITIONHSET JAENEHHE Ui YacTHOTO Cirydasi, KOTna JCIHUTENh
uMmeeT JUHY 1. DTO BBIICJICHHUE YACTHOTO CIIydas HE JJIs YCKOPEHHUs paboThl; MPOCTO OCTaB-
mrasicsl 9acTh aJrOpUTMa TpebyeT, YTOOBI AIMHA IenTeNs Oblila He MeHee 2.

Eciu nenmutens umeeT UIMHY 2 WIK OOJIBIIYIO, aJTOPUTM HOPMAIH3YET JICIUTEIb, CIBUTAs
€r0 BJIEBO Ha BEMYMHY, JOCTATOYHYIO, YTOOBI cTapmunii out aenurens 6pu1 paBeH 1. Ha Ty ke
BEJIMYHMHY CIIBUTACTCS U JICITUMOE, TAK YTO 3TH CIIBUTY HUKAK HE BIHSIOT HA BEIUYUHY YaCTHO-
ro. Kak nosicasiercst y Kuyra, 3Ti maru He0OXOIUMBI TSt TOTO, YTOOBI OOJIETYHUTH OIEHKY Ka-
IO 1UQPBI YACTHOTO C XOPOIICH TOYHOCTHIO. /st onpeieNicHns] BETMYUHBI CIBUTA MCIIOJb-
3yercs QYHKIUSA Koauuecmsd 6edyuux Hyaesolx oumos nlz(x).

[pu BBINIOJTHESHUN HOPMAJIM3AINH IS ISTUMOTO W JICTIUTENSI BBIICIISICTCS. HOBAsl MAMSATh. JTO
JIeTIaeTcs B CBSI3M C TEM, YTO C TOUKHM 3PEHUS BBI3BIBAIONICH (PYHKINHN KpaliHEe HE)XelaTelNbHO W3-
MEHEHHE BXOJIHBIX JaHHBIX, KOTOPBIEC BOOOIIE MOTYT OKa3aThCsl KOHCTAHTAMU, PACIIOTI0KEHHBIMHU
B MAMSITH, TOCTYITHON TONBKO Ut uTeHus. KpoMe Toro, n3-3a cIBura JeInMOMy MOYKET TIOHAI0-
OUTHCS TOTIOJHUTELHOE MOYCIIOBO JJIsl XpaHeHwUs crapiinei udpel. {7st BeIIEICHHS 3TOW mamsi-
Ti B C MIeanbHO MOIXOAUT doyHKuI/I;I alloca (), KOTOpas OOBIYHO BBIZEISIET TAMSTH C TTOMOIIBIO
IBYX-TpeX KOMaHI M He TpeOyeT SBHOTO €€ OCBOOOXKICHHS. OTa MaMATh BBHIACISETCS B IIPO-
IrPaMMHOM CTEKe, TaK YTO OHa aBTOMATUYECKH OCBOOOXKIACTCS MIPH BO3BpATe U3 (PYHKIHH.

B 0CHOBHOM IHKJIE TIPOMCXOAMUT OBICTPOE BBIUUCICHHE MU(P YaCTHOTO, MO OTHOK mudpe 3a
UTEPALHIO; ITMMOE TPHU 3TOM YMEHBINACTCSI M B KOHCYHOM CUCTE CTAHOBUTCS PABHBIM OCTATKY.
OreHka 3Ha4eHHsT OYepeTHOI MU(PHI 9aCTHOTO ghat IMOCTe YTOYHEHHS B IUKIIE, TOMEUYCHHOM
METKOH again, BCErga OKa3bIBAETCS JIMOO TOYHOM, JIMOO OOJIBIIE TOYHOTO 3HaYeHNs Ha 1.
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Criepyroliye maru COCTOAT B YMHOKEHUH ghat Ha JENUTENb U BBIYUTAHUU NPOU3BEACHHS
13 MOJIy4EHHOT'0 OCTaTKa, KaK M B METO/Ie JICJICHUsI CTONOMKOM. Ecin 0CcTaTok OKa3bIBaeTCs OT-
pHUIATENBEHBIM, HEOOXOJUMO YMEHBIIUTHh HUGPY YacTHOrO Ha 1 u OO 3aHOBO BBIYHCIIUTH
MPOM3BE/ICHHE U BBIYECTh €r0 M3 OCTaTKa, JUOO, YTO TOopas3zio Mpolie, NPHOaBUTh K OTpHIIA-
TEJILHOMY 3HAYCHHIO OCTaTKA JICIUTEINb. TaKoH 1mar nenaercs He 0oJiee 0JJHOTO pasa, OCKOIb-
Ky nu¢pa 9acTHOTO MO0 TOYHA, TMO0 OOIIbIIe TOYHOTO 3HaUYeHHS Ha 1.

INocnennee AeiicTBUE COCTOMT B BO3BPATE OCTATKA BBI3BIBAIONICH (DYHKIHMH, €CITU TePEIaHHBIN
aJipec MamsITH JUIsk XpaHeHUsI ocTatka He NULL. OCTaTok npy 3TOM J0JDKEH ObITh CIBUHYT BIPABO HA
Ty e BeJIMYKHY, Ha KOTOPYIO B LEJISIX HOPMAIM3AIMH CABUTAIKCH BICBO JCIHUTENb U JICJIMMOE.

[laru, cBs3aHHBIC C HEBEPHOI OLIEHKOW MU(PPHI YACTHOTO, BBIMOIHSIIOTCSA JOCTATOYHO PE/-
k0. UT0oObI yOEAUTHCS B 3TOM, 3aMETUM, YTO MEPBOE BBHIYUCICHUE OLCHKU KaXI0H 1upbl va-
CTHOTO ghat BBIMOJHICTCS IMyTeM JCICHUS JABYX CTAPIIUX IU(PP TEKYIIEro OcTaTKa Ha CcTap-
uryro nudpy aenurens. [llaru nmukina again YTOYHSIOT OICHKY MyTEM JCICHUS TPEX CTapIIAX
mudp TEKyIero ocratka Ha dge crapiive udpbl genureis (0Ka3aTeabCTBO OIMYIIEHO; yoe-
JITHCS B KOPPEKTHOCTH 3TUX JIEUCTBUIT MOXKHO, MPOBESl HECKOJIBKO TECTOBBIX BBIYHCICHUIT C
OCHOBAHHMEM CHUCTEMbI CUMCIIEHHS b = 10). 3aMETUM, YTO W3-3a BBIMOJHEHHOW HOPMATU3AIUH
JICTUTEh UMECT 3HAUCHHE, HE MEHbIIIee b/ 2, a AeIuMoe He Ooiee 4YeM B b pa3 MpeBbIIIacT Jie-
JUTelh (MOCKOJIBKY 000 OCTATOK MEHbIIE JeTUTENIS).

Hackonbko TOYHA OLICHKA YACTHOTO TPH HMCIOJB30BAHMH TOJBKO TpeX LU(Dp AEIUMOro U
JBYX — germrens? Mo)KHO MOKa3aTh, YTO B CBSI3U C BHIIOJHEHHON HOPMAaIM3AIIEH Takasl OIICHKa
JIOBOJTBHO TOYHA. YTOOBI YBHIETh 9TO B KAKOH-TO Mepe MHTYUTHBHO (6e3 (hOpMabHOTO TOKa3aTelb-
CTBa), pPACCMOTPHM OIICHKY U/V B apudMeTHKe ¢ ocHoBauueM cunciernst 10. MokHO 1MoKa3aTh, 94To
Takast OIICHKA BCET/Ia HECKOJIBbKO 3aBbiiiicHa (M TodHa). ClieIoBaTeIbHO, HAUXY/IIIM CITy9IaeM SIB-
JSIETCS TOT, TIPU KOTOPOM YCEUEeHHE JEIUTENs 10 IBYX HH(pP MAKCHMAIIbHO YMEHBIILIAET ero, a yce-
YeHHEe JSIMMOTO JI0 TpeX (P He yMEHBILACT ero BEJIMYUHY, KOTOPasi J0DKHA ObITh MAKCUMAJILHO
BO3MOXHOM. D10 Tporcxomut B cimydae 49900...0/5099...9, uro npusomuT K onenke 499/50=9.98.
Tounbli pe3ynmbTar cocraBisier npumepHo 499/51=~9.7843. Pasumma B 0.1957 mokaseiBaer, 9TO
OIIeHKa I(PHI YaCTHOTO OTIIMYASTCS OT UCTUHHOTO 3HAYeHHs He Ooee yeM Ha 1, mprdeM 3To Tpo-
ucxomut npuMepHo B 20% citydaes (B TPEIIONOKEHNH, 9TO MHPPHI YaCTHOTO pacTipeie/ieHb! paB-
HOMEPHO). DT0, B CBOIO OUYepelb, 03HAUAET, UTO JOTIOTHHTEHHbIE JICHCTBYS, CBS3aHHbIC C HETOUHOM
OLICHKOH (B! YaCTHOTO, OYIYT BBITONHATECS MprMepHO B 20% ciydaes.

IMpoBenenne 3TOr0 (HECTPOTOTO) aHAIM3A IS OOIIETO CIIydast CHCTEMbI CYHCIeHus b mpu-
BOJIUT K BBIBOJIy O TOM, YTO OLICHOYHOE M UCTUHHOE 3HAUCHHE ITU(PPBI YACTHOTO OTIMYACTCS HE
Gonee wem Ha 2/b. B cmyuae b=65536 MBI TONTYyYHM, YTO OIIEHOYHOE W WCTHHHOE 3HAYCHHE

IUQPBI YaCTHOTO OTIIMYAIOTCS He 0ojiee YeM Ha 1 M MPOUCXOIUT 3TO C BEPOSITHOCTHIO IIPUMEP-
HO 2/65536=0.00003. CnemoBaTelbHO, AOMOIHUTENLHBIE AEHCTBUSA BBIIOJIHAIOTCS TOJIBKO
npumepHo st 0.003% tmdp gactHOTO.

B kayecTBe KOHKPETHOTO MpHMEpa, KOTAa TPeOYIOTCS JOMOJHHUTEIbHBIE KOPPEKTH-
pyloliie AeWCTBUS, B JCCATUYHOW CHCTEME CHHMCICHHS MOXXHO TPUBECTH JICJeHHE
4500/501. AnanoruyHblii OpuUMep [UIS CHCTEMBI CYHCJICHUS MO OCHOBaHUIO 65536 —
Ox7FFF 80000000 0000/0x800000000001.

He Oynem mBITaThCs OLEHUTH BpeMsi PaOOTHI MPOTPaMM B IEJIOM, OTPaHUYUMCS JIMIIH 3a-
MEUYaHHWeM, YTO sl OOJBIIMX M W N BpeMs BBINOJHEHUS OINPEACISETCS LUKIOM yMHOXKe-
HUsH/BEIYMTAHUS. XOPOIINi KOMITUISATOP B COCTOSIHUM UCIIOIB30BATh JJIsl 3TOTO IMKJIa Bcero 16
6a30BbIx RISC-komaH, oHa M3 KOTOPBIX — ymHodcenue. LITUkI for J BBIOTHASTCS N pas, a
MK YMHOXEHUSA/BBIUMTAHNS — M—N+1 pas, 9To JaeT BpeMsl BBIMOJIHEHHUs 3TOM YacTH Tpo-
rpamMmel, paBHoe (15+mul)n(m-n+1) TakroB, rae Mul — Bpems ymHOxeHus aBYX 16-
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OWUTOBBIX TIEpeMEeHHBIX. KpoMme Toro, B mporpaMme BEBITIONHSAETCS M—N+1 KOMaHA AEICHUS U
OJTHA — BBIYHCIICHUS KOAUYECMBA 8e0YUUX HYIe8bIX OUMO8.

3HaKoBoOE AejIeHNe 00JbIINX YU Ce

[TpuBOINTE CTIEMATM3UPOBAHHBIN aTOPUTM JJIsi 3HAKOBOTO JISJICHUST OOJIBITNX YHCET HET
HEOOXOIUMOCTH, ITPOCTO YKaKEM, KaK MOXHO alalTHPOBATH IS 3TOTO alTOPUTM 0€33HAKOBO-
ro AeneHus OONbIINX YHCEN.

1. V3MeHHTH 3HAK Y JIEIIUMOTO, €CIIM OHO OTPHUIIaTeNbHO. CIENaTh TO Ke JUIS STUTENS.
IIpeobpa3oBath AeaUMOE U ACIUTEb B 0€33HAKOBOE MPEICTABICHHE.

Hcnonp30BaTh AITOPUTM O€33HAKOBOTO JIEJIEHHS OOJIBIINX YHCEIT.

IIpeobpa3oBaTh YaCTHOE U OCTATOK B 3HAKOBOE IPEICTABICHHUE.

M3MmeHnTh 3HaK YaCTHOro, €CJIM 3HaKH JCJIUMOI0 U JCIUTCIIA ObLIH Pa3JINYHBI.

o gk wbd

Ecmm nenmumoe OTpHMIATCIIBHO, U3BMCHUTH 3HAK OCTAaTKa.

WHorna BRINOMHEHNE 3THX IIAroB TpeOyeT Ao0aBIeHns WK yaaleHus crapmiero oura. Hampu-
Mep, PEANIONIOKUM UTS TIPOCTOTHI, YTO YHCIIa MPEICTABICHBI B CHCTEME CUHCIICHHS C OCHOBAHHEM
256 (omuH GaiT Ha 1W(PY) U YTO TIPH 3HAKOBOM TMPEICTABICHAN YHCIIA CTAPIINIA OHT TTOCIEI0Ba-
TENBHOCTH TP SABISETCS 3HAKOBBIM. TaKoe MpescTapieHrne HanooJiee TIoXoke Ha 0OBIYHOE TIpeT-
CTaBJICHHE YHCEl B JOIMONHHUTEIFHOM Kojzie. B aToM ciydae nemmrens 255, KOTOPEHI B 3HAKOBOM
npeactasieHny uveet Bun OXOOFF, mpu BeImonHeHNH mara 2 JoybKeH ObITh cokparieH 10 OXFF.
AHAIIOTUYHO, €CTIM YaCTHOE M3 Imara 3 HAYWHACTCS C eIMHIYHOTO OWTa, I KOPPEKTHOTO TPEem-
CTaBJICHMS B BHJIE 3HAKOBOTO YHCIIA HYXKHO JIOOABHUTH K HEMY BEIYIIIMI HYJIEBOW OaiT.

9.3. Be33HakoBOe KOPOTKOE JIejieHie HA OCHOBE 3HAKOBOI'0

IMox “xopoTkuM JieeHreM” Mopa3syMeBaeTcs JejeHHe OJJHOTO CJioBa Ha japyroe (T.e. je-
nenue THa 32+32=>32). D10 00bIYHOE JeNeHne, KOTopoe B s3bike C ¥ MHOTHX JPYTUX A3BI-
Kax IpOrpaMMHUPOBaHUs BBICOKOTO YPOBHS BBIMOJHSIETCS ONeparopoM “/” ¢ HeJIbIMH OlepaH-
namu. B C numeercs u 3HaKOBOe U 0€33HAKOBOE KOPOTKOE JIEJIEHHE, HO B PsiJIc KOMIIBIOTEPOB B
HAbOp KOMaHJ| BXOJHUT TOJBbKO 3HAKOBOE JesieHne. Kakum 00pa3oM MOXKHO peann3oBath Oe3-
3HAKOBOE JieJieHne Ha Takoi Mamune? Hemoxoxe, 4ToOBI Takas 3ajqadya pemiaiach riiajko H
MPOCTO, TEM HE MEHEE PACCMOTPUM HEKOTOPbIE BO3MOKHbBIE BAPHUAHTHI.

Hcnoan3oBanue 3HAKOBOIO OJJIMHHOI'0 J€JICHUA

Jaxe ecn KOMIBIOTEP OCHAIICH 3HAKOBBIM JUTMHHBIM JeieHueM ( 64+ 32— 32), ocyIect-
BJIeHHE 0E33HAKOBOr0 KOPOTKOTO JIEJIEHHs He TaKasl IIPOCTasl 33/1a4a, KaK MOXKET I10Ka3aThCsl Ha

u
nepBeiil B3rsa. B kommunsitope XLC nns IBM RS/6000 q<—(n+dj peanmsyeTcs clexyro-
MM 06pa3oM (3amKch ¢ UCIOTb30BAHUEM TICEBIOKO/IA).
u
1. if n<d then q«O0
2. else if d=1 then g<«n
3. else if d<1 then q¢«1

4. else q«(0]ln)+d
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Tperbsi cTpoKa B JCUCTBUTEILHOCTH MPOBEPSECT BBITOJHEHUE YCIOBHUS d>2". Ecrm d B
9TOM MeCTe anreGpandecK MEeHbIIIe WK PaBHO 1, TO, TIOCKOJIBKY OHO He paBHO 1 (3Ta mpoBep-
Ka BBITIONHSIACH BO BTOPOW CTPOKE), anreOpandecku OHO MOJDKHO He mpesbimath 0. Hac we
6ecrokouT cirydait d=0, T03TOMY, €Cii MPOBEPSEMOE B TPEThEH CTPOKE YCIOBHE UCTUHHO, 5TO

u
03HAYAET, YTO YCTAHOBJIEH 3HAKOBLIHA OuUT d, T.e. d>2% . [ToCcKONBLKY U3 EPBOIl CTPOKU U3BECT-

HO, 4TO n>d , ¥ N HE MOKET NpeBblnarh 2% —1, 1o nid=1.

3anuch B UETBEPTOH CTPOKE O3HAYaeT (POPMHUPOBAHUE IIETOTO YHCIA JBOWHOM JUIMHBI, CO-
cTosmIero u3 32 HyJEeBBIX OWTOB, 32 KOTOPBIMHU ClieayeT 32-OMToBasi BeNMYMHA N, U JCICHHUE
ero Ha d. ITpoBepka d=1 BO BTOpPOIi CTpOKE HEOOXOAUMA ISl TOTO, YTOOBI TapAaHTUPOBATH, YTO

9TO [IeNIeHHE HE BBI30BET MEPENOHEeHHs (IEePErOoHEHNEe MOKET BOSHUKHYTh HPH n>2% , ¥ 4a-
CTHOE B 3TOM CIIy4ae OKa3bIBACTCS HEOIPEACICHHBIM).

Ecnm o0beHATE CpaBHEHHS BO BTOPOM M TPEThel CTpOKaX3, TO OTHMCAHHBIA BBIIIE AJITO-
PHUTM MOXeT OBITH peann3oBaH NpH moMomu 11 KoMaHI, TpH U3 KOTOPHIX — KOMaHMIBI BETB-
nenus. Ecnu HeoOxomumo BeimosHeHue aeseHus npu d=0 (3aBepiuaromieecs reneparueii mpe-
PBIBAaHHS), TO TPETHIO CTPOKY MOXKHO 3aMEHHUTH CTPOKOH “else if d<0 then g« 1", 4ro

MPUBOIMT K 12-KoMaHaHOH peanm3aiyu Ha Maimrae RS/6000.
He Tak c0XHO HM3MEHHTH KOJ TaKUM 00pa3oM, 4ToOBI HanOojee BEPOSTHBIC 3HAUYCHUS

u u
(2<d<2*) e TpeGoOBaNM TAKOro GONBIIOrO KOJUYECTBA MPOBEPOK (HAYAB KOJ C TPOBEPKHU
if d<1), Ho 3TO MpHUBEAET K HEKOTOPOMY YBEIHUYCHUIO 00BEMA ITOTyIaeMOro Koja.
Hcnoan3oBaHue 3HAKOBOIO KOPOTKOI'0O J€JICHUSA

Ecnm 3HakoBoe mIMHHOE IEiICHUE HEOOCTYITHO, HO €CTh 3HAKOBOE€ KOPOTKOE€ ACJIIEHUE, TO

u
n+d MOXHO pcain30BaTh NPUBECACHUEM 3aJa4u K CIydaro n,d < 22 u HCIIOJIb30BAHUEM Ma-

u u
LIMHHOH KoMaHJbl Oenenusi. Ecin d>2*, to n+d moer 6bITh Tosbko O mnu 1, Tak 4To OT
9TOTO YCIIOBHUS JIETKO OCBOOOMUTHCS. J{ajiee MOXKHO BOCIIONIB30BaThCsl TeM (paKTOM, YTO BbIpa-

u u
KEeHUe ((n+2j+d)><2 NpUOIKEHHO paBHO 3Ha4YeHHio n+d c omuOko, paBHOH O wmm 1.
3T0 NPUBOIKUT HAC K CIIEAYIOIIEMY METOY (3alMCaH ¢ HCIOIb30BaHHEM MICEBIOKO/A).

1. if d<O then if n<d then q«O0
2. else <1
3. else do

4. qe((ni2j+dj><2
5. r<n-qd

6. if rgd then q«q+1
7. end

° BoLINONHEHHE KOMaHIbI cpasnenuss Ha RS/6000 ycraHaBnuBaeT OWUTHI COCTOSIHHS, YKa3bIBAIOII[HE
BBINOJTHCHUE OTHOIICHUIT MEHBIIIE, OOJIBIIE H PABHO.
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u
ITposepka d<0 B mepBoii CTPOKE HAa CAMOM JIENE BBISCHSET, HE BBIIOJIHAETCS JIM ycaoBre d>2%" .
Ecim 310 ycmoBue HCTHHHO, TO HAMOOJBINEEe YACTHOE MOXKET OBITH PaBHO TOJBKO (231 —1) +2%=1,

u
TaK 4TO MEPBBIE JIBE CTPOKH MPEICTABISIOT CO0OM BHIMUCIIEHUE YACTHOTO JUIs cirydas d>2% .
UYeTBepTast CTpOKa MPECTABIIET COOON KO, BBINOIHAIOMNI KOMAaHABI 6€33HAK0BO20 COBU-

u u
2a enpaeo na 1 6um, denenus, cosuza éneso na 1 6um. TlousTHo, uT0 N+2<2%, U K 3TOMY MO-

MEHTY MBI YOeIWIINCh, YTO U d<2*, a MOTOMY 3TH BEJIMYMHBI MOTYT MCIOJIb30BAaThCS B Ma-
LIMHHOIM KoMaHJe 3HakoBoro aeneHus (ecnn d=0, MamiHa COOOUIMT O MEPENoNHEHHH). BbI-
YHUCICHUS B YETBEPTOil CTPOKE MAIOT CICAYIOIIYI0 OLEHKY 4YacTHOro (C HCIONb30BaHHEM
cneactus U3 TeopemMsl D3):

_ n-rem(n,2d)

q=|[n/2]/d|-2=| n/(2d) | |
B cTpoke 5 BBIYMCIIAETCA COOTBETCTBYIONIMI 3TOMY YaCTHOMY OCTATOK:
n—rem(n,2d)
d

Takum o6pazomM, 0<r <2d . Ecnu r<d, To ( nmpeacraBisieT coboil KOPpeKTHBIN ocTaTok. Eciu

xe >d, To BepHOE 3HAUEHHE YACTHOT'O MOJy4aeTcs o0aBaeHueM 1 K BEIYHCIIEHHOMY B CTPOKE
4 3nauenuto (MPH BBHIMOJHEHUH MPOBEPKU 3HAUYCHHUSI OCTATKA MPOrpamMMa JIOJDKHA UCIIOJB30-
BaTh 0€33HAKOBOE CPABHEHUE, TAK KAK BO3MOKHA CUTyalMs, Koraa r > 2%).

d=rem(n,2d).

u
3arpyxas 3Hadenne O B 10 BBITIOJHEHUS CpaBHEHUST N<d W KOAMPYS MPUCBOCHUE (<« 1
B CTPOKE 2 KaK Mepexo]l K MPUCBOSHHUIO (<« g+1 B cTpoke 6, momyunm 14 komang Ha 00IB-

LIMHCTBE MAIIIMH, YEThIPE U3 KOTOPHIX OYIyT MpPEeJCTaBIiATh cO00i KoMaH bl BeTBICHUS. Jloc-
TATOYHO MPOCTO JIOMOJHHUTH JAHHBIA KOJI ISl BEIYMCICHHS HE TOJILKO YacTHOTO, HO M OCTaTKa
ot jgenenus. J{ns 3Toro HeoOX0AUMO JA00aBUTH K CTPOKE 1 MPUCBOEHUE I <— N, K CTPOKE 2 —
r<n-d,axyactd “then” CTpokd 6 — r «—r —d (1100, €CIIM MOWTH Ha MCIIOJIL30BAHKE KO-
MaH/Ibl YMHOXCHHUS, MOXKHO OOOWTUCH CITUHCTBEHHBIM J00ABICHUEM MPUCBOCHHS I < n—qd

TOCITEC BBITIOTHEHUS BCEX BBITUCIICHHIA).
AnbTepHATUBON CTpoKaM 1 1 2 SIBJISIOTCS CTPOKH

u
if n<d then q«0
else if d<0 then q«1,

YTO MPUBOJMT K OOJiee KOMIIAKTHOMY KOXy, cocTosimeMy u3 13 KoMaHA, TpH U3 KOTOPBIX SIB-
JIAIOTCS. KOMaHAaMu BeTBieHHs. OJHAKO B 3TOM Cllyyae A Haubosee BEpOATHON CUTyalluu
(ueGoubiire BenuunHbl, N>d) OyAeT BHIMOMHATHCS OOMblIee KOTMISCTBO KOMAH/I.

Hcnonb3yst BepaXkeHUs MPeUKaToOB, POrpaMMy MOXKHO HEperucaTh CIIeIyronM 00pa3oM.

1 if d<0 then qe(nidj

2. else do

3, qe((ni2j+djx2

4, r<n-qd
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5. qeq+(r§d)

6. end

DTO SKOHOMHT JIBE€ KOMAH/IbI BETBJICHHUS (€CITH B KOMITBIOTEPE UMEETCS BO3MOYKHOCTD BBIYHC-
JIeHWs yKa3aHHBIX MMPEANKaToB 6e3 mcmons3oBanus Betsierns). Ha Compag Alpha npemukatst
M3 3TOTO AJITOPUTMA BEIYUCISIOTCS OJHON KoMaHa0# (CMPULE), Ha MIPS tpeGyeTcs BBITOHE-
HHUE JBYX KOMaHJ (SLTU, XORT). Ha GONBIIMHCTBE KOMITBIOTEPOB BBIYMCIIEHHE KAXIOTO W3
9THX TPEIUKATOB TPEOYeT BBHITIONHEHNS YeTHIpEX KOMaH (TpexX MPH HATHYHMH TIOJTHOTO Habopa

u
JIOTHYECKUX KOMAHJ) MyTeM KCIOJIb30BAHUS BhIpaXKEHUs Juis X<y u3 pasgena 2.11 ¢ ympo-
IICHUSMH, OCHOBAaHHBIMH Ha TOM, YTO B CTpoke 1 m3BecTHO, uTo d, =1, a B CTpoKe 5 — dTo

d;, = 0. DTO MO3BOJIAET YNPOCTUTH BBIPAIKEHHS.
B crpoxke 1: ngdz(n&—.(n—d));>31
Berpoke 5 r2d=(r |=(r-d))>31

MBI MOXeM NOIYyYUTh KOJ 0€3 BETBJICHUH, €CIIM CUUTATh, YTO MPH d>2" 4acTHOE JOJIKHO
66Tk paBHO 0. B aTOM cityyae nenuTens MOXKHO MCIIONB30BaTh B KOMAHAE 3HAKOB020 OeleHUs.,
MIOCKOJIbKY TIPH HEBEPHOM €r0 PAaCIO3HaBaHMU KaK OTPULATENILHOM BEIMYMHBI pe3yJIbTaT ycTa-
HaBJmBaeTcs paBHbIM O (4TO HAXOMUTCS B KOPPEKTHBIX Mepeenax yacTHoro — o 1). Ciyuaii
00JIBIIOrO JIeNMMMOro o0pabaThiBaeTcsl, Kak M paHbllle, CABUTOM IIepe]] AeJIeHHEM Ha OJHY IO-
3MIMIO BIPABO W CIBMI'OM YaCTHOTO Ha OJJHY MO3UIMIO BJIEBO. DTO AT HaM CJIEIYIOLIYIO Ipo-
rpammy (Tpebyroriyto BeimonHenus 10 6a308bix RISC-koman).

1. teds>3l
nN«n&—t

3 q e((n'22)+dj><2

4. ren-od

5. qeq+(r§dj

9.4. Be33zHaKoBoOe€ AJINHHOE [eJICHHEe

[onx “anmuHHEBIM neneHWeM’ MOIpa3yMeBaeTCs AEJICHHE ABOMHOTO CIIOBa HAa OAWHAPHOE.

B ciryqae 32-0MTOBOI1 MalIMHBI 3TO JIeJICHHE 64232:> 32 ¢ HEOIPEAEIEHHBIM PE3YNIbTaTOM B
cllydae TIeperoiHeHns (B YaCTHOCTH, TpH jesieHun Ha 0).

HekoTtopeie 32-0nTOBBIE KOMITBIOTEPHI OCHAIIEHBI KOMaHIaM1 0€33HaKOBOTO JTHHHOTO JIie-
JICHWs, OJHAKO ATH KOMAaHIbl MAJIOYIIOTPEOUMEBI B CBSI3H C TE€M, YTO W3 OOJIBIIMHCTBA S3BIKOB

u
IIPOrpaMMHPOBAHUS BBICOKOTO YPOBHSI JAOCTYIIHO TOJBKO JeleHue Buaa 32+32= 32. Taxum
00pa3oM, pa3pabOTINKH KOMIBIOTEPOB MOTYT MPEANIOYECTh 00ECIeUNTh HAJIMIHe TOJNBKO KO-

u
MaH[pb! JeneHns gopmara 32+32. Jlanee OynyT HpUBEIEHBI Ba aJrOpUTMa, KOTOphIe odecrie-
YHMBAIOT PEANN3AINIO OTCYTCTBYIOLIETO B KOMITBIOTEPE OE€33HAKOBOTO ATMHHOTO JCTIECHHS.
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AnnapaTHbIi aJrOPUTM CABUTA M BLIYUTAHUSA

B xagecTBe mepBOil NOMBITKN BHITIOJHEHNS [UIMHHOTO JEJICHUS PACCMOTPHM, KaK 3TO Jese-
HHUe peann3yercs anmapatHo. CyIIecTByeT /1Ba MIMPOKO PacIpOCTPAHEHHBIX alTOPHTMa, Ha3bI-
BaeMbIX BOCCTaHaBjuBamommM (restoring) u HeBoccTaHapauBaromuM (NONFeStoring) neneHueM
[31, sec. A-2; 14]. O6a anropuT™Ma NPEACTABISIOT COOOM aJrOPUTMBI “CIBHra U BEIYHTAHUS .
B BoccranaBnuBaroniei Bepcuu, MoKa3aHHON HUKE, BOCCTAHABIIMBAIOIIMI 1IaT COCTOUT B TIPH-
0aBIICHUU JCIHUTENS, KOTJla BEIYUTAHUE JAeT OTPHULATCIBHBIN pe3ynbTar. BenuduHsr X, Y U Z
XpaHiTcs B 32-OMTOBBIX perucTpax. M3HavyanbHO X ||y mpeacraBiseT coOoil nemmmoe pasMme-
POM B JIBa CJIOBA, a JICIUTEINb pacroyiaraercs B Z. J[is XpaHeHUs MeperosHeHUs MPH BbIYUTA-
HUH HaM 1oTpedyeTcsi oAHOOUTOBBINA perucTp C. BOT Kak BBRITIISANUT 3TOT aJITOPUTM.

do i1 to 32

clixlly«<2(x|ly) /I Ciur BI€BO HA OJUH OUT
cllx «(c|lx)—(0b0J| z) /l Beruutanne(33 Guta)
Yo ¢~ —C /] YcranoBka oHOro OMTa 4aCTHOrO
if C then c| x«(c| x)+(0b0] z) I BoccTanoBnenue
end

ITo okOHYaHUM BBIYUCICHUN YaCTHOE HAXOIUTCS B PETHCTpPE Y, @ OCTATOK — B PETUCTPE X.
B ciydae nepenonHeHus: STOT aJropuT™M HE JJaeT HUKAKUX IMOJIE3HBIX pe3ynbTaToB. [Ipu ae-
JIeHUW BeMM4HMHBI X ||y Ha O "acTHOe mpencTaBisieT coOOi mopaspsiHOe TOTONHEHHE X 10

u
€IIUHUI], & OCTATOK — BeJuuuny Y. B uactaoctd, 0+0= 2% —1rem 0. OxapakTepu30BaTh Mpo-

yye ClIy4al EePernoIHEeHUs ropas3o CIOXKHee.
Bbuto 661 HemII0X0, eciiv OBl IPH HEHYJIEBOM JISNTUTEIIE aJITOPUTM JaBajl KOPPEKTHOE 3Haye-
HHE YaCTHOTO MO MOAYITIO 2 i KOPPEKTHOE 3HAYeHHe 0CTaTKa. OJHAKO, IOX0XKE, CIUHCTBEH-
HBIH cOCO0 JOOUTHCS 3TOrO — CO34aTh PETHCTP JUIMHOM cBbiIe 97 OUT 11 MIPEACTaBICHUS
cl|x||ly u BelmomHUTH Teno IMkiaa 64 pasza, yTO OOECHEYMT BBINOJHEHHE JEJICHUS BHJIA

62232:> 64 . Berunranue rpu 5ToM octaercsi 33-OMTOBOI oneparueii.

Peann3oBaTe 3TOT anropuT™M MPOrpaMMHO JOCTATOYHO CIIOXKHO, TTOCKONBKY Y OOJNBIIMHCTBA
KOMTIBIOTEPOB HET 33-OMTOBOTO PETUCTpa, KOTOPBIH OBl XpaHW 3HaueHue C || x . B muctuaTe 9.2
MIPUBEJICH BapUAHT alrOpPUTMA, KOTOPBIA B OMIpPEJENICHHON CTENeHU CIeAyeT PacCMOTPEHHOMY
anrnapaTHOMy aJrOPUTMY.

Jluctunr 9.2. Be33zHakoBoe JJIMHHOE JIeJIeHHE, AJITOPHTM CABATa W BHIYUTAHUS
unsigned divlu(unsigned x, unsigned y, unsigned z)

{

// Denenue (x || y) Ha z
int 1i;
unsigned t;
for (1 = 1; i <= 32; 1i++)
{
t = (int)x >> 31; // Bce 6ure = 1,
// ecim x(31) =1
x = (x << 1) | (y >> 31); // CoeBur x||y BuEEBO
y =y << 1; // Ha omuH OUT
if ((x | t) >= z)
{
X =X - z;
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y =y +1;

}

return y; // OCTaTOK XPaHUTCHA B X

[lepeMennas t uCHoOaB3yeTCs I TOTO, YTOOBI 00ECIICUUTh MPaBUIIbHOE CpaBHeHHE. [loce
clBHTA X | |y HEOOXOIMMO BBHIIONHUTH 33-OMTOBOE cpaBHeHHe. Ecim mepBriit OuT x paseH 1
(0 BBIMOJIHEHHMS CJIBUTA), TO COBEPIIEHHO OYEBHIHO, YTO UHTEpecymoilas Hac 33-0utoBasi Be-
mUunHa OoJblie, yeM 32-OMTOBBIN NenuTenb. B 3ToM ciydae Bce OHMTHI x | t paBHBI CIUHHMIIE,
TaK 4TO CPaBHEHHWE C z JaeT MPaBWILHBIN pe3ynsTaT (true). Ecimu ke mepBbIit OuT x paser O,
TO 32-OUTOBOTO CPaBHEHUSI JOCTATOYHO.

Kox B muctunre 9.2 tpedyer BeinonnaeHus ot 321 10 358 6a3zoBeix RISC-xomann, B 3aBH-
CUMOCTH OT TOTO, HACKOJIbKO YaCTO Pe3yJIbTaT CPABHECHHUS OKa3bIBacTCs UCTHHEH. Ecim kom-
MBIOTEP UMEET KOMAHJIY CO8U2A 6]1€60 OB0UHO20 C06d, ONICPAIIHS CIBUTa MOXET OBITh BBIIIOJI-
HEHA C MOMONIBI0 OJIHOW KOMAaHJBI BMECTO YETHIPEX. DTO MO3BOJSIET CHU3UTH O0IIECe KOJIHUe-
CTBO BBITIOJHSAEMBIX KOMaHA 10 225289 (B mpeanonoKeHn , YTo Ui YIIPABICHHUS IIUKIOM
TpeOyeTCs BBIMIOIHEHUE JIBYX KOMAH] HA HTEPAIHIO).

Ecimu npunsate x=0, To anroput™ u3 auctuHra 9.2 MOXKeT OBITh UCTIONBL30BAH [UIS Peasr3a-

LMK JIEJICHUS 32232:> 32. EquHCTBEHHOE YNPOIIEHUE MPU 3TOM COCTOUT B TOM, UTO Iepe-
MEHHYIO t MOXHO HE HCIIOJIb30BaTh, IIOCKOJIBKY €€ 3HaueHue Bceraa pasHo O.

Hwxe npuBeleH HEBOCCTaHABIMBAIOIINI anmapaTHBIH aJropuT™M Oe33HAKOBOTO JIENICHUSI.
OcHOBHast uest COCTOUT B TOM, YTO IIOCIIE BBIYUTAHUA ACIUTENS Z 13 33-0MTOBOM BEIMIUHEI
c||Xx Her HeEOOXOAMMOCTH NO0ABJIATH Z, €CIM Pe3yibTaT OKa3alicsl OTpUIaTeIbHBIM. BMmecTo
3TOTO B CJIEAYIOMIEH MTEPAlMH JOCTATOYHO BBINOJIHUTD CIOJCEHUE BMECTO GbIMUMAHUS. DTO
CBSI3aHO C TeM, 4TO AobaBieHue Z (1 KOPPEKIMH OUIMOKH, CBI3aHHON C BHIYUTAHHUEM Z B TIpe-
IBIAyIIeH WTEpauyd), COBHT BJIEBO W BBIYMTAHWE Z OKBHBAICHTHO €ro m00aBICHHIO
(2(u+2z)-z=2u+2z). I[IpeumymiecTBO JAHHOTO METOJa B KOHTEKCTE allllapaTHOH pealu3aluu

COCTOHUT B TOM, UTO B KaXXJIOH UTEPALlUU IIUKJIA BBIIIOJHIETCS TOJIBKO OJJHA KOMAH/IA CIOXKESHUS
WJIM BBIYUTAHUSA U CyMMAaTOp OKa3bIBaeTCs CaMON MeIJIEHHOW CXeMOoM B wnkie’. B koHie anro-
puT™Ma TpeOyeTcss KOPPEKTUPOBKA OCTATKa, €CIM OH OTpHIaTesieH (COOTBETCTBYIOIIAs KOPPEK-
THPOBKA YACTHOTO HE TpeOyeTcst).
JlennMoe mpeacTaBisieT coOoi JABOWHOE CIOBO X ||y, a menurtens — cioBo Z. [1o okoHYa-
HUU BBIYUCIIEHUH YaCTHOE HAXOAUTCS B PETUCTPE Y, @ OCTATOK — B PETUCTPE X.
c=0
do i«1 to 32
if ¢=0 then do

clixlly «2(x1ly) /I CaBur BieBO Ha OQUH OUT
cllx < (cllx)—(0b0] 2) // BerauTanue nenurenns
end
else do

4 B 1eifCTBUTENBHOCTH BOCCTAHABIMBAOLIAN QITOPUTM JAENEHUS MOXeT H30ekaTb BOCCTAHABIIH-
BAIOIIETO II1ara, MOMeEIIas pe3yyibTaT BEIYUTAHHS B OTIECIBHBIA PETHCTP M 3alHChIBask 3TOT PETUCTP B X,
TOJIBKO eciH pe3ynabTaT 33-OMTOBOrO BBIYMTAHWS HeoTpHiareneH. OIHAKO B HEKOTOPHIX pean3alusax
JUISL 3TOTO TPeOyeTCsl NOMOTHUTEIBHBIA PETHCTP M, BO3MOXKHO, OOJIbIIIee BpeMs paboTHI.
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clixlly<2(x]ly) /I Crieur BIIEBO Ha OJTMH OHUT

c|lx «(c|lx)+(0b0|| 2) [l Tipubasnenue neaurens
end
Y, < —C /] YcranoBka oiHOro GMTa 4aCTHOIO
end
if c=1 then X« X+zZ I/ KoppexkIust OTpHIaTETbHOTO OCTATKA

Muxkpokomrbtotep 801 (pannsist sxcnepumenTansias RISC-paszpabotka IBM) umeer koman-
Iy NOWA206020 Oenetusi, KOTOpasi, 10 CYTH, BBIIOJIHAET IPUBEACHHBIE BBIIIE B TEJE LIUKJIA JISHCT-
BHsL. DTa KOMaH/[a UCTIONB3yeT OUT mepeHoca st Xxpanenus ¢ 1 MQ (32-0HTTOBBIH perucTp) st
xpaHenus Y. st pean3alyy JaHHOW KoMaHbl TpeOyercs 33-0uToBbIl cymMMaTop U 32-0MTOBOE
BBIYMTalOINIEE ycTpoiicTBo. KomaHna nowazosozo denenusi Mukpokomibiorepa 801 Heckoibko
CIIO)KHEE, YEeM JICHCTBUSI, BBHIIOIHSAEMBIE B TEJIE IMKJIA, TOCKOJIbKY BBITIOJIHSIET 3HAKOBOE JIEJICHUE
1 OCHaIlleHa TIPOBEPKOH nepernonHenust. [Ipy ee ncronb30BaHMK MOANPOrpaMMa JAEICHUSI MOXKET
OBITh 3amycaHa ¢ MOMOIIBI0 32 IOCIIEI0BATENILHBIX KOMaH| HOULA208020 OelieHUsl, 32 KOTOPBIMH
CIIeyeT KOPPEKIIMsI YaCTHOTO M OCTaTKa (IU1sl TOro, 4T0ObI 00ECIIeUHTh BEPHBIN 3HAK OCTATKA).

Hcnoab3oBanue KOPOTKOI'O J1€/JICHUSA

ANrOpUTM Ui [€NEHUs 64:32:>32 MOXET OBITH IOJIy4eH M3 aJIrOpUTMa OE33HAKOBOTO
JeNeHnsT OONBINNX HeNbIX unceln B muctuare 9.1 mis wactHoro cydas m=4 u n=2. Kpowme To-
ro, TpeOyeTrcss BHECEHHE psia JAPYyrux H3MeHeHui. [lapameTpel B HaHHOM CiIydae JOJKHBI
MIPEACTABISTE COOOH MOJHBIE CIIOBA, MEpeaBaeMble IO 3HAYCHUIO, 3 HE MACCHBBI MOIYCIIOB.
VYcnoBue MepenoNHeHNsT TaKkKe OTIMYAETCSl OT MCXOJHOTO; B JIAHHOM CIIydae NEperoIHEHUE
MIPOMUCXOJINUT, €CIIM YaCTHOE HE TIOMEIIAETCSI B IOJTHOM CJIOBE. Bce 3TO IaeT BO3MOXHOCTh BHE-
CTH OTIpEJIETICHHBIC YIPOLIEHUS B MporpaMmMy. MOXXHO 1TOKa3aTh, 9TO OIEHKA ghat B JaHHOM
cllydae BCer/ia TOuHasl, TaK KaK JeJIUTeb COCTOUT TOJBKO M3 IBYX LUdp 1o mosciaosa. ITo 03-
HayaeT, YTO KOPPEKTUPYIOUIMH 1Iar ¢ NpUOaBJICHUEM JIEJUTENsT MOXKET ObITh omylueH. Ecmu
pa3BepHyTh “riIaBHbIM MK~ jucTHra 9.1 M MK BHYTPH HEro, CTAHOBSITCS BO3MOXKHBI €Ile
HEKOTOpPbIe HEOOIIBIINE YITPOILEHHUS KOAa.

Pesynbrar aTHX npeoOpasoBanmii nokasaH B jmctunre 9.3. JlenmiMoe HaxoIuTCs B CI0BaX ul U
u0; B ul cogepxurcs crapuree cinoBo. [lapamerp v cogepxut nenurens. GyHKIUA TO 3aBEPIICHHN
BBIYHMCIICHHI BO3BpAIAeT 3HAYEHHE YacTHOro. Ecny BbI3bIBatoIas (hyHKIHS epeiaeT B KaueCTBE T
HEHYJIEBOH yKa3aTellb, TO OCTAaTOK OyZIeT BO3BPAIICH B CJIOBE, HA KOTOPOE YKa3bIBACT r.

Jluctunr 9.3. lnuaHoe §e33HAKOBOE TejIeHNe C HCIMO0JIb30BaHHEM
KOMAaH/bI JeJICHUS MOJIHBIX CJIOB
unsigned divlu(unsigned ul, unsigned u0, unsigned v,
unsigned *r)
{

const unsigned b

= 65536; // OcHOBaHue cuucjieHus (16 6uToB)
unsigned unl, unoO, // CiioBa HOPMalM30BaAHHOTO LOEJIMMOTO
vnl, vnoO, // Lubdpel HOPMaNM30BAHHOT'O IEJIUTENIS
qgl, qoO, // Lundpel yacTHOTO
un32, un2l, // laps uudp OeamMoro
unlo,
rhat; // OcTarTok
int s; // BelmumHa COBMUI'a HOPMajM3alumu
if (ul >= v) // Tlpu TIepernojiHeHUM
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{ // yCTaHaBJIMBAETCS HEBO3MOXHOE

if (r != NULL) // BHaueHMe OCTaTKa U
*r = OxXFFFFFFFF; // BO3BpamaeTcda MaKCUMaJbHO

return OXFFFFFFFF; // BOBMOXHOE YMCJIIO
}
s = nlz(v); // 0 <= s <= 31.
vV = Vv << 8; // Hopmanmzaums nenmuresis
vnl = v >> 16; // PasbueHue nenmuTend
vn0 = v & OXFFFF; // Ha nBe 16-0uTOBEE LUMPPH
un32 = (ul << s) | (U0 >> 32 - s) & (-s >> 31);
unl0 = ul0 << s; // COBUI OeJMMOTO BJIEBO
unl = unl0 >> 16; // Pas3bueHre npapBo¥ I[OJIOBUHEL
un0 = unl0 & OxFFFF; // DelyMoTo Ha OBe UMQPEBL
gl = un32/vnl; // BHUMCIIEHME [NePBOM LUMUPPH
rhat = un32 - gl*vnl; // uyacTtHOTO Qql

againl:
if (gl >= b || gl*vn0 > b*rhat + unl)
{
gl = ql - 1;
rhat = rhat + vnl;
if (rhat < b) goto againl;
}

un2l = un32*b + unl - gl*v;// YMHOXeHME M BHUMTAHUE
g0 = un2l/vnl; // BHUMNCJIeHME BTOPOM UMOPEL
rhat = un2l - gO*vnl; // uyactHOTO QO

again2:

if (g0 >= b || gO0*vn0 > b*rhat + un0)
{

g0 = q0 - 1;

rhat = rhat + vnl;

if (rhat < b) goto again2;

if (r != NULL) // Ecyiu TpebyeTcs,
*r = (un2l1l*b + un0 // BHUMCJISEM OCTATOK
- q0*v) >> s;
return gl*b + g0;

B kauecTBe MHIMKATOPA MEPEMOTHEHUS MPOrpaMMa BO3BpAIllaeT 3HAYCHUE OCTATKa, PABHOE
MaKCUMAaJIbHO BO3MOXKHOMY IIEJIOMY YHCITy. TakoW OCTaTOK HEBO3MOXKEH HH IPH KaKOM KOp-
PEKTHOM JICNICHHH, IMOCKOJIBKY OCTAaTOK BCerja MeHbIe aenuters. Kpome Toro, npu mepernos-
HEHUH (PYHKIHSI BO3BPAIIAET YACTHOE, PABHOE MAKCUMAILHO BO3MOXKHOMY II€JIOMY YHCITY (4TO
TaKKe MOXKET CIIY)KHTh WHJIUKATOPOM IEPEIOTHEHUS B CIIydae, KOTJa BhI3BIBAIONIAS (DYHKIIHS
HE 3apaIliiBaeT 3HaYeHHe OCTATKA).

CrpaHHOE BBIpaXEHHE (-s>>31) B NPUCBOCHHM u32 MPEAHA3HAYEHO JUIS TOTO, YTOOBI
nporpamma paboTaia B ciiydae s = 0 Ha MalllUHAX, CBUT Y KOTOPBIX BBIMOIHSIETCS 10 MOJIYJIIO
32 (manpumep, B Intel x86).

DKCIIEPUMEHTHI ¢ PABHOMEPHO PACIpPEICICHHBIMU CIYYaliHBIMU YUCIIAMH TTOKA3bIBAIOT, YTO
TEJIO IUKJIA again BBIMOIHsIETCS puMepHO 0koiio 0.38 pa3a Ha KaxIplii BBI30B ()YHKIIUH. ITO
JaeT HaM CpPeIHEee KOJIMYESCTBO BBIMOIHAEMBIX KOMaH, paBHoe 52. Cpenn HUX OJHA KOMaHIa
TIOJICUETA KOIUYeCmeda 8e0yuux Hynesvix Oumos, IBe — OejleHus, a Takke 6.5 — yMHOKEHHS
(He cumTas YMHOXEHHH Ha b, KOTOPbIE BEIIOIHSIIOTCS TIPH IOMOIITH cO8u208). Eciu Tpebyercst
3HAYEHHE OCTaTKa, HOOABIIAETCS MIECTh KOMAH/ (BKJIIOYAI0 KOMAHIY COXPAaHEHUs r), OJHA W3
KOTOPBIX — YMHOXEHHE.
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Uto KacaeTcss 3HAKOBOH BepcUHM divlu, TO, BEPOSATHO, TOMIAroBas MOAM(UKAIWS MPHUBE-

JneHHoro B yactuHre 9.3 KONIa Ui MOJIyYeHHs] 3HAKOBOTO BapUaHTa IMPEJCTaBIsieT co0oi He-
mpocTyo 3amady. OIHAKO JaHHBIN AITOPUTM MOXKHO HCIIONIB30BATh JUIS Pean3allii 3HAKOBO-
TO JICJICHUsI, €CIIH B3ATh a0COJIFOTHOE 3HAYCHUE apryMEHTOB, BhI3BaTh divlu M O0paTHTh 3HAK
pe3yJibTaTa, eclii 3HAaKH apryMEHTOB ObLIH pa3in4Hbl. [Ipyu 3TOM HE BO3HHUKAET HUKAKUX MPO-
0JIeM ¢ IKCTpeMalIbHBIMK 3HAYCHUSIMU THIIA HAUOOJIBILETO 110 aOCOMIOTHOM BEJIMYMHE OTpHIIA-
TEJILHOTO 3HAUYEeHHUs, TaK Kak abCOJIOTHOE 3Ha4eHHE JF00Oro 3HAKOBOTO YHC/IA KOPPEKTHO
MpeacTaBuMO 0e33HAKOBBIM YHCIIOM. TaKoi allrOpUTM MOKa3aH B IucTuHTe 9.4.

Juctunr 9.4. JInuHHOE 3HAKOBOE JIeJIEHHE C MCII0JIb30BAHUEM
JUIMHHOTO 0e33HAKOBOIO JIeJIeHUSs

int divls(int ul,

{

unsigned u0,

int v,

int *r)

int g, uneg, vneg, diff, borrow;
uneg = ul >> 31; // -1, ecim u < 0.
if (uneg)
{ // BulumMciieHue abCOJIOTHOTO
u0 = -ul; // BHauUeHUd OeJMMOoTo U
borrow = (u0 != 0);
ul = -ul - borrow;
}
vneg = v >> 31; // -1, eciim v < 0.
v = (v ©~ vneg) - vneg; // AOGCOJIOTHOE 3HAaUeHUE V

if ((unsigned)ul >=

(unsigned)v)

goto overflow;

g = divlu(ul, u0, v, (unsigned *)r);

diff = uneg ”~ vneg; // VBMeHseM 3HaK {, ecju

g = (g~ diff) - diff; // 3HAKM U ¥ V PaABJIMUYHE

if (uneg && r != NULL)
*r = -*r;

if ((diff ~ q) < 0 && g != 0)

{ // Tlpy IEepernoJIHeHUM IaeM

overflow: // OCTAaTKy HEBO3MOXHOE
if (r != NULL) // BHaueHMe U BO3BpAallaeM

*r = 0x80000000; // oTpuuLaTelbHOE dYaCTHOE

g = 0x80000000; // C MaAaKCUMAaJIbHO BO3MOXHEIM

} // abCOoJIOTHEIM 3HAYeHUEM

return qg;

B ciy4ae 3HaKOBOIO JENEHHs JOCTATOYHO TPYAHO PaspaboTaTh NEHCTBUTENLHO XOPOIIMIA
KOJ IJI1 OOHAPY>KEHMs! NIEPEOIHEH . AJITOPUTM, NPUBEIEHHBIA B auctuare 9.4, BHINOIHIET
HpeaBapuTeEILHOE OOHAPYKEHHE TIEPETIONHEHNUS, MAEHTHYHOE CIy4aro JIMHHOTO 0E33HAKOBOTO
JIeNIeHHsl, KOTOpPOe TapaHTHpyer, uto |u/v|< 2% . Tloce 3TOro HaM OCTaeTCs TONBKO yOeauThes,

YTO OCTATOK MMEET KOPPEKTHBIH 3HaK i paseH 0.
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I'JTABA 10
HEJIOE JEJIEHUE HA KOHCTAHTBI

Ha muorux KOMIBHOTEpAX omnepanus ACJICHUA BBINOJHACTCA JOBOJBHO MCIJICHHO, U IIO
BO3MOXXHOCTH €€ UCIIOJIb30BaHHA CTaparOTCs n30€eKath. BpeMH BBITNIOJIHCHUSA KOMaHAbI OCJIC-
HUs, KakK IMpaBWiIO, NPEBBIMIACT BPEMs BBLINIOJTHCHUSA CIIOKCHUA B 20 u Ooinee pa3, nmpuyem
O0OBIYHO OHO OJIMHAKOBO BCJIMKO KaK JJIs 60J'II)IIII/IX, TaK U JJid MaJIbIX OTICPAHIOB. B sroii rnaBe
MIPUBOJAUTCA psil METOAO0B, MMO3BOJIAOIINX n30€eKath KOMaH/IbI Oenenus B cliyvasx, Korja aAciu-
TCJb MPEACTABIIACT coboii KOHCTAHTY.

10.1. 3nakoBoe jejieHNe HA U3BECTHYIO CTeNeHb 2

MHorue ommuOGOYHO CUUTAIOT, YTO 3HAKOBbILL CO8U2 6NPAso Ha K nosuyuil NEIAT YHUCIIO Ha 2K
C HCIIOJIB30BaHMEM OOBIYHOrO oTekarorero geienus [20]. OqHako Ha caMoM Jielie He BCE TaK
npocto. [IpuBeieHHBIN HUXKe KO/ BBIIIOJIHSET ACJICHUE =N+ 2 rme 1<k<31 [29].

shrsi t,n,k-1 dopMUPYEM LieJIoe UMCJIIO

shri t,t,32-k 2**k - 1, eciimu n < 0; wmHaue O
add t,n,t IloBaBjigeM ero K n

shrsi q,t,k M BBIIIOJIHAEM SHAKOBEIM CIBUT
BIIPAaBO

3TOT KOJ HE COJACPKUT KOMaHJ BeTBICHUSA. OH MOXKET OBITh YIPOIICH J0 TPEX KOMaHI MpU
nenennn Ha 2 (K=1). OqHako JaHHBIM KOJI MMEET CMBICT TOJBKO HAa KOMITBIOTEPAX, KOTOPHIE
CIOCOOHBI BBIMOJIHUTH CIBUT Ha OOJIbIIOE 3HaUYeHHe 3a Majioe Bpems. Ciyyaii K=31 He umeer
0c000T0 CMBICIIA, TOCKOJIBKY YHCIIO 2% He MpeICTaBUMO Ha KOMIIbloTepe. Tem He MeHee Mpu-
BEIEHHBI KOJ €T NPaBHIILHBIA pe3y/abTaT U B 3ToM ciydae (q=-1, eciu n=-2"", u q=0
JUTSL POYUX 3HAYEHHUIA N).

Jns nenenus Ha —2° TocIie MIPUBEIEHHOTO BBILIE KOJA JOJKHA CIIEJ0BATh KOMAHIA H3Me-
HeHHA 3Haka. Jlydimero BapuaHTa U1 JaHHOTO JIEJICHIS [TOKa HE MPHIYyMaHOo.

Bor emie oauH, 6osiee OUEBUAHBIN U IPOCTOM KO A/ JeleHns Ha 2°

bge n, label BerBnexnue npu n >= 0
addi n,n,2**k-1 llpubaByenue 2**k - 1 x n
label shrsi n,n,k Y BHaAKOBHM CIOBMI' BIIPaBO

DTOT KOJ MPEIOYTHTEIbHEE UCIIONB30BaTh HA MAIIMHE C MEIJICHHBIM CIBUTOM M OBICTPBIMU
KOMaH/IaMH BETBJICHHUSL.

Kommsiotep PowerPC mMeeT HEOOBITHOE YCTPOHCTBO I YCKOPEHHS JSTICHUSI Ha CTETICHb 2
[16]. Komamma sraxoso2o coguea énpago yCTaHABIMUBAET OUT MEPEHOCaA, ECITH CABUTAeMOe YHCIIO
OTPHULIATENILHO U ObUT CIABUT OAHOTO MIIM HECKOJIBKHX €JAMHUYHBIX OuTOB. KpoMme TOro, jaHHbIH
KOMIIBIOTEP MMeeT KoMaHay addze [UIsl CJIOKEHHs OUTa MepeHoca ¢ peructpoM. Bee 310 mo3so-
JSIET Pean30BaTh JieJeHre Ha JII00YI0 (TIOJI0KUTENBHYIO) CTEMEHb 2 ¢ MOMOIIBIO JIBYX KOMAaH/T:

shrsi g,n,k
addze qg,q

EnuHCTBEHHAs KOMaHzIa cABUra shrsi Ha K mo3uimii BEINONHAET 3HAKOBOE JIECJICHUE Ha 2k,
KOTOpPOE COBMAJAET KaK ¢ MOAYJIbHBIM JICJI€HUEM, TaK U C JEJIEHUEM C OKPYTJIEHHEM K MEHb-
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meMy 3HAaYCHHIO. 910 HAaBOAWUT HA MBICJIb O TOM, YTO TaKOC OCIICHUC MOXCT OBITH IpeaAnoOYTH-
TEJIBHEE I UCIIOJIb30BAHHUA B A3BIKaX BBICOKOI'O YPOBHS, YEM HACJIIEHUE C OTCEYCHUEM, TaK KaK
TIO3BOJISIET KOMITWIIATOPY I NCJICHUS Ha 2 WCTOJIb30BaTh €ANHCTBECHHYIO KOMaHIYy shrsi.
KpOMe TOro, KOMaHaa shrsi ¢ nocneay}omeﬁ 3a HeH KOMaHHOﬁ neg BBIIOJHACT MOAYJIBHOC
JCJICHHUEC Ha 2 , YTO, B CBOXO OY€PEAb, YKA3bIBACT HA MPECUMYHICCTBA MCIIOJIL30BAHUA MOYJIb-
HOT'0 ACJICHUA (Bnpoqu, B OCHOBHOM 3TO BOIPOC 3CTETUUCCKOTO BOCIIPUATHSA, B CUJIIY TOT'O YTO
3aJa4a JCJICHH Ha OTPULATCIbHYIO KOHCTAHTY BCTPEYACTCA JOCTATOYHO pezuco).

10.2. 3HaKOBBIii OCTATOK OT JA€JEHUS HA CTENEHb 2

Ecimu mam Ipe6yeTcs[ BBIYUCIINT U YaCTHOC M OCTATOK OT JCJICHMA n+2", HpOCTeﬁHIPIﬁ
MyTh NOJIYUYCHUS 3HAYCHUS OCTATKA — BBIYUCIIUTD €T0 110 (1)0pMyJ'Ie r=q* 2k — N, IJIs1 94€ro 1mo-
CJIC BBIYHUCJICHUA YaCTHOI'O Tpe6yeTc;{ BBINOJIHCHHAC ABYX KOMaHJI:

shli r,q,k
sub r,r,n

Z[J'IH BBIYHUCJICHUA OJHOI'O JIMIIb OCTaTKa HeOGXOﬂI/IMO BBITIOJIHUTBL OKOJIO YE€TBIPEX WJIU MATH
KOMaH/I. OﬂI/IH M3 CHOCOOOB BEIYKCIIEHUS COCTOMT B HMCIOJIL30BAHHH paCCMOTpeHHOﬁ paHee
NOCICA0BATCIIbBHOCTH U3 YETBHIPEX KOMAH/ JJI1 3HAKOBOI'O JCJICHUA Ha 2k, 3a KOTOpOﬁ CJICAYIOT
JBC KOMaH/Jbl BBIYMCJICHUA OCTaTKa. HpI/I 9TOM ABEC IOCJICA0BATCIBbHBIC KOMAaH/IbI cosu2a MOX-
HO 3aMCHUTb KOMaHHOﬁ U, YTO Ja€T HaM PCUICHUEC U3 IATU KOMaH/ (qumpex npu k= 1)

shrsi t,n,k-1 dopMHUpyeM lLieJyioe UMUCIIO

shri t,t,32-k 2**k - 1, ecim n < 0; wmHaue 0
add t,n,t IobaBjsgeM ero K n,

andi t,t,-2**k cBbpaceBaeM Kk mpaBHX OUTOB
sub r,n,t 1 BHUMTAEM €TI0 M3 n

Ewe onvH METO OCHOBAH HA TOM, YTO
n&(zk—l), n=0,

=) (w2 -4). neo

Jli1st TOro uTo0bI BOCIIONB30BATLCS STON (POPMYJION, CHAYAA BEIYKCISIEM t < n>>31, a 3atem
r e((abs(n)& (2 —l))®t)—t
(Tpebyercs mATH KOMaH1) MM B ciydae K=1, Tak kak (—n)&1=n& 1, BEIYHCIAEM
re(n&1)@t)-t

(TpeGyercst YeThIpe KOMaHIBI). ITOT METOJ HE OYCHB XOpouI mpu K>1, eci KOMIBIOTEP HE
OCHAIIIEH KOMAHJIOM BBIYHUCICHHS a06COM0MHO20 3Ha4eHus (B TaKOM CiIydae BBIYHCIICHHE OC-
TaTka Oymer TpeGOBaTh BBIMOJHEHUS CEMU KOMAH).

Eirie o7imH MeTOI OCHOBaH Ha TOM, UTO

n&(2“-1), nx=o,

rem(n,2k) = ((n+2k _1)& (2k _1))_(2‘< _1), n<O.
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Ota popmMysna IPUBOANUT K BEIYHCICHUSIM

t<—(n>s>k—1)>u>32—k,

el

(mpu k>1 TpebyeTcst BbIMONHEHHE MATH KoMaH/, ipu K=1 — veTbipex).

Bce nepeuncnennbpie MeToap! pabotarot mpu 1<k <31.

Kcrary, ecin B KOMIIBIOTEpPE HET KOMAHJIbl 3HAKOB020 cO8U2d 6npaAso, TO 3HAYCHUE, KOTO-
poe paBro 21 g n<0 u 0 g n>0, MOXKET OBITH MOCTPOEHO CIIEAYIONIUM 06pPa3OM:

t < n>31,
re(t,<k)-t,

YTO IMPUBOOUT K I[O6aBJICHI/I}O TOJIBKO O,HHOﬁ KOMaHIBbI.

10.3. 3nakoBoe /1e1eHNe U BbIYHCIEHHE 0CTATKA /LISl APYIUX CIy4YaeB

OCHOBHOH TpUEM B 3TOM ClIy4yae COCTOMT B YMHOXKEHHUHU HAa HEKOTOPOE COOTBETCTBYIOIIEE
nenurento d uncno, npuMepHo paBHoe 2%/d , ¢ mocnenyromuUM BhiaeieHueM 32 JIEBBIX OUTOB

npousseneHus. ONHAKO peabHbIC BBIYUCICHHS IS PAa JISMUTENEH, B YaCTHOCTH AJIs 7, OKa-
3BIBAIOTCS CYIIECTBEHHO CIIOKHEE.

PaccmoTpuM cHauana HECKOJNIBKO KOHKPETHBIX IMPUMEPOB, KOTOPHIE MOSICHAT KOJI, TeHEepH-
pyeMmblii 00001eHHBIM MeToI0M. O003HaYMM PETUCTPHI CIEAYIOLIMM 00pa3oM:

n — BXOJHOE IEJIO€ YUCIIO (YUCITUTEND);

M — B HETO 3arpy’XaeTcs “Marnaeckoe 4mucio”;
t — BPEMEHHBII PETUcTp;

g — B HeM OyZeT pa3MeIIeHo YacTHOE,

r — B HEeM OYJIeT pa3MeIIeH OCTaTOK.

Jlesenue Ha 3

1i M, 0x55555556 3Barpyska "MarMyeckoro umciya" (2**32+2)/3
mulhs g,M,n g = floor (M*n/2**32)

shri t,n,31 Ipubasasgem 1 x g, eciu

add q,q,t n oTpulaTEeJIbLHO

muli t,qg,3 BrluMcJigseM OCTaTOK Kak

sub r,n,t r =n - g*3

JokazarenberBo. Onepalusi cmapuiee oo 3HAKOBO20 YMHOICEHUSI HE MOXKET BBI3BATH
MEePETONHEH s, TOCKOJIbKY MPOM3BEACHUE ABYX 32-OMTOBBIX YHCEN BCET/Ia MOXET ObITh Mpe[-
cTaBjIeHO 64-0MTOBBIM YHCIIOM, a KOMaHJa mulhs Bo3Bpaaer crapmue 32 6uta 64-61uToBOro
IPOM3BEICHHS. DTO JACHCTBHE YKBHBAJICHTHO JCICHHIO 64-GHTOBOrO MPOM3BEICHNMS HA 2°° U
Berauciennto Gyukmun floor() ot momydeHHOTO pe3ynbTaTta, MpUYEM 3TO 3aMEYaHne CIPaBel-
JIMBO HE3aBHUCHMO OT TOTO, OTPHUILIATEIBHO pacCMATPUBAEMOE MPOU3BEICHUE HIIH MTOJI0KUTEIb-
Ho. Takum 00pa3om, ipu N =0 OPHBEACHHBIH BBIIIE KO/ BBIYHUCIISCT

4= 2%+2n |_ n_an
3 2% 3 322
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Hanee, n< 2, mockonbky 2% -1 sBIsgeTcs HaUOOIBUIUM IIPEACTABUMBIM LENBIM YUCIIOM.
CrnenoBaTelbHO, YICH-OMNOKA 2n/ (3~232) MeHbIie 1/3 (1 9TO 3HAUCHHE HEOTPHIIATEIIHHO), TaK

4TO B COOTBETCTBHH C TeopeMoit D4 u3 pasnena 9.1 momydaem q=|n/3|, uro u TpeboBanoch
noy4utsb (hopmyna (1) B Tom ke pazaene 9.1).
B ciyqae n< 0 k yactHomy nobaBimsietcs 1. CrienoBatesibHO, IPUBEICHHBIH BBIIIE KO BbI-
YHCIISIET B 3TOM CIIy4ae BETMYHHY
2%*+2n 2¥n+2n+3.2% | | 2%n+2n+1
IR 3.2% AR

31ech Obla Kcmoyib3oBana TeopeMa D2. CnenoBaTenbHO,

q_PJr 2n+1]
3 3.22|

ITpu —2* <n<-1 nonyyaem
_}+ 1 2n+1 3 1
3 3.2%73.2%7 3.2

Taxum 06pa30M, omroka OTpullaTC/IbHA U 6oane, (S —1/3, a 3Ha4YuT, B COOTBCTCTBUH C

Teopemoii D4 q=[n/3], uTo u ABNAETCA HCKOMBIM pe3yibTaToM (popmyna (1) u3 pasaena 9.1).

Wrak, ycTaHOBIICHO, YTO BBEIYMCIIEHHOE 3HAYCHHE YaCTHOTO KOPPEKTHO. Torna KOppeKTHO U
3HAa4YCHHE OCTaTKa, MOCKOJIBKY OCTaTOK JOJDKEH YAOBIETBOPSATH COOTHOUICHHIO N=qd +r . YM-

HOXCHHE Ha 3 HE MOXKET BhI3BaTh nepenonHenns (tak kak —2*/3<q< (2% -1) /3 ), & epruuma-

Hue He MOXKET MPHUBECTH K MEPETIOIHCHHUIO B CBS3U C TEM, YTO PE3YJIbTAT JOJKEH HAXOUTHCS B
JuarazoHe OT —2 10 +2.

Komanna ymuoowcenus Ha HenocpedcmeeHHO 3a0aHHOe 3HAYeHIe MOXKET ObITh BBITIOJIHCHA C
MMOMOIIBIO IBYX CAOMCEHULl WIH CO8U2d W CNIOJCEHUs:, B TOM CIIydae, €CIM Takas 3aMEHa JacT
BBINTPHIII BO BPEMEHU BBIYHCIICHHIA.

Ha muorux copemenHbix RISC-koMmbproTepax 4acTHOE MOKET OBITh BBIUHCICHO TaK, KaK
IMOKA3aHO BHIIIE, 32 JCBITh-ICCATh TAKTOB, B TO BpeMs KaK KOMaH/NA Je/leHusi MOXKET TOTpedo-
BaTh 20 TAKTOB MM OKOJIO TOTO.

Jlenenune Ha 5

J1st nenenus Ha 5 X0TeNnOCh ObI HCIIOJIL30BaTh KOJI TOTO e TUIIA, YTO U IS JCJICHUs Ha 3, HO,
MOHATHO, C MHOYKHTEJIEM (232 + 4) /5. K coxkanenuro, mpu 3TOM OIIMOKA OKa3bIBAETCS CITUIIKOM

GOINBIION M PE3YNBTAT OTIMIAETCS Ha EIMHHITY OT TOYHOTO IPHMEPHO JUIS MIATOM YacTh 3HAYCHHM
In|>2% . Ho oxa3biBaeTCsi, MOXHO HMCIIOJIb30BATh MHOXHUTEIIb (233 +3) /5 U 106aBHTH K KOLY KO-

MaHJIy 3HAK08020 cO8uU2a 6npaso. B pe3ynbTare MOMydaeTcs CIIELYIONIIH KO

1i M,0x66666667 3Barpys3ka "mMarmueckoro umciyja" (2**33+3)/5
mulhs g,M,n g = floor (M*n/2**32)

shrsi q,q,1

shri t,n,31 [Mpmbasnsgem 1 x g, eciu

add a, g, t n oTpULATEeJILEHO

muli t,q,5 BrumciiaemM ocTaTok Kak
sub r,n,t r =n - g*s
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Joxa3aTeabcTBo. Komanna mulhs maer 32 crapmmx Oura 64-OMTOBOTO MPOU3BEACHUS,
[OCJIE Yero KOoJ| 3HAKOBO C/IBUTAET MOJYYSHHOE 3HAYCHHE BIPABO HA OJHY IO3HUIHUI0. DTO Jei-
CTBUE SKBUBAJICHTHO JCNIEHUIO 64-OMTOBOTO NPOW3BEICHUS Ha 2% y BBIUMCIICHHIO GyHKIIH
floor() ot momyuennoro pesynbrara. Takum oO6pasom, it N> 0 MPHUBEICHHBINA KO/ BHIUMCIIACT

4= 2*+3n |_ n, 3n
5 2% 5 5.2%]

s 0<n< 2" omubKa COCTABISET 3n/ (54 233) ; OTO 3Ha4Y€HUE HEOTPULATEIIbHO U MEHBIIIE, YEM

1/5, TaK 4TO B COOTBETCTBHHM C Teopemoii D4 q=| n/5].

[Ipu n< O mpuBenEHHBIN BhIIIE KO BEIYUCIIAET 3HAUCHNE

2243 n n 3n+1
s =75 s =

3nech uneH-ommbKa OTPUIATENeH U mpeBbimaeT —1/5, Tak uto q=[n/5]. KoppekrHocTh

BBIYMCJIEHHOTO OCTAaTKa JOKa3bIBACTCS TAK K€, KaK U B ClIyda€ NCJICHUS Ha 3. Kak u paHee, Ko-
MaHOa YMHOIMCEeHUS HA Henocpe()cmeeﬂuo 3a0aHHOe 3HaA4YeHUue MOXKET ObITh 3aMEHEeHa — B JaH-
HOM cCirydae cO8U20M 61e80 HA JABC IO3UIUHU U C/I0JHCEHUEM.

Jlenenue na 7
Tlpy jeneHus Ha 7 BO3HMKAIOT HOBBIC MpoGnembl. Muoxuremn (2% +3) /7 u (2%+6) /7

Jal0OT CJIMIIKOM OOJIBbIINE 3HAYEHHUS OLIMOKHA. MHOXHUTEID (234 +5) / 7 TOOXOIWT, HO OH CJIMIII-

KOM BCJIMK JId pa3MClICHHS B 32-0UTOBOM 3HAKOBOM CJIOBE. OHHaKO YMHOXXCHHC Ha TaKO€
OOJILIIOE YHCIO MOKHO BBIIOJIHUTE OyTeéM YMHOXKCHHUA Ha OTpUUATCIbHOEC YHCIIO

(234+5) / 7-2% ¢ mocnemyrommel KOppeKIHUel MPOU3BEICHHS MyTEM CIIOKeHUs. B pesynbrarte

MOJTy9aeM CIICAYFOIIUM KO IS IeJICHUsI Ha 7

1i M, 0x92492493 "Marmueckoe udmcJio" (2**34+5)/7 - 2**32
mulhs g,M,n g = floor(M*n/2**32).

add qg,d,n g = floor(M*n/2**32) + n

shrsi g,q,?2 g = floor(g/4)

shri t,n,31 llpubaBasem 1 x g, eciu

add gq,q,t n oTpHULATEJIbBHO

muli t,q,7 BreiumcigeM oCTaTOK Kak

sub r,n,t r =n - gq*7

Joxa3aTesbeTBO. BaxkxHo 00paTuTh BHUMAaHUE HAa TO, YTO KOoMaHIa “add g, q,n” HE MO-
JKET BBI3BAThH IMEPEIOJHEHHUs. J[e70 B TOM, 4TO ( ¥ N MMEIOT MPOTHBOIOJIOKHBIC 3HAKH, 3TO
CBSI3aHO C YMHOXXCHHEM Ha OTpHIATeIbHOE YnCio. TakuM 0Opa3oM, 3TO “KOMIBIOTEPHOE CIIO-
JkeHue” BBITIONHAETCS TaK JKe, KaKk U OOBIYHOE apu(PMETHIECKOE CIIOKEHHUE, U it N>0 Tpu-
BEIECHHBIN BEIIIE KOJ BEIUYUCISIET

2% +5 n 2%*n+5n-7-2%n+7-2%n n  5n
= =22 = |+n|/4|= 4|=|—+
oo| (|57 5-#fo  Fe E

(3mech npu MpeoOpa3oBaHMAX UCIIOIB30BAHO CIIEACTBHE M3 TeopeMsl D3).
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Ina 0<n<2* ommbKa, COCTABIAIONMIAS 5n/ (7~ 234) , HEOTpHIaTeIbHa U MEHbIIE 1/7 , Tak
uro q=|n/7].
Jns n< 0 npuBeAECHHBIN BbIIIE KOJ| BEIYUCISET 3HAaUCHHE

34
2745 o2 | N | g fa41=| RN
7 2% 7 7-2%

feo]
Il

B sTOM citydae ommbKa He HOJNOXKHUTEIbHA U Oonbie —1/7 , Tak uto o=[n/7].

KOMaH,ZIa VYMHOJMCEHUsL Ha Henocpedcmeemto 3a0aHHOe 3Ha4YeHue MOXKET OBbITh 3aMEeHEeHa
CO8U20M 6]1€60 HA TPpU MIO3UITUHN U 6blYUMAHUEM.

10.4. 3HakoBoe aejIeHre HA JeJINTeNb, He MEeHbIINi 2

ITocne paccMOTpeHHOro MaTepuana Bbl MOXKETE 3aMHTEPECOBAThCS, HE BO3HHUKAIOT JIU HOBBIE
mpo0eMsl IpH paboTe ¢ APYTUMHU AeIUTeIsIMU. B 9TOM pa3zene Bbl y3HaeTe, YTO HE BO3HUKAIOT:
Bce MpoOJeMsl IpH fenurenie d > 2 UCYEePIbIBAIOTCA TPEMS. pACCMOTPEHHBIMH CITydasMH.

Hekoropele U3 NpUBOAUMBIX JOKAa3aTEIbCTB BEChbMa CIOXKHBI, TaK YTO YMTAalTE HajabHEU-
ITUI MaTeprall BHUMATEILHO U He 3a0bIBaliTe 0 TOM, 4TO paboTaeTe co cioBOoM pazmepom W.

Urak, nycts naH pasmep ciaoBa W >3 u genurens 2<d< 2" u Tpebyercst HallTH Hau-
menbuiee neaoe 0< m<2¥ u nenoe p=W , takue, 4TO

L@J = LEJ s 0<n< 2t m 1.3

2° d

LEJ +1= [E—‘ s =2V t<n<-1. (1,6)
2° d

Haiiti Haumenvuiee 1enoe M HEOOXOAUMO MOTOMY, YTO MEHBIIMHA MHOXKUTEIb MOXKET MO-
TpeGOoBaTh MEHBIIYIO BeIWYNHY caBura (Bo3moxHo, 0) 1ub0 PUBECTH K KOy HAMOI00He Ko/a
u3 npumepa “nenenre Ha 5”, Ho He “nenenue Ha 7”. Tpebosanne m< 2" -1 obecrieunBaer He
GoIbIIIee KOJIMYECTBO KOMAHI, YeM B TIpEMepe JIeeHus Ha 7 (T.e. ¢ MHOKUTEIIEM B THATIA30HE
or 2" 10 2" —1 MOKHO CIPABHUTHECS C MMOMOIIBIO JOMOJHUTEILHON KOMaH/IBI CIIOKEHNUS, KaK
9TO OBUIO CHIENaHO B MpHMEpPE NCNCHHS Ha 7, HO MPEIINOYTUTEIbHEE OOOUTHCH MEHBIIUMHU
MHOXUTEIIMH). TpeboBanue p>W HyKHO HOCTOJIBKY, TTOCKOJIbKY TEHEPUPYEMBIi KO BbIjIE-
JISIET JIEBYIO TIOJIOBUHY MTPOM3BEICHUS MN, YTO 3KBUBAICHTHO CIBUTY BIpaBo Ha W Mo3HIH.
Takum 06pa3zom, oOIIHIA CABHUT BIIPABO cOCTaBIsAeT He MeHee W no3umuii.

EcTp ompenenenHoe pa3ziauyre MEXITy MHOXHTEIEM M U “MarudeckuM duciom”, 0003Ha-
yaeMbIM Kak M. Maruueckoe 4Kciio — 3TO 3HaYCHHE, KOTOPOE MCIIOJb3YeTCs B KOMaH/AE M-
HOJICeHUs: ¥ 33/1aeTCsl CICYIONMM 00pa3oM:

M=) 0<m< 27,
m-2, 2Y*<m<2".

B cuny Toro, uro coortHomenue (1,6) jomkHO BeIMONHATECS npu n=-d, T.e.
| -md/2° |+1=-1, nonyuaem

m . @)
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ITycts N, — Hanboubluee (MOJI0XKUTENbHOE) 3HAYEHHE N, Takoe, uyto rem(n,,d)=d-1. Ono
CYILIECTBYET, MOCKOIBbKY MMEETCs, KaK MHHHMYM, OJIHO BO3MOXHOe 3HaueHue n,=d-1. Ero
MOYKHO BBIYHCIIUTh KaK

n =|2"7/d|d-1=2""-rem(2"*,d)-1.
IMockonbKy N, mpenctaBisieT co6oit 0aHO 13 d HAMOOIBIIKMX AOMYCTUMBIX 3HAYECHHH N, TO
M1_d<n<2Vi-1 (3.9
H, OYCBU/IHO,
n=d-1. (3.0

IMockoneky (1,8) TOMKHO BBIMOIHATHCS TIPH N=n,_ ,

2y

W
% < ncd+1.
OObeuHsSI TOTYYEHHBIN pe3ynbTart ¢ (2), monydum
2—p<m<2—pn°+l. (4
d d n

C

IMockoIBKY M TOIDKHO OBITH HAMMEHBIIIAM IIENBIM, YIOBIETBOPSIOMNM (4), OHO TIpezcTaB-
nseT co60oii nenoe unco, cuenyomee 3a 2°/d , T.e.

. 2p+d—rdem(2",d) _ ®)

KomGuumnpyst mosydeHHyo GopMyiIy ¢ mpaBoit 9acTsio (4), moayanm:

2° > n,(d-rem(2°,d))|. (6)

AJroputm

Takum 00pa3oM, alrOpUTM ITOMCKA Marnyeckoro yucia M U BeIHYUHBI CABUTA S ISl TaH-
Horo genmurtenst d HauMHAETCS C BBIYUCICHHUS N, a 3aTeM HepaBeHCTBO (6) pelraercst mytem
MOJICTaHOBKH MOCJICA0BATEIbHBIX BO3PACTAIOIINX 3HAUeHUi. Ecimn p<W , To ycraHaBIHBacM
p=W (Teopema HIDKE MMOKA3bIBACT, YTO JAHHOE 3HAYCHHUE TAKKE YIOBICTBOPSICT HEPABEHCTRBY
(6)). Korma naiineno HaumeHnbiiee p>W , ymosieTBopsitoiiee HepaBeHCTBY (6), u3 (5) BbIukc-
JSIETCsI 3HaueHHe M. DTO HaMMCEHbIICe BO3MOMKHOE 3HAYEHHE M, MOCKOJIBKY HAMH Hal/IeHO
HanMeHblIIee puemiieMoe P, a u3 (4) MOHATHO, YTO, €M MEHBIIE 3HAYCHHE ), TEM MEHBIIE U
3Hauenne M. U HakoHen, s= p-W u M mpocTo SBISIOTCS HHTEpIpETanneil M Kak 3HAKOBOTO
LeJI0T0 YhciIa (Kak OHO PacCMaTPUBACTCsl KOMaHI0H mulhs).

To, uto mpu p<W MBI ycTaHaBnmBaeM P=W , 000CHOBBIBAETCS CIIEIYIOMIEH TEOPEMOA.

Teopema DCL. Eciu 0na nekomopozo 3nauenus P cnpageonuso nepasercmeo (6), mo
OHO CNPAaBeodnuso u 01 OOILUUX 3HAYEHUL .
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JokazareiberBo. [IpeanonoxuM, 4To HepaBeHCTBO (6) ClpaBeUTHBO s P= P,. YMHO-

xenue (6) Ha 2 naer

27" >n,(2d - 2rem(2",d)).
13 teopemsl D5 rem(2”°*l,d) > 2rem(2po ,d) —d . O6BeTMHsSA TH BHIPAKEHHS, TIOTyIUM
2R+t nC(Zd —(rem(2"°*l,d)+ d)) wim 2%+ > nc(d - rem(2”°*1,d)) )

CrienoBatenbHO, HEPaBeHCTBO (6) cripaBeyIMBO Ui P= P, +1, a IOTOMY ¥ JUIsl BceX OOJBIINX

3HAYEHHI.
Takum 06pa3zomM, MOXKHO petuTh (6) myTeM GHHAPHOTO TOMCKA, XOTS, [0-BHIUMOMY, TIpE]i-
MOYTUTENbHEE TPOCTON JTMHEWHBIN MOUCK, HAYMHAIONIMNACS CO 3HayeHus: p=W , mockojbky d

0OBIYHO Majo, a MaJIbIC 3HaYCHUA d TNIPUBOJSAT K MaJILIM 3HAUCHUAM .

Jloka3aTejbCTBO NPUTOAHOCTH AJITOPUTMA

IMokaxem, uto (6) Bcerma umeer pemenne u 9t0 0<m< 2 (HeT HEOOXOAMMOCTH MOKA3BI-
BaTh, 4T0 P =W , TaK Kak 3TO YCIIOBUE BHIMOIHAETCS PHHYIUTEIBHO).

IMokaxkem, uro (6) Bcerma uMeeT pemieHue, MOIyIHB BepXHIO rpanuiy P. Kpome toro, B
[03HABATENILHBIX LENAX MOJYYUM TAKXKe HIKHIOI IPAHUILY B MPEINOJI0KEHHH, YTO P HE 00s-
3aHO OBITh paBHbIM Kak MUHUMYM W. JIJist OJTydeHus YKa3aHHbBIX TPAHMUI] P 3aMETHUM, YTO JJIsI
T000TO TOIOKUATETFHOTO IIETI0T0 X CYIIECTBYET CTENEeHb 2, OoibplIas X U He IPEeBOCXOIIIas
2x . CnenoBarensHo, u3 (6):

n,(d -rem(2",d)) < 2" <2n,(d -rem(2°,d)).
ITockonbky 0< rem(Z”,d) <d-1,
n+1<2°<2nd. ()
W3 (3,d) u (3,0) monydaem n, > max(ZW'l—d,d ~-1). Tpaduku ynxmmii f,(d)=2""-d u
f,(d)=d-1 B Touke d=(2""+1)/2. Crenosarensro, n,>(2"*-1)/2. Mockobky N — me-
o€ yucno, n, >2"?. C yuerom toro, uro n,,d <2"* -1, (7) npespamaercs B
2" 41<20 < 2(2V 1)
178131
W-1< p<2W-2. (8
Hmxnsist rpannia p=W —1 BOOJIHE MOKeET ObITh focTurHyTa (Hanpumep, miss W=32, d=3),
HO B 9TOM CJIy4ac Mbl yCTaHaBiuBaeM p=W .
Ecnu ne nenate p paeasiM W npuHyauTensHo, T0 u3 (4) u (7) monydaem

n +1 2ndn, +1
<m< .
d d n

IMpumenenue (3,0) maer
d-1+1

<m<2(n.+1) .
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Taxk kak n, <2""'-1 (3,3),

2<m< 2V -1,
Ecnu p mpuHyauTensHo Aenaercst paBHbiM W, To u3 (4) monyyaem

2" 2Y n +1
——<m<— .
d d n

C

TMockonbky 2<d <2V —1u n >2"2,

pad A A |
m< m< 7W NIIN
3<m< 2Vt 41,

CremoBarensHO, B IIOOOM CiTydae M HAXOIUTCS B TPEIEIax TPAHHUI] IS CXEMBI, IPOFILTIO-
CTPUPOBAHHOH MPUMEPOM JIeTIeHHs Ha 7.

Jloka3aTebCTBO KOPPEKTHOCTH NPOU3BEICHUS

IMokaxkem, uto ecau P u M ebraucistores u3 (6) u (5), To BeimonHstoTcs ypasaenws (1,8) u (1,0).

Vpaeuenue (5) u HepaBeHcTBO (6), Kak JIeTKO BUETh, UMEIOT cieacTBueM (4). (B ciyuae,
KOrJia P NPHHYAUTENbHO mpupaBHUBaeTcsi K W, kak mokasbiBaeT Teopema DCL, HepaBeHCTBO
(6) ocraercs cripaBenKBbIM.) [lanee pacCMOTPHM OTAEIBHO MATH THAIA30HOB 3HAYCHHUH N:

0<n<n,,
n+1<n<n+d-1,
-n,<n<-1,
-n,—d+1<n<-n-1m

n=-n—-d.
U3 (4), mocKoJIbKY M— [eJI0e YUCIIO, CIEAYET:
p p _
2—<m<2 (n,+1) 1‘
d dn,

ITpu ymMHOXeHUU HA N/2° s N>0 3TO COOTHOILEHHUE NPEBPAIIAETCS B

n_mn_2°n(n,+1)-n
—<—<————~ — TaK 4YT0
d 2° 2Pdn,

a3 ]

Ecim 0<n<n,, 1o 0<(2°-1)n/(2°dn,)<¥/d, tak uto no reopeme D4

s il

CriemoBarensHo, B ciydae 0<n<n, ypaBHenue (1,8) BBIMOTHAETCS.
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st n>n, 3HAYCHHE N OTPaHUIEHO JUATTA30HOM
n+1<n<n+d-1, 9)
TaK Kak N>n, +d MOPOTHBOPEUYUT BHIOOPY Ne KaKk HAWOOJBIINEr0 3HAYEHHS N, TaKOTO, YTO
rem(n,,d)=d -1 (xpome Toro, u3 (3,8) BumHO, 4TO N=n +d BiledeT 3a coboit n=2""). U3

(4), mis n>0, creayer:
n mn _nn+1
d 2° d n
[TyTeM 3eMeHTapHBIX are0pandecKux mpeoOpa3oBaHuil ’TO HEPABEHCTBO MOYKET OBIThH 3alu-
CaHO CJIEIYIONIUM 00pa3oM:

n_m_n+1, (n—n,)(n, +1) .

d 20 d dn,
U3 (9) 1<n-n, <d-1, Tak 4ro

(10)

0< (n-n))(n,+1) < d-1n, +1.
dn d n

C C

Iockombky (13 (3,0)) n,>d-1u (n +1)/n, MakCMManbHO IPH MUHHUMAJIBHOM N,

0< (n-n.)(n,+1) < d—1d—1+1:1
dn, d d-1

Cc

B (10) unen (n,+1)/d sBasercs uensv unciom. Unen (n—n,)(n,+1)/dn, meHsue mwim papen 1.

CrenoBarensho, (10) craHoBHTCS

Jlns Beex N w3 quanasona (9) | n/d |=(n,+1)/d . CnenosarensHo, (1,8) BEINOTHACTCS H B 3TOM
caygae (n, +1<n<n. +d-1).
st n<0 u3 (4), Tak KaK M — [eJI0e YUCIIO0, UMEEM
P P
2P +1 < 2°n.+1

<m
d d n

C

TTpu yMHOX€eHUH Ha N/2° C y4eTOM TOro, uTo N< 0, 3TO BEIPAXKEHHE MPEOOPA3YETCS:

nn+1 mn _n2°+1
___C <— < —
d n, 2r d 2°

WIH
p

nn+l +1<| Mg nz’+l +1.

d n, | i |d 2°
[Ipumenus teopemy D2, momy«arm:

n +1)—dn, +1] [n(2° +1)-2°d +1
M +1< @ +1< # +1,
dn, | 2P | 2°d
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HOCKOJ’ILKy n+1<0, paBOC HEPABECHCTBO MOKET OBITh ocna6neH0, 4TO nacT HaM

l72+r::;:l'—‘étg?J+1S{2—‘. (11)

Hng —n.<n<-1

CrnenoBatensHO, B ciitry Teopemsl D4

n n+l n
—t— ==,
d dn, d
TaK 9To B JAHHOM ciydae (—n, < n<-1) BemosnHseTcs ypasaenue (1,6).
IIpu n<-n, BenuuuHa N OrpaHUYEHa AUATTIA30HOM
-n,—d<n<-n -1. (12
(Ucxons u3 (3,@), u3 n<-n,—d BeiTekaer N<-2""', 4ro0 HEBO3MOXKHO.) BhIMONHsIs 3j1eMeH-
TapHbIe anredpanyeckue npeobpasoBanus B aeBoil yactu (11), monydaem

_na_1+(n+ nC)(5:C+1)+1—‘S[Z?J+1SH—“ (13)

C

st —n,—d<n<-n -1
(—d+1)(nc+1)+i<(n+nc)(nc+1)+1s—(nc+1)+1= 1

dn, dn, dn, dn, d’

OrtHolIeHne (nc+l)/nc MaKCUMaJIbHO IIpM MHWHHMAJIbHOM 3HAQY€HHUU N, TaKUM 06pa30M,

n.=d-1. CnenoBarenbHoO,

(d+Dd-1+D) 1 _(nen)(n+D+l o0
d(d—l) dn dn

C C

1 (n+ “c)(“c+1)+1<0_
dn,

U3 (13), nockonexy (—n, —1)/d — uenoe 4ucno, a npudasiseMas BeTHUNHA HAXOIUTCS MEXKITY

Nl oMy
d 2P d

Owu -1, momy4mm:
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Jns nu3 quanazona —n,—d+1<n<-n -1

Hr
d d

CrnenoBarensHo, Lmn/Z”J +1=[n/d |, T.e. Bommonnsiercs (1,0).

IMocnennuii ciaydyait, n=-n—d, MOXKET OCYIECTBUTHCSA TOJIBKO Ui HEKOTOPBIX 3Ha-
genuii d. U3 (3,a) BeiTekaer, uto —n, —d <-2"", 103TOMy €CJid N IPUHUMAET YKa3aHHOE
3nauenue, 10 n=-n-d=-2Y" wu, cnemnoarensuo, n =2""'-d. Takum oGpasom,
rem(ZW’l,d) =rem(n,+d,d)=d -1 (t.e. d aBustercs nenurenem 2" +1).

It paccmarpuBaemoro ciydas n=-n,—d ¢dopmyna (6) umeer pemenne p=W -1 (Hau-
MEHBIIIEE BO3MOKHOE 3HAYEHHE ), TOCKOJIBKY ITPU STOM

n(d-rem(2’,d))  =(2""-d)(d-rem(2"",d))=
(2 -0)(0-(0-)=
=W tod< =20,
Torpa u3 (5)

M1id —rem(2W’1,d) C2"ed—(d-1) 241
d B d S od

mn VA R, |
—+1 = = =
LZPJ { d_ 2" JH { d J”
_2W—1_d _2W—1 n
=l—|+1=| —— |=|— |,
=
Tak 9ro ypasuenue (1,0) cripaBesmBo.

DTHM 3aBepIIacTcs JOKa3aTeIbCTBO TOTO, YTO €CIIM M U P BBIYKUCICHBI TI0 popmynam (5) u
(6), To ypasuenus (1,8) u (1,6) BBITOIHAIOTCS IS BCEX BO3MOXKHBIX 3HAUCHHIA N.

m=

Takum o6pazom,

10.5. 3nakoBoe 1ejieHNe HA J1eJUTe/b, He MPEeBbIAKIINT —2

ITockonbKy 3HAKOBOE IENOE MENEHHE YAOBIETBOPSAET COOTHOWmIEHHIO n+(-d)=-(n+d),
BIIOJTHE TPUEMIICMOH peanu3anueid OyJner reHepanus Kojaa Uil JCTICHUS n+\d\ ¢ TocCJenyto-
el KoMaH 0 oOparteHus 3Haka 9acTHoro. (B 3ToM citydae Mbl He OTyYHM BEPHBIN pe3yiib-
Tar 1npu aenennd Ha d =-2""", HO ISt 3TOM U APYrHX OTPULIATENBHBIX CTENEHENH 2 MOXKHO BOC-
MOJIb30BaThCs KogoM u3 pasaena 10.1, mociae KOTOPOro mMpoCcTO M3MEHUTH 3HAK MOJyYCHHOTO
pe3ynbTata.) MeHsITh 3HAaK JIETUMOTrO MPU 3TOM HE CIEAyeT M3-3a TOrO, YTO JEIMMOE MOXKET

0Ka3aTbCA MaKCHUMaJIbHBIM 110 a6COJ’IIOTHOMy 3HAYCHUIO OTPULIATCIIBHBIM YUCJIOM.
OHHaKO MOXKHO HM30€KaTh KOMaH/1bI OGpaHleHI/IH 3Haka. CxeMa Takoro BBIYMCIICHUS HUMECT

CIIeTYIOIIUH BUJI:
mn .
g= L?J npu n<0;
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q={%J+l npu n>0.
Opnnako fo6apneHre 1 npu MONOKHUTETBHBIX 3HAYCHUSIX N HEYAOOHO (TaKk KaKk HEBO3MOXKHO
MPOCTO HCMOIb30BATH 3HAKOBBIIT OUT N), TAK YTO BMECTO ITOTO OYy/IET BHIONHSITHCS IpHOaBIie-
Hue 1, ecny 3HaueHHWE ( OTPULATENBHO. JTH JNEHCTBUS SKBUBAJIECHTHBI, IOCKOJIBKY COMHOMXH-
TeJb M oTpHULaTeNeH (Kak OyaeT mokaszaHo aanee).
I'enepupyemstit s cirydast W =32, d =—7 KoJ] IOKa3aH HIDKE.

1i M, 0x6DB6DB6D Marmueckoe umcjio - (2**34+5) /7 + 2**32
mulhs g,M,n g = floor (M*n/2**32)

sub a,g,n g = floor (M*n/2**32) - n

shrsi gq,q,2 g = floor(g/4)

shri t,q,31 [Mpmbasnsgem 1 x g, eciu

add a, g, t d OTPHULATEJHHO (N MOJIOXUTEJILHO)

muli t,qg,-7 BrlumcJiseM OCTaTOK IO dopmyJie

sub r,n,t r=n - g*(-7).

3TOT KOJI OYE€Hb HAIIOMUHACT KOJ JUTS NICJICHUS Ha +7, C TEM OTJIMYHMEM, YTO OH UCIIOJIB3YET
MHOUTENb IS JeJIeHHs Ha +7, HO ¢ 0OpaTHBIM 3HAKOM, KOMaH/y BBIYUTAHHS BMECTO KOMAH/IbI
YMHOXKEHHSI, a KPOME TOTO, KOMaH/ia CI[BUra shri UCHoyb3yer 0, a He N (0 yeM roBOpHIOCH pa-
Hee). (3ameTnM, 9TO B CIlydae JIeIeHHUs Ha +7 TaKKe MOJKHO HCIIONb30BaTh B KAUECTBE OTepaH/a
g, HO TIPH 3TOM KOJ Oy/IeT UMETh MEHBIIYIO CTEIeHb Mapaienn3Ma.) Komanna eviuumanus He
MOJKET TIPUBECTH K NIEPETIOIHEHHUIO, TOCKOJIBKY OTepaH sl IMEIOT OMH U TOT K€ 3HaK.

TeMm He MeHee 3Ta cxema paboTaeT He Bcerna. XoTs MPUBEACHHBIH Ko gt W =32, d=-7
BIIOJTHE KOPPEKTEH, aHAJIOTUYHBIC U3MEHCHHUS KOJa JICNICHHs Ha 3 JUIs MOJYYCHUs KoJia JIs Jie-
JIeHUs Ha —3 NPHUBELYT K HEBEPHOMY pe3yibTary ipu W =32, n=-2"",

PaccmoTrpuM cutyaruro moapooHee.

ITycts man pasmep cinoBa W >3 u genutens —2Y'<d<-2 u Tpebyercss HaliTh HAMMEHb-
miee (o abCoMITHOMY 3HaueHu0) 1enoe —2% <m<0 u uenoe p=W , Takue, 4YTO

LmJ _ LQJ s —2"t<n<o0, (14,8)

2 |~ |d '

L@JH:{E—‘ s 1<n< 29, (14,6)
2° d

HOCTyHI/IM TaK K€, KaKk U B CJIydac JCJICHUSA Ha MOJIOKUTEIbHBIN JCIUTCIIb. HyCTL Ne —
HanOOJIbIIIEE 110 a0COIIOTHON BEIMUNHE OTPHULATEIBHOC 3HAYCHHUE N, TAKOE, 4YTO N, = kd +1 nms

HEKOTOPOTO 1EJI0I0 k. Takas BenuuunHa N¢ CYLIECTBYET B CHUIIy TOI'O, UYTO UMEECTCA 110 Kpaﬁﬁeﬁ
MEpE€ OAHO 3HAYCHHE N, = d+1. D10 3HaYEHHE MOKHO BBIYUCIIMTH, UCXOJdA HU3 TOIO, 4YTO

n, = L(—Z""’1 —1) / dJ d+1=-2""14 rem(ZW’1 +1,d). Bemmuuna N, npezcTaBisier co6oit 0AHO u3

|d| HaMMEHBIIMX OMYCTHMBIX 3HAUEHHIT N, TAK 4TO

Mi<n <2t _d-1 (15,9)

U, OYCBUIHO,
n<d+1. (15,0)
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IMockoneky (14,6) MOMMKHO BBIOMHATHCS pH n=-d, a (14,8) — w11 n=n,, TO aHAIOTHYHO

(4) momyuum

p _ p
2Zn-1l .2 (16)
d n d

C

Tak Kak M SBISIETCS HANOOJBIIUM TEIBIM YHUCIIOM, YaOBIeTBOpsifoiiM (16), oHo mpeacTanis-
eT co00¥ OmKaiilee 1ejI0e, MEHBIIIEE 2”/ d,T.e.

o 2"—d—r§m(2",d) ' 17)

OGbeuHsS OTO BRIPAKEHHUE C JIeBOH yacThio (16) u ymporast, mosyanm

2">nc(d+rem(2p,d)) . (18)

Jlokas3arenbCTBO MPHUIOAHOCTH IpemiokenHoro B (17) u (18) anropurMa M KOPPEKTHOCTH
NPOU3BEIEHHS BBIOJIHIETCA aHAJIOTMYHO JIOKA3aTeIbCTBY JUIA MOJOKHUTEILHOTO JCIUTENS U
3[1€Ch He NPHUBOAUTCA. TPYAHOCTH BO3HUKAKOT TOJBKO MPH IMONBITKAX JOKa3aTh, 4YTO
-2" <m<0. Jlng qoKa3areabCTBa PACCMOTPUTE 10 OTAEIBLHOCTH Cily4au, Koraa d npeacrasis-
eT co00ii OTPULIATENBHOE YUCIIO, a0CONIOTHOE 3HAYEHHE KOTOPOT'O ABJISETCS CTENEHBIO IBOUKH.
Juts d =2 MOHO JIETKO TI0Ka3aTh, 9To N, =—2""+1, p=W+k-1 u m=-2""-1 (kotopoe
HAaXOJUTCs B M3HAYAILHO ONMpeaeNieMoM auanasone). Jiisa tex d, KoTopble UMEIOT OTINYHEIH
or -2 BHJ, JOCTATOYHO MPOCTO M3MEHUThH IOKA3aTeJbCTBO, IPHMBEIECHHOE PaHee, IPHU Pac-
CMOTPEHHH TI0J0KUTENILHOTO JAEUTES.

Jas kakux geauresaeid m(—d)=m(d)?
ITon m(d) mnoapa3symeBaeTcs MHOXHTeNb, cooTBeTcTBYromuii nemuremo d. Ecmn

m(-d)=-m(d), kox 11 AelIeHUs Ha OTPULATENBbHBIH JIEIUTENIh MOXET ObITh CreHEpPHPOBaH

IMyTEM BBIYUCJICHUS MHOXUTEIIA IJIA ‘d

, ©IBMCHCHUS €TI0 3HaKa U IeHepalliu Koaa, aHaJIoru4-

HOTO KOJy U3 puMepa “ iesieHus Ha —/ , IPOWLTIOCTPHPOBAHHOMY pPaHee.

CpasuuBas (18) ¢ (6), a (17) ¢ (5), MOXHO YBHAETb, UTO €CITH 3HaUeHHe N it —d Tpen-
craBisieT coOoil 3HaueHue Ng s d, Ho ¢ oOpaTHbIM 3HaKoM, To M(—d)=-m(d). CnexoBarens-
HO, m(—d)#-m(d) MOxeT OBITh TONBKO TOIAA, KOTJA 3HAYCHHE Ng, BBIYUCICHHOE IS OTPULA-

TENBHOTO JICIHTEIS, PeACTaBIsIeT co0oi HambopIIee Mo abCOMOTHOMY 3HAYCHUIO OTPHIIA-
tenpHOE uncno —2Y7. Takue AeNUTENHW NMPEACTaBISAIOT cO0OM OTPUIIATENLHBIE COMHOKUTEIH
2% +1. DTH yMca BCTPEYAIOTCS OYEHb PEAKO, YTO MIUIKOCTPUPYETCS NPHUBEIECHHBIMHU HIKE
Pa3I0KECHUSIMH.

2°+1=311.331

2%+1=3715827883

2%+1 = 3%19.43.5419-77158673929

s eécex >tux MHOXuTeneir m(—d)=-m(d). Bor Habpocok mokasarenscrsa. Jus d >0

Mmbl umeem n, = 2" —d . [TockoabKy rem(ZW’l,d) =d -1, 3HaueHue p=W -1 yaOBIETBOPSET
(6), a ciemoBarenbHO, TOMY HEPAaBEHCTBY ynoBieTBOpsieT U p=W . Oxnako juis d <0 MbI
umeeM n, =-2"" n rem(ZW‘l,d) =|d|-1. CnenoBarensHo, k. p=W -1, ot p=W He ya0BIe-

TBOpsIOT (18), Tak uro p>W .
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10.6. BctpanBaHue B KOMIUJISITOP

Jly1st TOro 4TOOBI KOMITHIISITOP MOT" 3aMEHUTD JIEJIEHHE HA KOHCTAHTY [IPOM3BEIEHUEM, OH JIOJDKEH
BBIUMCIIATE JUTS TAHHOTO JiemTens d Marndyeckoe uucio M u Besmuury ciura S. ITpocteiinmii cro-
co6 cocrout B Berarciennn (6) wm (18) st p=W,W +1,... /10 Tex mop, ToKa ycioBre OyieT BbI-
nonHATeCst. 3ateM u3 (5) mmm (17) Beruucsiercs 3HadeHne M, Marndeckoe yncio M npezcrabisier
co00H He UTO MHOE, KaK HHTEPIPETAIIMIO M KaK 3HAKOBOTO IEJIOr0 Yuciia, a S= p—W .

Onucannas HUKe cXeMa 00pabaThIBAET MOJOKHUTEIBHBIE M OTPHIATENbHEIE 0 C TIOMOLIBIO
HEOOJIBIIOTO JOOJHUTEILHOTO KO/, U T03BOJISET U30ekKaTh apU()METHUECKIX BHIPAKEHUH C
JIBOMHBIMHU CJIOBAMH.

BcnoMHUM, YTO Ng 3a0a€TCS CIIEAYIOMIUM 00pa3oM:

| 2" 4rem(2¥,d)-1 d>0,
¢ —2W’1+rem(2""’1+l,d), d<0.

CrnemoBaTenbHO,

nc\ MOJKHO BBIYHICJIHTH TaK:
2 0, d>0
_ nW-1 1 ]
t=2 +{l d<0,

In|=t—1-rem(t,|d]).

OcTaToK J0JDKEH BBIYUCISTHCS C MCIOJIb30BaHNEM 0€33HAKOBOTO JEJIEHHS, B COOTBETCTBHH CO
3HAYCHISIMH APTYMEHTOB. 3/1€Ch HCIIONB3YeTCsl 3aIuch remt,

d|), a He SkBHMBajeHTHas eii
rem(t,d) MMEHHO IS TOTO, YTOOBI MOAYEPKHYTH, YTO NPOTPAMMa JIOJDKHA paboTaTh ¢ AByMs

MOJIOKUTENHHBIMU (M 0€33HAKOBLIMH) apryMEHTaMHU.
Ucxons u3 (6) u (18), 3HaueHre P MOKET OBITh BBIYHUCIEHO U3 COOTHOLIEHUS

2° >\ncmd\—rem(2”, d\)) : (19)

1ocre 4ero |M MOXKHO BBIYHCITHTH Cleyommum odpasom (uctonesys (5) u (17)):

2 +|d| - rem(2”,
‘ ‘_ ‘d‘

d). (20)

HemnocpencrsenHoe BblYMCICHHE rem(Z",

d\) B (19) TpebyeT nmpuMeHeHHs “ IUIHHHOTO Je-

nenus” (nenenue 2W-6utoBoro menumoro Ha W-OUTOBBIH nenuTenps u nonydeHne W-GHTOBBIX
9aCTHOTO M OCTATKa), MPHUYEeM 3TO [UIMHHOE JEICHHE IOJDKHO OBITh Oe33naxosbim. OmHaKo
umeercst myTh pemenus (19), KOTopslil Mo3BONIsAET U30€XKATh MCIIOIB30BAHKS JTHHHOIO Jele-
HHUS U MOXET OBITh JIETKO pEaln30BaH B OOBIYHBIX f3BIKAX IPOrPAMMHPOBAHHUS BBICOKOTO
YPOBH:I C UCTIONIb30BaHHEM Tosibko W-OuToBo# apudmernku. Tem He meHee HaM noTpedyercs
0e33HaKOBOE JIeTIEHNE 1 OE33HAKOBOE CPaBHEHHUE.

Brrancnuts rem( 2°,

d‘) MO>XXHO MHKPEMEHTHO, MHMIUAIM3UPYs JBE NEPEMEHHBIC ( U I

3HAYEHUAMH YacTHOTO M OCTaTKa OT AeneHus 2° Ha \d\ nmpu p=W -1, a 3aTreM OOHOBIISIS 3Ha-

YeHHs Q U I 0 Mepe pocTa .
B npornecce noncka nmpu yBelIMUeHUH 3Ha4eHHs P HA 1 3HaUeHUs (| U I U3MEHSIOTCS Clie-
ayrorum obpazom (cMm. Teopemy D5 (mepBast popmyia)):
a = 2*qg;
r = 2%r:
if (r >= abs(d))
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g=q+ 1;
r - abs(d);

a}
|

U3 nepoii monoBuHbI HepaBeHcTBa (4) u mpaBoil mosoBuHbI (16) BMecTe ¢ qOKa3aHHBIMH
TPaHUIAMU ISl M CIIEIyeT, 4TO ( =L2"/ \du < 2%, TaK 4To g MOKHO TpeacTaBuTh W-GUTOBBIM

0e33HaKOBBIM 4YHCcIOM. Kpome TorO, 0£r<\d , TaK 4TO I' MOXHO TpeacTaBuTh W-OUTOBBIM

3HAKOBBIM WITH OE33HAKOBBIM umciioM. (BHHMaHWe: TPOMEXKYTOUHBIH Pe3yinbTaT 2r MOMKET
npeBbicuTs 2™ —1, MO3TOMY I' TOJKHO OBITH O€33HAKOBBIM YMCIIOM, M BBHITIOJIHSIOMIMECS BHILIE
CpaBHEHHUS TAKXKe JOJIKHBI ObITh O€33HAKOBBIMU.)

Manee Berumcnsercs §=|d|-r. OGa uieHa pa3sHOCTH mpeacTaBUMBI B Buje W-GHTOBBIX
6e33HAKOBBIX IEJIbIX uncel (Tak ke, Kak M pasHOCTh 1< §<|d|), Tak uTO NaHHOE BBIYMCIICHHE

HE MPEJICTABNAET HUKAKUX TPYIHOCTEN.
Jlyist Toro uTo0bI U30EkKATE ITMHHOTO YMHOKeHus B (19), nepenuiiem ero B BUze
2p
—>0.
il
Benmnunna 2"/ \nc\ npezacraBuma B Buje W-OUTOBOro G€33HAKOBOIO IIEJIOro 4uciia (aHajo-
ruuHo (7), u3 (19) moxer ObITh MoOKa3aHo, uto 2° <2|n|-|d| mecmm d=-2"", 10 n =-2""+1

U p=2W -2, TaK 4ro 2”/\nc\ = 22\"”2/(2""’1—1) <2 mpu W >3). DTH BHIUKCIICHHS TaK XKE, KaK

U B clly4ae rem(2", d\) , MOTYT OBITh MHKpPEMEHTHbIMHU (IpH yBenuueHuu P). CpaBHEHHE s

ciydast 2°/|n|=2"" (4o Moxer nponsoiiT npu GombmKX d) ZOIKHO GITH GE33HAKOBBIM.

Jlnst BeramcIieHust M He TpebyeTcst Herocpeacteennoe Burunciienue (20), mpu KOTOpOM MoO-
JKET ITOHAJO0NTHCS [UIMHHOE JIEJIEHNE. 3aMETHM, YTO
2° +|d|-rem(2°,|d|) |2r

=|—|+1=q+1.
&l &l

IIpoBepka 3aBeprieHus 1ukina 2° / \nc\ > J BBIUMCISETCS IOCTaTOYHO CIIOXHO. Bemunna 2P / \nc\
JIOCTYITHA TOJIbKO B BUJE YACTHOTO (jy U ocTarka ;. BemnunHa 2"/ In,| Mosxker GbITh (2 MOXET U He

ObITh) ENOH (9Ta BENMMUMHA SBISAETCS HENON TONBKO st d = 272 +1 ¥ HEKOTOPHIX OTPHIATENLHBIX
3HaueHuii d). [Tpoeepka 2P / In| <& moxker GbITh 3aK0MPOBAHA CIIEIYIONIMM 00PA3OM:

0, <8|(q,=08&r,=0).

[omHOCTBIO TIpOTIeIypa AJIs BEIYUCICHNS M M s IS JaHHOTO d TokaszaHa B juctuare 10.1,
IJie TpecTaBlieHa nporpamma Ha sizbike C st W =32. 31ech ecTh HECKOJIIBKO MECT, Tl MO-
KET MPOM30MTH TeperoHeHe, OHAKO €CJIM €ro MTHOPUPOBATh, TO MOJYYEHHBIH Pe3yiabTaT
OKAa3bIBACTCS KOPPEKTHBIM.

JIncrunr 10.1. Beruncienue Maru4eckoro 4mcJjia ajist 3HaKoOBOI0 JAeJIeHUs
struct ms

{
int M; // Marmuyeckoe uMCJIO
int s; // BeauumHa crOBuUra

I
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struct ms magic (int d)

{ // d DOJIXHO YIOBJIETBOPSATH YCJIOBMIO
// 2 <= d <= 2**31-1 mnau -2**31 <= d <= -2
int p;

unsigned ad, anc, delta, gl, rl, g2, r2, t;
const unsigned two31l = 0x80000000; // 2**31
struct ms mag;

ad = abs(d);
t = two3l + ((unsigned)d >> 31);
anc = t - 1 - t%ad; // ABcCojyTHOE 3HAaUYeHMe ncC
p = 31; // VHUUManusauus p
gl = two3l/anc; // VHyumanuzsaumsa gl = 2**p/|nc|
rl = two3l - gl*anc;// Vamumammszsaums rl = rem(2**p, |nc|)
g2 = two3l/ad; // VHuyumanuzsaums g2 = 2**p/|d|
r2 = two3l - g2*ad; // Vamumammsaumsa r2 = rem(2**p, |d]|)
do {

p=p+ 1;

gl = 2*qgl; // OBuomnenme gl = 2**p/|nc]|.

rl = 2*rl; // OBuoByeHnme rl = rem(2**p, |nc|)

if (rl >= anc) // 3mech Tpebyerca Ges33HAKOBOE

{ // cpaBHeHUe

gl = gl + 1;
rl = rl - anc;

}

g2 = 2*qg2; // ObuoBneHme g2 = 2**p/|d|

r2 = 2%r2; // ObuoByeHme r2 = rem(2**p, |d|)

if (r2 >= ad) // 3Bmecb Tpebyercs Oes33HAKOBOE

{ // cpaBHeHue

g2 = g2 + 1;
r2 = r2 - ad;
}
delta = ad - r2;

} while (gl < delta || (gl == delta && rl == 0));
mag.M = g2 + 1;
if (d < 0)
mag.M = -mag.M; // MaruMueckoe UYMCJIO U
mag.s = p - 32; // BeJMuMHa COBUTA

return mag;

Jns ucnonp3oBaHUsl pe3yibTaTa 3TOM MPOrpaMMbl KOMIWIATOP JOJDKEH CreHEpUpOBaTh
KOMaH/IbI 11 ¥ mulhs, KOMaHay add npu d > 0 UM< 0 Wi sub IIpu d < 0 © M > 0 U, HAKOHEL,
KoMaHAy shrsi npu s > 0. Ilocne atoro renepupyrorcs koManasl shri u add.

B cimyyae W =32 MoxHO u30exkath 00pabOTKH OTPHUIATEIBLHOTO JCIHUTEINS, €CIIH HCIOJb-
30BaTh MPEABBIYHUCICHHBINA pe3yibTar mis d=3 u d=715827883, a mis ocTagbHBIX OTpHIA-
TENBHBIX JeNuTeNeil ucronp3oBats Gopmyay m(—d)=-m(d). OxHako mpu 3TOM IIporpamMma

u3 muctunra 10.1 He cTaHeT 3HAYUTENILHO KOpoue (ecii BOOOIEe COKPATUTCS).

10.7. lonoiHUTEIbHBIE BONPOCHI

Teopema DC2. Haumernvuiuii mrosicumens M neuemen, eciu P He pasno W 6 npunyou-
menbHOM nopsioKe.
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Joka3zarenbcrBo. [Ipeamosnoxkum, urto ypaBHenus (1,8) u (1,0) BBIMOMHSAOTCS MpH Hau-
MEHbIIIeM (HEe YCTAaHOBJICHHOM MPUHYIUTENBHO) 3HAYCHUH P 1 yeTHOM M. OYeBHIHO, YTO TO-
raa M MOXKHO paslenuTh Ha 2, a P yMCHBIIHUTD Ha 1 M ypaBHEHHUsI OCTaHyTCs crpaBeanBbl. Ho
9TO TPOTHUBOPEYUT MPEATMONIOKEHHIO O TOM, YTO P — HAaWMEHbLIEe 3HAYCHHE, MPU KOTOPOM
BBITIOJTHSIFOTCS TAHHBIC YPABHCHHUS.

EnuHcrBeHHOCTDH

Marmnyeckoe 4uciIo Jjs JAHHOTO JEIUTENS MOXKET ObITh €JMHCTBEHHBIM (KaK, HallpUMep, B
cayuae W=32, d=7), Ho 3auactyio 3T0 He Tak. boiee TOro, SKCIIEpUMEHTHI YKa3bIBAIOT, YTO
KaK pa3 OOBIYHO MMEETCSI HECKOJIBKO MAarm4eCKHUX YMCEN T OHOro aenutels. Hanpumep, mis
W=32, d=6 nmMeeTcs YeThbIpe MardueCKuX YHCIIa;

(%]
1
o

M= 715827833  ((2%+2)/6)

M= 1431655766  ((2*+2)/3) s=1
M= -1431655765 ((2°+1)/3-2%) s=2
M= -1431655764 ((2°+4)/3-2%) s=2

O/ HAKO eCcTh cieayroniasa Teopema.

Teopema DC3. /[ns dannozo denumens d cywecmeyem monvko 00un MHodxcumens M,
uMerowull MUHUMAIbHOe 3Hayenue P, eciu P He npupasHusaemces k W ¢ npuryoumens-
HOM nopsioke.

Joxa3aTeabcTBo. PaccMoTpuM cHauana cioydail d >0. Pa3HOCTh Mexkay BepXHEW U HIK-
Hell rpaHuIaMu B HepaBeHcTBe (4) cocrasisier 2°/dn, . Ml yxke nokaszanu (7), T.e. 4to eciu p
MUHHMAJIBHO, TO 2"/dnC < 2. Takum oOpa3oM, MOXKET OBITH He OoJiee ABYX 3HAYCHHI M, KOTO-
pble yIOBIETBOPSIIOT HepaBeHCTBY (4). [IycTh M paBHO MUHUMAIBHOMY U3 3THUX 3HAYCHHH, 3a-
naBaeMoMy cooTHomeHueM (5); Toraa BTopoe A0MycTUMOe 3HadeHne — m+1.

ITycTe Pp — HaMMeHbIIee 3HaU€HHE P, U1 KOTOpPOro m+1 yJOoBIETBOpSAET MPaBOi yacTu
HepaBeHCTBa (4) (3HaueHue Po He mpupaBHeHO K W B puHyAUTeIbHOM mopsike). Torna

2% +d-rem(2™,d R
( )+1<27n'37+1
d d n

C

3TO BHIpaXXEHHE YIPOIIACTCS 10
2" 5 nc(2d —rem(2"0,d)) .
Henenue Ha 2 naet

2mts nc(d —Erem(z"U,d)).
2

TTockolbKy B COOTBETCTBHM ¢ Teopemoii D5 u3 pasnena 9.1 rem(2%,d) < 2rem(2%,d), nony-
qaeM
21>, (d - rem(2p°‘1,d)) :

YTO OPOTUBOPEUHUT IIPEANOJIOKCHUID O MUHUMAIBHOCTH .
Z[OKa?)aTeJ'ILCTBO JJIA ciry4dast d <0 aHaAJOrMYHO M 3]IECh HE MMPUBOAUTCA.
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JeauTesu ¢ Jy4YIIMMH NPOrpaMMaMu

Iporpamma s d =3, W =32 oxa3pIBaeTCsl KOpoUe IMPOrpaMMBI IS OOIIEeTo ciydas, Imo-
CKOJIbKY B Hel He TpeOyeTcs BhINOJHEHUuEe KOMaH] add U shrsi mocie koManasl mulhs. Bo3s-
HHUKAET BOTIPOC: JUTSA KAKUX JEJUTENEH POorpaMMa TakKe OKa3sIBAETCS YKOPOUCHHOM?

PaccMOTpHUM TOJBKO TOJIOKHUTEIBHBIC MeauTend. MTak, TpebGyeTcss HalTH meitble guciia M u
p, KoTopbie yaoBieTBOPstoT ypasuerusM (1,8) u (1,06) U 1y1st KOTOPBIX BBIMOIHAIOTCS COOTHO-
menuss p=W u 0<m< 2¥". TTockosbKy Jro0ble elble Ykciia M U P, KOTOPbIE YAOBIETBOPS-
ot ypaBaenusM (1,8) u (1,0), MOIDKHBI TakXKe YIOBICTBOPSATH HepaBeHCTBY (4), M0CTaTOYHO
Haiitu Te aenurend d, s kotopeix (4) umeer pertenue mpu p=W u 0<m< 2", Bee pere-
uus (4) mpu p=W 3a1ar0TCst ypaBHEHHEM

2W+kd—rem(2W,d)
m= d

OO6BbenuHssI ero ¢ mpapoii yactbio (4) u ynpoias, moxy4um

, k=123...

rem(2",d) >k —g. (21)

s
Haumenbmmy orpanmdcauem Ha rem(2",d) ssnsercs orpanmuenne npu k=1 u N, pasHOM
CBOEMY MUHUMAIbHOMY 3Ha4eHuto 2"°%, Tak 4o
rem(2¥,d)>d-4,
T.e. d sBnsiercst nemrenem 2V +1, 2¥ +2 wim 2% +3.
ITocMOTpHUM Terephb, KaKue U3 TaHHBIX JIeUTeeH B JEHCTBUTENBHOCTH UMEIOT ONTUMAIb-

HbIE IPOTPAMMBI.
Eciu d seisercs nemurenem 2V +1, 10 rem(2w,d) =d-1. Torna peurenuem (6) siBisiercst

p=W , TaKk KaK HEPABEHCTBO [PEBPALIIACTCS B OYCBUIHOE:
2" >n(d-(d-1))=n,,
nockoIbKy N < 2", TIpu BbIYUCICHHE M HMeeM
e 2"+d-(d-1) 2"+1
d d

u npu d>3 370 3HAYEHHE OKasbiBaeTcs MeHbiie, ueM 2" (d He MoxkeT OBITH paBHO 2, MO-

CKOJIbKY SIBIIIETCSI JEIIUTEIIEM v +1). CnenoBarenbHO, BCE AEIUTENH 2 +1 umeroT onTH-
MaJIbHbIE IIPOTPAMMBL.
AmnanoruuHo, eciu d sBngercs nenutenem 2V + 2, To rem(2w,d) =d-2. 3gecb Takxke pe-

IEeHUEM (6) ABJIACTCA P =W, IMOCKOJIbKY HEPABCHCTBO TAKKC IMPEBPAIIACTCA B
W
2" >n(d-(d-2))=2n_,
KOTOPOE€, OYCBUAHO, ABIACTCA NCTUHHBIM. Brruncnenue m gaet 3HaueHue
2% +d—(d-2) 2¥+2
m= =
d d
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MPEBBIIIAIOLICE 2Y_1 s d=2, Ho He IIPEBBIIIAIOLIEE 211 npu W>3 d=>3 (cnyqaﬁ W=3u
d=3 HeBO3MOIKeH, TIOCKONIbKY 3 He stBiiseTcs aenurenem 2° +2=10). ClienoBarelbHO, BCE ASUTENN
2" + 2, 32 NCKIIFOUYEHHEM YUCIIA 2 M JIOTIOHUTEIBLHOTO MY (IOTIOJIHUTENBHBIM K 2 IEJUTENEM SBJIs-
ercs (2W + 2) / 2, T.€. YHCJI0, KOTOPOE HEJB3s IPEACTaBUTh Kak \W-OUTOBOE 3HAKOBOE IIENIOE).
Ecimu d sensercs nenurenem 2% +3, To MoKa3aTh, YTO ONTUMAIBHOM NPOrPaMMBI IS HETO
HET, MOXKHO clieayronmmM obpa3om. ITockomsky rem(2W,d) =d -3, u3 HepaseHcTBa (21) nmeem
W
<—Q7,
kd—d+3

Camoe ciaboe orpanudenre — npu K=1, tak uro n, < 2"/3.

n, k=123,...

U3 (3,8 n,>2""—d wmm d>2""-n_, cienosarensHo:

v v

3 6

Kpome Toro, mockonsky 2, 3 u 4 He MOryT ObITh AeautenaMu 2" +3, HAUMEHBIIMM BO3MOXK-
HBIM genutenem 2V +3 gpugercs 5 u, caemoBarenabHo, HaMOOBIINN BO3MOKHBIN [IENIUTENb pa-

d>2""—

BCH (2‘” +3) /5 . Takum obpaszom, ecu d seisercs nenurenem 2% +3 u d mmeer ONTUMAaJIbHYIO
NIporpaMmy, TO
W W
2 g<Z2*3
6 5

IIpeobpa3syst TaHHOE HEPABEHCTBO, ISl JOMOJHUTEIBHOTO K O menuTes (ZW +3) / d momyuaem

CICAYIOLIXE IPAHUIIbI:

d LR U

3TI/I I’paHI/IIII)I yKa3LIBaIOT, qToO HpI/I W=>5 CANHCTBCHHbBIMHU BO3MOX>XHbBIMHU AOIIOJITHUTCIIbHBIMHU
nenutensmu seisitorest 5 u 6. Tlpu W <5 serko yoeautses, uto nenuteneit 2% +3 He cymect-
ByeT. HOCKOJ’ILKy 6 HEC MOXCET 6I>ITI) JCIIUTCIIEM 2W +3, CANHCTBCHHbBIM BO3MOX>HBIM ACJIIUTC-
JIEM 3TOr'0 4HucCjia MOXET 6BITB 5 TaKI/IM 06p330M, CAUHCTBCHHBIM BO3MOXHBIM OCIUTCIEM

532W+3<(2W+3)46 .18

2" + 3, KOTOPBIH MOKET HMETH ONTUMAIIBHYIO IIPOTPAMMY, SIBJIAETCS (2W + 3) / 5.

Jns d :(ZW +3)/5

R 2W+3_1
nc_(2W+3)/5 5 ’

a Tak Kak pig W >4

2W—1
2<—————< 25,
(2"+3)/5
TO
2V +3
=2 -1.
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Dra BenuuuHa npesbiuaer 2¥/3, Tak yto d = (2W +3) /5 ONTUMAIbHOM POTrPAMMBbI HE UMEET.

IMockonbky mis W < 4 Benuunna 2" +3 [enuTeneil He HMEET, MOKHO CENATh BBIBOI O TOM,
yro genureneil 2¥ +3 ¢ ONTUMAaNBHOI IIPOrpaMMON He CYIIECTBYET.
Pestomupyem: Bee peautend 2% +1 u 2% +2, 3a uckimoyeHneM 2 u (2‘” + 2) / 2, UIMEIOT OII-

TUMaJIbHBIE IPOrPAaMMBbI, U HUKAKHE JPYTUe YHCia ONTUMAIBHBIX [IPOrpaMM He uMetoT. bosee
TOTO, MPHUBE/ICHHOE BBIIIE JI0KA3aTeIbCTBO MOKA3bIBaeT, uyTo ainroputM u3 auctunra 10.1 Bce-
r7ia JaeT ONTUMAJIBHYIO IPOTPaMMY, €CITH TaKOBasl CYIIECTBYET.

PaccmorpuMm wactHble cimydan 3HaueHu W, paBHble 16, 32 u 64. CooTBeTcTBYIOMHE pas3-
JIOXKEHHSI Ha MHOXKHUTEIHN TTOKa3aHbl HIKE.

2°+1= 65537 (mpocroe)

2%+2= 23211331

2%2+1= 6416700417

22+2= 23715827883

2%+1= 274177-67280421310721
2%+2= 23%19.435419.77158673929

CrnenoarensHo, it W =16 umeercs 20 nenuTenei, Uit KOTOPBIX CYIIECTBYET ONTHMAJb-
Has iporpamma. 13 aux mensire 100 nemurenu 3, 6, 9, 11, 18, 22, 33, 66 u 99.

Jns W =32 ecTh 1ecTh Takux aenautenei: 3, 6, 641, 6700417, 715827883, 1431655 766.

Jns W =64 ects 126 takux aenuteneii. M3 uux mensine 100 nenurenu 3, 6, 9, 18, 19, 27,
38, 43, 54, 57 u 86.

10.8. be33sHakoBoe aejIeHHe

Be33nakoBoe JieieHue Ha BEJIMYMHY, PEICTABISIONIYIO CO00 CTENeHb ABOMKH, peai3yeT-
Cs1 C TIOMOIIBIO IMHCTBEHHON KOMAaHIIbI CO8Ued 6NpPABo, & OCTATOK — C MOMOIIBI0 KOMAH/IBI U
C HenocpeoOCmeeHHO 3a0A8AeMbIM ONEPAHOOM.

MosKeT ToKa3aThCsi, YTO 00pabOTKa APYrUX JNENUTENCH JODKHA OBITh HECIOXKHOMN: MPOCTO
HCIOJIB30BaTh PE3yabTATHI JJIs 3HAKOBOTO JiesicHus ¢ d >0, omyckasi B KOMaHJIbI, KOTOPHIC
nobasinsioT 1 mpu oTpunarensHoM yacTHOM. OZHAKO BBl YBHIWTE, YTO HEKOTOPHIE JeTainn Oe3-
3HAKOBOTO JENIEHUS B IEHCTBUTENHHOCTH HECKOIILKO CIIOXKHEE.

Be33HakoBoe gejienue Ha 3

Haunem pPaccMOTPEHUC 0€33HaKOBOr'0 JACJICHUA Ha JPYTUe 4Yuciia € 0€33HaKOBOIO JACICHUA
Ha 3 Ha 32-0MTOBOI MaIlIMHE. HOCKOJ’ILKy ACIUMOE N TEIIEePph MOXKET JOCTUIaTh 110 BEJIMYKHE

2% _1, MHOXMHTEIb (232+2) /3 OKasbIBaeTCs HeaaekBaTeH (WieH-OIHMOKa 2n/ (34232) MOKET
npeBbicuTh 1/3). OIHAKO MOXKHO HCIONB30BATh MHOKUTEID (233+1) /3. COOTBETCTBYIOLINI

KOJI IMEET BH]]

1i M, OXxAAAAAAAB 3Barpyska MaTMyeckoro umcia (2**33+1)/3
mulhu g,M,n g = floor (M*n/2**32)
shri g,q,1

muli t,qg,3 BriumciieHMe ocTaTka o dopMmyie
sub r,n,t r =n - g*3
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B sToM cirydae Ham TpeOyeTcs KoMaHaa mulhu, KOTOpas BO3BpamiaeT crapmme 32 Oura
6e33HaKoBOro 64-0MTOBOrO IPON3BE/ICHHSI.
Uro6bl yOenuThCsl B KOPPEKTHOCTH NMPUBEJICHHOTO KOJIa, 3aMETHM, YTO OH BBIYMCIISIET Clie-

Ayrouiee 3HAUYCHUE.
4= 2+1n |_ n,.n
3 2% 3 322

Ilpu 0<n< 2% BHINOJHSIETCS HEPABEHCTBO 0< n/ (34 233) <1/3, TaK 4TO B COOTBETCTBHH C TEO-
pemoii D4 q=| n/3].

[Ipu BRMECICHNN OCTaTKa MOXET NPOU30MTH MEPENOTHEHNE TPH BHIITOTHEHUH KOMAaHIBI
VMHOXCEHUsL HA HenocpeOCmeeHHO 3a0aHHoe 3HayeHue, ECITH OTIEPAaHABl PACCMATPHBAIOTCS KaK
3HAKOBBIC [IEJIbIC YMCIIa, HO €CIIM CYUTATh ONEPaHAbl M pe3yabTaT 0€33HAKOBBIMH, TO IEPETIO-
HEHHE TIPH BHITIOJHEHNH JAaHHOW KOMaHIBI HEBO3MOXHO. llepernonHenne HEBO3MOKHO H TIPH
BEITTIOJTHEHUN KOMAH[BI 8614UMAHUs, TAK KaK pe3yIbTaT HaxoauTcs B auana3zone ot 0 1o 2, mo-
STOMY MOJy9aeMBIif TAKHM 00pa30M OCTAaTOK KOPPEKTEH.

Be33znaxkoBoe nejaenune Ha 7/

ITpn Ge33HakoBOM paeneHHH Ha 7 Ha 32-OMTOBOM KOMIIBIOTEPE MHOXKHUTEIN (232+3) /7,
(233 + 6) / 7u (234 +5) / 7 OKa3bIBAIOTCS HEAJEKBATHBIMH, MOCKOJIBKY JAIOT CIUIIKOM OOJBLION
4IeH-0muOKy. MOXHO HCIOIB30BaTh MHOXKHTEIb (235+3) /7, HO OH CIHIIKOM BEIMK I
npeAcTaBiIeHuss 32-0UTOBBIM O€33HAKOBBIM YHCIOM. Y MHOXKEHHE Ha 3TO YHCIIO MOYKHO BBIIOJI-
HUTb IOCPEJCTBOM YMHOKEHUS Ha (235 +3) / 7-2% ¢ nocnenyromeil Koppekiuei myTeM cio-

skeHus. COOTBETCTBYIOIIMIA KO UMEET CIICAYIOUIUI BUI:

1i M, 024924925 Marmueckoe UmcJio (2**35+3) /7 - 2**32
mulhu g,M,n g = floor (M*n/2**32)

add q,d,n MoxeT BEI3BATHL I[IepelloJIHEHME (IIepeHOoC)
shrxi q,q,3 COoBur BIOpaBO C OMUTOM IepeHoCca

muli t,q,7 BelumciieHMe ocTaTka oo dopmytie
sub r,n,t r =n - g*7

31ech BO3HUKAET HEOOMbIIas mpodieMa: koMaHaa add MOXKET BBI3BaTh mepenoiaHenne. Jis
TOrO YTOOBI OOOWTH 3Ty CUTyaluo, Oblia MpHUIyMaHa HOBas KOMAaHIA PACUWUPEHHO20 CO8U2a
6NPABO HA HENOCPeOCMEeHHO 3a0annyio eeauduny (shrxi), KOTOpas paccMaTpuBaeT OWT rie-
peHoca KoMaHIEl add 1 32 OuTa peructpa g Kak enuHyro 33-0HTOBYIO BEJIMYNHY, H BEITIONHSAET
€€ CIIBUT BIIPABO C 3allOJHEHUEM OCBOOOMBIIUXCS Pa3psa0B HyJIeBbIMU Outamu. B cemeiicTBe
nporeccopoB Motorola 68000 sty geficTBHS MOXKHO peaar30BaTh MPU MOMOIIH JBYX KOMAH/I:
PACUWUPEHHO20 YUKIUYeCK020 cO8Ued BIPABO HA OJUH OWUT C TMOCICHYIOUIUM 0Oe33HAKOGbIM
cosuzom eénpaso Ha 3 6ura (KOMaHAa rorx Ha CAMOM JIejie HUCMOJb3yeT X-OuT, HO KOMaHa
add MpUCBaMBaecT eMy TO K€ 3HAUYCHHE, YTO M OUTy mepeHoca). Ha GObIIMHCTBE KOMIThIOTE-
POB IS BBITIOJHCHUS 3THX JACUCTBHIA TpeOyeTcs Oolblee KommdecTBo koMana. Hampumep, Ha
PowerPC Tpebyercsi BBINIONIHEHHE TPeX KOMAHI: cOpOC MPaBBIX TpeX OUTOB (, MpuOaBICHUE
Outa nmepeHoca K ( ¥ IUKIMYCSCKHUIA CABUT BIIPABO HA TP TO3UIHH.
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IIpu Toi1 MM MHOM peanu3anuu KOMaHAbl shrxi MPUBEJACHHBIN BBIIIE KO/ BBIYUCISET

Ny

Ipu 0<n< 2% BBIMONHSAETCSA HEPABEHCTBO O < 3n/ (7~ 235) <1/7, TaKk 4TO B COOTBETCTBHH C TEO-
pemoii D4 q=|n/7].

I'pannysa (Granlund) u Montromepu (Montgomery) [21] mpemnoxuing 0OCTPOYMHYIO CXe-
MY, TI03BOJISIFOLIYIO M30€XaTh MPUMEHEHHUsS] KOMaHIbl shrxi. OHa TpebyeT TOro e KOJINYecT-
Ba KOMAH/I, 4TO U PACCMOTPEHHAs BBILIE CXEMa, HO HCIIOJIB3YeT TOJBKO HJIEMEHTAPHBIC KOMAaH-
IIbI, KOTOPBIE €CTh HMPAKTHYECKH Y KaKI0T0 KOMIBIOTEPa; MEPEMOIHEeHHS IPH 3TOM OKa3bIBa-
FOTCSI IIPOCTO HEBO3MOXKHBI. CXeMa HCIIOb3yeT CIIEAYIOLIee TOKICCTBO!

e e T

MMEHUM [aHHOE TOXIECTBO K Hamieil 3ajade, mojaras (= , rme 0<M < 2%,
II Mn/2* 0<M < 2%

Brrautanne He MOXKET BBI3BATh TIEPETIOJIHEHM S, TTIOCKOJIBKY

Mn
OSq:[?JSn,

HO3TOMY OYEBHIHO, 9T0 0<n—q< 2%, CloXKEHHE TaKKE HE MOMKET BBI3BATh MEPEIONHEHHS,

MOCKOJIbKY
n—q n—q n+q
— 1+ g=|—+qg|=| —2
LZJqlqutZJ
u 0<n,g<2¥.

Hcnonp30BaHue TPEIOKCHHBIX UIICH MPUBOIUT K CIEAYIOMIEMY KOJY Uil O€33HAKOBOTO
nejleHus Ha 7.

1i M, 0x24924925 Marmueckoe UmcJio (2**35+3)/7 - 2**32
mulhu g,M,n g = floor (M*n/2**32)

sub t,n,q t=n-qg

shri t,t,1 t=(n-q)/2

add t,t,q t=(n-4qg)/2 +qg=(n+q)/2

shri qg,t,2 g = (n+Mn/2**32)/8 = floor(n/7)

muli t,q,7 BelumcJieHMe ocTaTkKa oo Qopmysie

sub r,n,t r =n - g*7

Yro0bl 3Ta cxeMa padoTaja, BeJIMYHHA CABHIa B THIIOTETUYECKOM KOMaHAe shrxi JT0OJDKHA
ObITh Gonbie 0. MOXHO HOKa3aTh, 4To ecind d >1 ¥ MHOXUTENL M>2% (T.e. HeoOXoaUMa
KOMaHj1a shrxi), To BenuuuHa casura 6oubiie 0.

10.9. Be33nakoBoe aejIeHMe HA JeJUTe]Ib, He MeHbIIni 1

Jlna nanHoro pasmepa ciosa W >1 u menutens 1<d <2 TpeGyercs HaWTH HauMeHbLIEE
mesroe M menoe P, Takue, 9To

mn n
— |=|—| g 0<n<?2V, 22
[ 2 J td J 8 (22
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npu 3toMm 0<m< 2"t u p=W.
B ciiyyae 0e33HaKOBOTO JIENICHHs] MATHYECKOe YKciIo M ompenensercst Kak
m, 0<m< 2V,
m-2% 2Y <m< 2"

IMockonbky (22) MOMKHO BBIMOIHATHCS A7 N=d, Lmd/ ZpJ =1 win

%21. (23)

ITycTs, KaK ¥ B CIlyuae 3HAKOBOTO JIEJEHHs, Ne MPEICTABISET COOON HAMOOIbIIEE 3HAUECHHE N,
takoe, uto rem(n,,d)=d-1. Ero MOXHO BBIYHCIUTb KaK N, =L2W/de -1=2"—rem(2",d)-1.

Torma
M _d<n<2V-1 (24,9)

n>d-1. (24,0)
9to o3Hagaer, 4yto n, =2,

IMockounbky (22) MOMKHO BBIMOJHATHCS IIPH N=n, ,

2+

Win
m, _n+1
2° d
OO6beaMHEHNE YTOTO HepaBeHCTBa ¢ (23) maer
p p
2 e et (25)
d d n

ITockonbky M mpencTaBiseT co00il HaMMEHbIIEe IIENI0e, YIOBICTBOPSIONICE HEPABCHCTRY
(25), oHO MOIKHO OBITH GIIMKAMIIIMM LIEIBIM YUCIOM, OOJIBIIUAM HIIH PABHBIM 2”/ d,T.e.

2° +d—1-rem(2° -1d
mo 2t diorem(2-1d)) (26)
d
KomMOuHupys 3T0 ypaBHEHHE ¢ MpaBoil 4acThio (25) u ymporias, Hony4nm
2° > n,(d-1-rem(2°-1d))|. (27)

be33HaKkoBbIil aTrOpUTM

Takum 00pa3oM, adrOpuTM COCTOHUT B MOUCKE METOJOM MpoOd M OMMOOK MUHUMAITLHOTO
p=W , yIOBIETBOPSIONIETO HepaBeHCTBY (27), mocie yero u3 ypaBHeHust (26) BeraucisieTcss m.
DT0 HauMEHBIIEE BO3MOKHOE 3HaUeHHe M, yaosneTsopsromee (22) mpu p>W . Kak u B 3Ha-

KOBOM CITydae, eCiii HepaBeHCTBO (27) BBIMOJHACTCS ISl HEKOTOPOTO 3HAYEHHUS P, TO OHO BBI-
TTOJTHSETCS M [T BceX OonbImmx 3HaueHnH P. JlokazaTenscTBO 3TOTO (pakTa, 1Mo cyTH, HU4eM He
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OTIMYAETCs OT JoKa3aTenbcTBa TeopeMbl DCI1, Tompko BMecTO TepBOi (OpMYIBI U3 Teope-
MBI D5 B f0Ka3aTensCTBE NCTIONB3YyeTCs BTOPas.

I[OKZB&TCJ’[LCTBO NMPUTOIHOCTH 0€33HaK0BOI0 ajaropurma

TMokaxem, uro (27) Bcerga uMeet penrenne u 9ro 0< m< 2V,
IMockobKyY JUIst TF000T0 HEOTPUILIATEIBHOTO YUCIIA X UIMEETCSI CTEIEHb 2, GolbLIast X, HO He
npeBbliaromas 2x+1, u3 (27) monydaem

n,(d-1-rem(2" -1.d))<2° <2n (d -1-rem(2° -1,d))+1.
Tax kak 0<rem(2"*,d)<d-1,
1<2°<2n (d-1)+1. (28)
C ydeTom Toro, uto n,,d <2" -1, 370 HEPABEHCTBO NPEBPALIAETCS B
1<2°<2(2"-1)(2" -2)+1
i
0< p<2W. (29)

Takum 00pa3oM, HepaBeHCTBO (27) Bceraa UMeeT pellieHHe.
Ecnu p He npupaBHuBaeTcs npuHyauteasHo Kk W, To u3 (25) u (28) cnenyer

1_oe 2n(d-1)+1n +1

d d n

C

< 2d-2+1n,
d

1<m (n.+1),

1<m<2(n +1) <2,
Eciu ke P B IpUHYAUTENLHOM TIopsiake npupaBHeHo Kk W, 1o u3 (25) BeiTekaet
2w 2Y n+1
—<m<—

d d n

B cuny Toro, uro 1<d<2¥ -1 u n 22"*,

v A |
<M< — —————
-1 1 vt

2<m< 2 +1.

CrepoBartensHo, B JIIO0OM Ciydae M HAXOJHUTCS B Mpeesax CXEMbl, MPOWLIFOCTPUPOBAHHOM
MIpUMEPOM 0€33HAKOBOTO JICIICHHS Ha 7.

Jloka3aTe/ibCTBO KOPPEKTHOCTH NTPOM3BEAeHHs B 0€33HAKOBOM CiIy4ae

IMokaskeM, 4TO eciu P ¥ M BBIYUCICHBI HA OCHOBaHUH (Gopmy (27) u (26), TO BBHIIOTHACTCS
ypaBHeHue (22).

Jlerko mokasath, 4To ypaBHeHue (26) u HepaBeHCTBO (27) NPHBOIST K HepaBeHCTBY (25),
KOTOpOE MPAKTHYECKH TOXKICCTBEHHO HEpaBEeHCTBY (4); ocTajbHas 4acTh JOKa3aTeJbCTBa, IO
CYTH, HJCHTHYHA IOKA3aTeIIbCTBY JJIsl 3HAKOBOTO eNCHHS Ipu N=0.
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10.10. BcrpauBaHue B KOMIWJISAATOP NMPH 0€33HAKOBOM JIeJIeHHH

B peanuzaiuu ajaroputma, OCHOBAHHOTO Ha HENOCPEICTBEHHBIX BBIYUCICHHSX, UCIIOJIB30-
BaHHBIX B [I0Ka3aTEJIbCTBE, MMEIOTCS TPYJAHOCTH. XOTsl, KaK JI0Ka3aHo Bbimie, p< 2V , ciaydaii
p=2W ue uckmodaerca (Hampumep, mig d=2" -2 W=>4). Eciu p=2W , BEMUCIHTE M
CTAQHOBHUTCS CIIOXHO B CHIIy TOTO, uTO feimmoe B (26) He pasmeriaercs B 2W-GHTOBOM CIIOBE.

OpnnHako peanu3aryisl dTHX JIEHCTBHIA BO3MOXKHA IMPH HCIIOJB30BAHUA METOJHMKH “‘HHKpE-
MEHTHOT'O JICJICHHsI U B3STHS OCTaTKa”, y)K€ PacCMaTPUBABIICHCS] HAMH paHee U IMPUMEHEHHOH
JUIsL TAHHOTO CJTyYast B alropuT™Me, KOTOpsii npuBeneH B muctunre 10.2 (mst coyuas W=32).
B aToM anroput™e, NOMHUMO Mard4eckKoro Yucia U BEIWYUHBI CBUTa, BO3BPAIIACTCS UH/IMKA-
TOp HEOOXOANMOCTH TeHepaIu KoMaHIbl add (B Cilydae 3HAKOBOTO JEECHUS HEOOXOINMOCTh
J00aBJIEHHs 3TOU KOMAH/IbI PACIIO3HABAJIACH 110 TOMY, YTO M U d MMEITH Pa3HbIE 3HAKH).

JIucrunr 10.2. BeruncjieHne Marn4eckoro 4uc/a sl ciry4yasi 0e33HaKoBOIO ieJeHUsl
struct mu

{

unsigned M; // Marmueckoe UMCJIO
int a; // VuoykaTtop "add"
int s; // BenuumHa crOBuUra

i

struct mu magicu(unsigned d)
{
// d pomxHO OHTH B TpaHmMuax 1 <= d <= 2**32-1
int p;
unsigned nc, delta, gl, rl, g2, r2;
struct mu magu;

magu.a = 0; // VHuMumanmszauus uHIMkartopa "add"
nc = -1 - (-d)%d; // Ucnonbayercsa Oe33HakoBasg apudmMeTrka
p = 31; // VIHMUManusauus p.
gl = 0x80000000/nc; // VHuumanmsaumsa gl=2**p/nc
rl = 0x80000000 - gl*nc;// Mauumanmmuszaumsa rl=rem(2**p,nc)
g2 = Ox7FFFFFFF/4d; // UMHnumammsaumsa g2=(2**p-1)/d
r2 = O0X7FFFFFFF - g2*d; // VHUuManuzaumusg r2=rem(2**p-1,d)
do {
p=p+1;
if (rl >= nc - rl)
{
gl = 2*gl + 1; // Koppexkuusa gl
rl = 2*rl - nc; // Koppexkuusa rl
}
else
{
gl = 2*qgl;
rl = 2*rl;

if (r2 + 1 >=d - r2)
if (g2 >= Ox7FFFFFFF) magu.a = 1;
g2 = 2*g2 + 1; // Koppekuus g2
r2 = 2*r2 + 1 - d; // Koppexkuusa r2

else
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if (g2 >= 0x80000000) magu.a = 1;
g2 = 2*g2;
r2 = 2*r2 + 1;

}

delta =d - 1 - r2;

} while (p < 64 &&

(gl < delta ||

(gl == delta && rl == 0)));
magu.M = g2 + 1; // Boz3BpallaeMbele MaI'MUeCKOe UMUCJIIO
magu.s = p - 32; // u BeJuuMHa COBUTA
return magu; // (magu.a yCTaHOBJIEHO paHee)

HpI/IBe,HeM pAA KIIFOYEBbIX MOMEHTOB B TIOHMMAHUHW 3TOr'0 aJirOpuUT™Ma.

B psize MecT ajiroputMa MOXKET MPOHM30MTH O€33HAKOBOE IMEPEHOJIHEHHE, KOTOPOe
JIOJDKHO OBITh TIPOUTHOPHUPOBAHO.

n =2"-rem(2",d)-1=(2"-1)-rem(2" -d,d).

YacTHOe M OCTaTOK OT JesicHus 2° Ha Ng He MOTYT OBITh MOJAKOPPEKTHPOBAHBI TaK XKe,
KaK u B anroput™Me u3 uctuara 10.1, mockoabKy 3/1ech BETMYHHA 2 *r1 MOXKET BBI3BaTh
nepenonHenne.  CrefoBaresbHO,  ITOPUTM  JIOJDKEH  BBIMOJHHTH  TPOBEPKY
“if (rl>=nc-rl)” BMecTO Ooiee ecTeCTBEHHOH MpoBepkH “if (2*rl>=nc)”. Ta-
KO€ Ke 3aMeUYaHne MPUMEHUMO M K BBIYHCIICHUIO YaCTHOTO M OCTAaTKa OT AejieHus 2° —1
Ha d.

0<§<d-1, TaK uTO JIPEACTABMMO B BHEe 32-0MTOBOrO GE33HAKOBOTO IIEJIOT0 YKCIIA.
m=(2"+d-1-rem(2°-1d))/d=| (2°-1)/d |+1=g, +1.

B IporpaMMe HE BBITIOJTHACTCA ABHOC BBIYUTAHHE 2" I cirydast, Korga Marnieckoe
yuciao M MpeBLIIIACT 2" —1; 3TO BBIYUTAHUE MMPpOUCXOAUT B CJIy4ac, Korja BbIYMCIICHUC
g2 BBI3BIBACT MEPEIOIHEHUE.

WHaukaTop magu.a HEOOXOJAMMOCTH KOMaHIbl add W3-3a MEPENOJIHCHUS HE MOXKET
OBITh YCTaHOBIIEH IyTeM HEMOCPEICTBEHHOTO CpPaBHEHHS M C 2%y q2 ¢ 2%-1.
BwmecTo aToro nporpamMmma mpoBepsieT g2 10 TOTO, KaK MOKET MPOU30UTH MeperoHe-
aue. Ecnu g2 gocturner Benmmumbbl 22 —1, Tak 4To M CTaHET HE MeHee 2°2, To MHIN-
KaTopy magu.a OyIeT IpHCBOEHO 3Ha4deHHWE 1; B MPOTHBHOM CIlydae 3TO 3HAaUYCHHE
octanetcst paBHbIM 0.

P
HepasenctBo (27) 5KBUBAJIICHTHO HEpaBeHCTBY 2°/n, > & .
ITpoBepka p < 64 B YCJIIOBHHM LMKJIA HEOOXOJMMa HOCTOJIBKY, MIOCKOJIBKY HEperoiHe-

HHUE gl MOJET MPUBECTH K TOMY, YTO OyZET BBINOIHEHO CIIHMIIKOM OOJIBIIOE KOJIHMYECT-
BO UTEpaLUii ¥ Oy/eT NOoTy4YeH HEBEPHBII pe3yJbTaT.

10.11. TonoHuTEIbHBIE BONIPOCHI (0€33HAKOBOE J1eJIeHHE)

Teopema DC2U. Haumenvwiuti muoxcumens M HeuemeH, eciu P NPUHYOUMETbHO He
npuceausaemcs snayerue W.
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Teopema DC3U. s dannozo oenumens d cyuecmeyem moavko 0Oun muodicumens M,
uMerowull MUHUMAIbHOe 3Hayenue P, eciu P He npupasHusaemcs k W ¢ npuryoumens-
HOM nopsoxe.

Z[OK&?,&TGJ'ILCTB& OTHUX TEOPEM MNPAKTUYCCKU UACHTUYHDLI JOKAa3aTCJIbCTBAM COOTBETCTBYIO-
1UX TCOPEM ISl 3BHAKOBOT'O ACJICHUS.

JeuTesn ¢ Jy4IIMMH mporpaMmmamu (0e33HaKoBoe JejIeHHe)

Jlst Toro uToOBI HalTH B ciTydae GE33HAKOBOTO JETIEHUS ACTUTENH (€CI TAKOBbIE UMEIOT-
csI) C ONTHMAJBHBIMH MPOTPAMMaMH TOWCKA YACTHOTO, COCTOSIIIMMH W3 IBYX Koman (1i,
mulhu), MOKHO BBITIOJIHUTH MOYTH TAKOW K€ aHaNM3, KaK U JJIsl Caydasl 3HAKOBOTO JICJICHUS
(cm. BeImie paszgen “Jlemurenu ¢ ydmmMu mporpaMmamu’ ). B pesynbrare aHa3a BBISCHSICT-
Csl, UTO TAKUMH JIETUTENSIME BIIsroTes aenmtenu yncen 2¥ u 2 +1 (3a uckmouennem d =1).
JJist pactipoOCTPaHEHHBIX Pa3MEPOB CJIOB TAKMX HETPHBUAIBHBIX JCITUTEICH OKa3bIBACTCS OUYCHD
mayo. [Ipn ucronb3oBanny 16-OMTOBBIX CIIOB TaKWUX JCIUTENIEH HET BOBCE; IS 32-OMTOBBIX
cioB WX Bcero aea — 641 u 6700417. Jlpa takux menurens (274177 u 67280421310721)
€CTh | TIpH padboTe ¢ 64-0MTOBBIMH CIIOBAMH.

Cnyuait d=2k=12,... 3aCIy>KUBAET OTAEILHOTO YIOMUHAHMA. B 5TOM Cllyuae paccMoT-

peHHBIN anroput™ naer Ham P=W (NpuHyIUTENbHOE TPUCBOEHKE) U M=2%"*. D10 MuHU-
MaJIbHOE 3Ha4eHHe M, HO He MUHMMaJIbHOE 3HaueHne M. Hawnyummii kox nomy4aercs npu uc-
nons3oBanun P=W +k. Tormza m=2", M pasno 0, a — eaunnue, S— k. CremepupoBaHHbIH
KOJ BKJIIO4aeT yMHOkeHHe Ha O 1 MOXeT OBbITh YIPOIIEH J0 OJHON KOMAaH/BI cO8U2d 6npago
Ha éenuuuny K. Ha mpakTuke JAenuTend, IpeacTaBiIstolIie cCoO0i CTeneHb 2, CTOUT paccMaTpH-
BaTh Kak OCOOBI Cllydail ¥ He MPUBJIEKATh I UX 00paboTKH mporpamMmy magicu. (Otoro He
MIPOUCXOUT TIPH 3HAKOBOM JICNICHUH, TIOCKOJIBKY B 3TOM CIIy4ae M HE MOXET OBITh CTETIECHBIO
2. loka3zareiabcrBo. [Ipu d >0 HepaBeHCTBO (4), Oynydd CKOMOHMHHPOBAHHBIM C HEPABEHCT-
BoM (3,0), maer d-1<2°/m<d. CnenoBarensho, 2°/m He MOXeET OBITHL LebIM ducioM. [Ipu

d <0 aHaJOTHYHBIN Pe3yJbTAT MOJTydYaeTcsl P KoMOUHUpoBaHuu HepaBeHCTB (16) u (15,6).)

ITpu Ge33HAKOBOM JIeNIEHNH, KOTAa KOMIIBIOTEp He UMeeT KOMaH/Abl shrxi, KOA A cirydast
m> 2" oka3pIBaeTCs 3HAYMTENBHO XyxkKe, 4eM koI 11t m< 2" . TIo3ToMy BO3HHKAeT BOIPOC,
KaK 4acTO MPUXOAUTCS UMETh Je0 ¢ OOMbIMMH MHOXHTEIsIMU. Jlist pasmepa cioea 32 Guta
cpeau 1enbix uncen, menbinux 100, umeetcs 31 “mmoxon” genmurens: 1, 7, 14, 19, 21, 27, 28,
31, 35, 37, 38, 39, 42, 45, 53, 54, 55, 56, 57, 62, 63, 70, 73, 74, 76, 78, 84, 90, 91, 95 u 97.

Hcnonb3oBaHue 3HAKOBOIO Ae1eHUSA
BMeCTO 0€33HAKOBOI0 M HA000POT

Ecnu Bam koMnproTep HE OCHAIIEH KOMaHI0M mulhu, HO UMEET KoMaHay mulhs (I/IHI/I KO-
MaHJy 3HAKOBOTO JUIMHHOTO YMHOXEHHUS), TO MOKHO BOCIIOJIb30BATHCS MPHEMOM, O KOTOPOM
TOBOPHJIOCH B paszeine 8.3.

B paznene 8.3 Obu1a npHBeIcHA MOCIEIOBATEIBHOCTh U3 CEMHU KOMaH]I, KOTOPAst MO3BOJISET
MOJIYYUTh PE3YJIbTAT BHINOJHEHHUS KOMaHAbl mulhu M3 KOMaH/bl mulhs. OHAKO B Hallel cu-
Tyalu# 3TOT IIPHEM YIIPOIIAETCs], IOCKOJIBKY Marnieckoe 9nuciio M u3BecTHO 3apaHee, Tak 9TO
KOMIMJISTOP MOXET IPOTECTHPOBATh CTApIINil ONT 3apaHee M CTEHePHUPOBATH B COOTBETCTBUH
C €ro 3HaYCHHEM Ty WIM MHYIO [IOCJIEA0BATEIbHOCTh ACHCTBUHN IOCIE BBITOJHEHUS KOMAH[bI
“mulhu q,M,n".31ech t 0003HaYaeT BpEMEHHBIN PETUCTP.
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0 M3; = 1

M3 =
mulhs g,M,n mulhs g,M,n
shrsi t,n,31 shrsi t,n,31
and t,t,M and t,t,M
add a,4q.,t add t,t,n
add q,4d,t

C ydyeTtoMm JIpyrux KOMaHj, UCIOJIb3yeMbIX BMeCTe C mulhu, BCEro /Ui MOJTY4YE€HHUsI YaCTHO-
TO M OCTaTKa OT 0E33HaKOBOTO NENICHHUs Ha KOHCTAHTY Ha KOMITBIOTEpE, HE OCHAIICHHOM 0e3-
3HAaKOBBIM YMHOXXECHHEM, TPeOYyeTCs OT IMIECTH 0 BOCEMH KOMaH/I.

OTOT TpHUeM MOXKHO OOpaTHTh [UIA MOIyYeHHs KOMaHIbl mulhs w3 KoMaHIsl mulhu. [lpu
9TOM MOJYyYaeTCsl MPAKTUUECKU TaKOU K€ KOJI, TOJIbKO KOMaHJa mulhs 3aMeHsieTcss KOMaH10i
mulhu, a mociegane KoMaHabl add B 000MX CTOIOIAX 3aMEHSIOTCS KOMaHIaMA sub.

BoJsee mpocToii 0e33HAKOBbBII AJTOPUTM

Orka3 oT TpeGOBAHUS MMUHMMAILHOCTH MAaru4ecKoro 4ucja IMPUBOJMT K 00JIee IPOCTOMY
anroputMy. Bmecto (27) MOKHO HCITONB30BaTh

2°>2"(d-1-rem(2" -1d)), (30)

a 3aTeM BBIYHCIUTH M, KaK U paHee, o Gopmyie (26).

JTOKHO OBITH OYEBHMIHO, YTO (HOPMAIBHO 3TOT aJTOPUTM KOPPEKTeH (T.C. BBHIUMCICHHOE
3HAYCHHE M yIOBJICTBOPSIET YpaBHEHHUIO (22)), MOCKOIBKY SIMHCTBEHHOE €r0 OTIMYHE OT Tpe-
JBIIYIIETO aJrOPUTMa COCTOUT B TOM, YTO OH BBIYHCIISCT 3HAUYEHHUE ), KOTOPOE JUISl HEKOTOPBIX
sHaueHui d He 0Os3aTenbHO OyIeT 60bIMM. MOXHO JT0Ka3aTh, YTO 3HAUEHHE M, BBIYHUCIICH-
noe mo (30) u (26), menpmre 2Y*'. 3nech 10KA3aTENBCTBO OMYCKAETCA M MPOCTO MPHBOIUTCS
KOHEUYHBIH pe3ybTaT — ajropuT™, TpeacTaBieHHbi B mucturre 10.3.

JIucrunr 10.3. YnpouieHHBIH aJrOpUTM BBIYHCIEHHS MATHYECKOT0 YHcaa
A5 6e33HAKOBOIO e 1eHHsI
struct mu

{

unsigned M; // Marmueckoe dYKCJIIO
int aj; // Vumuxatop "add"
int s; // BenmumHa cnBuUTa

Y

struct mu magicu2 (unsigned d)

{

// d mojpxHO OBITH B TpaHuMuax 1 <= d <= 2**32-1
int p;
unsigned p32, g, r, delta;
struct mu magu;
magu.a = 0; // VHuumanuszauusa mHIMkKaTtopa "add"
p = 31; // VHUUManusauus p
g = Ox7FFFFFFF/4d; // VMHuumanusaumsg q = (2**p-1)/d
r = Ox7FFFFFFF - g*d; // UHuumanusauusa r = rem(2**p-1,d)
do {
p=p+ 1;
if (p == 32) p32 = 1; // p32 = 2**(p-32).
else p32 = 2*p32;
if (r + 1 >=d - r)
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if (g >= Ox7FFFFFFF) magu.a = 1;
q = 2*q + 1; // Koppexuusa q
r = 2*r + 1 - d; // Koppekuua r
}
else
{
if (g >= 0x80000000) magu.a = 1;
g = 2*q;
r 2*r + 1;

}
delta = d - 1 - r;
} while (p < 64 && p32 < delta);

magu.M = g + 1; // Bo3BpallaeMble Marudueckoe YMCJIIO
magu.s = p - 32; // ¥ BeIMuMHa CIOBUTA
return magu; // (magu.a yCTaHOBJIEHO paHee)

Ausepcon [2] npemioxun 6ojiee MPOCTOM AITOPUTM, KOTOPBIA pacCMaTpuBaeTCsi B Clie-
JYIOIIeM pasJielie, HO OH WHOTJA JTaeT OYeHb OOJbIINE 3HAYCHUs M. [J1aBHOE B alropuTme
magicu2 B TOM, YTO OH IIOYTH BCETJa JA€T MHHMMAalbHOE 3HaueHne M mpu d < 2. Ecmm
pa3Mmep cioBa paBeH 32 OUTaM, HAMMEHBIIHMN JCIHUTEIb, U KOTOPOTro magicu2 HE JaeT MH-
HUMaJIBHOTO MHOXHUTENs, paeH 102807 (B 3TOM ciiydae magicu JaeT 3HaueHne M, paBHOE
2737896999, a magicu2 — 3uauenue 5475793997).

CyliecTByeT aHaIOr alropuT™Ma magicu2 M Ui 3HAKOBOTO JIEJICHHS Ha MOJIOKHUTEIbHbIC
JICITUTENH, HO OH IUIOXO paboTaeT sl 3HAKOBOTO JICJICHUS Ha MIPOU3BOJIBHEIC ICITUTEIIH.

10.12. IlpumeHeHHE K MOAYJIbHOMY JIeJIEHUIO U JIeJICHUI0
C OKpYIJIeHHEM K MeHbIIIeMY 3HAYEHHI0

MosKeT 1oKa3aThCsl, YTO MPeo0pa3oBaTh B YMHOKEHHE MOJYJILHOE JE/ieHHe Ha KOHCTAHTY I
JIETIeHHE C OKPYIJICHUEM K MEHbIIIEMY 3HAUSHUIO — 3aj1aya elle 0oJiee pocTasi, YeM HpH JENeHHH C
OTCEYEHNEM, U JUISI 3TOTO JJOCTATOYHO BCETO JIMIIG yOpats mar “1o0aButh 1, ecmu gemiMoe oTpuria-
TenbHO” . OfHAKO 3TO He Tak. [IpeioKeHHbIe BBIIIE METO/IbI HE MPUMEHUMBI K IPYTHM THIIaM -
JICHWS IIyTeM TPOCTHIX M OYEBUIHBIX IpeoOpa3oBaHmii. BeposTHo, pa3paboTaHHOe mpeoOpa3oBaHie
TaKOro TUMa Oy/IeT BKIIFOYATh N3MEHEHHE MHOXKHUTEJIS M B 3aBUCUMOCTH OT 3HaKa JIETIMOTO.

10.13. ipyrue noxo:kue MeTOAbI

BmecTo KOIMpOBaHUs alroOpUTMa magic MOXKHO BOCIOJIB30BAThCS TAONMIEH ¢ Marmye-
CKMMH YHCJIAMH U BEJIMYMHAMM CIBHTOB JJI1 HEKOTOPBIX HEOONBINMX AenuTenci. Jemures,
paBHBIC TAOJMYHBIM 3HAYEHUSIM, YMHOXCHHBIM Ha CTEIeHb 2, JIETKO 00padaThIBafoTCS Clie-
IOYIOMIAM 00pa3oM.

1. TlozcunThIBAaETCS KOJMYECTBO 3aBEPIIAOIINX HyJIEeBBIX OHTOB B d, KOTOpOE manee 060-
3Ha4aeTcs Kax K.

2. B kayecTBe apryMeHTa MOUCKa B TabJIMIE MCTIONL3YeTCs 3Hauenne d/2° (casur Brpago
Ha K mo3unmit).
3. Hcnonb3yeM Maruyeckoe 4nciio, HaIeHHOe B TabiuIie.

4. Vcnonbs3yeM HailJeHHYIO B TaOJIHIEC BEJIMYNHY CIBHIa, YBEIHUCHHYO Ha K.
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Takum o06pa3zom, eciu B TaOJIMIle IMEIOTCS AenuTenu 3, 5, 25, To MoryT OBITH 00pabOTaHEI Jie-
smrenun 6, 10, 100 u T.1.

Takas mpoueaypa OOBIYHO JTaeT HaMMEHbIIIEe MarmdecKoe YMCIIo, XOTA U He Bceraa. Ecmm
pasMep clioBa paBeH 32 OMTa, TO HAWMEHBIINN MOJIOKUTENBHBIN JIENNUTENb, KOTIa TaKOe TPO-
ucxoaut, paBeH 334972, JlaHHBIN METOI TpU TOM JaeT 3HavyeHns M=3361176179 u s=18;
MHHHMAJIBHOE K€ Marm4ecKkoe YMCIIO JUIsd JaHHoro mpenurtenst coctaBisier 840294045, a senu-
ypHa caBura paBHa 16. [Ipomemypa Takke maeT HEMHHUMATBHBIN pe3yinbTaT npu d=-6. B
000MX MPUBEJICHHBIX CIy4asX CHIDKACTCS KA4eCTBO TEHEPUPYEMOT0 KOJIa ICIICHHS.

AusepcoH [2] ObuT mepBbIM, KTO yKa3al Ha KOPPEKTHOCTH pabOThI OMHMCHIBAEMOTO Jaliee
METOJIa JUIs Bcex nenutenci. Mcnonp3ys Hamm 0003HAYCHHUsS, MOKHO CKa3aTh, YTO €r0 METOJ
Ui 0€33HAKOBOrO IIEJOro JelcHus Ha d COCTOMT B HCIIONIB30BAaHMU BEJIMYMHBI CABHMIA

p=W+[log,d| u MHOXHTEIS mz[ 2”/d—| C TIOCIIEAYIOIUM BBHIMONHEHUEM JIEIEeHUS

n+d =[mn/ 2"J (T.e. myTeM ymuoxcenus u cosuca enpago). OH J0Ka3aji, YTO MHOKHUTEIL M

Mmenbme 2Y*! u 9ro 3TOT METOJ, JaeT TOYHOE 3HAYCHHME YaCTHOTO IJIs1 BCEX N, BBIpa’KacMBbIX C

momotbsio W-0utoBoro gmcia.

MeTtoa AnBepcoHa TpeICTaBIsET coO0M OoJiee MPOCTON BapHUaAHT HAIETO, B KOTOPOM JIJIsI OTI-
peIeneHus P He HCHONIB3yeTCsl IOMCK METOIOM TPo0 1 OMIMOO0K, a CIIeIOBAaTeNbHO, OH B OOIbIIIei
CTEIEeHH TOXOAUT JJIsl AllapaTHON peajn3aliy, B 4eM M COCTOUT ero riaBHoe HasHaueHue. Oj-
HAKO €ro MHOYKHUTEIb M BCEr/ia OKA3BIBAETCS HE MEHBIIMM, ueM 2V, a MOTOMY MPH NPOrPaMMHOiA
peanusaimu Beeraa TpedyeTcst KoJl, MPOWITIOCTPUPOBAHHbIN B TIpuMepe JiejeHus Ha 7 (T.e. Bce-
raa Tpebyrotcs b0 KoMaHibl add U shrxi, MO0 YEThIPe alnbTepHATHBHBIE KOMaHjbI). [1o-
CKOJIbKY OOJBIIIMHCTBO HEOOIBIINX JETHUTEIeH MOTYT OBITE 00pabOTaHBI IIPY TOMOIIN MHOKHTE-
neit, Menbmx 2" | IpecTaBIseTCs Pa3yMHBIM PaCCMOTPETH TH CITyJaH.

B ciyuae 3HaKOBOTO jieNieHus AJIBEPCOH NPEJUIOKII MCKATh MHOKHTENb Ui [d| M JUTMHBI

cimoBa W-1 (torma 2""<m<2"), yMHOXaTh HA HErO JEIUMOE U, €CIIH OIEPAHIBI UMEIOT
MPOTHUBOIOIOXKHBIE 3HAKH, M3MCHSTh 3HAK IMONYYCHHOrOo pe3yibrara. (MHOXKHTENb NOJDKEH
OBITh TaKKM, YTOOBI JaBaTh KOPPEKTHBIN pe3yabTaT st AenuMoro 2™, KoTopoe mpeacTaBiis-
eT co00ii abCONIOTHOE 3HAUCHHE MaKCHMAIBHOTO OTPHIATEIBHOTO YKcia). [loxoxke, 4To Takoe
HPEUTOKEHHE MOXET JaTh KOJ, JIyYIIHHA MO CPAaBHEHHIO C KOJAOM JUIsl MHOXHTedass m>2%.
[puMeHsist TaHHBIA OPHEM K 3HAKOBOMY JICNICHHIO Ha 7, MONYYHM CIEAYyOIIHiA Koz (rae mmis
TOr0, YTOOBI H30€XKaTh BETBIICHHS, UCTIOIb30BAHO COOTHOIICHHE —X = X +1):

abs an,n

1i M, 0x92492493 Maruueckoe umcjo (2**34+5)/7
mulhu g,M, an g = floor (M*an/2**32)

shri q,q,2

shrsi t,n,31 STy TpM KOMAaHIEI

XOor a,q,t M3MEHSIT S3HAK Jd,

sub a,q,t ecyy N OTPULlaTEJIEHO

3TOT KOJ HE CTOJIb XOPOII, KaK TOT, KOTOPBIA OBLI MPEIOKEH JIJIsl 3HAKOBOTO JCTICHUS HA
7 panee (7 u 6 KOMaH COOTBETCTBEHHO), HO OH MOET OKa3aThCsl MOJIE3HBIM HAa KOMIIBIOTEPE,
Y KOTOPOI'0 €CTh KOMaHbl abs ¥ mulhu M HET KOMaHAbl mulhs.
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10.14. HekoTopble MarnyecKue 4ncjaa

Taoauna 10.1. HekoTopsble Maruueckue uynciaa aiass W = 32

3HakoBoe be33nakoBoe
d M (mecTHaguaATEPHUUHOE) s M (mecTHagUATEPHUHOE) a s
-5 99999999 1
-3 55555555 1
-2k 7FFFFFFF k-1
1 - - 0 1 0
2K 80000001 k-1 2377k 0o
3 55555556 0 AAAAAAAB 0 1
5 66666667 1 ccccececeep 0 2
6 2AAAAAAB 0 AAAAAAAB 0 2
7 92492493 2 24924925 1 3
9 38E38E39 1 38E38E39 0 1
10 66666667 2 ccccececeep 0 3
11 2E8BA2E9 1 BA2E8BA3 0 3
12 2AAAAAAB 1 AAAAAAAB 0 3
25 51EB851F 3 51EB851F 0 3
125 10624DD3 3 10624DD3 0 3
625 68DB8BAD 8 D1B71759 0 9
Tab6muma 10.2. HekoTopbie Marndeckue yuciaa aiast W = 64
3HakoBoe Be33nakoBoe
d M (mecTHaguaTepUYHOE) S M (mecTHaguaTEpHUUHOE) a S
-5 99999999 99999999 1
-3 55555555 55555555 1
-2k 7FFFFFFF FFFFFFFF k-1
1 - - 0 1 0
2K 80000000 00000001 k-1 2647k 0| o
3 55555555 55555556 0 AAAAAAAA AAAAAAAB 0 1
5 66666666 66666667 1 CCCCcccecece cceeeeep 0 2
6 2AAAAAAA AAAAAAAB 0 AAAAAAAA AAAAAAAB 0 2
7 49249249 24924925 1 24924924 92492493 1 3
9 1Cc71Cc71C 71C71C72 0 E38E38E3 8E38E38F 0 3
10 66666666 66666667 2 CCCCcccecece cceeeeep 0 3
11 2E8BA2E8 BA2E8BA3 1 2E8BA2E8 BA2ES8BA3 0 1
12 2AAAAAAA AAAAAAAB 1 AAAAAAAA AAAAAAAB 0 3
25 A3D70A3D 70A3D70B 4 47AE147A E147AELS 1 5
125 20C49BA5 E353F7CF 4 0624DD2F 1A9FBE77 1 7
625 346DC5D6 3886594B 7 346DC5D6 3886594B 0 7

10.15. TouHoe Je/1eHHE HA KOHCTAHTY

HOI[ “TOYHBIM ﬂeHeHI/IeM” noapazyMmeBacTCa ACJIICHUC, O KOTOPOM 3apaHe€ U3BECTHO, YTO
€ro OCTaToK paBCH 0. Xots Takas CUTyalusi 1 HE OYCHb paclpoCTpaHCHa, OHa UMECT MECTO,
HalpuMep Mpu BBIYUTAHUU IBYX yKa3aTeﬂe171 B s3pike C. B HeMm pe3yabTaT BhIYMTAaHUA pP—(,

T7ie P 1  — yKasaTelld, OIpeAesieH U IIEPEeHOCHM, TOJIBKO €I P U (] YKa3bIBalOT Ha OOHEKTHI B
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OJHOM M TOM ke MaccuBe [32, paszen 7.6.2]. Eciu pasmep siieMeHTa MacCHBa paBeH S, TO KOJI
JUIS BBIYMCIICHUS PA3HOCTH JIBYX yKa3aTelleil peaibHO BhauCIseT (p—q)/s.

Martepuan 3T0oro paszaena ocHoBaH Ha [21, pazaen 9].
PaccmaTpuBaemblii 371ech METO IPHMEHHMM KaK K 3HAKOBOMY, Tak U K O€33HaKOBOMY TOY-
HOMY JICJICHHIO M 0a3upyeTcs Ha ClielyIolei Teopeme.

Teopema MI. Eciu @ u M— 63aumno npocmole yeivle 4Ucia, mo cyuwecmeyem yenoe
yycno 1<a<m, maxoe, ymo aa=1(mod m).

Takum obOpazom, a mnpejacTaBiseT coOOi 0OpaTHBIM MYJIbTUILIMKATHBHBIA 110 MOAYIIO M
9JIEMEHT 110 OTHOWICHHIO K 8. ECTh HECKONBKO CIOCO00B AOKA3aTEeNbCTBA ITOH TEOPEMBI, TPH
u3 HUX ommcanbl B [49]. Jloka3aTenbCTBO, MPUBEACHHOE aaiee, TpeOyeT TONBKO 3HAHUS OCHOB
TEOpPUU CPABHEHUH.

Joxa3aTeancTBo. JJokaxkem Oojee oOliee M0 CpaBHEHUIO C JAHHOW TEOPEMOW yTBEpXKIie-
uue. Eciiu @ 1 M B3auMHO mpoCThI (U, CIIE0BATENHHO, UMEIOT HEHYJIEBbIE 3HAUCHUS), TO IS
MHOXECTBa X, COCTOSIIETr0 U3 M Pa3IUYHBIX 10 MOAYJIIO M 3HAYCHHH, 3HAYCHUS 8X TaKKe Oy-
JYT pa3iu4Hbl 10 MOy M. Hampumep, npu a=3 1 m=8 u 3HaYeHUsX X U3 quana3ona ot 0
70 7 TIONMyYHM, 9TO 3HAYEHHUS aX MpencTaBisioT coboit mHOXKecTBO O, 3, 6, 9, 12, 15, 18, 21,
w o Moxayiio 8 sro umcna 0, 3, 6, 1, 4, 7, 2, 5. 3ametuM, 9TO B MOIYYEHHOH MOCIIEAOBA-
TEIBHOCTH BHOBB IIpe/ICTaBIeHHI Bee yncia ot O 1o 7.

Uro0bI T0Ka3aTh 3TO B OOIIEM CiTydae, BOCIIOIB3YEMCS METOAOM JIOKa3aTeIbCTBA OT IPO-
TuBHOTO. [Tpenmonoxmum, 9To CymecTBYIOT IBa Pa3IUIHBIX IO MOIYITIO M IEJBIX Yhcia, KOTO-
pBIe 0TOOpaXKaIOTCS B OJHO U TO YK€ YMCIIO TIO0 MOAYIIO M IIPH YMHOXXEHHH Ha @, T.€. CYIIeCT-
BYIOT Takue X 1 Y (X% y(mod m) ), uto ax=ay(mod m). Ho B TakoM ciIy4ae CyIIEeCTBYeT LieJoe

YUCIo k, TaKo€, 4TO
ax—ay = km, nwm
a(x-y)=km.
HOCKOJ’ILKy a HE UMEET 06HII/IX MHOXKUTEJICH ¢ M, Pa3HOCTh X—Y IOOJDKHA OBIThH KpaTHOﬁ m, T.e.
x=y(mod m).

OnHaKo 3TOT BBIBOJI IPOTUBOPEUHUT UCXOAHOMY MPEITOI0KEHUIO.
Tenepb, MOCKOJABKY 3HAUEHUS 8X MPUHUMAIOT BCE M BO3MOXKHBIX Pa3IMUYHbIX 3HAYEHUHN 110
MOJIYJIFO M, CpeIM 3HAYCHUIA X HalIeTCs TaKkoe, Il KOTOPOro ax Mo MOy M paBHO 1.
[IpuBeeHHOE TOKA3aTENBCTBO MOKA3bIBAET TaKXKe, YTO MMEETCSl TOJIBKO OJIHO 3HAUYEHHUE X
(mo monmymro M), Takoe, 4To ax=1(mod m), T.e. YTO MyJIbTUILIMKATUBHOE OOpaIlCHHE OJHO-

3Ha49HO. MOJKHO TaKKe T0Ka3aTh, YTO HMEETCS eIMHCTBEHHOE (II0 MOJYIIO IM) Ieoe Ymco X,
Taxoe, uto ax=b(mod m), rae b — moboe nenoe uncno.

B kadecTBe mprMepa paccMOTpHM citydaii m=16 . Torna 3=11, tak kak 3-11=33=1(mod 16) .
MOKHO TAKKe CUMTATh, YTO 3 =-5, IOCKOJIBKY 3- (-5)=-15=1(mod 16) . AHAJIOTH4YHO, —3=5,
nockoibKy (—3)-5=-15=1(mod16) .

BaxHoCTh 3THX HAOMIONEHUH 3aKJIFOYAETCS B TOM, YTO OHM MOKA3bIBAIOT MPHUMEHHMOCTD
paccMaTpUBaEMBIX KOHLETIINH Kak K 3HAKOBBIM, TaK U K 0€33HaKoBbIM unciaM. Eciu BbI Oyze-
Te paboTaTh ¢ GE33HAKOBBIMU YHMCJIaMK Ha 4-OGMTOBOH MauIvHe, TO Nojyuute 3=11; eciu xe
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OyzieTe UMETh [EN0 CO 3HAKOBBIMHU YMCIAaMH, TO IoJydute 3=-5. Onnako u 11 u -5 umeror
OJIHO W TO K€ TIPEJCTaBJICHHUE B JOMOIHUTEILHOM KOje (OCKONBKY MX Pa3sHOCTH paBHa 16),
TaK 9TO B O0OMX CIIy4asX B KAYECTBE MYJIbTUILIMKATHBHOI'O OOPATHOTO AJIEMEHTA HUCIIOIb3YeT-
Cs OJTHO | TO K€ COJIEPKUMOE MAIIUHHOTO CJIOBA.

PaccMoTpeHHast TeopeMa HEMOCPENCTBEHHO TIPUMEHNMA K 3aade JeeHus (3HaKOBOTO u 6e3-
3HaKOBOTO) Ha HedeTHOe urcio d Ha W-6utoBoMm KomribioTepe. [TOCKOMBKY JTF060€ HEYETHOE YHCIIO
ABJIETCA B3aUMHO HpocTeiM ¢ 2", Teopema Iiacut, 4to eci d HEYeTHO, TO cyliecTByeT Lenoe d

(emmnctBennoe B muanasone ot 0 1o 2¥ -1 wm or -2 o 2" 1), Taoe, uto dd =1(mod 2) .
Ci1e10BaTeNBHO, TS JF06OTO N, SIBISIOMIErocs JeuTeneM o, CripaBe/yiBo COOTHOIICHHE

ﬂsg(da)sna(mod 2").

Hpyrumu cioBamu, n/d MOXHO BBIUHCIUTH IIyTEM YMHOXEHHS N Ha d , TOC/IE 4ero B3sThb
npaBbie W OUT MMOJTy4CHHOTO MTPOU3BEICHUS.

Ecim nemurens d pencrasiser coboif 4eTHOE YHCiIO0, TO TycTh d =d, - 2%, rme dy HeweTHO,
a k>1. Torma mpocTo BBITIOIHAETCS CIABUT YHCia N BIPaBo Ha K mo3ummii (yCTpaHss HyJeBbie
OMTBI), I0CJIE YEro BBINOJHSETCS YMHOXeHUE Ha d, (CABMI MOKHO BBIIONHHUTE U MOCJIE OIe-
paIi YMHOKCHHS).

Hwxe npuBeneH ko I AeJIeHUsT Ha 7 9Uciia N, KPaTHOTO 7. DTOT KOJI JTaeT KOPPEKTHBIN
pEe3yJIbTaT Kak IpU 3HAKOBOM, TaK M MPU 0€33HAKOBOM JICJICHUH.

1i M, O0xB6DB6DB7 MysbTUIIMKATUBHOE oOpaTHoe, (5*2**32+1)/7
mul gq,M,n g =n/7

Bblrunciienne MyJIbTHINIMKATUBHOTO 00PATHOIO
no aaropurmy EBkiinaa

KakuM ke 00pa3oM MOKHO BBIYHCIHTH MYJIBTHUILTUKATHBHOE oOpaTHOE umcio? CTaHmapT-
HBI METOJ — HCIOJIb30BaHUe “pacmmpenHoro anroputMa EBkmuma”’. ITOT MeToH BKpaTIe
paccMaTpuBaeTCs Jlaee B MPWIOKECHWH K Hallleil OCHOBHOM 3ajiave, a 3aMHTEPECOBABIIMMCS
YUTATENAM MOXKHO ITOCOBETOBATh 0OpaTtuThes K [49] u [39, pasaen 4.5.2].

IMycts 3anan HeweTHBIH AenuTens d 1 HaM TpeOyeTcst HAWTH YHCIIO X, TAKOE, ITO

dx=1(mod m),
npudeM B Hamel 3agade m=2" (rme W— pasMep MalmMHHOTO CI0Ba). ITO MOXKET OBITh BbI-

MOJIHEHO, ecIi OyIeT PeIIeHO B LEJbIX YuciaX X U Y (MOJOKHUTEeIbHBIX, OTPHLATESIBHBIX, PaB-
ubix 0) ypaBHEHUe

dx+my=1.
HauneMm ¢ Toro, 4to caenaem d mMOJIOKUTENBHBIM, OOABISI K HEMY JO0CTaTOYHOE KOIUYe-

cTBO pa3 uucino M (d u d+km HMEIT OJHO W TO K€ MYJIbTHUIUIMHKATHBHOE 00paTHOe). 3aTeM
3anuIIeM cleayomue ypasaerus (tae d,m>0):

d(-1)+m(1)=m-d, (31,a)
d()+m(0)=d. (31,6)
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Eciu d =1, mocrasienHas 3ajada pemena, Tak kak (31,6) mokassiBaer, yto X=1. B mpotus-
HOM CJIy4ac BBIYUCIIUM
q= m-d
T |

Hanee ymuoxum ypasaenue (31,6) Ha ¢ u BerateMm ero u3 (31,a). D10 1actT HaM ypaBHEHHUE
d(-1-g)+m(1l)=m-d-qd =rem(m-d,d).

DTO ypaBHEHHUE CIPABEAJIUBO, MOCKOJIBKY MBI IPOCTO YMHOXHIIM OJJHO U3 YpaBHEHHI Ha KOH-
CTaHTy U BBIWIM €ro U3 apyroro. Ecnu rem(m— d,d) =1, To 3amaya penieHa (MoceaHee ypas-

HEHHE U SBJISCTCS PELICHHEM) H X=—1—( .

IToBTOpHM ONUCaHHBIN MpoOIECC ¢ MOCIEIHUMH ABYMs YPaBHEHUSAMH, N10JIydast HOBOE ypaB-
HeHue. Bynem npopoinkaTh 9TH IEHCTBHS [0 TEX 0P, 0Ka B IPaBOM YacTH ypaBHEHHs He Oy-
aet noiydena 1. Torma MHOXHUTenb npu O, MPUBEICHHBINA MO MOAYJIIO M, U OyJAeT MpeacTaB-
JSITh CO0O0M HCKOMOE MYJIBTUILIHKATHBHOE 00paTHOe K d.

Ecimn m-d <d, tak uro nepBoe yactHoe paBHO O, To TpeThsi cTpoka OyAeT TOYHOH KomHei
MIEpBOH, TaK YTO BTOpPOE YacTHOE OymeT HeHyseBbIM. Kpome TOro, B pa3HBIX MCTOYHMKAX 3a-
YaCTYIO B KAUECTBE IIEPBOH CTPOKH HCIIONB3YETCs CICIYIOMIast:

d(0)+m(1)=m,

HO B HaIleM IPUIOkKeHnH M= 2" HEBO3MOKHO MPEACTABUTE B KOMIIBIOTEPE.

Jlydiie BCEro NpPOMILUIKOCTPUPOBATH OMKMCHIBAEMBIA MPOIECC HAa KOHKPETHOM HPHMEPE.
ITycts M=256 u d=7. Torzaa npouecc BLIMUCIEHUH BBITIAIUT KaK MOKA3aHO HIDKE (11 HOIy-
4EHHs TPETheil CTPOKH HCHonb3yeTcst g =| 249/7 | =35).

7(-1) + 256( 1) = 249
7( 1) + 256( 0) =7
7(-36) + 256( 1) = 4
7( 37) + 256(-1) = 3
7(-73) + 256( 2) =1

Takum 00pa3oM, MyJIBTHILUIMKATHBHBIM OOpaTHBIM 10 MO0 256 uncna 7 siesiercs —73 (uiw,
UCTIONB3Ys 4rcia u3 auarnasoHa ot 0 no 255, uncio 183). IIpoepsiem: 7-183=1281=1(mod 256) .

Hauunas ¢ Tperbell cTpOKH, 4Mcia B IIPaBOM CTOJOLE MpPENCTaBIsAIOT co00il ocTaTku
OT JEJICHUS YUCEJI, PACHOJIOKEHHBIX BBIIIE, TaK YTO 3TO CTPOTO yOBIBAIOIIAsl MOCIEL0Ba-
TEJNIbHOCTh HEOTPHULATEIBHBIX YHCEN, KOTOpasi, TAKUM 00pa3oM, aoinkHa 3apepntbest O (B
mpuMepe BBILIE IS 3TOTO TpebyeTcs eme oauH miar). Kpome toro, uucno nepea O momxk-
HO ObITh 1 mo cienyromed npuunHe. [IpeanonoKuM, 4TO MOCIEA0BATEIHHOCTh OCTATKOB
3aBeplaeTcss HEKOTOPBIM duciioM b, He paBHbIM 1, mocie kotoporo uaet ducino 0. Torma
Henoe, npeaniecTByomee b, 1omkHo ObITh KpaTHBIM D (ckaxkem, unciaom kb) ¢ Tem, uTo-

OBl CIeaAyrIHM OCTaATKOM B MOCJICA0OBATCIIbHOCTHU 6n110 uncio 0. Takue xe pacCyKaACHUA
OpUBOAAT K BbIBOAY, YTO IJid TOTO, 4TOOBI MOJYYUTb OCTATOK b, npeaAmeCTBYomum klb

YUCJIIOM OOJXKHO OBITH k1k2b+b . HpOI[OJ'DKa)I 9Ty HOCJI€A0BATCIbHOCTDb, Bbl YBUJAUTE, YTO

KaXXa10€ U3 5TUX YHCCIT AOJIXKHO OBITh KpaTHO b, BKJIIOYas 4ucCiia U3 NepBbIX JIBYX CTPOK,
KOTOpPBIC paBHbI M— d u d u ABAAIOTCSA B3aMMHO OpOCThIMHU.
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[IpuBeneHHOE BbIlIE PACCYKACHHE SBISAETCS He(OpMAIbHBIM JOKA3aTEIbCTBOM TOTO, YTO
paccMmarpuBaeMBblil TIPOLECC 3aBepliaeTcsi, mpudeM HaaudueM 1 B mpaBoM crondlie, a clie1oBa-
TENBHO, HAXOAUT MYJIBTHIUTHKATHBHOE 00paTHoe d uucIio.

Jlnst ipoBe/ieHHs JAHHBIX BBIYMCIICHUH Ha KOMITBIOTEpE 3aMeTuM, 4To ecin d <0, To K He-
My HeoOxomumo npuGaButh 2. OnHako B ciydae apu()METHKH, UCIOJb3YIONIEN JONOIHHU-
TENBHBIA K 2 KOJ, 9TO JeaTh He 003aTelIbHO; JOCTATOYHO MPOCTO paccMarpuBarh d kKak 0e3-
3HAKOBOE YHCII0, HE3aBUCUMO OT TOT'0, KAK UMEHHO €r0 pacCMaTpUBaeT IPHIOKEHHE.

Beruncienue ( A0JHKHO HCIOIb30BaTh 0€33HAKOBOE JICJICHHUE.

3aMeTM, YTO BCE BBIYMCIICHHS MOXHO BBIMOJHSATH [0 MOJIYIIO M, TaK KaK 3TO HUKAK HE
BIIMSIET Ha TIPaBhId cTONOEIl (ero 3HaYEeHHsT BCE PABHO OCTAIOTCS B quamnaszone ot 0 mo m-1).
3TO BaXKHO, TaK KaK MO3BOJISICT HAM BBIMOJHSITH BBIYHCICHUS C “OJMHAPHON TOYHOCTHIO”, UC-
10JIb3ysl 6€33HAKOBYIO KOMIILIOTEPHYIO apuMeTHKY 110 Moy 2.

BOJIBIIMHCTBO BEJIMYKMH B PACCMATPUBACMOIT TAONIHUIIE HE 00S3aTENBHO JOKHBI ObITh MPE/ICTaB-
JICHBI TIPH BBIYMCIICHWSIX, HAIPUMEP CTONOeN MHOXKHTeNeH mpu 256, MOCKONBKY NMpH PeIieHHH
ypaBHeHms1 dX+ My =1 Hac He WHTepecyeT 3HaderHue Y. Het HeoOxommumMocTH 1 B mipesicTaieHuu d B
niepBoM cTosole. OcTapiisis B TaOIHIIE TOJIBKO HEOOXOIMMOE, TIONYYHM €€ COKPAIICHHBIN BU/T.

255 249

1 7
220 4
37 3
183 1

ITporpamma Ha si3p1ke C TS MPOBEICHUSI ATUX BBIYUCIICHHH MTpeicTaBieHa B uctuare 10.4.

JIuctunr 10.4. Aaroputm EBKinaa noucka MyJbTHINIMKATHBHOIO 00PaTHOIO
32
1o MOAYJII0 2
unsigned mulinv (unsigned d) // d OOXHO OBITH HEUETHO

{
unsigned x1, vl, x2, v2, x3, v3, g;
x1 = OxXFFFFFFFF; vl = -d;
x2 =1; v2 = d;
while (v2 > 1)
{
q = v1l/v2;
x3 = x1 - g*x2; v3 = vl - g*v2;
x1l = x2; vl = v2;
x2 = X3; v2 = v3;
}

return x2;

[puunHa WCHOIB30BAHUS YCIOBHS IMKIA v2 > 1 BMECTO 0oJiee eCTeCTBEHHOrO v2 ! = 1 3a-
KITIOYaeTCsl B TOM, YTO €CIIH NPH HCIOIB30BaHIH MOCIECTHETO YCIOBUS (QYHKIMU OyIeT OIIu-
GOYHO TIEpeIlaHO YETHOE 3HAUEHHUE, TO UK MOKET HUKOT/IA HE 3aBePUIUTHCS (€CITH apryMeHT
d 4eTeH, v2 HAKOT/A He MOJIy4YHT 3HadeHue 1, HO B KOHEYHOM utore mpuMeT 3Hadenwe 0).

Uro >xe BBIYMCIISICT JaHHAs TPOrpaMMa, eCld IepenaTh el YeTHbIn apryment? Kak u cie-

nIyeT u3 (hopMyI1, OHa BEIYUCIISAET YHCIIO X, TaKOe, 9To dX = O(mod 232) , KOTOpOE BPSIJI T MOXKET

0Ka3aTbCsA IOJIC3HBIM. OHHaKO MUHUMAJIbHBIC U3MECHCHUS B IIPOrpamMmMe (I/I3MeHeHI/Ie YycCiaoBuUs
yKjIa Ha v2 != 0 ¥ BO3BpAT 3HAUYCHHUS x1 BMECTO X2) IPUBOJAT K BBIYMCIICHUIO €10 4HuClia X,
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TaKoro, 4ro dx= g(mod 232) , T1e § — Haubosbimil ool qenurens d u 232, T.€. HauOOoJIbIIEN

crenenu 2, sBistomeiics neaureneM d. Takas moauduuupoBaHHast mporpamMa, Kak U paHee,
BBIYHCILIET UL HEYETHOTO O MyIBTHIUTMKATHBHOE OOPATHOE YKCIIO, XOTS U TPpedyeT Ui 9TOro
Ha OJHY UTEepaIio OOJIbIIE.

Uro kacaercsi KOJIMYECTBA UTEPALMi, BBINOJIHIAEMBIX AaHHOW MPOrpaMMOi, TO AJIsl HeueT-
Horo d, He npepbiratoniero 20, TpedyeTcss MAKCHMYM TPH UTEPALMH; CPeIHee X YUCIO PABHO
1.7. Ans d mopsiaxa 1000 tpedyercst makcumym 11, a B cpejHEM — IIECTh UTEPALIHA.

BbrunciieHne MyJIbTHILIMKATHBHOTO 00paTHOro 1o Merony Hororona

XopoIo U3BECTHO, UTO TIPH paboTe ¢ IUCTBUTENBHBIME YHCTaMu 3HadeHue 1/d , rae d=0,
MOJKET OBITh BBIYHCIICHO C BO3PACTAIOIICH TOYHOCTHIO C IIOMOIIBIO UTEPATHBHOTO BBHIUUCIICHHS

xn+1:Xn(2_dXﬂ) (32)
IIPY Ha4YaJIbHOM NPHOIIMKEHUH Xo, AOCTAaTOYHO Om3koM K 1/d . KonmuectBo TouHBIX 1udp B
pe3yJbTaTe IpH KaXkI0i UTepaliy IPHUMEPHO YABaHBACTCA.

OpnHako ropa3io MeHee M3BECTHO, 4TO JaHHas (GopMyiia MOXKET NPHUMEHSATHCS I ITOUCKA
MYJIBTUILIAKATUBHOTO OOPAaTHOTO YHCIA IPH MCIIONB30BAaHUM MOJIYJIBHON apH(METHKU C Iie-
nmeiMu arcnamu! Hanpumep, 171t morcka MyJTbTHIDIMKaTHBHOTO 0OpaTHOTO K 3 10 MoAyItto 256
HayHeM C X;=1 (MOXHO MCIIOJIB30BaTh JIF000E HeUeTHOE Yucio). Torma

x=1(2-3-1)=-1,

x, =-1(2-3(-1)) =-5,

X, =—5(2-3(-5)) =85,

X, = —85(2—3(-85)) = —21845= —85(mod 256).
Wteparn ZOCTHUTIN HENOABIDKHON TOYKH IO Moaymio 256, tak uto —85, mimm 171, u ectp
MYJIBTHIUINKATHBHOE 0OpaTHOE uncna 3 mo Moayiio 256. Bee mpuBeneHHBIE BBIYHMCIICHNS BBI-
TTOJTHSUTUCH TI0 MO0 256.

ITouemy paboraer 3T0T MeTOA? [IOCKONBKY €CIIH X, YILOBIETBOPSIET YCIOBHIO
dx, =1(mod m)
U Xp+1 OTIpenensiercs: popmyanoit (32), To
dx,,, =1(mod ) .

UrtoOb! yBUIETH 3TO, MONIOKUM dx, =1+ km. Torma

dx,., =dx, (2-dx, )=
=(1+km)(2—(1+km)) =
= (1+km)(1-km) =
=1-k’m’ =
=1(mod n7*).
B HaleM MPHIOKEHHH M SBISETCS CTENeHbIo0 2, ckaxeM, 2. B 3Tom ciiyuae, eci
dx, El(mod ZN), TO
dx,,, =1(mod 2° ).

B 3TOM cMpBICITe, eciH X, pacCMaTPUBACTCS KaK HEKOTOpoe mpuOimkenue d , To Kaxaas ure-
anys (32) yaBauBaeT KOJIMUECTBO OUTOB “TOYHOCTH IPHOIMIKEHHUS.
p M p
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Tak cirygmnock, 9TO MO MOIYTIO 8 MyNbTHUILIMKATHBHBIM OOpaTHBIM JIOOOTO HEYETHOTO
yucna d sBiseTcss caMo 3TO Yuciio. TakuM 0Opa3oM, B KaueCTBE HAYAIBHOTO MPHOIMKEHUSI
MOYHO B3SITh X, =d . Torma mo ¢popmyie (32) momydnum 3Ha9EHUS Xy, Xy, .. ., TAKHE, UTO

dx, = 1( mod 2° )
dx, =1(mod 2°),
dx, El(mod 22“),
dx, El(mod 248) U T.1.

Takum 00pa3oM, YeThIpeX HUTEpAIMid TOCTATOYHO, YTOOBI HANTH MYJIBTUILIMKATHBHOE 00-

paTHOE 1O MOJYJIIO 2% (ecom le( mod 2“8) , TO le( mod 2”) st N<48). DTO NPUBOJUT HAC

K nporpamme Ha sspike C (muctunr 10.5), rjie Bee BEIMMCIEHHS BBIIONHAIOTCS 10 MOIYITIO 22,

JIucrunr 10.5. Beruuciaenne MyabTHINIMKATHBHOTO 00PaTHOTO
o Moxxymio 2% merozom HploTona
unsigned mulinv (unsigned d) // d OOJXHO OBITH HEUETHO

{

unsigned xn, t;

xn = d;
loop:
t = d*xn;
if (t == 1) return xn;
xn = xXn* (2 - t);
goto loop;

[MpumepHo /TSt MONOBMHBI 3Ha4YeHMI d 3TOM Tporpamme Tpebdyetcst 4.5 urepary, T.e. JEBSITH
yMHOXeHUU. [ Apyroii mosoBuHsl (y KOTOpOW “BepHBI YeThipe OMTA” HAYaNbHOTO 3HAYCHHS
xn, T.e. d’=1(mod 16)) TpeOyercst, KaKk IPABIIIO, CeMb (MM MEHbIIEE KOINIECTBO) YMHOKCHHIL.

Takum 06pa3oM, MOJKHO CUUTATh, YTO STOT METOA TPeOYeT B CPEIHEM BOCHMH YMHOKEHHUIH.

OnvH W3 BapHaHTOB ATOH NPOrpPaMMBI COCTOMT B IIPOCTOM BBIIOJIHEHHH LKA YETHIPE
pasa, He3aBHCHMO OT 3HaueHus d, YTO MO3BOJSIET OOOUTHUCH BOCEMBIO YMHOKEHUSIMHU 1 03 KO-
MaHJ ynpasJieHus HUKIOM. [Ipyroil BapuaHT IpeaycMaTpUBaeT BEIOOp B Ka4eCTBE HAYAILHOTO
NIPUOIMKEHHsT MYJIbTHUINIMKATUBHOTO 00paTHOro “c TOYHOCThIO 4 OuTa”, T.e. Iepel HadyalioM
BBIUMCIICHHI HYXKHO HaiiTH X, KOTOpOE yHOBJIETBOpseT ycnoButo dx, =1(mod16). Torma s

BBIYHCIICHUH HOTpC6yeTCH BBITIOJITHATH TOJIBKO TPH UTEPAIU ITUKIIA. Haiitn noaxXoadamIee Ha-
YHaJIbHOC HpI/I6J'II/I)KeHI/Ie MOJXHO, HAaIIpuMep, CJICAYIOIUMNU criocodamu:

X« d+2((d+1) & 4) wm
X, ¢ d*+d-1.

31ech yMHOXKEHHE Ha 2 BBINOJHSIETCS IPU MTOMOIIH CJIBUTa BIEBO, @ BCE BBIUMCICHHS IPOU3-
BOIATCS 10 MOAYO 2% (MrHOpUpYs nepenonsenns). [IockoIbKy BO BTOPOil (JopMyIIe HCIIONb-
3yeTCsl yMHOXKEHHE, €€ IPUMEHEHHE TT03BOJIIET COKOHOMHTH TOJIBKO OJHY TaKyl0 KOMaHIY.

Takoe mpHcTalbHOE PAacCMOTPEHME BONPOCAa BPEMEHM BBIUUCIICHHM, KOHEYHO, HE UMEET
CMBICIIA, €CIM METOJ NPHUMEHAETCS B KOMIHIIATOpPE. B 3TOM ciydae maHHas mporpamma wuc-
MOJIb3YETCsl HACTOIBKO PEJIKO, YTO MPU €€ KOJUPOBAHUH B NIEPBYIO OYEPENb JOKEH HHTEPECO-
BaTh e pa3Mep. TeM He MEHee MOTYT CyIIECTBOBAThH NPHUIOKEHHUS, Il MMOUCK MYJIbTHIIIHKA-
THUBHOTO OOPATHOT'O JIOJDKEH BBIIOJIHATHCS MAKCUMAIIBHO OBICTPO.
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HexoTopbie MyJIbTHILVINKATUBHbIE 00PaTHbIE

B 3aBepmrenne nepeurncimM B Tabu. 10.3 HeKOTOpBIE MYyTBTHIUTMKATHBHBIE OOpaTHEIEC YHCIA.

Tabéauua 10.3. HexkoTopbie MyJIbTHIIHKATUBHbIE 00PaTHBIE YHCIa

d d
mod 16 mod 2% mod 2%
(mecaTuHOE) (necsaTHunoOE) (mwecTHaTUATEPHYHOE) (mwecTHaTUATEPHYHOE)
-7 =7 49249249 92492492 49249249
-5 3 33333333 33333333 33333333
-3 5 55555555 55555555 55555555
-1 -1 FFFFFFFF FFFFFFFF FFFFFFFF
1 1 1 1
3 11 AAAAAAAB AAAAAAAA AAAAAAAB
5 13 CCcccceeb CCCCcCcccece ceceeceeeb
7 7 B6DB6DB7 6DB6DB6D B6DB6DB7
9 9 38E38E39 8E38E38E 38E38E39
11 3 BA2E8BA3 2E8BA2E8 BA2E8BA3
13 5 C4EC4ECS 4ECAECAE C4EC4ECS
15 15 EEEEEEEF EEEEEEEE EEEEEEEF
25 C28F5C29 8F5C28F5 C28F5C29
125 26E978D5 1CAC0831 26E978D5
625 3AFB7E91 D288CE70 3AFB7E91

Bbl MOXeTe 3aMeTHTB, 4TO B psine ciaydaes (d=3,5,9,11) MynbTUIIIHKATHBHOE 0OPATHOE K
d coBmazsaet ¢ Marm4ecKuM YHCIIOM [Uis Oe33HaKoBoro jeneHus Ha d (cum. pasaen 10.14). Oto B
OoJiblel WM MeHbLIeH Mepe citydaifHocTh. [10100HOe IPOUCXOINT ATt T€X YHCel, It KOTO-

PBIX Marmgeckoe 9nucio M paBHO MHOXKHTENIO M, ¥ 3TH BEIWYHHBI IMEIOT BUJ (2p +1) / d mpu

p=32. B arom ciyuyae

Md :(zp +1]d =1(mod 2%),
d

Tak uto M =d(mod 2%).

10.16. ITpoBepka HYJ1€eBOI'0 OCTATKA NPH JeJTeHUH HA KOHCTAHTY

MynbTHILTHKATHBHOE 00paTHOe aenutess d MOXKET MUCIONb30BaThCs ISl MPOBEPKU PaBEH-
crBa 0 octaTtka nocie nenenus Ha d [21].

Be33znakoBoe gejienue

CHavaja paccMOTpUM O€33HAKOBOE JIEJIEHHE HA HedeTHbIH aenurens d. O003HaunM uepes
d MymbTHIIKAaTHBHOE 0oOpaTHOe K d umcmo. Torga, mockoneky dd El(mod 2""), rne W—

pasMep MaIIMHHOTO cj1oBa B 6uTax, d Tarke HedeTHo. CiemoBaTensHO, d SBISETCS B3AHMHO
TIPOCTHIM C oW 1, KaK TT0Ka3aHo B JJOKa3aTelbCTBE TeopeMbl M| B mpensiaymieM paszaene, eciu
N mpeacTaBIsieT cob0il MHOKECTBO BeeX 2" PasIHUHBIX HCEN IO MOTYJTIO 2¥ 10 nd Taxxe
MIPEJICTaBIseT COO0H MHOXKECTBO BCEX oW Pa3NUYHBIX YUCEI 10 MOIYITIO oW,
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B npenpiayniem paseie 6bUI0 0Ka3aHo, 4To eciik N KpaTHo d, TO
n —_
—=nd(mod 2").

d

CnenoBarensHo, nd = 0,1,2,...,“2W —1)/dJ(mod 2"") Ui N= O,d,2d,...,L(2W —l)/de . Takum
o6pasoM, Ui N, He SBISIOMIErocs KpaTHbIM d, 3HAUeHHe nd, TIPUBEIEHHOE TI0 MOIYJIIO ¥ k
nuanasony ot O o 2¥ —1, nomxHO MPEBLIIIATH BEJIUYUHY L(ZW —l) / dJ .

3TOT BBIBOJ] MOXHO UCIIOJIb30BATh IS MPOBEPKH HA PABEHCTBO HYJIIO OCTATKA OT JCICHUS.
Hanpumep, 4T00bI MPOBEPHUTH, YTO YUCIIO N KpaTHO 25, YMHOKKMM N Ha 25 ¥ CPaBHHUM IPABhIC
W 6ur co 3HaueHHEM L(ZW —1) / 25J . Ucnonn3oBanune 6azooro Habopa RISC-xomannm maer

CIIETYIOINN KOJ:

1i M, 0xC28F5C29 BarpyxaeM MyJbTUIIIMKATUBHOe obOpaTHOoe 25
mul q,M,n g = mopaBas [OJIOBMHA M*n

1i c,0x0A3D70A3 ¢ = floor((2**32-1)/25)

cmpleu t,qg,c CpaBHMBaAeM q U C; Iepexon,

bt t,is_mult ecay n xpaTHO 25

Jliist TOTO 9TOOBI PacpoCTPaHUTh 3TOT METOJ] HA YETHBIE ACITUTEIH, IPEICTABUM JCITUTEIh
B cieayomeM Buje: d= d0~2" , Tie Oy HeuetHo, a k>1. Torma, MOCKOJIBKY IIEJI0€ YHCIIO JIe-

jurcs Ha d TOTrJa U TOJILKO TOrjga, Koraga OHO ACIUTCA Ha do n 2k, U IIOCKOJIbKY N 1 nao HUMCIOT

O/IMHAKOBOE KOJIMYECTBO 3aBEPIIAIOLIUX HyJIeBbIX 6UTOB (d, HEueTHO), MpoBEepKa TOro, 4To N
KpatHO d, COCTOUT B CIIEIYIOIIEM:

q= mod(nao,zw) :
gq< L(ZW -1) / dOJ U ( 3aBepIIAETCs HE MeHee YeM K HyleBbIMU OuTamu,

e nox pynkiueit “mod” noapasymMeBaeTcs NpuUBEIEHUE Nd, K HHTEPBATY [O, s —1] .

HenocpencTBenHast peanms3anusi OMHUCAaHHOTO MeTo/a TpeOyeT IBYX MPOBEPOK M YCIOBHBIX
MIEPEX0A0B, OJHAKO €CITH KOMITBIOTEP MMEET KOMAHIy YUKIUYECKO20 CO8uUed, TO METOJl MOKHO
pea30BaTh C IOMOIIBIO OJTHOTO CPABHEHUS ¢ 8emaieHueM. ITO CIeayeT U3 IpUBEIeHHOI 1a-

rot

Jiee TEOPEMBI, B KOTOPOH 3amich a>K 03HauaeT KOMIBIOTEPHOS CJIOBO &, LUKIMYECKH CIOBHU-
HyTOe BripaBo Ha K 6ur (0<k <32).

u
Teopema ZRU. x<a u X saxanuusaemcs K nynesoimu 6umamu mozoa u moavko mo-

20a, Koeda x;k;La/ZkJ .

JokazarenbcrBo. (Byzem cuurats, 9To MMeeM jeno ¢ 32-paspsaHBIM KOMITBIOTEPOM.)
u u
[MpenmnonoxumM, 9T0 X<a U X 3akaHunBaetcst K myneBsimu Ouramu. Torma, Tak kak X<a, TO

LX/ZkJELa/ZkJ. OnHako Lx/zka XSk H, TakAM 006pasom, xéik;La/ZkJ . Eciu X He 3akaH-

rot
yusaetca K HYJICBBIMU 6I/ITaMI/I, TO X>K He HaumHaercs ¢ K HYJIEBbBIX 6I/ITOB, B TO BpeMs KakK

rot u u
[a/ 2"J HAYMHAETCS C HUX, TaK 4TO X>> k>[a/ 2"J . 1 HakoHer, eciiu X>a U X 3akaHumMBaetcs K
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HYJICBBIMH OMTaMH, TO IIEIO€ YUCII0, 00pa3oBaHHOE MEePBBIMH 32—k OWTaMu X JOIDKHO TIpe-
u
BBIIIATH YHCII0, 00pa3oBaHHOE MepBbIMU 32—k OWTamu @, Tak 9To Lx/ 2kJ>La/ ZkJ .

IMpu UCTIOMB30BAHIK ITOH TEOPEMBI MIPOBEPKA TOTO, UTO N KpatHo d, re N u d — Henyste-
BBle OE33HAKOBBIE HENbIE YMCia, pudeM d =d, -2, Tme 0y — HeYeTHO, BBINONHAETCS Cle-

JYIOLM 00pa3oM:

q<—mod(nao,2w);
a>ks| (2 -1)/d |

3/1€Ch MBI BOCTIOJIB30BAJIMCH TEM, UTO u(ZW —1)/d0J/2kJ = L(ZW -1)/(d, - 2"” = L(ZW —1)/dJ .

Jasee B kauecTBe NpUMepa IPUBEICH KO, IPOBEPSIOIIHA, SIBISICTCS 11 0€33HAKOBOE 11EJ10€
guciio N kpatHeiM 100.

1i M, 0xC28F5C29 MynbTUIIMKATKUBHOE oOOpaTHOe 25

mul a,M,n g = npaeas IoOJIOBMHaA M*n

shrri q,q,2 IMKIMYECKMY CIOBUI BIPaABO Ha IOBa OuUTa
1i c,x'028F5C28' ¢ = floor((2**32-1)/100)

cmpleu t,q,c CpaBHeHME g M C, U IIepexol, eCJu

bt t,is_mult n kparso 100

3HaKOBOE JeJIeHHe, JeJIUTeIb =2

B ciyuae 3HaKOBOTO JiefieHHSsI, KaK OBLUIO MMOKa3aHO B MPEIBIAYIIEM pa3jielie, eClii N KPaTHO
d u d HeueTHO, TO

n —_
a:nd(mod 2").

Takum obpazom, TUTSE n=[—2W‘1/d—|~d,...—d,0,d, L 2W 1 /dJ nMeeM:

nas[—ZW'l/d—|,...—lO,l-- L 2W o /dJ mod 2W) Kpome Toro, mockonbky d B3auMHO IIpo-

CTOC C ZW, TO €CJId N IPUHUMACT 2 Ppa3JIMYHbIX 3HAYCHUH 110 MOAYJIIO 2W, TOoraa na TaK¥XKC
MNPpUHUMACT ZW Pa3INIHbIX 3HAYCHHH 110 MOAYJIHO ZW. CHe}lOBaTeJ'ILHO, N KpaTHO d TOoraa u
TOJIBKO TOraa, koraga

[-2"*/d]<mod(nd,2") L (2 - /dJ
e nox ynkiumeit “mod” noapasymeBaeTcs npusejene Nd K HHTEPBATY [—2""’1,2""’1 —1} .

DTOT ¢1oco0 MOKHO HEMHOTO YIIPOCTUTH, 3aMETHB, YTO, TAK Kak d HEYETHO, a U3 HAIMX
HaYalbHBIX IPEANOI0KEHUI OHO MOJIOXKUTEIRHO U HE PABHO €AUHULE, d He ABISETCS JenuTe-
nem 2", Takum 06pazom,

a2 sl (2 -

JIist 3HAKOBBIX YHCEN MPOBEPKa TOTO, UTO N siBIsieTcst KpatHbiM d, rme d =d, - 2%, a dy HEUETHO,
BBITIOJTHACTCS CICAYIOIIUM 00pa3oMm:

q= mod(nao,ZW) :

—L(Zw’l -1) / dOJ <g< L(ZW -1) / dOJ U (] 3aBepIIIAeTCs He MeHee YeM K HylieBbIMU OuTamu.
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Ha mepBbIif B3MIIsL KaKeTes, YTO MPHA TaKOM METOJIe TpeOyeTcsl TPH MPOBEPKH U MEPEX0a.
OpHako, Kak U B 0E33HAKOBOM CJydae, BCE MOXKHO CBECTH K OJHOH KOMAaHNE CpAGHeHUs C
gemeneHueM, €ClM BOCIOIb30BaThCS CIEAYIOLIEH TEOpEMON.

Teopema ZRS. Eciu a>0, mo credyouue ymeepicoeHus IKEUSANCHNHDbL.

1. -—a<x<a uXsakanuusaemes K unu 6016MWUM KOIUHECNEOM HYJICEbIX GUMO8,

rot

2. abs(x)>>k§La/2kJ,
3. x+a’r>o>[k%[2a'/2"J,

20e @ npedcmasnsem coboi a ¢ ycmanogiennvimu ¢ 0 npasvimu K oumamu (m.e.
a=a&-2").

HokazatenbcTBo. (ByneM cunrath, 4To MMeeM nen0 ¢ 32-pa3psmHbIM KOMIIBIOTEPOM.)
Yto0bI yOEAUThCA, UTO YyTBEpsKIeHHE 1 SKBUBATIEHTHO YTBEPHKAEHHIO 2, TOCTATOYHO 3aMETHTh,
9TO BEIP@KEHMA —a<X<a M abs(X)<a >KBHBAIEHTHHL. Ilocie 3TOro IKBHBANEHTHOCTh YT-

BepkaeHuit 1 u 2 cnenyer u3 Teopemsr ZRU.

Uro0bI yOeanThCsl B SKBUBAJICHTHOCTH YTBEepXkIeHNH 1 n 3, 3ameTnmM, 4To yTBepkaeHHe 1
CTpaBeIMBO U MpH 3aMeHe & Ha a . Toraa, B COOTBETCTBHU C TEOPEMOW I'DaHHUI] U3 pasjie-
na 4.1, oHO, B CBOIO OUYEPElb, IKBUBAJICHTHO

u
X+a'<2a’.
IMockoneky X +a@ 3akaHunMBaeTCs K HyleBBIME GHTaMH TOT/A M TOJBKO TOTMa, Koraa K Hy-
JIEBBIMH OWTaMM 3aKaHYMBAeTCA X, MOKHO NpuMeHHTH Teopemy ZRU, xotopas u maer Tpe-
Oyromuiics HaM pe3yibTaT.

Hcrmone3yst yTBepkIeHHEe 3 PACCMOTPEHHOM TEOPEMBI, TIPOBEPKY KpaTHOCTH N wnciy d, roe
N u d — 3HAKOBBIE lENbIE YnCia, He Menbinne 2, u d =d,- 2", rae dy HeueTHO, MOKHO MPOBEC-

TH CICIYIOIMM 00pa3oM:

q < mod(nd,,2");
a’<—L(2W‘1—1)/dOJ&—2k;
q+ a'r>o>‘k§L(2a')/2kJ.

(Tockomeky d — KOHCTaHTa, @ MOKHO BBIYHCIIATH BO BPEMS KOMITHIISIIHH. )
Janee B KayecTBe MpHUMepa MPHUBEACH KOJ, MPOBEPSIONIHI, SBIACTCS M 3HAKOBOE LET0C
yucno N kpatHeiM 100. O6parute BHUMaHUE, YTO KOHCTAHTa LZa’/ 2"J B JII000I MOMEHT MOJKET

OBITE NoJIydyeHa U3 KOHCTAHTbL a myTeM CJIBUra Ha k-1 HOSHHHﬁ, YTO MO3BOJIACT COXPAHUTH
OJIHY KOMaHIay 100 3arpys3Ky U3 IMaMsTH Ui TTIOJTYUCHHA Oll€paHia CPAaBHEHUSA.

1i M, 0xC28F5C29 Barpys3kKa MyJibTUILJIMKATUBHOTO OOpaTHOTO 25

mul a,M,n g = npaeas IoJIOBMHaA M*n

1i c,0x051EB850 ¢ = floor((2**31 - 1)/25) & -4

add q,dq,c [IpubaBisgeM C

shrri q,q,2 IMKIMYECKMY CIOBUI BIPABO Ha 2 [I03ULUU

shri c,c,1 BhIuMCJIeHMe KOHCTAHTH IJIS CPaBHEHUS

cmpleu t,q,c CpaBHeHME g M C, U IIepexol, eCJun

bt t,is_mult n kxparso 100
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I'/TABA 11
HEKOTOPBIE 3JIEMEHTAPHBIE ®YHKIIUAU

11.1. llenovyucaeHHbIH KBAAPATHBII KOPEHb

Iox “menourcneHHbIM KBaJIpaTHBIM KOPHEM™ MOApa3yMeBaeTcsl (YHKITS L&J UroOsI pac-

LIUPHUTH 00J1aCTh MPUMEHEHHS 1 YTOOBI M30€KaTh PEILIEHHs BOIIPOCa O TOM, KaK MOCTYIaTh C OTPH-
[ATENbHBIMA apryMeHTaMu (GyHKIHH, OyIeM CUMTaTh X 0€33HAKOBOI BeMMUMHOM: 0< x< 2% -1,

Meton HuioToHna

HJ’IH YHCell C IIaBaIOMIeH TOYKOH, 110 CyTH, YHUBEPCAJIBHBIM METOAOM BBIYMCICHUA KBAI-
paTHOrO KOPHSA ABJIACTCA METO/ HproToHa. DTOT METOJ HAUMHACTCS C HEKOETO 3HAYCHHS Jo,

KOTOPO€ ABJIACTCA HaYaJabHOH OIIEHKOM \/E_l . 3aTeM BEBINIOJIHIETCS cepust yTO‘{HeHI/Iﬁ 3HA4YCHUA
KBaJApaTHOTO KOPHA 110 (bopMyne
a
gn+1=[gn +j/2 .
9n

[IpuBeneHHBIIT METO] MMEET KBAJPATHYHYIO CXOAMMOCTB, T.€. €CIIH B HEKOTOPBIH MOMEHT gy
HMEET TOYHOCTHh N OWTOB, TO Qp+y UIMEET TOYHOCTH 2N OmTOB. Pabodas mporpaMma JIoJbKHA MIMETh
CpEJICTBA JUTS ONPENISNICHNS] OCTIHKEHHSI HEOOXOAMMOH TOYHOCTH U MTPEKPAIIICHHS BBIYHCIICHIH.
IIpusTHON HEOKUIAHHOCTBIO OKa3bIBAETCSA TO, YTO MeToj HpioTOoHa Xopomo paboTaeT U B
obracTy 1enbIxX gucen. [t Toro 9To0b yOeIuThCs B 3TOM, PACCMOTPHM CIIETYIONIYIO TEOPEMY.

Teopema. ITycmo g, = L(gn + La/gnj)/ZJ , 20e Qn — yernoe uucino, 6orvuiee 0. Tozoa
a) ecu g,>|a|, mo [Va|<g,.<g,;

0) ecau g, =L\/5J , Mo L\/EJ <0 S L«/EJ +1.

Napvu CJIOBaMH, €CJIM y Hac €CTb 3aBBIINICHHAs ILECJIIOYHMCIICHHAs OLICHKA (., BCIWYHMHBI

L\/EJ, TO ciexyroniee MpUOMDKeHHe OyIeT CTPOro MeHbIIE MPEenbIAyIIero, Ho He MEHbIIe

L\/EJ . Takum o0Opa3om, eciii Ha4yaTh CO CIIMIIKOM OOJIBILIOTO MPHOIKEHUs, TO OyAeT Moiy-

YeHa MOHOTOHHO YOBIBAaIOIIasl MOCJIEIOBATENILHOCTD NPHOIKeHni. Ecin e HaganbHOE Npu-
OmmkeHne g, = L\/EJ , TO Clieyromiee MpUOIIDKeHNE OKa3bIBAeTCs MO0 PaBHBIM IpEAbBIIyIIe-
My, 1100 Ha 1 GonbimmM. Takum 00pazoM, MBI IIOJIydaeM CHOCOO OMNpejeNeHHs: Toro, YTo Ho-

CJICA0BaTCIbHOCTh HpH6J’IH)KeHPII7[ ColLIACh. €CJIM HAa4yaTh C g, ZLJEJ , TO TOYHOC PEUICHUC J,

OyIeT JOCTUTHYTO B TOT MOMEHT, KOTAA g,,; 2 J, -

Ciydait a=0 ciexyer paccMaTpUBaTh OTIEIBHO B CBSI3H C TEM, YTO IIPH 3TOM MOXKET BO3-
HUKHYTH cutyanus aenernus 0 a 0.
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Jloka3zaTesibeTBO. 8) [TI0CKONIBKY (), — II€JI0€ YUCIIO,

o[ el )

Tak xak @, >L\/5J u g, — uenoe 4ucio, g,>-+a . Omnpenennm € cieayromuM odpa3om:

g,=(1+¢)va . Torma £>0 u

29, | 7 29,
(1+¢)a+a g <g§+g§
2(1+e)va | Tt 29,

2+2c+¢°

——Jal|=0,.<0,,

\‘ 2(1+S) \/__ gn+1 gn
2+2¢ al<g.<g
2(1+8) = In+l n’

[«/E] < 0oy <Oy

6) Iockoneky g, = L\/EJ , Ja-1<g,<+/a, Takuro g’<a< (9, +1)2. CrenoBarelsHo,

2 2 2 2
[MJ g {9+(9+1)J

2g, 29,

1
LgnJ < (o) < [gn +1+29nJ1

L\/EJ <01 <[ 9, +1] (1. g, uenoe n % <D,
HEJS ngLgnJ+1:L\/EJ+1.

CII0>XKHOH 4acThIO IIpY UCIIOJIB30BAHUU METO/JIa Hrrotona myist BEIYuCICHUS L&J ABJISICTCA

nojydeHue rnepsoro npudmkenus. [Ipouenypa B mucrunre 11.1 ycranasnuBaeT nepBoe npu-
OIIDKEHHE (o PABHBIM HAMMEHBIICH CTENeHH 2, KOTOpas OOJbIe Wik paBHa ~/X . Hampumep,
0o=2 mi1st X=4, a 11 X=5 B KayecTBe NEPBOTo MPUOIKEHHUS NPUHUMaeTcs Jp=4.

JIucrunr 11.1. Merox HeloToHa moncka ne104ucIeHHOT0 KBAAPATHOTO KOPHS
int isqgrt (unsigned x)
{

unsigned x1;

int s, g0, gl;

if (x <= 1) return x;

s = 1;
xl = x - 1;
if (x1 > 65535) {s = s + 8; x1 = x1 >> 16;}
if (x1 > 255) {s = s + 4; x1 = x1 >> 8;}
if (x1 > 15) {s = s + 2; x1 = x1 >> 4;}
if (x1 > 3) {s = s + 1;}
gl =1 << s; // g0 = 2**g
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gl = (g0 + (x >> s)) >> 1; // gl = (g0 + x/g0)/2
while (gl < g0) { // lloBTopseM, MNOKa NPUOIMKEHUS
g0 = gl; // CTPOTO yMEHBLIAKTCS
gl = (g0 + (x/g0)) >> 1;
}

return g0;

[Mockonbky nepBoe mpuOIMKeHHE Jo MpEICTaBiseT cOOOH CTENEeHb 2, Ui MONy4YeHUs Jp
HEeT He0OXOIMMOCTH B PEAILHOM JIEJIEHHH — MOXHO 00OHTHCH CABUIOM BIPABO.

[TockonbKy TOYHOCTH MEPBOTO NMPHOIIKEHUs cocTasisieT okono 1 6uta, a Mmeron HelotoHa
o0ecrednBaeT KBaJpPaTHYHYIO CXOJUMOCTh (YHCIO TOYHBIX OWUTOB yABAMBACTCS MPU KaKIOH
UTEpAlNK), CIIEAYET 0KUIATh, YTO MPOIIEAYPa MOUCKA KBAIPATHOTO KOPHS 3aBEPIINTCS 3a MATh
urepanunii (Ha 32-OUTOBOM KOMITHIOTEPE), LIS 4ero MoTpedyeTcs YeThipe aeneHus (mepBoe je-
JICHHE 3aMEHSETCS CIBHIOM BIIPABO). DKCIEPUMEHTHI MTOKa3bIBAIOT, YTO MaKCHMAaJIbHOE KOJIH-
YeCTBO JC/ICHUI PaBHO MATH (YEThIPEM JUIs apryMeHTOB, MeHbIHX 16785407).

Ecnu B koMIIbroTepe MMeeTcs KOMaH/1a BBIYMCIICHUS KOJIMYECTBA BeYIINX HYJIEBBIX OUTOB,
TO HOJIyYHTH NIEPBOE NPUOIMKEHHE OYEHb JIETKO: 3aMEHUTH TIEPBHIE CEMb BBINOJIHSIEMBIX CTPOK
B IIPUBEJICHHOI1 BBILIE TIPOLEyPE CTPOKaMHU

if (x <= 1) return x;
s = 16 - nlz(x - 1)/2;

Eie oiMH BapHaHT B ClIydae OTCYTCTBHSI KOMaH/bl BBIYHCICHUS KOJMYECTBA BEIYIIUX HY-
JIEBBIX OWTOB — BBIYMCIICHHE S TIOCPEACTBOM OMHAPHOTO JIepeBa MOUCKA. DTOT METOJT TIO3BO-
JISIET MOJYYUTh HECKOJIBKO JIydiliee MpUOmKeHre Jo: HAMMEHbBUIYIO CTeNeHb 2, KoTopast 00Jb-

e njin paBHa L&J . ,Z[J'Iﬂ HEKOTOPBIX 3HAYEHHUH X 3TO JaeT MEHbIIECC 3HAYCHUE (g, HO OOCTa-

TOYHO GOHLIHOG, YTOOBI BBIIOIHSIICS KpI/ITepI/Iﬁ CXOIUMOCTH U3 paCCMOTpeHHOﬁ paHee
TCOPCMBI. OTM4une 3TUX CXEM II0OKa3aHO HIDKE.

JInanason X JInanason X IlepBoe
Jg aueruHra 11.1 s idctuHra 11.2 NpudINKeHHe
0 0 0
1 Orlmno3 1
Or2m04 Or4 108 2
Ot 5 110 16 Or9 110 24 4
Or 17 no 64 Ot 25 1o 80 8
Ot 65 10 256 Ot 81 o 288 16
Ot 2%+1 g0 2% Or (2"+1)? o (2"°+1)*-1 215
Ot 2%+1 1o 2%-1 Or (2°°+1)% 1o 2%-1 216

CooTBeTcTByIOLIas Mporeypa rnokasana B ymctuHre 11.2. Ona ocobeHHo y00Ha npu pabote
¢ MabIMu 3HaueHIsIME X (0 < X< 24 ), Tak Kak IPU 3TOM He TPeOyeTCs BHIMOIHCHHE ICIICHHS.

Jluctunr 11.2. IesounciaeHHbIl KBAAPATHBIA KOPEHb ¢ BLIYUCIEHHEM NMEePBOTo NMPH-
0JIMKeHHsl MyTeM OMHAPHOTO NMOUCKA
int isqgrt (unsigned x)
{
int s, g0, gl;
if (x <= 4224)
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if (x <= 24)
if (x <= 3) return (x + 3) >> 2;
else if (x <= 8) return 2;
else return (x >> 4) + 3;
else if (x <= 288)
if (x <= 80) s = 3; else s 4;
else if (x <= 1088) x = 5; else s = 6;
else if (x <= 1025*1025 - 1)
if (x <= 257*257 - 1)
if (x <= 129*129 - 1) s = 7; else s = 8;
else if (x <= 513*513 - 1) s = 9; else s = 10;
else if (x <= 4097*4097 - 1)
if (x <= 2049*2049 - 1) s = 11; else s = 12;
else if (x <= 16385*16385 - 1)
if (x <= 8193*8193 - 1) s 13; else s = 14;
else if (x <= 32769*32769 - 1) s = 15; else s = 16;
g0 =1 << s; // g0 = 2**g
// Iajee BCe TaK Xe, KakK M B JucTuHre 11.1

Bpewms BeimonHeHus anroputma w3 juctuHra 11.1 Ha xommbioTepe ¢ 0a30BBIM HAOOPOM
RISC-xoman1 B HauXyAIIEM CITydae COCTaBIAET OKoso 26+ (D +6)n Takros, rae D — Bpems

BBITIOJIHEHHSI KOMaH/BI JeJIeHHs B IIMKIIAX, a N — KOJMYECTBO UTEpAluil LKA while. Bpems
BBINOJIHEHHS anroputMa m3 nmctuara 11.2 cocraBnsder B HamxymameM ciaydae 27+(D+6)n
TaKTOB B MPEAIOIOKECHHH (B 000UX CIIy4asx), 9TO KOMaH/Ia 6eme/ieHus BBIONHICTCS 33 OQUH

TakT. B nprBeaeHHOHN HIDKE TaOIUIIe MOKa3aHbl CpeIHee KOJMYECTBO UTEepaNnii IUKIa B 000X
ANTOpHUTMax JJIs paBHOMEPHO PacIpeelIeHHOTO B YKa3aHHBIX THAla30Hax 3HAYCHUS X.

X Juernnr 11.1 JIucrunr 11.2
Or0mo 9 0.80 0
Ot 0 1o 99 1.46 0.83
Ot 0 1o 999 1.58 1.44
Ot 0 mo 9999 2.13 2.06
Or 0 510 221 2.97 2.97

Ecnu cuurats, yto Bpems nenenust pasHo 20 TakTaM, a X paBHOMEpHO pacnpeneneHo ot 0
10 9999, o 06a anroput™a TpeOyIOT 0K0JI0 81 TaKkTa IPOLECCOPHOTO BPEMEHH.

buHapHbIil OUCK

[TockonbKy anropuT™, OCHOBaHHEIA Ha MeTole HpIoTOHA, HAaYMHAETCS ¢ OMHAPHOTO MTONCKa
HAYaJbHOTO TPHONIKEHHUS, TMoYeMy OBl HE BOCIIONIF30BAThCS OWHAPHBIM IOWCKOM CaMOTO
KBaJpaTHOTO KOPHA? DTOT crtocod MOKET HayaTh paboTy ¢ IBYX TPAHMUIL: IO BCEH BUANMOCTH,
0 u 2'°. 3areM B kauecTBe MPHOIIKCHAS KBAIPATHOrO KOPHS OEPETCs CepeIuHa MeXIy TPaHH-
namu. Ecnm kBampat 3T0T0O 3Ha4eHMS OOJbBIIE apryMeHTa X, TO CPEeTHsS TOYKa CTAHOBUTCS HO-
BOI BEpXHEW I'paHUIIEH; B IPOTUBHOM CIIy4ae CpPeIHssS TOYKA CTAHOBUTCS HOBOW HMIKHEH Ipa-
Hutnel. Mtepannu npomomKaloTes A0 TeX MOp, MOKa HIDKHSS ¥ BEPXHSSA TPAHUIBE He OyayT OT-
maaTthes Ha 1. [Ipu 5ToM HIDKHASA TpaHrIa OyJIeT IpeACTaBIsATh CO00i HCKOMEBIHN pe3yibTaT.

TakuM 00pa3oM MOKHO M30eKaTh JENICHUs, HO MOTpedyeTcs 3HAUNTEIbHOE KOIMYECTBO YM-
HOXeHHI — 16, ecnm B kadecTBe HAYaBHBIX TPAHMIl BOCIIONH30BAaThCS 3HaueHWsMU O u 216
(DTOT MeTOm Ha KaXKIOM WTEpaIMK BRIYKCILIET TT0 OJHOMY OHTY TOYHOTO 3HauYeHws.) B nucTuH-
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re 11.3 mokazaHa ofHa M3 BapHalWii JAHHOTO aIrOPUTMA, B KOTOPOH HCIIONB3YIOTCS HECKOIBKO
yIy4IIeHHbIE 110 CPaBHEHHIO co 3HaueHusiMu O u 2'° navanpubie rpanmpl. Kpome Toro, mporie-
nypa B muctuare 11.3 myst 6onpumaCcTBa Rl SC-KOMITBIOTEPOB SKOHOMHT OJJMH TAKT HA IUKJ, W3-
MeHsist @ ¥ b Tak, 9To B mporpammMe UCIoNb3yeTcs cpaBHeHne b>a BMecto b—a>1.

JIucrunr 11.3. BuHapHBIA MONCK HeJIOYHCIEHHOT0 KBA/IPATHOT0 KOPHS
int isqgrt (unsigned x)
{

unsigned a, b, m; // T'paHULE M CpeOHSS TOUKa

a =1;
b= (x> 5) + 8; // CM. HosACHEHMS B TeEKCTe
if (b > 65535) b = 65535;
do {
m= (a + b) > 1;

if (m*m > x

) b =m - 1;
else a =m + 1;
)

} while (b >= a
return a - 1;

i

B Havaye KaxIoil MTEpalUK JOJKHBI BBITOJIHITHCS MPEIUKATHI asL&J+1 u bZL&J.

HauaneHoe 3HaueHue b JTIOJDKHO OBITH JIETKO BBIYMCIIMMBIM M OJIU3KHUM K L&J . Bot Hekoto-

pble U3 BO3MOXHBIX HauaJbHBIX 3HAYEHWM: X, X+4+1, Xx+8+2, x+16+4, x+32+8,
X+64+16 u T.1. BelpakeHus B Ha4aje 3TOTO CIHCKA Jy4Ie TTOAXOIAT Ui HeOOJIBIINX 3HAUE-
HUA X, BBIPQKEHHS OJNMKE K KOHIYY CIHCKa — Juiss X mobosbiie. (3HaueHne X+2+1 Takke
NIPUMEHMMO, HO HE UMEET CMBICIIA, TAK KaK BBIpaXKEHUE X+4+1 Be3le NaeT Jy4llyr WU Ta-
KYIO K€ TPaHHUILY.)

Cemp Bapuanuii nIpuBeIcHHOrO B JiucTuHTe 11.3 anroputMa MOXKHO MOJIyYUTh, 3aMCHSIS a
Ha a+1, bHa b-1, ucone3ys BMecTo m=(a+b)+2 BepakeHne m=(a+b+1)+2 UM koM-
OMHUPYS TIePEUHCIICHHBIE TT0ICTAHOBKH.

Bpewms BeInonHeHus mpouexypsl u3 auctunra 11.3 cocraBnsger mpumepHo 6+ (M +7.5)n
TaKTOB, Iie M — BpeMsi BBIIIOJHEHUST YMHOXCHHUS B TAKTAX, a N — KOJMYECTBO BBITIOITHIEMBIX

I/ITepaHI/Iﬁ IHKIJIa. HpI/IBeHeHHaﬂ HUWXKC TaGJ’II/IHa COACPIKUT CPEAHUEC KOJINYCCTBA BBINOJIHCHUSA
IUKJIOB JI1 paBHOMEPHO PpACIIPEACIICHHBIX B YKaA3aHHBIX UHTCPBAIAX 3HAYCHHH X.

X Cpennee KOJIHY€CTBO
HTepauuii HUKJIa
Or0mo9 3.00
Ot 0 o 99 3.15
Ot 0 10 999 4.68
Ot 0 1o 9999 7.04
Or 0 10 21 16.00

Ecnu cuntaTh, 4TO BpeMsi BHIIIOJHEHHs YMHOXKEHUsI — 5 TakToOB, a X paBHOMEPHO pacripe-
neeno ot 0 o 9999, To Bpems BBIMTOJHEHUS aJlTOPUTMA COCTABUT OKoJio 94 TakToB. Makcu-
MaJlbHOE BpeMs BhinosHenus (N=16) paBHo 206 TakTam.
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Ecimm xoMIbpIOTEp OCHAIIEH KOMAHAON nodcuema 6edyujux Hyaegvix 6umos, To HadalbHbIe
TPaHUIIBI MOKHO OTIPENENUTh CICIYIOIINM 00pa3oM:

b= (1 << (33 - nlz(x))/2) - 1;
a= (b + 3)/2;
wm b=2%"2_1 519 ouens XOpOIIKE TpaHuIbl 1y HeGonbmux X (Tak, mpu 0< x<15

TpeOyeTcst TONBKO OJIHA WTEpalus), HO Ui OONBIIMX 3HAYCHHH X JaeT TONBKO HEOOJBIIOe
yJIydllIeHHe N0 CpaBHEHUIO ¢ rpaHuiaMu u3 suctunara 11.3. Tlpu X u3 nnanaszona ot 0 qo 9999
cpe/iHee KOJIMYECTBO MTepaluii MpuMepHO paBHO 5.45, uTo paeT BpeMs BHIIIOJIHEHHS OKOJIO 74
TakTOB ([P UCIOJIIB30BAHUH TEX K€ MPEINOTI0KCHHUM, YTO 1 PAHBILE).

AnnapatHblii aJIrOPUTM

Cy1iecTByeT aJIrOPUTM, UCHOIB3YIOLMIA IIPU BBIUMCIEHUU KBAAPATHOTO KOPHS CABUTU U BBI-
YUTaHMS, KOTOPBIH OYEHb IOXOXK Ha ajrOpUTM allapaTHOro jAelieHus u3 juctunra 9.2. Bymyun
anmnapaTHO BCTPOEH B 32-OHUTOBBIN KOMITBIOTED, 3TOT aJITOPUTM HCIIOJIB3YyeT 64-0MTOBBII peructp,
HMHUIUAIM3UPYEMBIIT apryMEHTOM X, 32 KOTOPBIM cieayeT 32 HyieBbix Oura. [Ipu kaxxmoii urepa-
i 64-6HTOBBIN PETHCTP CMELIAeTCsl Ha Ba OWTa BIICBO, a TEKYIIMl pe3ysbTaT Y (M3HAYAIBHO
paBubiii 0) — Ha oquH OHT. 3aTeM M3 JIEBOH MONOBHHBEI 64-OUTOBOrO PErucTpa BBIYHTACTCS 3HA-
yeHne 2y-+1. Ecim pe3ynbraT BEMMTAaHMS HEOTPHIATEIIEH, OH 3aMEHSET JIEBYIO ITOJIOBHHY 64-

GUTOBOTO PETHCTPa, a K 3HAYCHHIO Y prbassieTcst 1 (st 5Toro He TpeGyeTcst CyMMarop, Tak Kak
Y B 9TOT MOMEHT 3aKaHUMBACTCSI HYJEBBIM OUTOM). ECIM pesysnbTar BRIUMTAHUS OTPUIIATENICH, TO
1 64-0UTOBBII PETUCTP, U Y OCTAIOTCS HEM3MEHHBIMHU. M Tepanyy BEITTOHAIOTCS 16 pas.

Otot anroput™m 6sut onmcad B 1945 romy [36].

[Noxanyii, HeOXKUTAHHBIM PE3yIIbTATOM OKa3bIBAETCS TO, YTO BpeMsI paboTHI 3TOTO Tporiecca co-
CTaBJISIET MPUMEPHO TOJIOBUHY BPEMEHH, HEOOXOIUMOTrO JUIsl BBIMIOJHEHUS JeNieHus] 64+32—= 32
TIPH TIOMOIIIM YHOMSIHYTOTO aliapaTHOro aJfOPUTMa, TaK KaKk B 3TOM CIIydae BBITOJHSETCS B JBa
paza MeHbIlle UTeparkii PUMEPHO TOM K€ CJIOKHOCTH, YTO U B &JITOPUTME JIETICHUS.

[Tpn mporpaMMHOM HCHOJIB30BaHUM JaHHOTO alrOPUTMa, BEPOSITHO, JIydile Bcero u3de-
KaTh MCIOJB30BAHUS CIBHIa B JIBOWHOM CIIOBE, KOTOpPOE TpPeOyeT OKOJIO YEeThIpeX KOMaH]
cnura. Anroputm u3 juctunra 11.4 [19] ocyiecTBiIsieT 3TO MyTeM CABUra Y U MaCKUPOBaHMS
6uta M cripaBa. B cpennem emy tpedyercs BoinonHenue 149 6azoseix RISC-xomann. /[Ba BbI-
paKEeHUS y | m MOTYT OBITh 3aMEHEHBI CIIOKEHUEM y+m.

Jluctunr 11.4. AnnapaTHbIii aIropuTM MOMCKA EJ0YNCIEHHOT0 KBAPATHOT0 KOPHS
int isqgrt (unsigned x)
{
unsigned m, vy, b;
m = 0x40000000;
y = 0;
while(m != 0
b =
Y

{ // Bemosusercs 16 pas

return y;
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PaGota 3TOr0 anroprTMa IMoX0o)a Ha IIKOJIBLHBIA METOJI ITOMCKA KBapaTHOTrO KopHs. Hrnke 1mo-

Ka3zaH nNpruMep NorcKa ‘:\/ 179J B COOTBCTCTBUU C 3TUM AJITOPUTMOM Ha 8-6uroBom KOMIIBIOTEPE.

1011 0011 x0 MsmrHauvanbHO, X = 179 (0xB3)
-1 bl

0111 0011 x1 0100 0000 y1
- 101 b2 0010 0000 y2

0010 0011 x2 0011 0000 y2
- 11 01 b3 0001 1000 y3

0010 0011 x3 0001 1000 y3 (BeuMTaTb HeJb34)
- 1 1001 b4 0000 1100 y4

0000 1010 x4 0000 1101 v4

Pesynbrar Berunciiennii paseH 13; B perucrpe x ocraercs ocrarok 10.

IIpu ncmob30BaHUU OOBIYHOTO TPIOKA CO 3HAKOBbIM cO8ueom eénpaso Ha 31 OUT MOXKHO
n30eKaTh BHITIOTHEHUS POBEPKU 1f x>=b. MOXKHO J0Ka3aTh, YTO CTAPIINii OUT b Bcerna Hy-
neBoi (Ha camom zene b<5-2%), uro ymporaer npeaukar x>=b (cm. pasgen 2.11). B pesyis-
Tare rpyIiy onepaTopoB i f MOXKHO 3aMEHHUTH CIIECAYIOLIMHU:

t = (int)(x | ~(x - b)) >> 31; // -1, ecom x >= b, uHaue 0
x =x - (b & t);
y=vy | (m&t);

TeM caMbIM MBI 3aMEHSIEM TPH TaKTa CEMbBIO B TPEITIOIOXKEHHIH, YTO KOMITBIOTEp OCHAIIEH KO-
MaHJOW wiu-He, OHAKO 3TO MOXKET 0Ka3aTbCs BBITOJHOM 3aMEHOM, €ClIU YyCIOBHBIN NIEPEXO] B
JAHHOM KOHTEKcTe TpeOyeT Gosee 5 TakToB.

IIpencraBnsieTcst, 9TO TOJDKEH OBITH O0JIee MPOCTON METO ] MPOTPAMMHOTO BHIYHCIICHUS T1e-
JIOYNCIICHHOTO KBAIPaTHOTO KOPHS, YeM TPeOyIONii HECKOIBKIX COTEH TaKTOB IIpoIieccopa.
Hwmxe npuBeneH ps BIpaXSHUH TS BRIYHCICHHS [EJIOYUCIEHHOTO KBAJAPATHOTO KOPHS IS
OYEeHb MAaJIBIX APTYMEHTOB. DTH BBIPAKEHHS MOTYT OKa3aThCA MOJIC3HBIMHU JJIS1 YCKOPEHHS pac-
CMOTPEHHBIX AJITOPUTMOB, KOTJIa OXKHUIAETCS U3BJICUECHUE KBAAPATHOTO KOPHS M3 MAITBIX THCEI.

KomunuectBo RISC-koman

Bripaxenue Jlnamna3oH KOPPEKTHOCTH (pacumpenHblii HaGOp)
X Or0Omo 1l 0
x>0 Or0mo03 1
(x+3)i4 Or0 o 3 2
x>u>(xi2j Or0mo3 2
x>u>(x>1) Or0mo 5 2
(x+12)i8 Orlpo8 2
(x+15)+8 Ot 4 10 15 2
(x>0)+(x>3) Or0 1o 8 3
(x>0)+(x>3)+(x>8) Or 0o 15 5
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11.2. llenoyucaeHHbIH KyOMUYeCKUl KOPEHb

B ciiydae BbrumcieHus KyOudeckoro KopHs Meroq HpioToHa paboTaer CyIiecTBEHHO XykKe
B CHITy OoJIee CIIOKHOHM UTepaTHBHOM (popMyITBI

1 a
X1 =5 2%+ |
3 X,
a KpoMe TOTo, Kak 00BIYHO, BO3HHKAET Mpo0JieMa IMOMCKa XOPOIIero HauallbHOTO TIPHOSIVDKSHUST Xo.
OpHaKo CyIIeCTBYeT ammapaTHBI alroOpuTM, NMpHBEACHHBIH B nuctuHre 11.5, KOTOpHIi
TaKXKe JIETKO pean3yeTcs MPOTrPaMMHO.

Jluerunr 11.5. AnnapaTHsblii aIropuT™M NOMCKa 1eJI0YHCIEHHOr0 KyOU4ecKoro KOpHs
int icbrt (unsigned x)

{

int s;

unsigned y, b;

s = 30;

y = 0;

while(s >= 0) { // 11 urepauun
y = 2%y;

b = (3*y*(y + 1) + 1) << s;
s =8 -
if (x >= Db)
% =
Y

return y;

TpI/I KOMaH/IBbI ClI02HCEeHUsS C 1 MOXHO 3aMEHHTh KOMaHJaMH Ui C 1, TIOCKOJIBKY YBEJIMINBACMBIC
3HAYCHHUA YCTHBI. O,IIHaKO JAKE IIPU TaKMX W3MCHCHUAX OCTACTCA COMHHTEIBHON €ro TIIPUMCHHA-
MOCTbD JJIA ar[r[apaTHoﬁ peamm3anyu, B OCHOBHOM HM3-3a HAJIMYHXA YMHOXKCHHUA Y * ( y+ l) .

3TOro yMHOXKEHHMsI JIETKO M30eKaTh IMyTeM ONpe/elIeHHOW onTUMH3aiuu. Beenem eme on-
Hy 6e33HAKOBYIO [IEPEMEHHYIO y2, KOTOpasi OyIeT COJepKaTh 3HAUCHHE Y i OOHOBISATHCS TIPH
KaXXIOM M3MEHEHHH y. HemocpeacTBeHHO mepen MPHUCBOCHHEM y = 0 BCTaBUM IPHUCBOCHUE
y2 =0, anepes y = 2*y — NpHCBOeHHE y2 = 4*y2. [[pucBoeHne 3Ha4eHus repeMeHHoi b 3a-
MEHHM BBIpaXXEHHUEM b = (3* (y2+y)+1)<<s, a HENOCPEACTBEHHO IIepel] y = y+1 BCTaBUM
y2 =y2+2*y+1. [lonyyeHHas B pe3yibTaTe NporpaMMa He COAEPKUT YMHOXEHHH, 32 UCKIIIO-
YeHWEeM YMHOKEHHS Ha MaIyl0 KOHCTaHTY, KOTOPO€ MOKHO 3aMEHUTH COBUSOM U CLONCEHUEM.
Ota mporpaMMa COAEPKUT TPHU croxceHus ¢ 1, KOTopble MOKHO 3aMEHUTHh KOMaHAOH wnu. Ta-
Kasg mporpamMma OyneT padoTaTh ObICTpee, €CIM TOIBKO YMHO)KEHHE B BalleM KOMITBIOTEpE HE
BBINIOJIHSAETCS 3a JBa TakTa (WK OBICTpEE).

Bynbre ocropoxusr: B [19] ykas3siBaeTcs, 9TO 3TOT KO HEPabOTOCIOCOOEH TP HETOCPE/I-
CTBCHHOW aJalTaIuu ero Uil 64-0utoBsix MammH. [IprcBoeHne b B 3TOM Cilydae MOKET BBI-
3BaTh NEPEHOIHeHNE. JTOH MPOOJIEeMbl MOXHO HM30eXaTh, yOpaB CIABHMI Ha s MO3WIMH B IpHU-
CBOGHHH b, BCTaBHB IIOCJIC NMPHUCBOCHUS b BBIpAXKEHHE bs = b<<s W 3aMEHHB JIB€ CTPOKHU
if (x>=b) {x=x-b..cTpoKaMu if (x>=bs&&b==(bs>>s)) {x=x-bs...
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11.3. Ile1ouncieHHOE BO3BeIeHHE B CTENEHb

Boiunciienue X" OMHAPHBIM Pa3Ji0KeHHeM N

XOpoIIo M3BECTEH METOJ BhIYHCIEHHS X', Iie N — HEOTPUIATENLHOE 1IEI0€ YMCIIO, HC-
MOJIB3YIONIHI IBOMYHOE MPEJCTABICHUE YnCiia N. DTOT METO]| MPUMEHUM K BBHIUYUCIICHHIO BBI-
PAKEHUI BU/IA XeXeXe...sX, TJI€ * MPEICTABISET COOOM 000 acCONMATUBHBIN ONIepaTop, Ta-
KO, KaK CJIOKeHHEe, YMHOKeHHE (BKIIFOUass yMHOKEHHE MATpPHUII) WIH KOHKATCHANHUs: CTPOK (¢
ncronb3oBanneM 3amucn (‘ab’)’=‘ababab’). B kauecTBe mpEMepa paccMOTPHM BBIYHCICHHE
y=x=, Iockoneky 13 B gBonuHOM mipencrainennd umeet Buz 1101 (t.e. 13 paBHo 8+4+1), T0

XlS — X8+4+1 — XS . X4 . >(l .

Takum o6pazom, X' MoskHO BBIYMCIINTD, KaK IIOKa3aHO HIXKE.

t, X

2

L,

t, 2

y«t;-1,-X
st aToro moTpedyercs MATh YMHOKEHHH, YTO 3HAYUTEIFHO MEHBIIIE IBEHAAIATH, HE00XO0IH-
MBIX TP HETIOCPEACTBEHHOM MEPEMHOKEHUU 3HAYCHHM X.

Ecnu mokasarenb cTelneHr — HEOTPHUIATeNIbHAS 1Iej1asi IepeMeHHas!, AHHBIA METO/I MOXKHO
peami30BaTh B BUAE (PyHKINH, TOKa3aHHOU B nuctuHTe 11.6.

JIucrunr 11.6. Berunciaenne X" 6MHAPHBLIM pasJiokenueM N
int iexp(int x, unsigned n)
{

int p, v;

vy = 1; // UVHnumanmszauus pes3ybTarTa

p = X; // W NepeMeHHOMN P

while (1) {
if (n & 1)
Yy = p*y; // Ecim n HedyeTHO, MHOXMM Ha P
n=mn>>1; // llosuums ouepenHoro 6ura n
if (n == 0)
return vy; // Ecim Gosblie HeT OMTOB n
P = p*p; // CTemneHb nJjs OUepenHOTO OuTa n

KosuecTBO yMHOXKEHHIA, KOTOPbIE HAJIO BBIOJIHUTD MPU UCIIOJIb30BAHUH TAHHOTO METO/Ia
IPH MoKa3arele CTereHn N>1, paBHO

| log, n |+ nbits(n)—1.
OT0 He BCera MUHUMAJIHHO HEOOXOIMMOE YHCIIO0 YMHOKeHWH. Hampumep, mpu N=27 meton
OMHAPHOTO PA3JIOKEHHS PUBOIUT K BEIYUCICHUIO
X8 X2 %

9TO TPeOyeT BHINOIHEHHU CEMH YMHOXEHUH. OJHAKO €CITH BOCIONB30BATHCS CXEMOM

(7).
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TO OyZIeT TOCTaTOYHO MIECTH YMHO)KeHM. HanMeHbIee 3HadeHIe ToKa3aTeNsl CTETeHH, TIPH KOTO-
5
POM MeTO/] OGMHAPHOTO Pa3JIOKEHHs OKA3bIBAETC HEOITUMAIBLHBIM, — 15 (moackaska: x° = (x3) ).

BeposTHO, 3TO MOKAXKETCs HEOKHMAAHHBIM, HO MPOCTOH METOH MOMCKa ONTUMAIBHOW MO-
CJIE/I0BATEILHOCTH YMHOKEHHUH U1 BBIYMCIIEHHs X' JUIs TIPOM3BOJILHOTO N Hen3BecTeH. EuH-
CTBEHHBI M3BECTHBIA CErOJHS METOJ BKJIIOYaeT OOIIMPHBIN mouck. [JanHas mpoliema moj-
pobHo paccmatpuBaercs B [39, pasnen 4.6.3].

Mertoa OMHAPHOTO Pa3ioKEHUS] UMEET BEPCHIO, B KOTOPOH OMHApHOE MpeIcTaBiIeHHE CTe-
MCHU CKaHHpYyeTcs ciieBa HampaBo [53, 32], 4To aHATOrHYHO METOAy MPeoOpa3oOBaHMs IBOHY-
HOTO MPEACTABICHHUS B IECATUYHOE CJIeBa HAMpPaBo. MHHUIMATH3UPYeM pe3ybTar Y 3HaYCHHEM
1 u ckaHHpyeM [OBOMYHOE MPEACTABICHHE MOKa3aTess CTENeHH cieBa Hampaso. Koraa Ham
BCTPEYAETCsI HYJIEBOil OMT, BO3BOIMM Y B KBaAPAT; CAWHUYHBIA OUT MPUBOIUT K BO3BEACHHUIO Y

B KBaJpaT ¥ YMHOKEHHIO Ha X. TakuMm o6pazoM, X°=x"" BpMUCIIETCS TaK:

(((12 X x)zjz X,

3ToT MeTOA TPeOyeT TOTO JKE KOJMYSCTBA YMHOKCHHUH, YTO U METO]l CKAHUPOBAHMUS CIIpaBa Ha-
J1eBO u3 qucrtura 11.6.

2" B Fortran
Kommumsarop IBM XL Fortran ncronesyer crreayromee onpeaencHne GyHKIAN:

2", 0<n<30,
pow2(n)=4-2", n=31
0, Nn< 0w n=>32.

31eck IpearnonaraeTcs, 4To 1 N, U pe3yabTaT BO3BEICHHUS B CTEIICHb PACCMATPUBAIOTCS KaK
3HakoBble renble yncna. Cranmapt ANSI/ISO Fortran tpeGyet, uTo0bl pe3yabTar ObLT HyITe-
BeIM 11pu N<O0. JlaHHOE BBIIIE ONpeneneHne npy n= 31 mpeacTaBiseTcs pa3yMHBIM B TOM ILIa-
HE, 4TO 9TO KOPPEKTHbIA Pe3y/IbTaT BRIUUCICHHIA 10 MOAYIIO 2°2, H COIIACYETCS C TeM, YTO
JIal0T MHOTOKPATHBIE YMHO)KEHHSI.

CranIapTHBIH coco6 BbMuUCIeHus 2" COCTOUT B pa3sMelleHnH Yucia 1 B perucTpe u ¢iBu-
re BJIEBO Ha N 1Mo3unuii. DTOT crocod He yIOBJIETBOpPSET omnpereieHuio Fortran, mockonbky
OOBIYHO BEMMYMHA CIBHUIA paccMaTpHUBaeTcs Mo Moayno 64 wiu moaymo 32 (Ha 32-6uTOBOM
KOMIIBIOTEPE), YTO MPUBOIUT K HEBEPHOMY PE3yJIbTATy sl OOJBIIMX HIM OTPHLATEIBHBIX
3HAUYEHHUH CMEILeHNS.

Ecau Bam KoMIbIOTEp OCHAIIEH KOMAHIOU IOJACUETa KOAUYecmea 6eOyuux Hyneevix ou-
mo6, TO BEIYUCIIEHHE POW2(N) MOKET OBITH BEITIOIHEHO CIIEAYIOIIMM 00pa3oM:

u
X n|2(n>>5j ; Il X« 32 mpu N u3 quanaszona ot O o 31; B npoTUBHOM ciiyuae X < 32

X X35 /I x <1 mpu n u3 quamasona ot 0 10 31; B mpoTrBHOM ciydae X = 0

pow2 « X <« n;

B naHHOM citydae omepanus coguea eénpaso — 0E33HAKOBAs, TAXKE €CIH N SIBISETCS 3HAKOBOM
BEJIMYHMHOM.
Ecnu KOMIBIOTEP HE UMEET KOMaHibl Nz, BMECTO Hee MOMXHO HCIIOJIb30BATh MPEAUKAT

u u
x=0 (cm. pasgen 2.11), 3amMeHHB BBIpaKCHHE X5 BhIpakeHWeM X>>31. Bo3aMoxHO, nyd-
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LIMM METOJIOM peanu3anuy npenukara 0< x <31 SBISETCSl MCIOJIb30BAHHE €r0 3KBHBAJICHT-
HOCTH TIpeIuKaTy x<32 ¢ VIPOIICHWEM BBIpRXEHHS Ui Hero u3 paszgena 2.11 no
—X & (x—32) . Takoif METOX JaeT HaM PEIICHUE U3 IATH KOMaH] (4eThIpeX, eCIM MAIHHA 0C-
HAaIlleHa KOMaHIOoM u-re).

X —=n&(n-32); //x<0Torma 1 ToJbKO TOT/IA, Koraa 0<n< 31

xex>u>31; /I x=1npu 0<n<31, unaye O
pow2 «— X<« n;

11.4. llenovyucaeHHbIH Jorapupm

IMox “uenouncneHHbM JorapudMom” HOApa3yMeBacTCs QPYHKIIHS Llogb XJ , TIIe X — 100~

SKATEIBHOE 1IEJI0e YuCio, a b — nenoe uucino, ve menbuiee 2. O0buH0 b=2 wiu 10; gagum ta-
kuM GyHKIHaM umeHa il0g2 u i10g10 cooTBeTCTBEHHO.
BrionHe yMecTHO pacmmpuTth onpejencHue GpyHkuud 1 X=0, momaras ilog(0)=-1 [7].

Jyist TaKOTO ONpENENEHUS HMEETCS P TPUYIHH.

e @ynkima ilog2(x) oxa3bIBAa€TCS MPH ITOM TECHO CBA3aHHOHN ¢ QYHKIMEH Kouuecmsa
sedyuux Hynesvix 6umos nlz(x), Tak, 4TO ecnu OfHA U3 3TUX (YHKIMHA peanu3oBaHa
anmapaTHoO, ~ TO  BBIYMCIEHHME  JPYroi—  3a4aya  COBCEM  HECIIOJKHAs!
ilog2(x) + nlz(x) =31.

o Ilpu 5TOM JIerko BhlUHMC/seTCs 3Hauenue [log(X)|, ecmn Bocnomb3oBatThes (hopMmyIoit
[log(x) |=ilog(x—1)+1, u3 koTopoii Berrexaer, 4ro ilog(0)=-1.

e Taxoe OIPCACIICHUC MA€Ja€T CHpPaBCIIUBBIM JIsL x=1 (HO HEC 1A XZO) TOXICCTBO
ilog2(x+2) =ilog2(x)-1.

e DTO ONpe/eeHe COXPAaHseT CIPaBeTHBOCTE TOXIECTBA | 10g;,X | = L(Iog10 2)log, XJ .

e IIpu TakoM oOIpeJeNeHHH BO3MOXKHbIC 3HaYeHUA (QYHKIMH ilog(X) HPEACTaBILIOT CO-
0oii HeOOINBIIOE KOMIIAKTHOE MHOXeCTBO (0T —1 no 31 ms dynkuuu ilog2(x) Ha 32-

PaspsAIHOM KOMIBIOTEPE TPH 0E33HAKOBOM X), UTO IO3BOJISET MCIOIB30BATh MX IS MH-
JeKcaIry TaOJIuII.

e DT0 omnpejieNeHne €CTECTBEHHBIM IYTEM BBITEKAET M3 Psijia ajJrOPUTMOB BBIYMCIICHHS
ilog2(x) u iloglO(x).

K coxanenuro, JaHHOE ONpeeIeHne HEKOPPEKTHO IS OMpesesieHus “KoaudecTBa mudp

gycna X', KoTopoe paBHO ilog(x)+1 s Bcex X, kpome 0. OnHaKo B CHILy OOJBIIOrO KOJNHYe-

CTBa MPEUMYIIIECTB TaHHOE onpezenacHue it X=0 MOXKHO CUUTATh UCKIIFOYCHUEM M3 IIPABHJIA.
Jns oTpunatensHBIX X Gynknus ilog(x) He onpexenena. [{ns pacmmpeHus 061acTu ompe-

JeNeHnsT TaHHas (QYHKINS paccMaTpUBAaeTCs Kak OToOpakaromias O0e33HaKOBBIE 3HAUEHHS Ha
3HAKOBBIE, a B 3TOM CIIyJae OTPUIATEIbHBIA apTyMEHT HEBO3MOKEH.
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HesouncieHHblii Jorapudm no 0CHOBAHUIO 2

Brruncienue ilog2(x), o CyTH, TO e, YTO M BBIYUCIICHHE KOJIMYECTBA BEYIIHX HYJIEBBIX

OMTOB, KOTOpPOE paccMaTpuBanock B pasziene 5.3. Bce anropurMel u3 3TOro pasgena MOTyT
OBITH JIETKO TPeoOpa3oBaHbI U BRIYMCICHHA il0g2(X) myTeM BerUmMcIeHHs nlz(X) ¢ mocie-

JYIOIIAM BBIYHATaHWEM 3TOro 3HaueHus n3 31 (B ciydae anropurma u3 nuctunra 5.10 mocra-
TOYHO 3aMEHHUTH CTPOKY return pop(~x)CTp0K0ﬁreturn pop (x) -1

Hesounciaenunblii Jorapugm no ocnoanuio 10

Ota QyHKIHUS NPUMEHSETCS MPU NPeoOpa30BaHUU YMCIA Ul BKIIOYCHHS €ro B CTPOKY C
YIQICHHBIMH Ha4YaJbHBIMU HYJISIMH. DTOT MPOLECC COCTOUT B MOCIEAOBATEIHLHOM JICJICHUN Ha
10, gTo maet craprryro aecsaTHuHyto IHdpy. OmHAKO Tydiie 3apaHee 3HATh, U3 CKOIBKHUX (P
COCTOHUT YHCIIO, C TeM, YTOOBI M30eKaTh pa3MeIleHus OIyIeHHOH CTPOKH BO BPEMEHHOU 00-
JIACTH ISl TIOJICYeTa €€ [UTMHBI C MOCIICAYIONIMM IePEMEIEHUEM B HYKHOE MECTO.

Js Beruncienus iloglO(X) BIOJHE IPUMEHMM METO TOMCKA B TaOnuie. BroiaHe Bo3MokK-

HO MCIOJIb30BaHNE OMHAPHOT'O IOKMCKa, HO TaOJIMIa Tak Maja, 4To, MOXKAaJIyH, JIydlle BOCIOJb-
30BaThCs MOCIIEOBATENbHBIM IIOMCKOM. Takoi MeTo/ UCIOJIb30BaH B IIPUBEACHHOM B JIMCTHH-
re 11.7 anropur™me.

JIucrunr 11.7. Ienounciaennplii Jorapugm no ocnopanmio 10,
MeTO/ IOMCKa B Talduue
int iloglO (unsigned x)

{
int 1i;
static unsigned table[ll] =
{0, 9, 99, 999, 9999,
99999, 999999, 9999999, 99999999, 999999999,
OxXFFFFFFFF
for (1 = -1; ; i++) {
if (x <= table[i+1l]) return i;
}
}

Ha xommbroTepe ¢ 6a3zoBeiM HabopoMm RISC-xomanz 3Ta mporpamMma TpeOyeT BHIITOITHEHUS
9+ 4] l0g,, X | KOMaHJ, TaK 4TO MAKCHMAIIbHOE KOJIHYECTBO BBIMOJTHIEMBIX KOMaHT — 45.

[Mporpamma u3 nuctunra 11.7 MoskeT OBITB JIErKO peoOpa3oBaHa B BEpPCHIO O€3 UCIIOb30-
BaHMs TaONUIBI. BrInonHMMas 4acTh TakoW ImporpaMmbl npejcTasieHa B juctudre 11.8. Otot
METO/1 XOPOIIO paboTaeT Ha KOMIIBIOTEpe ¢ OBICTPBIM yMHOXeHHeM Ha 10.

JIucrunr 11.8. Ienounciaennsplii Jorapugm no ocnopanuio 10,
MeTo] YMHOKeHui Ha 10

p =1;
for (i = -1; i <= 8; i++) {
if (x < p) return 1i;
p = 10*p;
}
return 1i;
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Takast mporpamMma TpeOyeT BBITOIHEHHs MpUMepHO 10+ 6| 10g,, X | KOMaH[ Ha KOMIIBIOTEpE

¢ 6a3oBbiM RISC-nabopom (cuurast ymrosicenue oaHONM KoMau1oi). [yist X u3 quanasona ot 10
10 99 Tpedyercs BeIONHEHHE 16 KOMaH 1.

MOKHO MPUMEHUTHh OMHAPHBIN MMOKCK, YTO MO3BOJHUT M30aBUTHCSA OT IUKJIOB U HE HCIOJIb-
30BaTh TaOnuIly. Takoil alropuT™M MOXET CPaBHUBATH X C 104, sarem ¢ 102 wmm ¢ 10° u T.1., 10
TeX MOp MOKa He OyIeT HalJieH oKasaresb cTenenu N, Takoi, uto 10" < x<10™". B stom ciy-
yae HaM noTpedyercs BeinonHeHue oT 10 mo 18 komaH[, 4eThipe WK MATh U3 KOTOPBIX OYIyT
KOMaH/IaMH BETBJIEHHS (C yIeTOM MOCIEAHEr0 OE3yCIOBHOTO MEPEXo/a).

[Iporpamma, nokazannast B auctuHre 11.9, npencrasnser co6oi MoauduKanuo OUHAPHOTO
MMOKCKa, KOTOpasi UMEET MAKCHMYM YEThIPE BETBIICHHS Ha KaXIIOM M3 ITyTEH M HAIKCaHa B pac-
yeTe Ha paboTy B MEPBYIO OYepelb C HeOONbIMMU 3HaUYeHUAMHU X. OHa TpeOyeT BBITIOITHCHUS
mectu 6a3oBbix RISC-komang ams 10< x<99 u ot 11 1o 16 xomann npu x>100.

Juctunr 11.9. Ienounciaennblii Jorapudm no ocuoBanuio 10,
MOIAM(PUIIMPOBAHHLII OMHAPHBIN MONCK
int i1ilogl0 (unsigned x)
{
if (x > 99)
if (x < 1000000)
if (x < 10000)
return 3 + ((int) (x - 1000) >> 31);
else
return 5 + ((int) (x - 100000) >> 31);
else
if (x < 100000000)
return 7 + ((int) (x - 10000000) >> 31);
else
return 9 + ((int) ((x-1000000000)&~x) >> 31);
else
if (x > 9) return 1;
else return ((int)(x - 1) >> 31);

Komanpa cosuea B maHHOM mporpamme — 3HAKOBasi (MMEHHO MO3TOMY B MPOrpaMMe HC-
MOJIb30BAHO MpHBeJeHNE Tha (int)). Eciu B BaieM KOMIBIOTEPE 3Ta KOMaH/Ia OTCYTCTBYET,
MOJKHO BOCITOJIb30BATHCSI OJHUM M3 OIMCAHHBIX Jajiee BapHAHTOB, B KOTOPBIX HCHOJB3YyeTCS
0e33HaKOBBIN cABUT. Jlajee mpuWBeneHBI TPU BapHaHTa 3aMEHBI IMEPBOTO OlepaTopa return.
K coxayieHnio, mepBbie JBa U3 HUX TPEOYIOT HAUYUS KOMAHJBI 6bIYUMAHUSL U3 HENOCPeOCH-
6EHHO 300A6aeM020 4uUCid, KOTOpas Ha OOJNIBIIMHCTBE MAIlWH OTCYTCTBYeT. [lociemuuii Bapu-
AHT KCIIOJIL3YET CIIOXKEHHE ¢ OOJBIION KOHCTAHTOHN (JIBe KOMAaH/IbI), HO 9TO HE TaK BAXKHO JJIsI
OCTaJILHBIX OMEPaTOPOB return, KOTOPBIC B JHOOOM Ciydae pabOTarOT ¢ OOJBIIUMU KOHCTaH-
tamu. BenanduHa 3101 KOHCTaHTH — 2° —1000 .

return 3 - ((x - 1000) >> 31);
return 2 + ((999 - x) >> 31);
return 2 + ((x + 2147482648) >> 31);

quBepTHﬁ OIIEpaTOp return MOXKXHO 3aMCHUTH CICAYIOLIUM:

return 8 + ((x + 1147483648) | x) >> 31;
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3neck Gonblinas KoncTanta paaa 2% —10°. Takas 3aMeHa TO3BONSIET U30€KATE UCTIONL30BAHUS
KOMaH/IbI U-He W 3HAKOBOTO CIIBHTA.
IMocnenHsst KOHCTPYKIMSA 1f-else MOXKET OBITH 3aMEHEHA OHON U3 MPUBEICHHBIX HIXKE.

return ((int)(x - 1) >> 31) | ((unsigned) (9 - x) >> 31);
return (x > 9) + (x > 0) - 1;

O0e OHHM TTO3BOJIIOT COKOHOMHUTH KOMaH/y BETBIICHHS.
Eciu koMIIbroTep OCHaIlleH KOMaHIo! Beraucinenus Niz(x) wm ilog2(X), To Ui BBIYUCIICHUs

ilogl0(x) cymectBytoT 60mee s heKTHBHEIE N MHTEPECHBIE cocoOs!. Tak, HampuMep, Mporpam-

Ma u3 muctiara 11.10 mo3BosmsieT ¢aenath 3To ¢ MOMOIIIBIO ABYX MOMCKOB B Tabmiie [7].

Juctunr 11.10. Henouuciaennslii Jorapugm nmo ocHoBanunio 10 u3 Jjorapudpma
10 OCHOBAHHUIO 2, METO/ ABOMHOI0 MOKMCKA B Ta0JIHIEe
int ilogl0 (unsigned x)
{
int y;
static unsigned char tablel[33] = {
9, 9, 9, 8, 8, 8,
7, 7, 7, 6, 6, 6, 6, 5, 5, 5, 4, 4, 4, 3, 3, 3, 3,
2, 2,2,1, 1,1, 0, 0, 0, 0
Y
static unsigned table2[10] = {
1, 10, 100, 1000, 10000,
100000, 1000000, 10000000, 100000000, 1000000000
Y
v = tablel[nlz(x)];
if (x < table2(y]) v =y - 1;
return y;

Tabmuma tablel gaer Ham npubmmkenne ilogl0(x). OTo mpubIMKEHNE B OCHOBHOM IIpa-

BHIILHOE, OJTHAKO JUI HEKOTOPHIX 3HaueHui X (paBHoro O W Jiexkamero B quamnasonax ot 8 1o 9,
ot 64 10 99, ot 512 1o 9999, ot 8192 10 9999 u T.1.) oHO 3aBbImeHO Ha 1. Ecmu TpebyeTcs
KOPPEKIHS IOJTy4aeMOT0 3HAYCHHS, TO UCIIOIL3YETCS Tabmuma table2.

B at0i1 cxeme ucnonk3yercs 73 Oaiita Ui XpaHEHHUs TaOJHII, a KOJ COCTOMT U3 IIECTH KO-
mann Ha Mamwmie |BM SystenV370 [7] (uto6bl mocTiyp 3TOrO, 3HaueHHs B Tabiuie tablel
JIOJDKHEI OBITH B YeTBIpE pasa Gosbiie mokazanHbx). Ha RISC-koMibroTepe ¢ HaaIMuneM KOMaH-
IIB1 BbIYUCTICHUS KOUYECMBa 8e0yIux Hylesblix Ounog TpedyeTcs BBIOIHEHNHE OKOJIO AECSTH KO-
MaHz. J[pyrue paccMaTpHuBaromuecs 1ajiee METObI, TI0 CYTH, SBIISIOTCS BapHaHTaMH TAHHOTO.

ITepBebiii BapraHT COCTOUT B TOM, YTOOBI M30€KaTh MPUMEHEHHUs orneparopa i f. [Ipn Hamm-
YUH KOMAHIBI YCMAHOBKU OUMA, eciu 3HaYeHue MeHbule Oe33HAK08020 3HAueHUs, N30ekKaTh
BETBJICHUS] MOXKHO W IIPH HCIOJB30BaHUM mporpammsbl u3 muctuara 11.10, HO omuchIBaeMBbIi
Jlaniee METOJI MO3BOJISAET CHIENIaTh 3TO U HA JIPYTUX KOMIBIOTEPax, HE OCHALICHHBIX CTOJIb 9K30-
TUYECKONH KOMaHIOH.

MeToa COCTOUT B 3aMEHE MHCTPYKIIMU if BBIYMTAHHEM IOCIE CABHIa BIpaBo Ha 31 mo3u-
U0, YTO SKBHBAJICHTHO BBIYMTAHMIO 3HAKOBOTO OmTa. CIIOKHOCTH BO3HUKAIOT TOJBKO TIPH
OOJBINKMX 3HAYEHHAX X >2% +10°; s pelleHus STUX Mpo0eM B table2 BHECEH JOIOIHHU-
TeNbHbIN 3neMenT (cM. aucTuar 11.11).
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JInerunr 11.11. IHenouncaennslii jorapugm no ocaopanuio 10 u3 sorapudpma
10 OCHOBAHHUIO 2, MeTOJ JBOHHOI0 MOUCKA
B Ta0JH1e 0e3 yCJTOBHBIX Iepexo/i0B
int ilogl0 (unsigned x)
{
int y;
static unsigned char tablel[33] = {
10, 9, 9, 8, 8, 8,

Y
static unsigned table2[11] = {
1, 10, 100, 1000, 10000,
100000, 1000000, 10000000, 100000000, 1000000000,

0
Y
vy = tablel[nlz(x)];
v =y - ((x - table2[y]) >> 31);
return y;

Ota nporpamma Tpedyer BbinoaHeHus pumepHo 11 komann Ha RISC-xomnbroTepe, ocHaleH-
HOM KOMAHJIOH GbIHUCIECHUSL KOIUMEeCMBa 6e0yuux HYI1esblx Oumos, Ho B OCTAILHOM 00JIaIaromieit
“06azoBbIM”’ HAOOPOM KOMaH/I. DTy IpOrpamMMy JIETKO NpeoOpa3oBaTh Tak, 4roosl st X=0 oHa BO3-
Bpamaia He 3HaueHne —1, a 3HaueHue O (11 3TOro AOCTATOYHO M3MEHHTH MOCICIHHI SJIEMEHT
Tabnuiiel tablel Ha 1, T.€. 3amenuts “0, 0, 0, 0" wHa“0, 0, 0, 1").

Eme omuH BapHaHT COCTOMT B 3aMeHE INepBOil TAONMIBI BEIYMTAHHEM, YMHOKCHHEM H
CIBUTOM. DTO OKa3bIBaeTCSl BOSMOXHBIM, TaK Kak 10g,X M l0g,X CBA3aHBI COOTHOIIEHHEM

logy, x=log,, 2-log, X, rue log,, 2~ 0.30103 . Takum o6pa3oM, iloglO(X) MOXKHO BBIYHMCIUTBH ITy-

TEM BBIYHMCIICHHS LcilogZ(x)J C HEKOTOPOM KOHCTAHTOH C U MOCIEAYIOIEil KOPPEKIUU TOIy-

YEHHOTI'0 pe3ylbTara C HCIOJIb30BaHHEeM Tabmuibl (Mogo6Ho ToMy, Kak B juctunre 11.11 mns
9TOTO KCIOJb30BaTACh TAbHIA table?2).
PaccmoTrpuM Bompoc BEIOOpa KOHCTaHTH Oonee moapoOHo. MTak, mycts log,,2=c+¢, r7e

¢>0 — panuoHaIbHOE NpubIMKeHne 0g,,2 , IpecTaBsonee co00H MOAXOAAIMI MHOMKY-
Tenb, 1 € >0. Torma msa x>0
ilog10(x) =] log,, x| =| (c+#)log, X |
| clog, x| <iloglO(x) =| clog, x+¢log, X |
| cilog2(x) |<ilog10(x) <| c(ilog2(x)+1) +&log, x | <
<| cilog2(x)+c+elog, x |<
<| cilog2(x) |+|c+elog, x |+1.
Takum 06pa3oM, eciu BBHIOpaTh C Tak, 4To C+glog, x<1, TO Lc iIogZ(x)J ANIIPOKCUMHPYET

¢ynxmmio iloglO(x) ¢ ommbOko#, paBHoii O mmm +1. Kpome Toro, ecim momaraTs, 4TO
ilog2(0) =ilog10(0)=-1, To Lc iIogZ(O)J =ilog10(0), Tak kak 0<C<1, MO3TOMY HET HEOOXOIH-

MOCTH B KaKOM-TO OT/AENBHOM PACCMOTPEHHH 3TOTO ciydas (KOHEYHO, MOTYT OBITh H ApyTHe
ompeieNieHHs], KOTOphIe Takke He OyayT TpeOoBaTh KaKMX-THOO TOTONHHUTEIBHEIX NeHCTBHUH,
Hanpumep ilog2(0) =ilogl0(0)=0).
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Taxk xak ¢ =10g,,2—C, HEOOXOAUMO BHIOPATh C TAaKUM, YTO
c+(log,,2—c)log, x<1 mm
c(log, x-1)> (log,, 2)log, x—1.
3710 ycnoBue BeIMOMHseTCs P X=1 (Tak kak C<1) u 2. [lnst Gonplmx 3HAUYEHHH X TpeGyeTcst
. (logy, 2)log, x—1
log,x-1
HawuGonee crporoe ycnoBue HaknaabiBaeTcs: Ha C ipu 6ospimx X. Ha 32-6utoBoMm koMIibroTe-
pe x< 2%, TaK 4TO C JI0JDKHO yIOBJIETBOPATH YCIOBHIO
S 0.30103-32-1
32-1
Tak kak ¢>0, €<0.30103, u3 cooOpaxeHuii ymoOCTBa MOXHO BBIOpPAaTh 3HAYCHHUE
€=9/32=0.28125 . DKCIIEPIMEHTHI MTOKA3BIBAIOT, UTO 3HaUeHUA 5/16 u 1/4 nelcTBUTEIHHO HE

=0.27848.

MOJIXO/ISIT JUTSL HAIIIETO MPUOIIKEHUS C.

OTO MPHUBOAMT HAC K cXeMme, MoKa3aHHOW B juctuHre 11.12, B KOTOpOI HCHONB3yeTcs 3a-
HIDKEHHAs OIIeHKa, KoppekTupyemas npubasienueM 1. OHa TpeOyeT BBITOTHEHHS MPUMEPHO
11 RISC-komaHnz, cpenn KOTOPBIX KOMaHIA 8bIYUCLEHUsA KOIULeCm8a 8e0yux HY1eablx OUmos
(ymmooicenue cauTaeTCs OTHOM KOMaH/IOH).

Juctunr 11.12. enouyuciaeHnslii Jorapugm nmo ocioBannio 10 u3 Jjorapudpma
10 OCHOBAHHUIO 2, METO/] MOMCKA B Ta0JHIIe
static unsigned table2[10] = {
0, 9, 99, 999, 9999,
99999, 999999, 9999999, 99999999, 999999999
}i

v = (9%*(31 - nlz(x))) >> 5;
if (x > table2[y+1l]) v =y + 1;
return y;

B a10ii porpaMme MOXXKHO M30€KaTh YCIOBHBIX IEPEXOJOB, HO IPH 3TOM BHOBb BO3HHKHYT
CJIOKHOCTH TIPH GOJIBIINX 3HAYEHHSIX X > 2°'+10°, CHpaBUTBCS ¢ KOTOPHIMH MOYKHO PaslInIHBIMU
criocobamu. O7MH U3 CIOCOOOB COCTOMT B UCIIOJIb30BAHHH IPYTOr0 MHOXKHTENS], @ MMEHHO 19/64 , 1

HECKOJIBKO M3MEHEHHO# Tabmipl. COOTBETCTBYIOMIAs MporpamMMa HokasaHa B auctuare 11.13. Ona
TpeOyer BbinonHeHus npuMepHo 11 RISC-komanz, cpen KOTOpBIX KOMaHIIA GbIUUCTCHUs KONUYe-
cmea 8edyuux Hynesvlx 6umos (YMHodICeH e CIUTACTCS OXHON KOMAHJION).

JIncerunr 11.13. Hemouncaennslii jorapugm no ocHopanuio 10 u3 sorapudpma
0 OCHOBAaHMIO 2, METO/J MOMCKA B Ta0J HIIE,
0€e3 KOMAaH/ BeTBJICHUS
int i1ilogl0 (unsigned x)
{ int y;
static unsigned table2[11] = {
0, 9, 99, 999, 9999,
99999, 999999, 9999999, 99999999, 999999999,
O0XFFFFFFFF

}
v = (19*%(31 - nlz(x))) >> 6;
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v = vy + ((table2[y+1l] - x) >> 31);
return y;

Jpyro#i cnoco® COCTOUT B UCIONB30BAHIUH KOMAHIIBI Ui C X U Pa3HOCTBIO B KAUECTBE OIe-
paHIoB i 00ecreyeHnsl YCTaAHOBKU 3HAKOBOro Ourta npu X >2%. Takum 06pasoM, Ipu Hc-
MOJIb30BAHUU 3TOTO CIIOCO0a BTOPAst BBIMOJHMMAs cTpoka B jmcTiHre 11.12 nomkHa OBITH 3a-
MEHEHA CIICIYIOIIEH:

y =y + (((table2[y+1] - x) | x) >> 31);

3TOT coco0 IpeAroYTHTENbHEE, €CTH YMHOKeHHEe Ha 19 oka3pIBaeTcs CYIIECTBEHHO CIIOXKHEE
yMHOXKeHus Ha 9 (peann3yeMble B BHIE MOCICIOBATEIBHOCTEH COBUC08 U CLOJICEHUIL).
Ha 64-pa3pagHom KOMIBIOTEPE CIEAyeT BEIOPATH C, yIOBIETBOPSIONICE YCIOBHIO
0.30103-64-1
c>—> —— =
64-1

Taxkum 3HaueHHEM MoOXeT ObITh 19/64 =0.296875 W, Kak IMOKA3bIBAIOT 3KCIIEPHUMEHTHI, Oomee

~0.28993.

rpyboro nprOIKEHHS He CyIecTByeT. B pesynprare Oymer moydeHa ciemayromast IporpaMma:

unsigned table2[20] = {0, 9, 99, 999, 9999, ...,
9999999999999999999};
v = ((19*%(63 - nlz(x)) >> 6;
v = vy + ((table2[y+1l] - x) >> 63;
return y;
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I'/TABA 12

CUCTEMbI CYUCJIEHUA
C HEOBBIYHBIMHX OCHOBAHUAMHA

B sTo0ii rmaee paccMaTpuBaCTCsA HECKOJIBKO HEOOBIYHBIX MO3UIMOHHBIX CUCTCM CUUCIICHUA.
B ocHOBHOM Takue cHCTEMBI MNpeACTaBIAOT coboii He Ooiiee ueM I/IHTepeCHLIﬁ Kypbe€3, HE
I/IMeIOIIII/Iﬁ MPaKTUICCKOI0 NPUMCHCHUA. Hamme PaCcCMOTPEHUE OTrPaHUYIUBACTCA LCIIBIMU YUC-
JlaMH, OAHAKO €ro JICTKO paCnpoCTpaHUTb U Ha HI/I(l)pI)I IIOCJIE TOYKH, YTO 00BIYHO (XOTH n HC
Bcerua) 0003HauaeT HCICJIBIC YHUCJIia.

12.1. OcuoBauue —2

Hcnonb30BaHHe CUCTEMBI CUUCIICHUSI TI0 OCHOBAHHIO —2 ]A€T BO3MOXKHOCTD BBIPAXKATh Kak
MOJIOKUTENbHbBIE, TAK U OTPHULIATEIbHBIE YMCIia Oe3 IBHOTO YKa3aHUs UX 3HAKa WITH, HAIpHUMep,
yKa3aHWs OTPHUIIATENFHOTO Beca crapiiero 3Havaiero oura [40]. IIpu Takoi 3amucH MCIOINb-
3ytotes dpsl O 1 1, kKak U B CiTydae CHCTEMBI CUMCIICHHS 110 OCHOBaHMIO 2. TakuM oOpazom,
3HaYeHHE, PEICTABICHHOE CTPOKOI U3 HyJIel U eIUHUII, TPAKTYETCS KaK

(8,...a3,38)=a,(-2)"+...+8,(-2) +a,(-2)" +a,(-2)' +a,.

W3 sToro ompeneneHuss BUAHO, YTO MPOILEAypa IOWCKA IPEICTABICHNS YUCIa B CHCTEME
CUHCIICHHSI TI0 OCHOBAHMIO —2 JTOJDKHA BBIMTOJHSTH MTOCTIEIOBATENBEHOE [IefIeHHe Ha —2, 3aIIHChI-
Bas MOJy4aeMbIe OCTaTKH. Vcromp3yeMoe eneHne TOJDKHO OBITh TaKUM, KOTOPOE BCeraa IaeT
B ocrarke O wim 1 (¥Mcronmb3yeMbie B 3alMCH YhceN MU(PBI), T.€. 3TO MOIYJIBHOE JCIEHHUE.
B kauecTBe mpuMepa mokakeM, Kak HalTH MpeICcTaBIeHHE YHciIa —3 TI0 OCHOBAaHHUIO —2.

=2reml
=-1rem0
=1lreml

=0reml

IToCKOJIBKY MBI JTOCTHTJIM HYJICBOTO YaCTHOTO, MPOIECC HA ATOM 3aBepruaercs (MpH ero
MPOJIOJKEHNH BCE OCTABHbIC YaCTHBIE M OcTaTKu OyayT pasubl 0). Takum 06pa3om, CUMTHIBAS
3HAYEHHs] OCTATKOB CHU3Y BBEPX, MMOJyYaeM, YTO YUCIIO —3, 3aIMCAHHOE B CHCTEME CUUCIICHUS
¢ ocHOBaHMeM —2, pasHo 1101.

B Ttabxa. 12.1 creBa moxa3aHbl JECSITUYHBIC YHCIIA, COOTBETCTBYIOMINE KaXKIOH U3 OMTOBBIX
nociienoBarenbHocTeit oT 0000 mo 1111 B cucteMe CUMCICHHUS C OCHOBaHHWEM —2, a ClipaBa —
MIPEICTaBICHUE B ATOW CUCTEME CUHMCIICHUS IECATUIHBIX YHCEN B TUana3one oT —15 o +15.
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Tadanua 12.1. IIpeodpazoBanne 1ecATHYHBIX YHCeJ B YHCJIA PO OCHOBAHUIO —2

n n n n n
(ocHoBanue —2) (necsaTHUHOE) (necsiTnuHOE) (ocHoBanue —2) (ocHoBanue —2)

0 0 0 0 0

1 1 1 1 11

10 —2 2 110 10

11 -1 3 111 1101
100 4 4 100 1100
101 5 5 101 1111
110 2 6 11010 1110
111 3 7 11011 1001
1000 -3 8 11000 1000
1001 -7 9 11001 1011
1010 -10 10 11110 1010
1011 -9 11 11111 110101
1100 —4 12 11100 110100
1101 -3 13 11101 110111
1110 —6 14 10010 110110
1111 -5 15 10011 110001

He Tax oueBHaHO, 4T0 2" BO3MOKHBIX OMTOBBEIX CTPOK JUTHHOMN N OJHO3HAYHO MPEACTABIIS-
FOT BCE IIeJIbIe YHCIia U3 HEKOTOPOTO JHara3oHa, HO 3TO CBOMCTBO MOXET OBITh JOKa3aHO IO
nHAYKOAW. VIHAYyKTHBHAS THIIOTE3a B JAHHOM CIIydae COCTOMT B TOM, 4TO N-OWTOBEIC CIIOBa
MPEICTaBJISIOT BCE IEJIble YHCiIa U3 Thana3oHa

oT —(2"*1 - 2)/3 10 (2” —1)/3 JIISL YETHBIX N, (19

oT —(2” - 2)/3 10 (ZM —1)/3 JUISL HEYETHBIX N. (1,6)

Ipeanonoxum cHadaa, 9to N yetHo. st N=2 npeacTaBiasieMbIMu duciamu sBisiroTes 10,
11, 00 u O1 mo ocHOBaHmIO —2, T.€. AecATHYHBIE uncna —2, —1, 0, 1. Oto cormacyercs ¢ popmy-
no# (1,8), mpuyeM KaskI0€e U3 YUCElT AUara3oHa MPeICTaBIeHO TOJIBKO OIUH Pas.

CrnoBo n3 n+1 O6uroB npu Bexymem Omute O MOXKET MPEACTaBIATH BCE YHCIIA, 3a/1aBACMbIe
¢dopmynoii (1,8). Eciu Benymmit 6ut paBeH 1, To 3TO CIIOBO MOXET MPEJACTABIATL BCE ITU Ke

LI€JIbIC YUCJIA, CMEIICHHBLIC HA (—2)n =2". HoBplil Tnama3oH paBeH
or 2"—(2"-2) /3 10 2" +(2"-1)/3
i
ot (2"-1)/3+1 10 (2**-1)/3.
DTOT AMana3oH SBJIAETCS CMEXKHBIM ¢ Juana3zoHoMm (1,8), Tak 4To cioBo pa3MepoM n+1 GHTOB
OJHO3HAYHO IPEACTABIACT BCC LEJIBIC YUCIIa U3 THUalta3oHa
or —(2"-2)/3 10 (27* -1) /3.

3710 cormacyercs ¢ (1,6), ecrir 3aMeHnTh NHA N+1.
JokazaTenscTBo TOro, uto (1,8) cieayer u3 (1,0) IpH HEYETHOM N M YTO BCE HENIbIE YUCTIA
JIMAra3oHa peJCTaBIeHbl OJHO3HAYHO, TIPOBOAUTCS aHAJIOTMYHO.
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B ciyuae ciosxeHus ¥ BBIYUTaHUSI UCTIOJIB3YIOTCST 00bIuHbIe npaBmwia; 0+1=1 u 1-1=0. [lo-
CKOJIBKY 2 3amuchkiBaeTcs Kak 110, a —1 — kak 11, mpuMEHUMEBI JONOJIHUTENIBHBIC TIPABHIIa, KOTO-
PBIX HapsTy ¢ OOBIYHBIMHE BIIOJTHE JIOCTATOYHO JUIS TPOBECHUS apU(PMETHISCKUX BEIYUCIICHHM.

1+1=110
11+1=0
1+1+1=111
0-1=11
11-1=10
[Ipu cnoxeHnW ¥ BRIYUTAHUH MHOTAA MMeeTcs J1Ba OmuTa mepeHoca. butel mepeHoca nobas-
JISIOTCS K CTONOIY Jake TPH BBIYUTAHUH. VX ynoOHO pacroyaraTh Hall CIEAYIOIIMM OHTOM
ClieBa W HCIONB30BaTh (10 BO3MOXKHOCTH) ympouieHue 11+1=0. Ecium 11 mepenocutcs: B
cronben, KoTopblid conepxuT aBa O, 3anuceiBaeM B HeM 1 u nepeHocuM 1 naneiie. [TpuBenem
KOHKPETHBIC MPUMEPHI CII0KCHHS U BRIYATAHUS.

CrioxeHue BriumTaHue
11 1 11 11 111 1 1
1 0 1 1 1 19 1 0 1 0 1 21
+1 1 0 1 0 1 +(-11) -1 0 1 1 1 0 -(-38)
0O 1 1 0 0 0 8 1 0 0 1 1 1 1 59

Bo3moxHBI TONBKO ciexyrone 3HadeHust ouros nepenocos: 0, 1 u 11. IlepenosnHenue
MPOUCXOMUT TOT/a, Koraa umeercs nepeHoc (1 wim 11) u3 crapiuei mo3uuuu. ITo 3aMeyaHie
CIPABE/JIMBO KaK JUIsl CIIOKEHUsI, TaK M JJIsl BEIYUTAHUS.

[TockonbKy BO3MOKHBI TP BapuaHTa IEPEHOca, CYMMATOp 10 OCHOBAHHIO CUHCIICHUS —2
CYILIECTBEHHO CJIOYKHEE CyMMarTopa B JIOTIOJHUTEIILHOM KOJIE.

CymectByer /1Ba criocoba M3MEHHTh 3HAaK 4yMcna. Ero MoxHo nmpubaBuTh K camomy cele,
CIBHHYTOMY BJICBO Ha OJHY MO3UIMIO (T.c. yMHOKeHHOMY Ha —1), 100 Bbruecth ero u3 0.
B sTOM ciydae HeT Takoro nmpocToro u yaoOHOro npasmia, Kak “JIONOJIHUTH U npuOaBuTh 1",
IIpUCYyIIero apudMeTrke Ha OCHOBE JIOIOJIHUTENILHOTO Koja. [Ipu pabore ¢ JONONHUTEIBHBIM
KOJIOM 3TO ITPaBUJIO UCIIOJIB3YETCS JUIsl CO3AaHMs BBIYUTAIONIEr0 MOyl Ha OCHOBE CyMMaropa
(m1st Beramcnenns A-B (popmupyercs cymma A+ B +1). B ciydae paGoTh ¢ YMCIaMHu B CHC-
TeMe CUMCIICHHUS TI0 OCHOBAaHHUIO —2 MOCTPOHUTH TaKOE IPOCTOE YCTPONCTBO HEBO3ZMOKHO.

YMHOXEHHE B CHCTEME CUMCIICHHS 110 OCHOBaHMIO —2 JOCTaTOYHO mpoctoe. [Ipu 3Tom uc-
MTONIB3YIOTCS TIpocThIe TpaBmia: 1x1=1 u ymaoxenue Ha O maet O; cloeHHE B CTOIOHMK BBI-
TTOJTHSETCS C IPUMEHEHNEM TIPABHJI CIIOKEHHUS YUCET B CHCTEME CYUCIICHHS TI0 OCHOBAHHUIO —2.

Jenenne, 0HaKO, OKA3bIBACTCS CYIIECTBEHHO CIOXKHEEe. DTO JEHCTBUTENFHO OYeHb MHTE-
pecHas W CIIOKHas 3afjada — pa3paboTKa peajbHOro ammapaTHOTO ITOPUTMA NENeHHS, T..
aITOpUTMa, OCHOBAaHHOTO Ha TIOBTOPSIOIINXCS BEIYUTAHUAX U cABHTax. B muctuare 12.1 moka-
3aH aJrOpUTM, NIpeTHa3HAYeHHBIN It paboTel Ha 8-6uToBOM KommbioTepe. OH peannsyeT Mo-
IyIabHOE JesieHne (KOTa OCTATOK OT JIeJIeHHsT HEOTPHIATEIEH).

Juctunr 12.1. /leieHne B cHcTeMe CUMCIEHUNA C OCHOBaHHEM —2
int divbm2 (int n, int 4) // q = n/d o OCHOBaHMIO -2

{

int r, dw, ¢, q, 1i;

r = n; // VHMUMaIM3alusa ocTaTka
dw = (-128)*d; // Tosuuua d
c = (-43)*4d; // VHMLManMs3aumus KoMIlapaHIa
12.1. OCHOBAHHUE -2 217
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a = 0; // VIHMUManusaluys YaCTHOTO
for (1 = 7; 1 >= 0; 1i--) {
if (d > 0 ~ (i&l) == 0 ~ v >= ¢) {
aq g | (1 << 1);// YcraHoBka 6MTa YaCTHOTO
r = r - dw; // BuUMTaHue cIOBUHYyTOTO d
}
dw = dw/ (-2); // Tosuuma d
if (d > 0) ¢ = c - 2*d; // YcraHOBKa KOMIapaHIa
else ¢ = ¢ + d; // nng crenyoumer UTepaumnn
c =c/(-2);
}
return q; // BOo3BpaT YaCTHOTO

// TO OCHOBAHMUI -2
// Ocratox r, 0 <= r < |d]

Xots 3Ta nporpamma Hamucana Ha C M MPOTECTHPOBaHA HA MAIIUHE C JOMOJHHUTEIEHBIM
KOJIOM, 3TO HE WrpacT HUKAKOW POJHM — JaHHBIA KOJ CJIEAyeT paccMaTpUBaTh aOCTPAaKTHO.
BxoHbIe BETMYUHBI n U d U BCE BHYTPCHHHE MEPEMEHHBIC, 32 UCKIIIOYCHUEM ¢, SIBISIOTCS
MIPOCTO YKCIaMHU 0e3 KaKOro-Tr00 KOHKPETHOTO MPEACTABICHHUs. BIX0oaHAS BEIMUMHA  SIBJIS-
€TCsl CTPOKOU OUTOB, HHTEPIPETUPYEMO KaK YHCIIO B CUCTEME CUMCIICHHS IO OCHOBAHUIO —2.

3neck Tpebyercs HeOOINbIIOe NOsCHeHUE. Eciau Obl BXOJHBIC BEIMYMHBI OBUIM YHCIAMU B
CHCTEME CYHCIICHUS [0 OCHOBAHUIO —2, TO AITOPUTM OBLIO OBl OYEHBH TPYAHO BBIPA3UThH B BhI-
mosHUMOM BuJe. Hanpumep, npoeepka “if (d>0)" momkHa ObUTa OBl YCTAHOBHUTH, HAXOAUTCS
JIM CTapIINK 3HaYan(ui OWUT unciaa d B 4eTHOW mo3uiuu. ClokeHue B BBIpAXKEHUU “c = c+d”
TaKXkKe JIOJDKHO OBLIO OBITH pEeaM30BaHO MO MPAaBHIAM CIOXKCHHUS B CUCTEME CUMCIICHHS IO OC-
HOBaHUIO —2. Takol KoJ OB OBI CIUINKOM CIIOXKEH [yt uteHus. [loatomy, paccMaTpuBasi 1aH-
HBIW QJITOPHUTM, BBI JOJDKHBI BOCIIPHHUMATH n U d KaK YKCia 0€3 KOHKPETHOTO MPEICTaBICHUS.
IIpuBeaCHHBINA KOX MPOCTO MOKA3bIBAET, KAKME MMEHHO apu(METHUECKUE OMEPALNH TOJIKHBI
OBITH BBITIOTHEHBI, HE3aBUCHMO OT HCIOJIB3YeMOro crocoba KoaupoBanus. Ecim 661 uncna ObI-
JIM TIPEICTABJICHBI B CHCTEME CUUCIICHHS 110 OCHOBAHUIO —2, KaK IPH alllapaTHON peaan3anun
JaHHOTO alropHTMa, YMHOXKeHHe Ha —128 mpencraBnsno ObI OO0 COBUT BIEBO HA CEMB IIO-
3UIHMH, a JIeNIeHne Ha —2 — C/IBUT BIIPABO Ha OJIHY TIO3UIIUIO.

B kauecTBe IPUMEPOB MTPHUBEIAEM BBIYUCIISICMBIC STHM KOJIOM 3HAYCHUS:

divom2(6,2)=7  (uects, neneHHoe Ha 2, papHo 111, )
divom2(-4,3)=2 (muHyc ueTbipe, neneHHoe Ha 3, paBHo 10_,)

divbm2(-4,-3) =6 (MuHYC 4eTbIpe, AeJEHHOE Ha MUHYC TPH, paBHO 110.,)

lar g = g| (1<<i); mpencraeiseT coboil MPOCTO YCTAHOBKY i-ro 6uta uncna g. Crenyromas
CTpOKa — r = r-dw; — TIPEACTaBISIET YMEHBIICHHE OCTaTKa Ha CABHHYTOE BIIEBO 3HAYCHHE
aenurend d.

OTOT aNrOpUTM TPYAHO OMHCATH JETATBHO, HO TOCTapaeMcs MPeACTaBUTh TNIABHYIO HIIETO.

PaccmoTpuM ompeneneHue 3HaUSHUS MepBOTO OMTa YacTHOTO, OuTa 7 uncna q. [Ipu ocHo-
BaHWU CHCTEMBI CUHCIIEHHs, paBHOM —2, 8-OMTOBOE YHCIIO, Y KOTOPOTO CTapinid OuT paseH 1,
HaxoauTcs B auamna3one ot —170 no —43. Takum 00pa3oM, HTHOPHUPYST BO3MOXKHOCTB MEPEIIO-
HEHUsI, TIePBbIi (cTapiiuii) Gut yacTHOro Oyjer paBeH 1 Toraa (M TOJBKO TOT/A), KOTA YacT-
HOe anreOpanvecku He mpeBbimaet —43.

IMockonbky n=qd +r W JUIs MOJOXKUTEIFHOTO JIEUTEIS CIIPaBeUIMBO COOTHOLIeHHE I <d -1,

TO JUISI TIOJIOKUTENBHOTO JISNTATENS TIePBBIN OUT YacTHOTO OyaeT paBeH 1 Toraa u TOJBKO TOT/a, KO-
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raa n<-43d+(d-1) wm n<-43d+d . [ OTpUIATENIBHOTO IENIUTENIs HePBbIii OUT YacTHOTO Oy-

JIeT paBeH 1 Tor/a u TOJbKO TOra, Koraa N> —43d (mpu MOy IbHOM feneHud > 0).
Takum 006pa3zoM, IepBEIi OUT YacTHOTO paBeH 1 Toraa U TOIBKO TOTIA, KOTaa

(d>08& —(n>-43d +d))|(d<0&n>-43d).

HrHopupyst BO3MOXHOE HYJIeBOE 3HaYeHHe O, MOKEM 3amicaTh 3TO BHIPaXKEHHE KaK
d>0®n=c,

rae ¢=-43d +d npu nonoxurenbHoM d U ¢ =-43d mpu d OTpPULIATEIHEHOM.

Tak BBITIAOUT JIOTHKA OMpEAeTIeHUs OWTa YaCTHOTO JUII He4eTHOH mo3uuuu. i geTHoH
MO3WNKU JIOTHKa oOparHas. M3-3a 3TOro ycinoBHe B omeparope if BKIIOYaeT HPOBEPKY
(i&1)==0 (HAMOMHUM, YTO CUMBOJ ~ B si3bike C 03HAYAET OMEPALHIO UCKTIOUAIOUee UTL).

IMpu KaXxI0# UTEpAIMH c YCTaHABIMBACTCS PABHBIM HaWMeHbIeMy (Hanbosee GIM3KOMY K
0) 1e7I0My YHCITY C €IMHUYHBIM OUTOM B MO3UIMH i mociie Jenienunst Ha d. Ecnu Tekymmii ocra-
TOK r MPEBHIIAET 3TO 3HAUYEHHE, ONT i YMCIa g YCTAHABIMBAETCS PaBHBIM 1, a r KOPPEKTHPY-
€TCsl TIyTeM BBIYUTAHUS YKCIA, MPEICTABISIONIEro co0oi 1 B 3TOW MO3UIKMK, YMHOXKECHHOTO Ha
nenutenb d. PeaqbHOoe yMHOXKEHHE MpPU 3TOM He TpedyeTcsi — d MPOCTO COOTBETCTBYIOLIUM
00pa30M MO3UIIOHUPYETCS, TIOCIIE Yer0 BHITOJIHIETCS BEIYUTAHNE.

AJNTOPUTM TPYAHO HA3BaTh dJETaHTHBIM. ETO OYeHb TPpyZHO peann3oBaTh H3-3a psla
CJIOKEHW, BEIYUTAHWM, CPABHEHHUH W JaXe YMHOXEHHs (Ha KOHCTAHTY), KOTOPbIE MOJIK-
HBI OBITH BBITIOJIHEHBI B Hayajie. HaxesaThcs Ha cylmiecTBOBaHWE “OJHOPOJHOTO” alTOPHT-
Ma, T.e. aJITOPUTMA, B KOTOPOM JEHCTBUSA OAMHAKOBHEI BHE 3aBHCHMOCTH OT 3HAaKOB apry-
MEHTOB, JJIS CHCTEMBl CUHCICHHUS 0 OCHOBAaHWIO —2, MO-BHAMNMOMY, HE MPUXOTUTCH.
[IpuumHa B TOM, YTO JAENIEHHWE MpEACTaBIsAeT COOOH, MO CyTH, HEOJHOPOIHBIN MpoIecce.
PaccMoTpum mpocTteilimuii anropuT™M Ha OCHOBE CJIBUTOB M BhIUMTAaHWN. Takoi airoputm
MOXET BOBCE HE MCITOJIb30BATh CABHUTH M JJIA MOJIOKHUTEIbHBIX apTYMEHTOB MCIOJB30BaTh
TOJBKO UTEPATUBHOE BBIUWTAHHE NENHUTEINS U3 JEIMMOTO C IMOJCYETOM KOJIWYECTBA BBHIUH-
TaHWH 70 TeX MOp, IOKA OCTaTOK HE OKaXeTcs MeHbIne aenutens. OIHAKO, eClI JeIIMOe
OTPUIATENHHO (2 JeNUTENh MOJOXKUTENEH), TIPollece OYAeT COCTOSATh B HTEPATHBHOM TPHU-
GaBICHUN IENUTENS K JCTUMOMY, TMOKa OCTATOK HE CTAHET HEOTPHIATENbHBIM (JacTHOE
pH 3TOM OYZeT MPeACTaBIATh COO0 KONIMIECTBO CIOKEHHUM ¢ 0OpaTHBIM 3HAKOM). [Ipo-
necc OyeT WHBIM, €CITU JeNUTENb OTPUIATEIICH.

HecmoTtps Ha 3T0, AeTieHne SBISETCS OHOPOTHBIM IPOIIECCOM JJIS IPEICTABICHNS YHCEN B
MIPSIMOM KOJIe cO 3HaKOM. [Ipy TakoM IpeaCcTaBICHNH 3HAYCHHNS YHCENT TI0JI0KUTEIBHEI, TaK 9TO
ITOPUTM MOXKET IPOCTO OCYMIECTBIIATh BEIUUTAHUSA 0 TEX IMOp, ITOKa OCTATOK HE CTaHET OT-
pHIIATENBFHBIM, a 3aTeM YCTAaHOBUTH OMT 3HAKA YaCTHOTO PABHBIM UCKIIOUArOUeMy Uiy 3HAKO-
BBIX OMTOB JIEJTMMOTO W JICIHUTENS, a 3HAKOBBIA OUT OCTaTKa — PaBHBIM 3HAKY JEIUMOTO (UTO
JIaeT HaM OOBIYHOE JICIICHHE C OTCEICHHUEM).

ANTOPHUTM, TIPUBEICHHBIN BEIIIE, MOKHO CIIENIaTh B OMPEIEIICHHOM CMEBICIE Ooiee OomHO-
POIHBIM, JOTONHSS NEeUTENb, €CIH OH OTPUIATEIEH, a 3aTeéM BBINOJHSASA YIPOIICHHBIE UIA
cirydas d >0 mraru. B KoHIle anropuTMa BBIOJMHIETCS OKOHYATeNbHast Koppekiws. s mo-
IYJIBHOTO AENEHUs] KOPPEKIMS U3MEHSET 3HaK YAaCTHOTO M OCTaBISIET HEU3MEHHBIM OCTaTOK.
Takoe M3MEHEHHE ANTrOPUTMAa BBIHOCUT HEKOTOPBIC MPOBEPKU 3a MPECIbl UKIA, HO 0CO00i
KpacOTHI AITOPUTMY B LIEJIOM HE TPUOABIISICT.

HHTepecHO CpaBHUTH PACIPOCTPaHEHHbIE MPEICTABICHUS YMCEN U YUCia B CUCTEME CUHCIe-
HUSI TI0 OCHOBAHWIO —2 B ACIIEKTE OJHOPOJHOCTH IPH BBITIOJHCHUH YETHIPEX apr(MMETUUCCKHX
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orepanuii. ToYHOTO OTpeeNieHHsT TOHATHS “ OTHOPOAHOCTL” HET, HO MOYKHO TTOHUMATH TI0J] THM
HAJIMYME WK OTCYTCTBHE OIEPAIHi, BBIIOIHAEMbIX B 3aBHCHMOCTH OT 3HAaKa apryMeHTOB. MbI
CUHMTAEM OMEPALMIO OJJHOPOIHOM, €CITM 3HAKOBBIN OMT pe3ysibTaTta PaBeH UCKTIOUAIOWEeMY Ul OT
3HAKOBBIX OMTOB apryMEHTOB orepard. B tabn. 12.2 moka3aHo, kKakue U3 oreparii 1 Ipu pado-
T€ ¢ KaKMMH NPE/ICTABICHUSIMU YHCEN PACCMATPHUBAIOT CBOU apT'yMEHThI OZIHOPO/IHO.

Tadauna 12.2. OnHOPOAHOCTH ONepaluii MPH HCMOJIb30BAHUM Pa3HbIX
npeacTaBJIeHUil Yuce

3HaKoBbIe

BeJHYHHbI Jononnenne a0 1 JononHenne 10 2 Io ocHoBanmI0 —2
CnoxxeHnue Her Ja Ja Ja
Beruuranue Her Ha Ha Ha
YMHOXeHHe Ja Her Her Ja
Jlenenue Jla Her Her Her

CroxeHue W BEIYUTAHUE YUCET B JOMOJHHUTENEHOM K 1 MpencTaBIeHWH BBITIONHSICTCS OJI-
HOPOJHO TIPH TIOMOIIH TIpHeMa ¢ “TepeHOCcOM B KOHEI ciIoBa” . B cirydae ciioskeHHs Bce OHMTEHI,
BKJTIOYAst 3HAKOBBIA, CYMMHPYIOTCS TI0 OOBIYHBIM TIPaBHJIAM JBOWYHOH apH(QMETHKH, U mepe-
HOC W3 CaMoro JIEBOTO (3HAKOBOTO) OWTa MOGABISETCA K MIIAIIIEMy OMTY pe3yibTaTa. ITOT
MPOIIECC BCETa KOPPEKTHO 3aBepiraeTcs (T.e. Takoe JOOaBICHHE MepeHOca He MOKET MPUBEC-
TH K HOBOMY TIEPEHOCY B TTO3UIINH 3HAKOBOTO OHTA).

B ciiygae yMHOXEHHUS 9HceN B AONOJIHHATENHFHOM K 2 TpencTaBleHHH 3amuch “Jla” cmpa-
BEUTMBA TOJBKO B CIydae, €CIM HAaC WHTEPECYeT TONBKO IpaBas IIOJIOBHHA IBOWHOTO CIIOBA
TIPOU3BEACHUS.

3aBepmmyM 3TO PAacCMOTPEHHE CHCTEMBI CUUCICHHS MO OCHOBAaHMIO —2 HEKOTOPBIMU Ha-
OJTIOCHUSMH, KACAIOIIUMHICS BBIITOJHEHUS MPE0Opa30BaHNI MEXIy YHCIaMHU B 3TOH CHCTEME
CUHCIICHUS ¥ OOBIYHBIMH ABOMYHBIMHU YHCIIAMH.

Jlist Toro 9TOOBI MPeoOpPa3oBaTh YNUCIIO U3 CHCTEMBI CUYUCIIEHUS TI0 OCHOBAHUIO —2 B IBOWY-
HOE€ YHCII0, POPMHPYEM CIIOBO, COCTOSIIEE TOIBKO M3 OWTOB C IOJIOKUTEIHHBIMH BECaMH, H
BBIYUTAE€M M3 HETO CJIOBO, COCTOSINEE W3 OMTOB C OTPHIATEIHHBIMH BECaMH, HCIIONB3YS MPH
9TOM MpaBWIa BEIYUTAHUS IJIs1 ABOMYHOW apudmeTnku. [[pyroit MeTos, KOTOPHIH MOKET ITOKa-
3aThCS HEMHOTO MPOINE, COCTOUT B BBIICICHHUHN OWTOB, HAXOMAMINXCSA B TO3UIMSAX C OTPHIIA-
TENBHBIMH BECAMH, CIBHUIE WX Ha OJHY IO3WIMIO BJIECBO M BBIYUTAHHUH BBIACIICHHOTO YHCIA W3
HCXOJHOTO C MCIIOJIB30BAHNEM OOBIYHBIX MIPABIII BEIYUTAHUS TBOMIHON apr(pMETHKH.

s mpeoOpazoBaHus ABOMYHOTO YHCIA B YHCIO B CHCTEME CUHCIICHHS 110 OCHOBAHHIO —2
HY’KHO BBLIEIMTH OUTHI M3 HEUETHBIX MO3MIMi (Mo3uLuMii ¢ Becom 2", rie N HEYETHO), CABUHYTH
WX Ha OJHY ITO3UIINIO BJIEBO U CJIOXHTH ABA YHCIA C UCTIOIF30BAaHUEM IPABUII CIIOKEHHS YHCEI
B CHCTEME CUHCIICHHUS 110 OCHOBaHMIO —2. [IpuBenem 1Ba mpuMepa npeodpa3oBaHUs YUCET.

JIBOMYHOE M3 CHUCTEMSH! B cucTeMy CUYMCIIeHMSI IIO
CYMCJIEHUSI IO OCHOBAaHMIO -2 10 OCHOBAHMIO -2 M3 LOBOUYHOIO
110111 (-13) 110111 (55)
- 101 (oBoMUHOE + 1 01 (cooxeHue 10
————————— BEIUMTAHME ) —-—-———-—-——-—-  OCHOBAHUL -2)
...111110011 (-13) 1001011 (55)
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B xomrmbroTepe, ¢ ero (MKCHpPOBAHHBIM pa3MEpPOM CIIOBA, 3TH MPEOOpa30BaHUs paOdOTAIOT U
JUIsL OTPUIATEIILHBIX YMCEIl, €CIIH MPOCTO UTHOPHPOBATH MEPEHOC U3 cTapiiei nosuimu. st wi-
JIFOCTPALIMK 3TOT0 MOXKHO PacCMOTPETh MMPUBEICHHBII BbIIIE CIpaBa MPUMEp Kak mpeodpa3oBa-
HEe ABOMYHOTO urcia —9 (pa3Mep ciioBa — 6 OUT) B CHCTEMY CUHCIICHHSI TIO OCHOBAHHIO —2.

[prBeeHHbIIA BBILIIE AITOPUTM MPE0OPA30BaHMS B YKCIIO B CHCTEME CUHCIICHHS 110 OCHOBAHHIO
—2 He MOJIACTCs JIETKOH MPOrpaMMHOMN peaii3aliiy Ha JBOUYHOM KOMITBIOTEPE, IOCKOJIBKY TPeOyeT
BBITIOJIHEHHS! CIIOKEHHSI B COOTBETCTBUM C MPABHJIAMH CIIOXKCHHS YHCENl B CHCTEME CUMCIICHHUSI 1O
ocuoBanmio —2. HIpermens (Schroeppel) [25, item 128] npeomonen 3o mpensrcTBue, paspaboras
OoJiee SICHBIA W TIPAKTHIHBIA METOJ BBITIONHEHHS TpeoOpa3oBaHuii B 00OMX HarpaBieHusX. JIjist
peoOpa3oBaHus B IBONYHOE YMCIIO €r0 METOJI BBITJISIUT CICAYIOIIMM 00pa3oM:

B < (N ©0b10...1010) - 0b10...1010 .

YroObl yOeamThCs, 4To 3TOT METOJ| paboTaeT, PacCMOTPHUM YHCTIO, KOTOPOE B CHCTEME CUHCIIe-
HUs 110 ocHOBaHMIO —2 umeeT By abcd. Torna, ecnu (HEKOPPEKTHO) PACCMATPHUBATh €TI0 KaK 00bIU-
HOE JIBOMYHOE YHCTIO, ET0 3HAYEHHE PaBHO 8a+4b+2c+d . [Toce BBINONHEHNUs ONIEPALY UCKO-
yaroujee Uy TO YNCTI0, PACCMATPUBAEMOE KaK JIBOMYHOE, paBHO 8(1-a)+4b+2(1-c)+d . ITocne

(MBOMYHOr0) BBIYUTAHUS TOJTy4aeM 3HaueHne —8a+ 4b—2c+d , KoTopoe mpeacTaBisieT coboit 3Ha-
gerwe urcia abcd B cucTeMe CUMCIIEHHS TI0 OCHOBAHHIO —2.

®opmyna Hlpenmerns MokeT OBITB JIETKO pa3pelieHa sl BEIIOIHEHUS 00paTHOTO peodpa-
30BaHM, JaBas HAM METOJ MpeoOpa3oBaHMs B 0OPaTHOM HANpPaBICHUH, TPEOYIOMNI BBITOI-
HeHus Tpex kKomana. Hwxke npusenenbl GopMyIibl [iisl Ipeodpa3oBaHus B ABOMYHOE YHCIO HA
32-0uToBOI MaInHe.

B « (N & 0x55555555) — (N & —0X55555555),
B« N —((N & OXAAAAAAAA) < 1),
B « (N ® OXAAAAAAAA) - OXAAAAAAAA.

st mpeoOpa3oBaHus 4MCia B CHCTEMY CUHCIICHHS MO OCHOBAHUIO —2 MCIOJIB3YETCs CleIyIO-
m1ast hopMyna:
N « (B +O0XAAAAAAAA) ® OXAAAAAAAA .

12.2. OcHoBanue —1+i

Mcronb3ys B Ka4ecTBE OCHOBAHHS CHCTEMBI CYHCIEHHs —1+i , re i 0603Hauaer +/—1, Bce
KOMNIEKCHble TIeNbIe Jrciia (T.e. KOMIUICKCHBIe YHCIIa, ICHCTBUTENIbHAS 1 MHUMAst YaCTH KOTO-
PBIX LIEJbIE) MOXKHO BBIPA3HMTh B BHJE OJHOTO “uKcia”’ 0e3 SABHOTO MCIIOJIb30BAHUS 3HAKA WIIH
JPYTUX BCIOMOTATEeNbHBIX CPEJACTB. IIPHATHON HEOXHMIAHHOCTHIO OKAa3bIBa€TCs TO, YTO 3TO
MOYHO OCYIIECTBUTH TOJIbKO mpu nomotu tudp O u 1, mpuuem Bce 1enblie YKucia UMEIOT TPH
9TOM OJHO3Ha4YHOE TpejncraBieHue. He Oynem 3sech J0Ka3biBaTh 3TOT (akT, Kak U MHOTHE
JPYyTHe, TOJBKO OMHUIIEM BKPATIE CBOHCTBA TAHHON CHCTEMbI CUUCIICHHSI.

He Tak yX TpUBHAIBLHO OKa3bIBACTCS BBISICHEHHE TOTO, KaK CIIEAYET 3alHCaTh Le0e YHUCIIO
2 B 37O cucTeMe cumcaenms . OIHAKO 9Ta 3a/a4a BIIOJTHE PaspeliMa MyTeM T0C/IeI0BaTEb-
HOTO JIeJieHHs1 2 HA OCHOBaHHE CUCTEMbI CYHCIICHHUS M 3aITUCH 0CTaTkoB. Ho uTO Takoe octatok
OT JIeJieHHs] B JIAHHOM KOHTeKcTe? MBI XOTHM, YTOObI OCTATOK MOCJIE JeNeHns] Ha —1+i ObLI

1H0Hp06yﬁTe CaeJIaTb 9TO CaMOCTOSATEIbHO, OTJIOXKNB Ha BpEMS KHUTY.

12.2 OCHOBAHUE —1+i 221



Cp. 222

pasen O w1, ecim 310 BO3MOXKHO (Tak, 4yTo0s! IudpaMu 6sutn Tosibko O u 1). J{is Toro uro-
OBl YBUZIETH, YTO 3TO BCErJa BO3MOXKHO, MPEIIIOIIOKUAM, YTO BBIIOTHACTCS JENCHHE TPOU3-
BOJIFHOTO KOMIUTIEKCHOTO IIeoro uncna a+bi Ha —1+i. Tpebyerca Haiith ( u ' Takue, 9TO
( — KOMIUIEKCHOE IIeJioe 9ucio, I paHo O wm 1 u

a+bi=(q +qi)(-1+i)+r,

rae O u O 03HA4aloT NEHCTBUTEIBHYIO W MHHUMYIO YacTH ( COOTBETCTBEHHO. [IpmpaBHHBas
JeHCTBUTEIHHBIE 1 MHUMBIC YaCTH U peliasi OJHOBPEMEHHO TOIydeHHbBIE YPaBHEHNUS, TOTYIHM

q _b-a+r
r 2 '
q _—a—b+r
i 2 .

ScHo, uto eciiu @ u b 06a yeTHbI WK 06a HeueTHbI, TO BEIOOP =0 JaeT HaM KOMIUIEKCHOE Iie-
noe yucio . Ecinu ke o7HO u3 uucen a u b yeTHo, a BTOpOe — HET, TO KOMIUIEKCHOE I[eJI0e
YHCIIO (] MOKHO TIOJIYYUTh MpH BbiOope r=1.

Takum 00pa3om, 1es0e YuciIo 2 MOXKET OBITh Pe00Pa30BaHO K OCHOBaHMIO —1+i Tak, Kak
ITOKa3aHO HIKE.

IMockonbKy NeWCTBUTEIbHASI U MHUMAs YaCTH 1I€JI0T0 YKCiia 2 YETHBI, IPOCTO BBIMOIHAEM
JICIICHHE, 3Hasl, 9TO OCTaTOK paBeH O:

2 2(-1-)

T (i) remo.

HCﬁCTBHTeHBHaH W MHUMAas 9aCTH 9uciia —1—i HEUYeTHBI, TaK YTO OCTATOK OIIATh paBE€H 0:

-1-i _ (-1-i)(-1-i)
-1+ (-1+i0)(-1-1)

=iremO.

IMockonbKy Teneph AeHCTBUTENbHAS U MHUMAsI YaCTH | SIBJISIFOTCSI COOTBETCTBEHHO YETHOW U
HEYeTHOH, ocTaTok Oyzet paseH 1. [Iporie Bcero yuecTs ero, Berautast 1 u3 JeIuMoro:

i—1

—1+i

=1(ocrarok 1).

Teneps nelicTBUTENbHAs M MHMMas 4acTH 1 ABISIOTCS COOTBETCTBEHHO HEUETHOH M 4eT-
HOM, Tak uTo OCTaToK Oy/eT paBeH 1. Berauras ero us aemMMoro, nomydaem

1-1

—1+i

=0(ocrarok 1) .

Takum 00pa3oM THOIyYeHO HYJIEBOE YACTHOE, M MPOIIECC Ha 3TOM 3aBepiiaercs. CunThiBas
MOJTyYCHHBIC TP JCJICHUU OCTATKH, TOJIy4aeM, YTO MPEICTaBICHHE 2 B CUCTEME CUUCIICHHS T10
ocHoBanuro —1+i mmeer By 1100.

B ta6m. 12.3 nokazansl Bce 6utoBbie cTpoku oT 0000 mo 1111 u ux MHTEpHpEeTaIus B CHC-
TEMEe CUMCIICHUSI 10 OCHOBAHUIO —1+i, a TaKkKe MpEACTaBICHHE B ATOM CHCTEME JIECITHYHBIX
yucel ot —15 no +15.
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Tadanua 12.3. [IpeodpazoBanust Mexkay AeCATHYHON CHCTeMON CUMCIEHHSI
U CUCTEMOM CYHMCJICHHS 110 OCHOBAHUIO —1+i

n n n n -n

(ocHoBanue (mecsTranOE) (mecsituunoe) (ocHoBanue (ocHoBanue
-1+i) -1+i) -1+i)

0 0 0 0 0

1 1 1 1 11101

10 —1+i 2 1100 11100

11 i 3 1101 10001

100 =2 4 111010000 10000

101 1-2i 5 111010001 11001101

110 —1-i 6 111011100 11001100

111 —i 7 111011101 11000001

1000 2+2i 8 111000000 11000000

1001 3+2i 9 111000001 11011101

1010 1+ 3i 10 111001100 11011100

1011 2+3i 11 111001101 11010001

1100 2 12 100010000 11010000

1101 3 13 100010001 1110100001101

1110 1+i 14 100011100 1110100001100

1111 2+i 15 100011101 1110100000001

INpaBuna CIOXEHUSI B CHCTEME CUMCIICHHUS 10 OCHOBaHHIO —1+i (KpoMe TpUBHANBHBIX
MPABUII CJIOKEHUS ¢ YIACTHEM HYJIEBBIX OMTOB) BHITIISIAT CIIEAYIONIMM 00pa3om:

1+1 = 1100

1+1+1 = 1101
1+1+1+1 = 111010000
1+1+1+1+1 = 111010001
1+1+1+1+1+1 = 111011100
1+1+1+1+1+1+1 = 111011101
1+1+1+1+1+1+1+1 = 111000000

[pu crnoxxeHUn NBYX YUCEN HAUOOJBIIEE KOJTHMISCTBO MEPEHOCOB, KOTOPOE MOXKET BOZHHK-
HYTh B OJJHOM CTOJIOIIE, — IIIECTh, TAK YTO MaKCHMaJbHAas CyMMa, KOTOPask MOXKET OBITh MOJY-
4yeHa B onHOM cToinbie, — 8 (111000000). DTo nenaet moCTpoeHHe CyMMaTopa KpaifHe CIok-
HOW 3amavedl. Ecmu Obl Hamiencss KTO-TO pa3pa0aThIBAIONINI KOMIBIOTEP C KOMILICKCHOM
apu(METHKOH, TO, BHE BCIKUX COMHEHHUH, ropa3zo Jydiie ObI0 Obl XpPaHUTh JACHCTBUTEIHHYIO
YU MHHMYIO 4acTd OT/ENbHO?, pUYeM Kaxias 4acTh MMena Obl OoJiee pa3yMHOE IpeJ/ICTaBlie-
HUE, HAIPUMEP B JIOMTOJHUTEIEHOM K 2 KOJIE.

12.3. lpyrue cucreMbl CHUCTEHHS

CucreMa CUHCIIEHHS 110 OCHOBaHUIO —1—i WIMeEeT, 10 CyTH, BCE T€ e CBOICTBA, UTO U CHC-
TeMa CYUCIICHUS [0 OCHOBaHMIO —1+i , paccMoTpeHHas Bhilie. Eciu HekoTopast 6uToBast CTpo-

2 3roT cnoco6 Gein ucnmoms3osan B 1940 roxy B Bell Labs 8 Complex Number Calculator Jixopmia
Crubuua (George Stibitz) [35].

12.3. IPYTUE CUCTEMBI CYVICJIEHUA 223



Ctp. 224

Ka MPEACTaBIsIeT YHCIO a+bi B OJHOI M3 3THX CHCTEM, TO B IPYTOH Ta ke OWTOBas CTpOKa
MIpEeACTaBISAET Yuciao a—bi .

OCHOBaHHSA CHCTEM CYHCICHUS 1+i W 1—i TaxkKe MOTYT NMPENCTAaBIATh BCE KOMIUICKCHBIE
LeNble Yucia ¢ ucnoib3oBanueM mudp 1 u 0. DTu 1Be CHCTEMBI CYMCICHUS UMEIOT TaKOE KE
COOTHOIIICHHE MEXIy IPEACTABICHHEM YUCENl B HHUX, KAK M CHCTEMBI [0 OCHOBAaHUIO —1zi .
B cuctemax cumcieHns 0 OCHOBaHWIO 1ti IpencTaBiIeHHE HEKOTOPBIX IENBIX YUCET UMEeeT
OCCKOHECUHYIO CTPOKY CJMHUI[ B JICBOIl YacTH, aHAJIOTMYHO MPEICTABICHUIO OTPHUIATEIHHBIX
4Kces B JIOTOJHUTEIHHOM K 2 KOJie. DTO €CTECTBEHHBIM 00pa30M BBITCKAET U3 UCIIOJIb30BAHUS
OJTHOPOJIHBIX TPABHJ ISl CIOXKCHUS W BBIUUTAHUS, KaK M B ClIydac JOMOJHUTEIBHOTO KOJA.
OHUM U3 TAKUX YHCEN SIBISIETCSI YUCIIO 2, KOTOpoe (B Jt000# M3 CHCTEM CUUCIIEHHS) UMEET
By ...11101100. Takum 0Opa3oM, CI0KEHHE B 3TUX CUCTEMaX CUMCIICHHS UMEET OYEHB CIIOK-
Hoe mpaBmio: 1+1=...11101100.

I'pynmupyst B mapbl OUTHI B IPECTABJICHUH IIEJIOTO YUCIIA B CUCTEME CUYHCIICHUS MO0 OCHO-
BaHUIO —2, MOYKHO IOJIYYHTh MPEJCTABICHUE TIOJIOKUTEIBHBIX W OTPUIATEIBHBIX YHCEI B CUC-
TeMe CUHCIIEHHS 110 OCHOBaHUIO 4 ¢ ucnonb3oBanueM mudp —2, —1, 0 u 1, nanpumep:

~14,,=110110,, = (-1)(1)(-2), =-1- 42 +1. 4 -2.4°.

AHAJIOTHYHO, IPYNIIMPOBAHUEM IIap OWTOB B NPEACTABICHUH YUCIa B CHCTEME CUMCIICHUS
II0 OCHOBaHUIO —1+i OyIeT IOIy4eHO NPEACTaBICHHEe KOMIUIEKCHOTO YHCiIa B CHCTEME CUHC-
JIeHHs 10 OCHOBaHHIO —2i ¢ ucmojip3oBanueM 1uopp 0, 1, —1+i u i. OgHAKO OHO CIHIIKOM
CJIOYKHOE, YTOOBI NPE/ICTABIATH HHTEPEC.

AHanornyHa u “MHAMoUeTBepHyHas® cuctema cuucieHus [39]. OHa mpeacTaBisieT KOM-
TUIEKCHBIC YKCIIa C MCIIOIb30BAHIEM B KQUeCTBE OCHOBAHHS CHCTEMbI CUMCIICHUS BEIUYHHBI 2i
nmop O, 1, 2 u 3. [{1g npeacTaBieHUss HEKOTOPBIX LEJBIX YHCeNl, @ UMEHHO C HEUeTHOW MHHU-
MOW KOMIIOHEHTOM, IPH 3TOM IPHUXOAUTCS MCIOJIB30BaTh HU(PHI clipaBa OT JECATHYHONW TOY-
ku. Hanpumep, i B cucteme cuunciienust mo ocHoBauuio 2i umeer suj 10.2.

12.4. Kakoe ocHoBaHue HanboJ1ee 3(pPeKTUBHO

[pearnonoxum, 4To Bbl pa3pabaThiBacTe KOMITBIOTED W XOTHTE PELINTh, KAKOE OCHOBAHHUE
CHCTEMbI CUUCIICHHUS! CIIeyeT UCTIONb30BaTh ISl IPECTABICHUS LIEJIBIX YKCell. Y Bac ecTh pas-
JIMYHBIE CXEMHbIE PEUICHHs, KOTOPbIC MO3BOJISIOT HCIIOJIb30BaTh PETUCTPBI C JIBYMS COCTOS-
HusmMu (OMHApHBIE), TpeMs, YeTHIPbMS | T.J1. Kakoe e pemenue cieayeT BaM PUHSTH?

Bynmem cuuTarh, 9T0 CTOMMOCTB CXeMBI ¢ b cocTostamsiME TIpoTiopimoHassHa b, Tak uto cxema ¢
Tpems coctostHusiMH Ha 50% noposke OMHAPHOMH, a C YeThIPHMS — B JIBa pa3a Iopoke OMHAPHOH.

[Ipeanonaoxum, 4TO Bbl XOTHUTE XPAHUTh B perucrpax Iejibie uuciaa o O 10 HEKOTOporo
MakcumanbHoro 3Hauenusi M. IpencraBnenue nenbix uucen ot 0 10 M B cucreme cuucieHus

mo ocHoBauuio b Tpebyer (Iogh(M +1)—‘ udp (Hanpumep, U MPEACTABIEHUS BCEX IIEJBIX
gycen oT 0 1o 999999 B necsaTHUHOIM cucTeMe cuncieHus Tpedyercs 10g,,(1000000) =6 uudp).

Takum 00pa3om, ciiefyeT 0KHJaTh, YTO CTOMMOCTh PETHCTpa paBHA MPOM3BEAECHHIO KOJIHU-
YyecTBa TPEOYIOMUXCs LU(P HA CTOUMOCTD IPEJICTABICHNS KaXKI0HW U PHIL:

c=klog,(M +1)-b,

rjae C— CTOMMOCTh PerucTpa, a K— xoncranra. Harra 3agaya — Haiitu 3Hauenue b, kotopoe
MHUHAMH3HUPYET CTOMMOCTS JUIS IaHHOTO 3HaueHust M.

224 I'JTABA 12. CUCTEMBI CHVICJIEHMA C HEOBBIYHBIMU OCHOBAHUSAMUA
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MuHIMYM 3TOH (HYHKIMH HAXOXUTCA B TOHM TOUKe, I/ie 3HaYeHHE Mpon3BoaHoi dc/db=0.

Takum obpazom, nMeeM

d d(, In(M+1)

%(kblogh(M + ))=db[kb|an= kin(M +1)Inb—1

(Inb)*

IMpownssoaHas paBHa HyITi0, Korma Inb=1, t.e. b=e.

He ouens ynoBieTBopuTensHbIi pesynbraT. Tak kak e~ 271828, Hauboinee s3pdexTrBHbI-
MH OCHOBaHHUSIMH CHUCTEM cUHclieHus sBistores 2 1 3. Kakoe u3 Hux 6osee addexkrnBHo? OT-
HOIIEHHE CTOMMOCTH PETUCTpPA NPH HCIONb30BAHUM OCHOBAHUS 2 K CTOMMOCTH PETUCTPA MPH
UCTIONB30BaHUN OCHOBAHUSI CHCTEMBI CUHCIICHUSI, PABHOTO 3, TAKOBO!

c(2) k-2log,(M+1) 2In(M+1)/(In2) 2In3_ 1 056
c(3) k-2log;(M+1) 3In(M+1)/(In3) 32

Takum 00pa3oM, UCIONb30BAHUE CHUCTEMbI CHHCICHHUS [0 OCHOBAHHIO 2 HECKOJIbKO JOPOIKE

HCIIOJIb30BaHMSI CHCTEMbI CUMCIICHHS 110 OCHOBAHUIO 3, HO HA OY€Hb HEOOJIBIIYIO BEIUUUHY.
AHaNOTHYHBIN aHAJN3 TIPUBOMT K BBIBOJY, YTO HCIIOJIB30BAHNUE CUCTEMbI CUHCIICHHUS 110 OCHO-

BaHHIO 2 OOJIBIIIE MCTIONB30BaHMS CUCTEMBI CUHCIICHUSI TI0 OCHOBaHHMIO € prMepHo B 1.062 pasa.

12.4. KAKOE OCHOBAHME HAMBOJIEE OODEKTUBHO 225
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T'JIABA 13
KOJI T'PESI

13.1. ITocTpoenne koaa I'pest

Henp3s a4 LuKIMyecky nepedpath Bee 2" KOMOMHALMI U3 N GUTOB MyTeM U3MEHEHHUs HpU
KaXJ0W UTEepaIy TOJbKO ogHOro Outa? OTBET HA 3TOT BOMPOC — “1a”; 1 UMEHHO 3TO CBOM-
ctBO onpenensier Koiael I'pest (Gray codes). Urak, ko I'pest — 3T0 Takoil croco6 KOAUPOBaHUS
LEJBIX YHCEN, IPU KOTOPOM 3aKOJMPOBAHHOE YHCIIO U YKCIIO, CIIEIYIOUIee 38 HUM, OTIHYaI0TCS
TOJIBKO OJHUM OHTOM. DTa KOHIEMIIIAS MOXET OBITH 0000IIIEHa [IUT JTF000T0 OCHOBAHHUSA CHCTE-
MBI CUHCIICHUS, HAPUMEP JUTSL JECATHYHBIX YUCEN, HO B TOM IIaBe pacCMaTpUBAIOTCS TOJIBKO
OuHapHBIC Kol [ pest.

XOTs CyIIeCTBYET MHOXKECTBO Pa3jiMYHbIX BapHUAHTOB KOJIOB I'pes, paccMOTPHM TOJIBKO
OJIMH: “ IBOMYHBIN OTpaskeHHBIH (peduiekcHblit) ko I'pes” . IMEHHO 3TOT KOJ 0OBIYHO HMEETCS
B BHJIy, KOTJ]a TOBOPSAT O HeKOHKpeTHOM “koje I'pes”. IMokaxkem (kak oOBIYHO, Ge3 J0Ka3a-
TENbCTB), KaK BBITOIHSAIOTCS OCHOBHBIC OTIEPAIMH TP TAKOM TIPEICTABICHUN IEIIBIX YHCEI, U
pacckakeM O HEKOTOPBIX HHTEPECHBIX CBOMCTBaxX kojaa I'pes.

OTtpakeHHBIN ABOMYHBINA Ko7 I'pest cTtpontcs cnemyromum obpasom. Haumnaem co crpok O
" 1, KOTOpBIE MPEACTABISAIOT COOTBETCTBEHHO 1enble yrcia O u 1.

0
1

Bo3bMeM OTpaXkeHHE 3THX CTPOK OTHOCHTEIBHO TOPH30HTAILHOW OCH TOCIHE TPUBEICHHOTO
CITHCKA U oMecTrM 1 clieBa OT HOBBIX 3aITiCcel CITHCKA, a CJIeBa OT yiKe UMEBIIUXCsI pasmecTuM 0.

00
01
11
10

Takum 006pazom modydeH oTpaxkeHHBIH Ko ['pest amst N=2. UtoOs! momyyuTs Koa it N=3,
MOBTOPHUM OIKCAHHYIO MPOLEAYPY U MOTydHM

000
001
011
010
110
111
101
100
ITpu Takom criocobGe MOCTPOSHNUS JIETKO YBUJIETh 110 WHIYKIMU N0 N, 4TO, BO-NEPBBIX, KaX-
nas u3 2" koMOUHaIMiT GUTOB MOSBJIAETCS B CHUCKE, IPUYEM TOJIBKO OJIMH Pa3; BO-BTOPBIX, IPH
nepexofe OT OJHOTO 3JIEMEHTa CIUCKA K PSIOM CTOSILEMY U3MEHSETCS TONBKO OJUH OHT;
B-TPETBHX, TOJBKO OAWH OWUT M3MEHSETCS NPH IEpexoje OT MOCIEJHEr0 3JIEMEHTa CIIUCKA K
nepBomy. Koxel I'pesi, oOnanaronye mocieHUM CBOMCTBOM, Ha3bIBAIOTCS IUKINYECKHMH,
oTpakeHHBIH KoJ| ['pest 00s13aTesIbHO SIBISIETCS TAKOBBIM.
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IIpu n>2 CyIECTBYIOT HELMKIMYECKHE KOAbI I pesi, KOTOpble COCTOAT M3 Beex 2" 3Haue-
HUMH, B3ATHIX 110 OJHOMY pa3y. IIpuMepoM Takoro Kojaa MOXeT cirykuTh ciexyromuid: 000 001
011010 110100 101 111.

B cxeme Ha puc. 13.1 noka3aHbl 4eTHIPEXOUTOBBIE YNCIIA, 3AKOIMPOBAHHbIC B OOBIYHON JBOMY-
HOM cucreMe cumciieHnst M kopamu ['pest. ITokazans! Taxoke GopMyItsl uist mpeoOpa3oBaHus OHOTO
MpeNICTaBJICHUs B IPYToe Ha YPOBHE “OUT 332 OMTOM” , IPUMEHUMOM B aIlapaTHOH peain3aliy.

bunapnsiii  I'pes
abcd efgh
0000 0000
0001 0001 Kon I'pest u3 GunapHOTO bunapubiii u3 koxa ['pes
0010 0011 e=a a=e
0011 0010 f=a®b b=e® f
0100 0110 g=b@c c=e®fog
0101 0111 h=c®d d=e®f®g®h
0110 0101
0111 0100
1000 1100
1001 1101
1010 1111
1011 1110
1100 1010
1101 1011
1110 1001
1111 1000

Puc. 13.1. Yemwipexbumosgutii koo I pesi u ghopmynvt npeobpazosanus

3amMeTrM, YTO IMKITNYECKHi KO/ I'pest 3 N OUT OCTaeTCsl TAKOBBIM KaK IOCIIE JTF000T0 IIUKITHIe-
CKOT'0 CIIBUTA KOJIa TI0 BEPTUKAJIH, TaK U MPHU JTFOOOM U3MEHEHUH TIOPSIIKA CTONOIOB. JIro0ast 13 3Tix
OIepaIyii aeT HOBBIA IMKITMYCCKIN KO [ pest, OTIMYArONMICS OT OCTANBHBIX, TIOJYYCHHBIX TAKUM
e MeTostoM. Takum 00pa3oM, nMeeTcs, Kak MUHAMYM, 2" - n! IMKIIYeCKUX OMHApHBIX KoIoB [ 'pest
13 N GUTOB (Ha CAMOM JIejIe UX KOJMYECTBO MPEBBIIIACT JAHHYIO OLICHKY).

Konx I'pes u nBomyHOe MpeacTaBIicHHE OOJATAIOT CICAYIONIUM JyajdbHBIM OTHOIICHHEM,
OYEBHIHBIM M3 NpUBEIEHHBIX Ha puc. 13.1 popmyi.

e bBur i uncna B kone I'pest npeacrapmsier coboit 4eTHOCTh OKTa | 1 GUTA CieBa OT HEro B COOT-
BETCTBYIOLLIEM JIBOMYHOM uHcJIe (eciu crieBa ot Outa i Het OMTOB, HcTosb3yeM 3HaueHue 0).

e buri JABOUYHOI'O YHCJia IPEACTABIIACT c000ii YeTHOCTEL BCEX OUTOB B IIO3UINHU i ¥ cieBa
OT HEC B COOTBECTCTBYIOIIEM YHCIIC KOJa Fpeﬂ.

IIpeoOpazoBaHme TBOUIHOTO YKCIa B KOJ I'pest MOKET OBITh BBITOJIHEHO TPH TTIOMOIIH BCe-
ro JBYX KOMaHJ!
u
G«~B® ( B >>1j .

IIpeobpaszoBanue kozma I'pest B JBOMYHOE YHCIIO CYMIECTBEHHO CIIOKHEE!
n-1 u
B—@G>i.

i=0

228 I'JTABA 13. KOA T'PES
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Br1 yxe BcTpedyanuch ¢ 3Toi popmyoit B paszgene 5.2. Kak ymoMuHamocs B 3TOM pasfene, Bbl-
YHCIICHHS TI0 JaHHON (OpMyJIe MOKHO BBITIONHATH TaK, Kak MokaszaHo Hike (miss N=32).

B=G" (G>>1);
B B ~ (B >> 2);
B =B " (B > 4);
B =B " (B > 8);
B =B " (B > 16);

Takum 06pa3oM, B oOlIeM ciydae Tpebyercs BblnonHeHne 2-[log,n| KomaH.

[ockonpky mpeoOpa3oBaHie TBOMYHBIX YHCET B KOJ I'pest BBITIONHAETCS 09eHb IIPOCTO, Te-
HepaIys MocJeI0BaTeNbHBIX Yiced Koaa ['pest mpeacTtapiseT co00i TPHBHAIBHYIO 33124y .
for (i = 0; 1 < n; 1i++) {
G =1 " (1 > 1);
output G;

13.2. YBeanuenue yuces koaa I'pes

Jloruka yBenuuenus 4-OUTOBOTO dsouuno2o 4ucia abcd MOKeT ObITh BBIpAXKEHA CIIEIYIO-
M 00pa3oM, ¢ UCTIONIb30BaHUEM 0003HAYCHUI OyIIeBOil aareOps:
d'=d
cd=cod
b'=b®cd
a =a®bcd
Takum 00pa3oM, OJMH CIIOCOO MOCTPOCHUS aNMapaTHOrO CYeTYMKa Koxa ['pes cocrout B
CO3JIaHNK OMHAPHOTO CYETYMKA C MCIOJIh30BAHUECM OIMUCAHHOMW JIOTUKU U PeoOPa30BaHUH €ro
BeiBOJa &, b', ¢ u d’ B kox I'pest mpu MOMOIIHM ONEPALNN UCKTIOUAIOWe20 Ul HAll COCE-
HUMHU OWTaMH, KaK TIoKa3aHo B cxeme Ha puc. 13.1.
ITpuBenem enie ouH CITOCO0, KOTOPBIH MOXET 0Ka3aThCs HECKOJIBKO 3 (heKTHBHEE:

p=e®f@dg®h
W=h@p
g'=g®hp
f'=f ®ghp
€=e® fghp

Takum o6pa3om, B 00IIeM ciydae
G.=G,®(G,,G,,...Gp), n=2.

IMockonbKy ueTHOCTH P yepemyercst Mexay O i 1, cxema cueTdnKa MOXKET MOAAEPKIBATH P KaKk
OTAENBHBIN 0THOOUTOBBII PETHCTP M IPOCTO HHBEPTHPOBATH €TO MPH KX NTEPALHH.
ITporpaMMHO HaWTy4IIHil CIOCOO IMOUCKA MOCIEAYIONIEro 31eMeHTa G’ JuIs 1IeIoro 4ucia
G B koze I'pest, BeposiTHO, cOCTOUT B KOHBepTalMu G B JIBOMYHOE YHUCIIO, €r0 YBEIMYEHHH U
obpaTHOM npeoOpa3oBaHuu B Ko I'pesi. Ente oMH nHHTEpECHBIH M IOYTH TakoH ke 1o 3ddexk-
THUBHOCTH IIyTh — 3TO OIpEJEeJeHHe TOro, Kakoii OMT noimkeH ObITh M3MeHeH B uucie G. Bor
KaK BBITJISIIUT MOCIIE0BATENBHOCTh 3TUX OUTOB, NPEACTaBIECHHAA B BUJAE CIIOB, KOTOPbIE MPU
TIOMOIIM OTIepaluy UcKaouaoujezo uy ¢ auciaoM G naroT oyepeHoe YUCIIo KoJa!
12141218121412116
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BHUMaTenbHbIi YMTATENh PACIO3HAST B ITOM IOCIEI0BATEIBHOCTA MACKY, YKa3bIBAIOIYO
MOJIOKEeHNEe KpalHeTo cieBa OWTa, KOTOPBIH W3MEHSEeTCs pH yBenmdeHnn 1ieoro uucia 0, 1, 2,
3, ..., COOTBETCTBYIOIIETO MO3UIIMK B TIPUBEICHHOW MOCIIEN0BATEIBHOCTH. TakuM 00pa3oM, Ipu
yBendeHnu ynciia G u3 koza I'pest mo3uiiusi ”HBEPTUPYEMOTo OHTa OPEIEIISIETCS] CAMBIM JIEBBIM
OWUTOM, KOTOPBIN M3MEHSETCS TPH MPHUOaBIIeHHH 1 K ABOMIHOMY YHCITY, COOTBETCTBYyIomeMy G.

PaccMoTpenHbIe criocoObl MPUBOJIAT HAC K allTOPUTMAM yBEJIMYEHHs 4yrcen kojaa ['pes, no-
kasaHubM B suctiaTe 13.1 (06a oHM cHauara mpeobpasyror uncio G B ABOWYHOE, 4TO 000-
3HAYEHO KaK index (G)).

Jluctunr 13.1. YBenuuenne uncaa kona I'pest

B = index(G); B = index(G) ;
B =B+ 1; M=~B & (B + 1);
Gp = B~ (B > 1); Gp = G ~ M;

Meron yBemidenus urcen koja ['pest “c kapaHaimom B pyke” BBIJISUT CIIEYFOIIMM 00pa3oM.

Hauunas cnpaBa, HaiiTu nepBbIi OUT, 17151 KOTOPOTO YETHOCTh JAHHOTO OUTa U BCex Ou-
TOB CJIeBa MOJIOXKUTENbHA. THBEpTHPOBATh OUT B JAHHOW TIO3HITUH.

MoO3KHO BOCIIOJIb30BaThCS ApYruM, 5KBUBAJICHTHBIM, [IPABUJIOM.

[Tycts p — yetHocTh cnoBa G. Eciu p yetHo, nHBepTHpOBaTh Mitaaumii 6ur. Eciu xe p
HEUYeTHO, HHBEPTHPOBATh OUT ClieBa OT KpaifHero eAMHUYHOro OUTa Crpasa.

HocneaHee MpaBUJIO HEMOCPCACTBECHHO BBIPAXKCHO IMPUBCIACHHBLIMH BBLIIIC 6yJ'IeBLIMI/I BbI-
PaAXKCHUSIMU.

13.3. OTpunarejbHO-I1BOUYHBII Koa I'pest

Ecim BBI 3anmmieTe menbie Ynciia B CHCTEME CUHCIICHHUS [0 OCHOBaHHMIO —2 U IIpeolpasyere
HX C TOMOIIBIO cO8Uea U UCKAIOUAouje2o Uy Tak ke, Kak 00BITHOE TBOWYHOE YUCIIO Tpeodpa-
3yeTcs B YUCIO Koja I'pes, To moirydeHHsIe dncia Takxke qaxyT kox I'pes. TpexOuToBslil kox
I'pest mMeeT MHAEKCHI B THAMa30He TPEXONTOBBIX YMCEN B CHCTEME CUMCIICHHS 1T0 OCHOBAHHUIO —
2, a UIMEHHO OT —2 710 5; yeTsipexouToBbIif — 0T —10 1o 5. [lomyueHHBIH TakKUM 00pa30M KOX
I'pest He sBNsIETCS OTpa’keHHBIM, HO OYEHB ONM30K K HEMy. Takoi d4eTsIpexOnuTOBBIA Kox I'pes
MOJKHO TTOCTpOuTh, HaumHas ¢ O u 1, oTpaxas WX OTHOCHTENBHO gepxd CIHICKA, 3aT€M OTHOCH-
TEJIEHO HU3d CIIUCKA U T.J., Yeperysl OTPAKSHHU.

s mpeoOpa3oBaHus YKCeN TaKOro KoAa I'pest Ha3ax B CHCTEMY CUHHCIICHHUS TI0 OCHOBAHHUIO
—2 TIpaBWiIa, pa3yMeeTcs, Te JKe, 9TO U JJI mpeodpazoBaHus 00BIYHOTO Koza I'pest B TBOMYHEBIE
gucia (Tak Kak 3TH OIlepaiiy o0paTHbI APYyT APYTY, He MMEeT 3HAYCHHS, KAK MIMEHHO TPaKTY-
FOTCSl GUTOBBIC CTPOKH, YUACTBYIOIIHE B OTIEPAIIHSX).

13.4. KpaTtkas ucropusi ¥ npuMeHeHue

Kozpr I'pest mostyunnu cBoe HazBanue no nmeHu Opanka ['pes (Frank Gray), ¢usuka u3 Bell
Telephone Laboratories, kotopsiit 8 1930-x rogax u300pes METO/I, B HACTOSIIEE BPEMSI UCIIOb-
3yeMbIil U1 Tiepeady BETHOrO TEJICBHU3HOHHOTO CHUTHAA, COBMECTHMOTO C CYLIECTBYIOLIHMH
METO/IaMH MePEIaur U MOTYUYCHHUS YePHO-0EI0ro CUrHala; T.e. IPH MOJYYSHHUH [[BETHOTO CHUTHA-
J1a 4epHO-0EeNbIM MPUEMHHKOM H300payKEHNHE BBIBOJUTCS OTTEHKAMHU CEPOToO [BETA.
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Maprun Iapauep (Martin Gardner) [15] paccmarpuBan npuMmeHeHre KoaoB I'pest 1j1s pelie-
HUSI TOJIOBOJIOMOK € KUTaHCKUMH KOJBIAMH, XaHOMCKUMH OAITHSMH, U IS TIOCTPOCHUS TaMIITb-
TOHHMAHOBBIX IyTeH B rpade, IpeACTaBIIONeM TUepkyobl. OH TakkKe MoKa3all, KakuM 00pa3oM
MOJKHO ITpe00Opa30BHIBATh YHCIIA U3 IECATHYHOTO TIPEICTABICHNS B ICCSTHIHBIE KOIBI [ pest.

Konsr I'pest ucnonp3yroTcs B gatymkax nojoxkeHus. [IpencraBpre cebe moiocy MaTepua-
71a, KOTOpasi pa3fesieHa Ha MPOBOSIINE M HEIPOBOIAIINE 00JacTH, COOTBETCTBYIONINE HY-
JIIM | eIMHUIAM HelbIx anced koga I'pes. Kaxknas takas mojgoca KOHTaKTHPYET € MMPOBOS-
mei metkoi. Ecnu meTka pacmosiaraeTces HaJ pa3fesionielt JIMHUeH Mexay AByMms obiac-
TAMH TaK, YTO MOJy4daeTcsl HEOJHO3HAYHOE CUMTHIBAHME TO3WIIHMH, TO HE UMEET HHUKAKOTO
3HaueHHUs, KaKk MMEHHO OyJeT pa3pelieHa JaHHas HEOJAHO3HAYHOCTh, MMOCKOJIBKY HEOJIIHO-
3HAYHBIM MOKET OBITH TIOJIOKEHHE TOIBKO OJHOM IMeTKH (M Kak OBl He OTMPEaessioch ee mo-
JIOXeHHe, 3T0 OYIYT JBE COCeNHNE 00IacTH).

[Tomoca maTepnasia MOXXET OBITH CepHel KOHIICHTPHYECKIX KPYTOBBIX JOPOXKEK, KaK MoKa-
3aHO Ha puc. 13.2 (4eThIpe TOYKH YKa3hIBAIOT YETHIPE CUMTHIBAIOIINE LIETKU); B OTOM Ciydae
OyzeT moiydeH IaTYUK YTJIOBOTO TMOJOXEHWS. B maHHOM ciydae, 04eBHAHO, TpeOyeTcs mpu-
MEHEeHHe IUKIMYecKoro koa ['pes.

Puc. 13.2. Jlamyux yenoeoco nonosicerus

13.4. KPATKAA UCTOPUA U ITPUMEHEHUE 231
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I'JTABA 14
KPUBAS I'MJIBBEPTA

B 1890 roay JIxysemmne [eano (Giuseppe Peano) oTKpbLI IIOCKYIO KPHBYIO™ C YIHBHTEITh-
HBIM CBOHCTBOM “3arojiHeHus npocTpaHcTBa’. Takas KpuBas 3aroJiHsjIa eJMHUYHBINA KBaJpatr
Y IIPOXOJINIIA Yepe3 KaXIylo ero TOUKy (X,Y) IO MEeHbIIel Mepe OHH pa3.

Kpusas [leano ocHOBaHa Ha pa3/ieIeHUH KaXI0M CTOPOHBI EMHUYHOTO KBaJ[paTa Ha TPU paB-
HBIE YacTH, KOTOPHIE NEJST €ro Ha JICBATh MEHBIINX KBaApaToB. KpmBas MpOXOAUT 3TH NEBATH
KBAJIpaTOB B ONpPECTICHHOM IMOPAAKE. 3aTeM KaXKIbIi W3 JAEBATH MAaJbIX KBAJPaTOB aHAJIOTHIHO
JeTIUTCS Ha JEBATH 9acTel, M KpHBask MOAU(PUITPYETCS TAKUM 00pa3oM, 9ToOBI 000ITH BCe YacTH
B OIIPEJICIICHHOM TIOPSIIKE. JTa KPHBasi MOXKET OBbITh OIKCAHA C UCIIOJIb30BAHUEM JIPOOHBIX YUCEI,
3aIMCaHHBIX B CHCTEME CYHCIICHUS TI0 OcHOBaHui0 3; [TeaHo ormvican ee BIIepBbIC IMEHHO TaK.

B 1891 roay Jasun I'mnn6ept (David Hilbert) [28] otkpbut BapuanT kpuBoii [leano, ocHo-
BaHHOW Ha JICJICHUU KaXKJIOW CTOPOHBI SAMHUYHOTO KBAJIpaTa HA JBE PAaBHBIC YACTH, YTO JCIHUT
KBaJ[paT Ha YETHIPE MEHBIIKE YaCTH. 3aTeM KaXKIbI M3 YEThIPEX MOJYYHBIIUXCS KBaJPaTOB, B
CBOIO OYepeb, aHAJIOTHYHO EUTCS Ha YeThIpe MEHBIINX KBajaparta v T.A. Ha kaxmoi craann
TaKoTO AeNeHHs | Minp0epT CTPOMI KPHUBYIO, KOTOpas 00XOAWIa BCE WMEIOIIHECS KBaIpaThl.
Kpusas T'minpbepra (KOTOpyro WHOT/IA Ha3bIBalOT KpuBOi Ileano—I misbepra) mpeacTaBiseT
co0OH TIpeneNTbHYI0 KPHUBYIO, MOMYICHHYIO B pe3ylbTaTe TaKoTo moctpoeHns. Ee MoxHO omw-
caThb C IIOMOIIBIO poOeit, 3aMCaHHbBIX B CHCTEME CUHCIICHHUS 110 OCHOBAHHIO 2.

Ha puc. 14.1 nokazaHs! IepBpIe TPH IIara Iocie0BaTeILHOCTH, MIPUBOAAIICH K TOTyYe-
HUIO 3aIOJIHAIONICH MPOCTPAHCTBO KpUBOM [ MiikbepTa, B TOM BHUJIIE, B KOTOPOM OHHU OBUIH TO-
Ka3aHhbI B ero crathe B 1891 rony.

aallasil==ilas
o o
anlianiiezil=m
T ppae
TH—HTH- T
o A T
anlianilaadlins]
TT1 TT1 1

Puc. 14.1. [lepevie mpu kpusvie 8 ROC1e008AMETLHOCU,
onpeoensiiougeri Kpugyro I unbbepma

3mecs MBI TOCTYITIM HEMHOTO MHaue. VcnonezyeM TepmuH “kpuBast ['mnsbepra” ms mro0oi
KPUBOW U3 MOCIIEA0BATEIHLHOCTH TTOCTPOCHHUS 3aIIOTHSIONIEH MPOCTPAaHCTBO KprBoW ['minbepra,
u o “kpuBoii ['mimebepra N-ro mopsaka” OyneT moapasymeBaThes N-s1 KpUBasi MOCIIEI0BATEIb-
HocTH (Ha prc. 14.1 moka3aHsl KPUBBIE TIEPBOTO, BTOPOTO M TPETHETO MOPSIKOB). Kaxkmast kpusast
Hopsiaka N MacumITabupyeTcs MHOXKHUTeneM 2" ¢ TeM, uToObl KOOPAMHATH YITIOB KPHBOiM Hpen-
cTaBJIsUIH co00it Lienble yncia. Takum oOpazom, Hamra kpuBas [ wip0epTa mopsiaka N IMEeT Yriibl
¢ koopauaaTaMu ot O 10 2"—1 1o ocsaMm X u Y. [IpuMeM MOJIOKHUTEIFHBIM HAMPABICHUE BIOJb

KpHBOH OT Touku (X Yy)=(0,0) k (2” —1,0). Ha puc. 14.2 noka3zansl paccMaTpuBaeMble HaMH

MacImTabupoBaHHBIE KpUBBIE | IIb0epTa OT MEpBOTO 10 IMIECTOTO TOPSIKA.

! Hamomuanm — Kpueas NpeACTaBIIACT coboit HENIPEPLIBHOC OT06pa)KeHI/Ie OIHOMEPHOI'O IMPOCTPAHCT-
Ba Ha N-MCpHOEC.
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3?2
0
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Puc. 14.2. Kpuswvie 'unvbepma nopsoxa 1-6
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14.1. PexypcuBHBIil aJITOPUTM NOCTPOeHHs1 KpuBoi I'mib0epra

Jliist Toro 4TOOBI TIOHSITH, KAKMM 00pa3oM CTpomTcs KpuBas [ mipbepTa, pacCMOTpUM BHH-
MaTtenbHO KpuBble Ha puc. 14.2. KpuBas mopsiaka 1 cOCTOMT W3 OTPE3KOB, HANPaBICHHBIX
BBEpX, BIIpaBo U BHU3. KpuBas mopsiaka 2 ciexyeT ToMy ke obmemMy mabinony. CHagana n3o-
Opakaercs U-oOpasHas kpuBasi, uymias BBepX, 3aT€M OT Hee BBEPX HAET OTPE30K, KOTOPBIH
coenuHseTcs ¢ ouepenHoil U-o0pa3Hoii KpHuBOii, HanpaBieHHOH BipaBo. OT Hee UJIeT OTPE30K
BIIPaBO, K Takoi ke U-00pa3HOil KpHBOH, OT KOTOPOI OTPE30K BHM3 BEIET HAc K MOCIEIHEH
U-o0pa3Hoii kpuBOH, Beayuieil BHU3. B pesynbrare u3 mepeBepHyroil U-oOpaszHoi kpuBoi
MIEPBOTO MOpsiKa OyIeT moirydeHa Y -o0pa3Hasi KpUBasi BTOPOTO MOPsIKa.

Kpugyto ['mns0epra 1000r0 mopsiika MOKHO paccMaTpUBaTh Kak ceprro U-00pa3HbIX KpH-
BBIX Pa3HOM OPUEHTALIMH, 332 KAKIOU U3 KOTOPBIX, 32 UCKIIOUEHUEM MOCIEIHEH, ClIeAyeT OTpe-
30K B ONpEJeIeHHOM HampabiieHuu. [Ipm mpeoOpazoBanuu kKpuBoil I'mimpdepTa HEKOTOPOTO
MOpsiIKa B KPUBYIO CIIEAyIONIero nmopsaka kaxaas U-obpa3nas kpuBas mpeodpasyeTcs B
Y -00pa3Hyro KpUBYIO C TOW k€ OOIIei OpHEeHTAINeH, a KaXIbId COSTNHIIOMMNN OTPE30K — B
OTPE30K B TOM )K€ HAIIPABIICHHH.

IpeobpazoBanue kpuBoii I'minbepra nepBoro nopsiaxa (kpusast U ¢ o6IuM HanpasieHueM
BIIPABO U BpAIATEIbHON OPHEHTAIMEN 110 YaCOBOM CTPEJIKe) B KPUBYIO BTOPOTO MOPSIIKA TIPO-
HCXOJIUT CIIEIYIOIINM 00pa3oM.

1. Pucyem U mo HanpaBIeHNIO BBEPX MPOTUB YaCOBOM CTPEIKH.
Pucyem oTpe3ok, HarpaBJICHHBII BBEPX.

Pucyem U o HampaBiIeHHIO BIPaBO 10 YAaCOBOW CTPEIIKE.
Pucyem oTpe3ok, HarpaBlICHHBII BIIPABO.

Pucyem U o HanpaBJIeHUIO BIIPABO M0 YaCOBOW CTPEIIKE.

Pucyem oTpe30k, HallpaBJI€HHbII BHU3.

N o gk~ wdN

PI/IcyeM U o HalpaBJICHUIO BHU3 TIPOTUB YacoBOi CTPCJIKU.

PaccmaTpuBasi KpHBbIe pa3HBIX MOPSJIKOB, MOXHO BHIETh, uTO Bce U, OpueHTHpOBaHHbIE
TaK ke, Kak U B KpuBoi ['miipbepra mepBoro mnopsjuka, TpaHCHOPMHUPYIOTCS TakHM ke oOpa-
30M. CxoHbI HaOOp MpaBUII TpaHCHOPMAIMU MOXKET OBITh CO3/aH [uisi Kaxaoid U-oOpa3Hoii
KpUBOH ¢ Jpyroil opuenTtanueit. Bee aTu nmpaBuiia 1erko yKJIaabBarOTCA B PEKYPCUBHYIO IpO-
rpaMMy TOCTpOeHHs KpuBoi ['mibbepra, mokazaunyto B smctunre 14.1 [58]. B npuBeneHnoi
nporpamme opueHTanms U XxapakTepusyeTcs: AByMs IENbIMU YUCIAMH, KOTOPBIE ONPEEISIOT
HanpasJICHUE U BPalaTeJIbHOE HAIPABICHHUS CIECAYIOINM 00pa3oM:

dir = 0: Bopaso rot = +1: mo yacoBoii cTpenke

dir = 1: BBepx rot = —1 : npoTUB YacoBO CTPEJIKN
dir = 2: pneBo

dir = 3: BHu3

JIucrunr 14.1. 'enepanus kpusoii I'minéepra
void step (int) ;

void hilbert (int dir, int rot, int order)

{
if (order == 0) return;

dir = dir + rot;
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hilbert (dir, -rot, order - 1);
step(dir) ;

dir = dir - rot;

hilbert (dir, rot, order - 1);
step(dir) ;

hilbert (dir, rot, order - 1);
dir = dir - rot;

step (dir) ;

hilbert (dir, -rot, order - 1);

B neiicTBuTeNIbHOCTH TIepeMeHHas dir MOXET IPHHUMATH U JIpyrue 3HaUeHHs, BHE J1aria-
3oHa 03, HO B 3TOM ciTyuae HE0OX0ANMO OpaTh 3HaUeHHe dir 1o Moxrydio 4.

B muctuare 14.2 nprBenena nporpamma-o0o10dka U GYHKIUS step, KOTOpas UCTIONB3YeTcs B
¢yHKIME hilbert. OTa mporpaMma TONMy4aeT B Ka9ecTBE apryMeHTa IOPSIOK TeHEpHUpYeMOM
KkpuBoi I'mip0epTa ¥ BBIBOJWT CIMCOK OTPE3KOB, YKA3bIBas UL KaXKIIOTO HAIpPaBJICHHE IepeMe-
IIEHVS ¥ JJIMHY KPHBOW /10 KOHIIA OTpe3Ka, a Taroke KOOPAWHATHI KOHIlA TEKyIIero orpeska. Ha-
mpuMep, U1 KprBoit [ mimsbepTa BTOPOTo MopsiKa BEIBOA IIPOTPAMMBI OKa3bIBASTCS CIIETYIOIINM:

0000 00 0O
0001 01 00
0010 01 01
0011 00 01
0100 00 10
0101 00 11
0110 01 11
0111 01 10
1000 10 10
1001 10 11
0 1010 11 11
-1 1011 11 10
-1 1100 11 01
-2 1101 10 01
-1 1110 10 00
0 1111 11 0O

o

PO RORRLRNREO

JIucrunr 14.2. [Iporpamma-060J104Ka J1J1s1 reHepaTopa KpuBoii I'minéepra

#include <stdio.h>
#include <stdlib.h>

int x = -1, y = 0; // T'moBajbHEE [IEepPEeMEeHHEE
int 1 = 0; // PaccTosHME BIOOJIb KPUBOM
int blen; // IOamHa BHBOIA

void hilbert (int dir, int rot, int order);

void binary (unsigned k, int len, char *sg)
{
/* IlpeobpaszoBaHue Ge33HAKOBOTO LEJOTO k B CTPOKY
CMMBOJIOB. Pes3ysibTaT XpaHUTCsS B CTPOKEe S IJMHH len.
*/
int 1i;
s[len] = 0;
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for (i =

len - 1; 1 >= 0; 1i--)

if (k & 1) s[i] = '1';
else s[i] = '0';
k =k > 1;

}

void step(int dir)

{

char 11[3317,
switch(dir & 3)

1:
2:
3:

case 0:
case
case
case
}
binary (i,
binary (x,
binary (y,
printf ("%$5d
i =1+ 1;

int main(int argc,

’

int order;
order = atoi(argvI[l]);
blen = order;
// BHIBOI HadaJIbHOM TOUKM

step(0);

hilbert (0

return 0;

14.2. TlpeoGpa3oBaHue paccTosiHUS B10JIb KPpuBoii I'miiboepra

xx[17], yyl[17];

X
Yy
X

Y

1,

; break;
; break;
; break;
; break;

o+ o+
B R R

1
KXK X~

2*blen, 1ii);

blen, xx);
blen, yy);
%$s %s %s\n", dir,

char *argvI[l]) {

order) ;

B KOOPpAHHATDLI

{

ii,
// YBeludeHre pacCTOSHUSI

XX, YY)i

JU1st TOro 4ToObl HANTH KOOPIMHATHL (X,Y) TOUKH, ONPENENAEMOI PACCTOSIHUEM S BIIOJIb KPU-

Boit ['mimb0OepTa mopsiaka N, 3aMeTHM, YTO CTapIive JBa Outa 2N-0MTOBOTO YHMCTa S ONPENCISIOT, B
KaKOM KBaJpaHTe HaXOJIUTCS TOUKa. JTO MMPOUCXOINT MOTOMY, UTO KpHBasi [ mip0epTa 1r060ro mo-
psiaKa ciemyeT o0mmemMy n1abjJoHy KpHBOI mepBoro nopsaka. Ecim npa crapmmx 6uta S pasast 00,
TOYKA HAXOJUTCS TJIe-TO B HIDKHEM JieBoM kBaapanTe; 01 yka3biBaeT Ha BEpXHUIA JICBbIH KBapaHT,
10 — npaBblii BepxHUiA KBagpaHT, ¥ 11 — HiokHMiT npaBelii kBagpaHT. Takum oOpasom, /Ba crap-

mux oura S OonpeaACIAI0T CTapIIue OHUTHI N-OUTOBLIX YUCE X U Y, KaK IOKa3aHO HUXKE.

JIBa crapmmnx Oura S

Crapiue Gutbl (X, Y)

00
01
10
11

(0,0
(0, 1)
(1, 1)
1.9

B mo6o#i kpuBoit ['mimbOepra BCTpEHarOTCS TOJBKO YETHIPE W3 BOCBMH BO3MOKHBIX
U-00pasubix kpuBbiX. OHH TpadudecKu Mmokazanel B Tabi. 14.1, rae mpuBeneHO TakKe OTO-
OpakeHHe NBYX OMTOB S Ha €IMHUYHBIC OMTHI X U Y.

14.2. IPEOBPA3BOBAHUE PACCTOSHMS BJIOJIb KPUBOU TMJIBBEPTA ...
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Tadanna 14.1. Yerbipe BO3MOKHBIX 0TOOPaKEeHHsI

A B C D

K M t ] L.

00— (0,00 [00— (0,00 [00— (1,1 [00- (1 1)
01-(0,1) |01—>(1,0 |01-(1,0) |01-(0 1)
10> (1,1) |10-(1,1) |10-(0,0) | 10— (0,0)
11-(1,0) |11-5(0,1) |11-(0,1) |11-(10)

3amernM, uto Ha puc. 14.2 Bo Bcex ciydasx U-oOpasHast KpuBasi, pescTaBieHHas 0ToOpa-
xerneM A (V) craHOBUTCS Ha CIeMyromeM ypoBHe aetanusanuu U-o6pa3sHoil KpuBOiA, mipes-
CTaBJIeHHOI oToOpaxenusmu B, A, A wiu D (B 3aBUCHMOCTH OT PacCTOSHHUSI OT Ha4ana UCXOJ-
noro oroopaxenus A — 0, 1, 2 wim 3). Ananornuno, U-oOpasHast KpuBasi, NpeACTaBIECHHAs
otobpaxennem B (1), Ha cremyromem ypoBHE NETaTN3alliu CTAHOBHTCS TIPEICTABIEHHON OTO-
Opaxenusvu A, B, B wiu C (B 3aBUCHMOCTH OT pacCTOSHMS BIOJIb HCXOAHON KpuBoii — 0, 1, 2
i 3). Pe3ysbTaToM Taknx HaOIOAEHNUH siBisietcst Tabi. 14.2, B KOTOpO# TpeCTaBICHBI Tepe-
XOJIbI MEXKY COCTOSTHUSIMHU, COOTBETCTBYIOIIUME OTOOPaKEHHSM, [TOKa3aHHBIM B Ta0i. 14.1.

Ta6auua 14.2. Tabauua nepexoaoB COCTOSIHUI /st BoIumcaenus (X, y) u3 S

Ecan Tekyiee H cJeayriue To 100aBJsieM H NePeXOoIuM
COCTOSTHHE (cnpaBa) 6uThI S K (X,y) K COCTOSIHHIO

A 00 (0,0) B

A 01 0,1 A

A 10 1,1 A

A 11 1,0 D

B 00 0,0 A

B 01 (14,0 B

B 10 1,1 B

B 11 ©,1) C

C 00 1,1 D

C 01 14,0 C

C 10 (0,0) Cc

C 11 0,1 B

D 00 1,1 C

D 01 ©,1) D

D 10 (0,0) D

D 11 (14,0 A

J1nist MCTIoNIb30BaHUsL ATOM TabuUIbl HauHeM ¢ cocTosiHust A. Llenoe S ciienyer MOMOIHUTD
HEOOXOIUMBIM KOJIMYECTBOM HYJIEBBIX OMTOB CJI€Ba C T€M, YTOOBI €r0 JUIMHA CTajla paBHOH 2N
OuTOB, IyIe N — Mops oK kpuBoi ['msOepra. ITocie aToro ckaHupyem MmonapHo OWTHI S clieBa
HarpaBo. [lepBas crpoka Tabim. 14.2 o3Hauaer, YTO €CIM TEKYIIUM COCTOSIHUEM SBisieTcs A U
CKaHHpOBaHHas apa Ooutoe S pasHa 00, To MbI mosy4yaeM Ha Bbixoze (0,0) u mepexoaum K co-
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cTosiHUIO B, mocie yero cuuThiBacM OYepeIHbIC Ba OWTa CIOBA S. AHAJIOTHYHO, BTOpasi CTPO-
ka Tabmn. 14.2 o3HayaeT, 4TO €CIIM TeKYyIIUM COCTOSHHEM sIBIsieTcs A, a CKaHMpPOBaHHAs Tapa
6utoB Spasaa 01, To Ha Berxoe MbI osrydaeM (0, 1) u octaeMcst B cocTosTHAM A.

[Mosyuaemble Ha BbIXOJIe OUTHI HAKAIUTUBAIOTCS B TOPs/IKE ciieBa HanpaBo. Korma S okasbl-
BaeTCsl CKAHUPOBAaHHBIM 0 KOHI[A, MbI MOJYy4aeM Ha BBIXOJE N-OUTOBbIC BEIHYHHBI X H Y.
[Ipennonoxum B kauecTBe nmpumepa, uto N=3 u S=110100. [Tockonbky mporecc HaYMHASTCS B
COCTOSTHHUH A ¥ TIepBbIe CKaHMPOBaHHBIC OUTHI paBHBI 11, MbI osrydaem Ha Bxoge (1,0) u me-
pexomum B coctositne D (ueTBeprast ctpoka Tadn. 14.2). 3arem, Haxomsch B cocTosiHUE D 1
moJry4asi ouepeHyro napy outos S, pauyto 01, B coorBeTcTBHU ¢ 14-ii cTpoKoit Tabn. 14.2 Ml
nosiyuaem Ha Bbixojie (0,1) u ocraemcst B coctosianu D. U Hakowerr, nocneanss mapa 6utos 00
naet Ham Ha Beixojie (1,1) u nepeBoaut Hac B coctosinue C (XOTs, MOCKOJIBKY CTPOKA S CKaHHU-
POBaHa JI0 KOHIIA, 3TO COCTOSHKUE HE UTPAET HUKAKOH POJIH).

Hrak, B pe3ysbTare CKAaHHPOBAHMS U TIepexo10B moydena mapa (101,011), T.e. Xx=5u y=3.

Peanusyrorias onucaHHbI aJrOpuTM MporpamMma Ha si3bike nporpammupoBanus C mpuse-
nera B jguctuare 14.3. B 3T0M mporpamMme TEeKyIee COCTOSHHIE MPEACTaBICHO IEIBIM UCIIOM
n3 amama3ona 0-3, cooTBercTByMomero cocrosausM A—D. B mpucBoeHnn mepeMeHHOW row
TEKyIee COCTOSHIE O0BEIUHSIETCS C OUYEPEAHBIMU JBYMsI OUTaMu s, AaBas 1enoe 4ucio ot 0
1o 15, koTopoe npezcrasisier codoi HoMep cTpokH B Tadi. 14.2. IlepemeHHast row UCIIOJb3Y-
€TCs IPU OOpAIICHUH K LENBIM YHCIaM, KOTOPBIC TPEACTABISAIOT COOOH JIBa MPaBBIX CTOJIONA
Tabn. 14.2, T.e., MO0 CyTH, OCYIIECTBISACTCS TAaOJMYHBINA MOWCK B perucrpe. B UCmoib3yembIx
[IECTHAAIATCPUYHBIX 3HAYCHUSIX OUTHI CICBa HAIPABO COOTBETCTBYIOT 3HAYCHUsM TaoOi. 14.2,
MPOCMAaTPUBAEMbIM CHHU3Y BBEPX.

JIncrunr 14.3. [IporpaMma 151 BHIYHCIEHUS X M Y 10 3HAYEHHIO S

void hil_xy_ from_s (unsigned s, int n,
unsigned *xp, unsigned *yp)

int 1i;
unsigned state, X, y, row;
state = 0; // VHMUMaImMsauusa
x =y = 0;
for (i = 2*n - 2; 1 >= 0; 1 -= 2) // BBIOJHUTL N pas
{
row = 4*state | (s >> i) & 3; // Crpoka B TaBnuue
x = (x << 1) | (0x936C >> row) & 1;
y = (y << 1) | (0x39C6 >> row) & 1;
state =
(0x3E6B94C1 >> 2*row) & 3; // HoBoe cCoOCTOSHUE
}
*Xp = X; // BosBpar
*YpP = Y // pesyibTaToB

B [44] npuBOAMTCS HECKOJBKO WHOM alropuTM. B OTiMuMe OT ajropuTMa U3 JIMCTHH-
ra 14.3, oH ckaHUpYyeT OWTHI S CTIpaBa HAJIEBO. AJITOPUTM 0a3upyeTcs Ha TOM, YTO MOYKHO OTO-
Opa3uTh MiajuIMe 3Ha4aliue OUTHL S Ha (X,Y), OCHOBBIBAsCh Ha KpHBOH I'mibbepTa nepBoro
MOPs/IKa, MOCIIE Yero MepeXouTh K TECTUPOBAHUIO CIIEAYIONIEeH mapbl OutoB S. Ecnu onu pas-
Hbl 00, TO TOJIBKO YTO BHIYHCIICHHBIE 3HAYECHHS (X,Y) JOIDKHBI IIOMEHATHCS MECTaMH (YTO CO-

OTBETCTBYET OTPaXKEHHIO OTHOCHTEIBHO TPsiMoii X=Y (cM. puc. 14.1, KpuBbIe TIEPBOTO U BTO-
poro nopska). Eciau atu 6utel pasubl 01 wiu 10, To 3HAUEHHS X M Y OCTAIOTCSI HEM3MEHHBIMH.
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U HakoHerl, eciiu 3HaUeHUE Napbl OUTOB paBHO 11, TO 3HaYCHUS X U Y OOMEHHBAIOTCS M K HUM
MPUMEHSICTCS ONEPAIUs AOMOJHEeHMs. Te e IpaBuiia MPUMEHSIOTCS U NP AaJbHEUIIeM CKa-
HUPOBAHUH OUTOBOM CTPOKHU S. DTOT arOPUTM CXEMATHYHO MpejacTaBieH B Tabm. 14.3, a pea-
TU3YIONINi ero ko — B auctuHre 14.4. MHTepecHo, 4To cHavaixa MOKHO JOOABIISATH OUTHI K X
1Y, a y)Ke 3aTeM BBIMOJIHSTH ONEpalii OOMEHa M JIOTIOJHEHHsI HaJl Oy4YeHHbIMU 3HAUCHHS-
MH, BKJIIOYAIOIIMMH TOJIBKO YTO J00aBICHHBIC OUTHI; Pe3yIbTaT OKAXKETCS TEM JKE, YTO M MPH
nobaBiaeHNN OMTOB ITOCiIE OOMEHA M TOTIOJTHEHUS.

Taoauua 14.3. Meroa BeruncieHus (X,Y) no 3uauenuio s [44]

Ecau cienywmue
/YOIt U 100aBJIsIeM

aBa 0uTa S TO cnepenn k (X, )
cJieBa PaBHBI
00 OOMeHuBaeM X 1 Y (0,0)
01 OcrasisieM X 11 Y 63 U3MeHEeHUH ©,1)
10 OcrasisieM X 1 Y 63 H3MeHEeHUH 1,1)

OOMeHHBaeM X U Y U BBITIOTHIEM
OTepaluio JOTOTHEHHS

1 (1,0

Jluctunr 14.4. Meron Bbruuciaenus (X,Y) mo 3Havyenuro S [44]
void hil_xy_ from_ s (unsigned s, int n,
unsigned *xp, unsigned *yp)

int i, sa, sb;
unsigned x, y, temp;

for (1 = 0; 1 < 2*n; 1 += 2) {
sa = (s >> (i+1)) & 1; // Bur i+l cTpoxu s
sb = (s >> 1) & 1; // Bur i CTPOKM S
if ((sa » sb) == 0)
{ // Eciu sa,sb = 00 wmm 11,
temp = Xx; // ofbMeHUBaAeM X U Y
x = y*(-sa); // n, eciu sa = 1,
v = temp” (-sa); // DOOIOoJIHSAEeM uX
}
x = (x >> 1) |
(sa << 31); // IDobaBiseM sa K X U
y = (y > 1) |
((sa » sb) << 31); // (sa”“sb) x y (cnepenu)
}
*Xp = X >> (32 - n); // BHIpaBHMBaeM X U Yy BIPaBO
*vp = yv >> (32 - n); // v BO3BpamaeMm ux

[lepemenHble x ¥ y B nucTuHre 14.4 He MHUIMATM3UPOBAHbI, YTO B HEKOTOPBIX KOMIIHMJIATO-
pax MOXKET MPHUBECTH K coo0IeHnio 00 ommbke. OHAKO NPUBEAECHHBIN KOJI KOPPEKTHO (YHK-
LIMOHUPYET HE3aBUCHUMO OT TOT'0, KaKHe 3HaYEeHHsI IMEITN IepeMEHHbIE X U y W3HAYaJIbHO.

YcnoBHOro nepexosa B uukie B auctuHre 14.4 MoxxHO n30exathb, €Clii BOCIIOJIB30BaThCs pac-
cMartpuBaBIIMMCs B pazzene 2.19 npuemom “tpex uckmouaroupux umd” . Biaok if mpu 5TOM MOXKHO
3aMEHHTB CIICAYIOIIMM KOJIOM (371eCh swap M cmpl — 0Ge33HAKOBbIC LeJIbIe TIEPEMEHHBIE):
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swap = (sa ~ sb) - 1;

// Eciu Tpebyercs obmeH, -1; B HNpoTMBHOM ciydae 0
cmpl = -(sa & sb);

// Eciu TpebyeTcs »nomnojiHeHue, -1; B NPOTMBHOM ciydae 0
X =x"vy;
vy =y ~ (x & swap) © cmpl;
X =x"vy;

OpnHako mpu 3TOM TpeOyeTCs BHINOJIHEHUE AEBSITH KOMaH[, B TO BpPeMsI KaK IPH HCHOIb30Ba-
HHUH YCJIOBHOTO NEPEX0/ia JOCTATOYHO TOJIBKO ABYX WIIM IIECTH, B 3aBUCHMOCTH OT BBITIOJHE-
HUSI YCIIOBUS, TaK 9TO, BO3MOXHO, OTKa3 OT yCIIOBHOTO IIEPEX0/ia B JAHHOM CITydae — HE JIyd-
111 BBIOOP.

Unest “obmena u nononHeHus” u3 [44] moaCKa3bIBaeT JIOTHYCCKYIO CXEMY IS OCTPOCHHUS
kpuBoil I'mibOepra. Mnes, nexamias B OCHOBE ONMCHIBAEMOM Jlajiee CXEMBI, COCTOUT B TOM,
4TOOBI, MPOXOJIS BJIOJb KPUBOM N-TO MOpsiika, BEI 0TOOpa)kaiy mapbl OUTOB S B KOOP/MHATEI
(x,y) B cooTBeTCTBUH C 0TOOpaxkeHHeM A u3 Tadin. 14.1. IIpyu npoXoXkIeHnH pa3IM4HbEIX 00-
JacTe KOOPIMHATHI, MTOMYYEHHbBIE B PE3YIbTaTe 0TOOPAKEHHS, MOTYT MEHSITHCSI MECTaMH, [0~
MIOJHATHCSA OO HaJ HUMH MOTYT BBINOJHATECS 00€ 3T omepanuu. Cxema, MOKa3aHHAs Ha
puc. 14.3, oTciexuBaeT HEOOXOAUMOCTh BBIITOJIHEHHUS JAHHBIX OTEpalnii Ha KaKJIOM Imare,
UCIIONB3YET COOTBETCTBYIOIIEE OTOOpaKeHNEe ABYX OUTOB S Ha (X,Y,) M T€HEPUPYET CHIHAIIBI

obMmeHa u JONOJIHEHUA IJI CJICAYIOUIETO 1Iara.

S2n-1 S2n-2 S2i+1 S2i 51 5o
0 —>f —> ce Si1 —> > S; —>
0—> —> Ci1 —> —> C; —>

Xn-1 Yn-1 Xi Yi X0 Yo

% = I:%Hl ® (SZiS+1):| ®C.,

Y = |:SZi ®s,,,® (SZiS+1):| @G,
§=3. ®(%i = %Hl)
C=C.® (SZi%Hl)

Puc. 14.3. Jloeuueckas cxema ona evruucinenus (X,y) no snasenuio S

[Ipeanonoxum, 4To UMEETCs PErucTp, COAEpKalUil JUIMHY IyTH S BAOJb KpUBOM I'Miib-
OepTa U cxXeMbl AJIs ee yBeImUeHus. Toraa Ui MOoMcKa CleAyromei Touku KpuBoi [ mipbepra
CIIEAyeT CHaydala yBEIMYWTh 3HA4UCHHE S, a 3aTeM IpeoOpa3oBaTh €ro TaK, KaK ITOKa3aHO B
Tabn. 14.4. TIpeoOpazoBaHus S B TaOJHIIE BHIMOJIHIIOTCS ClIeBa HAIMPaBO, YTO CO3/IaET OMpee-
JICHHBIE TPYTHOCTH, TAaK KaK YBEJIHMYEHHE S— IIPOIECC, 3aTParvBalOMINi OUTHI B IOPSAKE
crpaBa HasieBo. Takum 00pa3oM, BpeMsi, HEOOXOAMMOE JUIS TeHEepalliy OYEPETHON TOUKH KPH-
Boii ['mpbepTa N-ro mopsiaKa, MPONOPIHOHAIEHO 2N (A/st yBenuueHus S) wioc N (st npeoo-
pa3oBaHUA S B apy KOOPIAMHAT (X,Y)) .
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Taéauna 14.4. Jloruka BerauciaeHuii (X,y) mo 3Ha4eHHIO S

Ecau ouepennas (cnpasa) TO 100aBJIsAEM K
napa GMTOB S paBHa x,y) " ycraHas Hpacm
00 (0,0 Swap = swap
01 0,1 be3 usmenenuit
10 1 be3 usmenenuit
1 1,0 swap = swap , cmpl = cmpl
" BO3MOYXHO, 0GMEHEHHBIE HITH TOMOTHEHHBIE

Ha puc. 14.3 3Tu BBIYKCIICHNUSI TOKA3aHbI B BU/IE JOTHUECKON cxeMbl (S 0003HaYaeT CUrHal
obmena, a C — curHan JOTOTHEHHUS).

B cxeme Ha puc. 14.3 npearaeTcs Ipyroi MyTh BEIYUCIEHHS (X,Y) 10 3HaueHHio S. O6-

paruTe BHMMaHHE Ha TO, KAaK CHTHAJILI OOMEHa M JOTIOJIHEHHUS PACHPOCTPAHSIIOTCS ClIeBa Ha-
mpaBo depe3 N craauii. TakuM 00pa3oM, 31€Ch MOKHO MPUMEHUTH METO/I MAPaUICIIbLHOTO Mpe-
¢bukca m1s 6eicTporo (He 32 n—1, a 3a log,n maroB) pacnpoctpaHeHus nHdopManuu 0d 06-
MEHE W JONOJHEHUH IO BCEM CTaJusIM, a 3aTeM WCIOJIb30BaTh HEKOTOPHIC MOOUTOBEIC
OIEpaNUu JUIS BBIYUCICHHS X M Y C HCIOJIh30BAHUEM MPHUBEICHHBIX Ha puc. 14.3 ypaBHEHMIA.
3HayeHUs X ¥ Y MEePEeMEIIaHbl, © UX OUTHI HAXOASTCSA B YETHBIX U HEUCTHBIX MO3HIIUAX CIIOBA,
TaK YTO UX CJIEAYyeT HM3BIeYb OTTyJa C HCIOJIb30BaHHEM WH(opMaiumu u3 paszzuena 7.2. Ito
MOJKET MOKa3aThCs HECKOJIBKO CIIOXHBIM M OKYITAONIUMCS TOJBKO JIJIs OOJBINUX 3HAYCHUIM N,
OJTHAKO JaBalTe MMOCMOTPHM, KaK BCE IPOMCXOIMT Ha CAaMOM JIeJIe.

Iporeaypa, peanusyromas OMUCAHHYIO OTIEpalnio, TpuBeaeHa B uctunre 14.5 [19]. Dra
[polLIelypa ONepUPYET C BEIMUMHAMHE, [TPEACTABISIONUMU COOO#l MOJHbIE CII0BA, TAK YTO CHA-
Yyaja BXOJHOE 3HaueHHWe S nomnoyHsercs ciepa ouramu ‘01 (9Ta GMTOBas KOMOMHAIMS HE
BJIMSET HAa KOJMYECTBO OOMEHOB M JIOMOJHEHHI). 3aTeM BBIYMCIETCS BeanumMHa cs (comple-
ment-swap, IoMoJIHEHHE-00MeH). ITO CJIOBO MMEET BHI CSCS..CS, IJI€ KaXIbIA OTIEIbHBIN
out c, Oynyun 1, o3Hayaer, YTO COOTBETCTBYIOMIAs Mapa OMTOB NOJKHA OBITH JIOTIONTHEHA, a
S — YTO COOTBETCTBYIOIIIAs MTapa OMTOB JIOJDKHA OBITh OOMEHEHA B COOTBETCTBUU ¢ Tabiu. 14.3.
Jpyrumu cioBamu, Kaxnas mapa OUTOB S 0TOOpakaeTcsl B Mapy cs CISAYIOIIMM 00pa3oM:

Si+1 Si cs
0 0 01
0 1 00
1 0 00
1 1 11

3TO M ecTh Ta BENMYMHA, K KOTOPOH MBI XOTHM IPUMEHHTH OIEPalHIo MapaijieIbHOro
npedukca, a umenHo PP-XOR. Onepatust npuMeHsieTcsl clieBa HalpaBo, MOCKOJIbKY MOCie0-
BaTeJbHbIE €AMHUYHbIE OWTHI, O3HAYAIOUINE JOTIOJIHEHNE WM OOMEH, MMEIOT Te e JIornye-
CKHe CBOWCTBA, YTO W ONEPALUS UCKIIOYAIOWe20 Ul JIBA TIOCIEI0BATEIbHBIX eIMHUYHBIX OU-
Ta B3aMMHO HCKJIIOYAIOT JIPYT JIpyra.

Jluctunr 14.5. Meron napasuieasHoro npedukca st Bbraucaenus (X,Y)
10 3HAYEHHIO S
void hil_xy_ from_s(unsigned s, int n,
unsigned *xp, unsigned *yp)
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unsigned comp, swap, cs, t, sr;

s = s | (0x55555555 << 2*n); // 3anojHgeM s cJieBa IlapaMmu

sr = (s >> 1) & 0x55555555; // 01 (6e3 m3MeHeHMIN)

cs = ((s & 0x55555555) + sr) // BeuMciaAeM Oapsl OONOJIHEHUM
~ 0x55555555; // n oBOMEHOB

Onepauusa PP-XOR pacnpocTpaHgeT MHOOPMALMIO O IOINOJIHEHUSIX
1 oBMeHax cJjieBa HamnpaBo, IapaMu (mar cs = cs >> 1
OTCYTCTBYET), YTO IaeT B pe3yJibTaTe IBe ollepaluun

rnapajjeyibHOTO npedukca Hal OByMS YepelyolMMUCS

// MHOXecTBaMu M3 16 OUTOB Kaxmoe
cs = cs * (cs >> 2);
cs = cs © (cs >> 4);
cs = cs * (cs >> 8);
cs = cs ~ (cs >> 16);
swap = cs & 0x55555555; // PaspeiyisgeM OUTE OoOMeHa
comp = (cs >> 1) & 0x55555555; // ¥ IONOJIHEHUS
t = (s & swap) © comp; // BeUMCJISEM X UM Y B
s =s " sr ~t "~ (t << 1); // HEUEeTHBIX U UeTHHX
// To3ULMSX
s =8 & ((1 << 2*n) - 1); // YOupaem JumHMe OUTH CJIeBa

// PaspmejysgeM 3HAUEHUS X U Y

t = (s * (s > 1)) & 0x22222222; s = s ~ t ~ (t << 1);
t = (s~ (s >> 2)) & 0x0COCOCOC; s =8 ~ t ©~ (t << 2);
t = (s " (s > 4)) & 0x00F000F0; s = s ~ t ~ (t << 4);
t = (s~ (s > 8)) & 0x0000FF00; s = s ~ t ~ (t << 8);
*Xp = s >> 16; // llpucBarMBaeM [IEePEeMeHHHM 3Ha4YeHUs
*vyp = s & OxXFFFF; // X ny

O06a curnajia (monodHeHHs 1 0OMEHA) pACIPOCTPAHAIOTCA OJHOM M TOM K€ orepamuen
PP-XOR.

Crnemyromniye 4eThpe IPUCBOCHHS TPAHCIUPYIOT KOKAYIO Hapy OMTOB s B 3Ha4eHHS (X,Yy),
[/Ie X COCTOHMT M3 OWTOB, HAXOMIIINXCSI B HEUCTHBIX (JIEBBIX) MO3HULMSX, @ y — W3 OUTOB B 4YeT-
HBIX MO3MLMAX. XOTs caMa JIOTHKa MOYKeT MOKa3aThCs M HENOHSTHOH, He TaK YK CIOXKHO yOe-
IUTECS B TOM, YTO Ka)khas Iapa OUTOB s IpeoOpa3yercst B COOTBETCTBHHU C IIEPBBIMH JABYMS
ypaBHeHUsIME Ha puc. 14.3 (yka3aHue: pacCMOTPHTE OTAEIBHO Mpeodpa3oBaHus OUTOB B YETHBIX
Y HEYCTHBIX MO3MUMSX, He 3a0bIBast O TOM, YTO B HEUETHBIX IIO3ULHSIX OUTH t U sr paBHbl 0).

OcraBiasicss yacTh NpoLeaAypsl oueBUHa. Becero ona tpeOyer BbinoiHeHUst 66 06a30BbIX
RISC-komanz (6e3 BeTBIICHHIT), B TO BpeMs Kak Koj U3 JuctuHra 14.2 TpedyeT B CpeiHEM BbI-
nosHeHnsT 19n+10 KoMaHZ (BBIYKCICHO HA OCHOBE CKOMIIMIMPOBAHHOTO Koaa). Takum obpa-
30M, yKe IIpH N >3 MeTO/ NapauiesIbHOTo NpeduKca OKa3biBaeTcs 0oiee ObICTPBIM.

14.3. Ilpeodpa3oBaHue KOOPAUHAT B PACCTOSIHUE
B/10J1b KpuBO# ['mibOepra
Ecnun 3aaHbl KOOPAWHATBHI TOUYKH Ha KpI/IBOﬁ rHJ’IbGepTa, TO pacCTOsIHUC 10 J.'[aHHOﬁ TOYKH

BJIOJIb KPUBOM OT €€ Hayajla MOXKHO BBIYHMCIIUTD ITPU TIOMOIIN TaOJIUIIEI IEPEX0I0B COCTOSHUH,
noJo6HoM Tabi. 14.2. [lns Hamei 3a1a4n TakoW TaOJIMIeH repexooB sBisieTcs Tadin. 14.5.
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Tadanna 14.5. Tadanua nepexo10B COCTOSIHUIA AJIs1 BBIYUCTEHHS S
1o 3HaueHusMm (X,Y)

Ecin Tekyiee M cJIeAylole cpaBa 1Ba To 100aBJisieM K S M NepexogumM
COCTOSTHME ouTa (X,Y) paBHBI B COCTOsSIHHE

A (0,0) 00 B

A ©, 1) 01 A

A (1,0) 11 D

A (1, 1) 10 A

B (0,0) 00 A

B (©, 1) 11 C

B (1,0) 01 B

B (1, 1) 10 B

C (0,0) 10 C

C (©, 1) 11 B

C (1,0) 01 C

c (1, 1) 00 D

D (0,0) 10 D

D (, 1) 01 D

D (1,0) 11 A

D (1, 1) 00 C

Pabora c aTo0ii TabnMIEH aHanornyHa paborte ¢ TaOMUIEH Nepexoj0B COCTOSHUN B MPEbl-
aymeM pasaene. CHavana 3Ha4eHUs X U Y JOJIKHBI OBITh JOTIOJIHEHBI CI€Ba BEAYIIUMH HyJle-
BBIMU OUTaMM C Te€M, YTOOBI JUIMHA OMTOBBIX CTPOK, NMPEACTABISIIONINX TH BEJIWYMHBI, CTaja
paBHO# N, Te N — MOpPsIOK paccMaTpuBaeMoi KpuBoi ['unbOepra. 3atem OUTHI X M Y CKaHU-

PYIOTCs CJIeBa HAIIPABO, U 3HAYCHUE S CTPOUTCS B TOM K€ HAIIPABJIICHUMU.

[Iporpamma Ha s3bIKe porpammupoBanus C, peanmsyromiast STH ASUCTBU, IpeACcTaBIeHa

B ymctunre 14.6.

Jluctunr 14.6. Ilporpamma 1151 BBIYMCJIEHHUS S 110 3HAYeHHAM (X, Y)
unsigned hil_s_from_xy (unsigned x,

{

int 1i;
unsigned state, s, row;
state = 0;
s = 0;
for (i =n - 1; i >= 0; i--) {
row = 4*state | 2*((x >> 1) & 1)

s = (
state
}

return s;

244

unsigned y, int n)

// VHMUMaImM3aums

| (v >> 1) & 1;
s << 2) | (0x361lE9CB4 >> 2*row) & 3;

(0x8FE65831 >> 2*row) & 3;
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B [44] npuBesieH aaroput™ JUls BEIYUCIECHUS S 10 3HAYEHUSIM (X,Y), TIOXO0KHI HA COOTBETCT-
BYIOIIHIA aJITOPUTM JIJIsS BBIYUCIICHUN B OOpaTHOM HampaBiieHUH — (X,Y) 1Mo 3Ha4YeHUIo S. DTOT aj-
TOPUTM OCHOBaH Ha CKaHMPOBAHMH CJIeBa HAIPABO W MoKa3aH B Ta0i. 14.6 u muctunre 14.7.

Taéauna 14.6. Meroa BbIYuciieHus S no 3HaYeHusm (X,Y) [44]

Ecau ciaenyromue nBa 6uta

TO H 100aBJisieM K S
(X,y) cipaBa paBHbI
(0,0) OOMeHMBaEM X U Y 00
0,1 OcrapisieM X 1 Y 03 U3MEHEHU I 01
1,0 OOMeHNBaeM X 1 Y ¥ BBITIOJIHSIEM OTIe- 11

paluio JOMOJTHCHU

1,1 OcrasisieM X 1 Y 6e3 U3MeHeHuH 10

JluctuHr 14.7. Meron BbIYHCIEHHS S 10 3HaYeHUsAM (X,Y) [44]
unsigned hil_s_from_xy (unsigned x,

unsigned y, int n)
int i, xi, yi;
unsigned s, temp;

s = 0; // VHUUManusauus
for (i =n - 1; 1 >= 0; i--) {
xi = (x > 1) & 1; // TomydaeMm i-i1 6ur x
vi = (y >> 1) & 1; // TlomyyaeMm 1-1 OuT y
if (yi == 0) {
temp = x; // ObMeHMBaeM X U Yy U,
x = yN(-x1); // ecim xi = 1,
v = temp” (-xi); // IHOOINOJIHAEM UX
}
s = 4*s + 2*xi + (xi”yi); // IobBamBngeMm mBa 0OuTa K S
}
return s;

14.4. YBennuenne koopauHat kpuBoii I'nibs0epra

ITycTs 3amaHe! KOOPAMHATHI (X,Yy) TOUKM Ha KpuBoH ['HibbepTa N-ro mopsaka. Kakum obpaszom

MOYXHO HAWTH KOOPIUHATHI ClieIytommei Toukn? [IpocTedmii myTh, KOHEYHO, COCTOUT B Iipeodpa-
30BaHMU KOOPJIMHAT B PACCTOSHUC BJIOJIb KPUBOH S, yBenuueHUn S Ha 1 1 00paTHOM mpeoOpas3oBa-
HUHM B KOOPJIMHATEI (X,Y) C HCIOJB30BAHUEM OITMCAHHBIX B HPEIBLIYIIHX Pa3/ieax alOpHTMOB.

Borsee ynaunsiii (HO He CITHIIIKOM) IyTh OCHOBBIBAETCS HA TOM (haKTe, YTO MPHU TEPEMEICHUN
BIIOJIb KpHBO# | mithOepTa Ha KaXKIIOM IIare WM X, Wi Y, HO He 00e BeTIMIUHBI OTHOBPEMEHHO JIH-
00 yBemm4IHUBarOTCs, MO0 yMeHbpIIatoTcs Ha 1. [ToaToMy MOXHO pa3paboTaTh alropuT™, KOTOPEIH
CKaHUPYeT KOOPAMHATHI CJIeBa HAIPABO UIS OMpEAeIeHNs TOro, Kakod Tun U-00pa3Hoil KpHBOiA
TIPECTABIISIOT COOOW Milammme aBa OWTa. 3aTeM Ha OCHOBAaHWHW 3TOW MH(MOPMAIMKM M 3HAYCHUS
JBYX MJIQAIIAX OUTOB OCYIIECTBISIETCS YBEIMUICHIE HITH YMEHBIIICHHE X AN Y.

B manmHOM anropuTMe ecTh CIOKHOCTH, BO3HHKAMOI[asg Ha KakJIOM YETBEPTOM IIare,
KOTJla paccMaTpuBaeMasi TouKa OKa3biBaeTcs B KoHIle U-oOpa3Holi kpuBoii. B 3Toit Touke
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HaIpaBJIEHUue OIpenessieTcs npedvioywumu ouramu X u 'y n U-oOpa3Hoil KpuBoH Oolee
BBICOKOTO TIOPSIIKA, C KOTOPO# 3TH OUTHI CBs3aHbl. Ecium e Touka Ha U-00pa3Hol KpUBOWM
0o0Jiee BBICOKOI'O MOPsIIKA TaK)Ke OKa3bIBAaeTCs B KOHIE, TO HEOOXOAMMO B OYEpEaHO pa3
paccMoTpeTh mpensiaymue Outel X u Y u U-o0pa3Hyio KpuByIo eme 6ojee BEICOKOTO TO-
psaKa, v T.1.

OT1oT anroputMm onwmchkiBaeTcs Ttabdn. 14.7, rne A, B, C u D o6o3nagator U-oGpasHbie
KpuBbIe, TTOKa3zaHHble B Tabn. 14.1. Jlns wcnonb30BaHUS JAaHHOW TaOIWIBI CHadajga HaJo
J00aBUTH K X U Y BelyIllKE HYJIEBbIC OUTHI C TEM, YTOOBI MOIYYMINCH N-OUTOBBIC 3HAYCHUS
(rme N — mopsok paccmaTpuBaeMoit kpuBoi ['mibbepra). Hauunast ¢ cocrosiuust A, cka-
HUpyeM OWTHI X U Y ciieBa Hanpaso. [lepBast crpoka tadi. 14.7 o3HavaeT, 4YTO €CIH TEKy-
UM coctosiureM sipisiercst A, a ckanupoBanbl 6utsl (0,0), TO Ha/O YCTAHOBUTH MEPEMEH-
HyI0-(Jar, yKa3bplBalOIIYI0 HEOOXOJUMOCTh YBEIUYCHHUS Y, W MEpPedTH B cocTosiHue B.
[Ipoune cTpoku TaOIHUIBI WHTEPHIPETHUPYIOTCS aHANOTHYHO; cypdukc “MuHYyC” O3HaJaerT,
YTO COOTBETCTBYIOIIas KOOpAHMHATA JOJDKHA OBITh yMeHblIeHa. [Ipoyepk B TpeTbeM
CTON0IEe TAOJUIBI TOBOPHUT O TOM, YTO TEpeMEHHas-(Jar, OTCICKUBAIOIMAs H3MCHEHUE
KOOpJMHAT, OCTAETCS HA JAHHOM IlIare HEM3MEHHO.

ITo oKOHYaHWK CKAHUPOBAHWS OUTOB X M Y yBenWduBaeM (MM YMEHbIIACM) 3HAYECHHUE OJI-
HOU M3 KOOPJMHAT B COOTBETCTBHHU CO 3HAUYECHHEM MepeMeHHON-(ara.

Taonuna 14.7. JlodbaBjieHUue 0AHOTO 3BeHA KpuBoii [ miandepra

Ecau Texymee a oYepeaHbIe ABa TO HY’KHO M3MEHHUTH U nepeiitu
COCTOSIHHUE ouTa (x,y) crpaBa KOOpaAuHATY B COCTOSIHHE
A (0,0) y+ B
A (0, 1) X+ A
A (1,0) — D
A (1,1 y— A
B (0,0 X+ A
B (0, 1) — C
B (1,0) y+ B
B (1,1) X— B
C (0,0) y+ C
C 0,1 — B
C (1,0) X— C
C (1,1) y— D
D (0,0 X+ D
D (0,2) y— D
D (1,0 — A
D (1,1) X— C

IMporpamma Ha si3bike C, peanusyroiias paCCMOTPEHHbII alrOpUTM, IPEICTaBICHA B JINC-
tuaTe 14.8. TlepemenHass dx MHUITHATM3UPYETCS TAKUM 00pa3oM, YTOOBI MPH MHOTOKPATHBIX
BBI30BaxX JIAHHOW (DYHKIIMHU B LIUKJIE TEHEPUPOBAJIACh O/IHA KpuBas | miboepra.
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JIucrunr 14.8. [Iporpamma nuisi 106aBJIeHUs OTHOTO 3BeHAa KpuBOii 'mabdepra
void hil_inc_xy(unsigned *xp, unsigned *yp, int n)
{
int 1i;
unsigned x, vy, state, dx, dy, row, dochange;
X = *Xp;
Yy = *yp;
state = 0; // VHUUManusauus
dx = -((1 << n) - 1); // -(2**n - 1)
dy = 0;
for (1 = n-1; i >= 0; i--) { // BEIIOJHSEM N pas
row = 4*state | 2*((x >> 1) & 1) | (y >> 1) & 1;
dochange = (0xBDDB >> row) & 1;
if (dochange) {
dx ((0x16451659 >> 2*row) & 3) - 1;
dy = ((0x51166516 >> 2*row) & 3) - 1

7

state = (0xX8FE65831 >> 2*row) & 3;
}
*XP *xp + dx;
*yp = *yp + dy;

Tabn. 14.7 nerko peanmsyercs mpeacTaBieHHoN Ha puc. 14.4 norukoil. Ha sTtom pucynke
HCIIOJIb30BaHbI MPUBEICHHbIC HIDKE 0003HAUCHHSI.

Xi i-if OUT BXOZHOrO 3HAYEHUS X
Vi i-ii GUT BXOJHOIO 3HAYEHHS Y
X, Y OOmeHeHHBIE U JOIOJHEHHEBIE B COOTBETCTBUHU CO 3HAUECHUSIMH 41
u Cjy1 3HAYCHUS X U Y
I @ar: ecnu paBeH 1 — yBenudenue Ha 1, ecin O — ymenpmenne Ha 1
W @mar: ecnu paBeH 1, yBelIUINBaETCS WIM YMEHBIIAETCS X,

ecin O — yBennYuBaeTCs WIN yMEHbIIAeTCs Y
S Ecnu 3nauenne SpasHo 1, BBINONHSAETCS OOMEH X U Y,
C Ecnu 3nauenne C paBHO 1, BBITIONHSAETCS IONOJIHEHHE X U Y

ITaper 3HaueHnit Su C onpenensior cocrosinue B Tadn. 14.7: mapsl (S,C) , pasnsie (0,0), (0,1),

(1,0) u (1,1), o6o3HauaroT coorBeTcTBeHHO coctosiHust A, B, C u D. Beixoausie curHainsi lg u
W, YKa3bIBaIOT, JOJDKHO JIM BBITIOJIHATHCS YMEHBIIICHUE WIH YBEIUYCHUE KOOPIMHATHI U KAKOM
umenHo. (B jomosHeHWe K yKa3aHHOM Ha PHCYHKE JIOTHKE TpeOyeTcs cxema yBenuue-
HUsI/yMEHBIIICHUST ¢ MYJIBTUILIEKCOPAMH, YKA3bIBAIOIIUMH, KAaKOE€ MMEHHO 3HAUYEHHE — X HIIH
Y — JOJDKHO OBITh YBEJTHUYCHO WM YMEHBIIEHO, & TAKXKE CXeMa, KOTOpas MOMECTUT BBIUUC-
JICHHOC 3HAYEHHUE Ha3al B PETUCTP, IIIe XPAHHUTCS MEpEeMEHHas X WK Y. B kadecTBe anbprepHa-
THBBI MOYKHO OOOWTHCH ABYMSI CXEMaMH YBEIHIECHHs/yMECHBIICHHSL. )
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Xn-1 Yn-1 X0 Yo

o

0 —> > I —> > I; —> > I,
0 —> > Wi —> > W; —> > W,
0—> > Si1 —> —> S; —>
0 —> > Civ1 —> > C; —>

X =(S+lyi +§)§)®Cﬁl

Y=(S+lxi+s+1yi)®C:I+l

I, =C, X +C XY +1,,XY
W =5, XY + 8§,y (X =Y) +W,, XY
§=S.=Y

C =C.,®(XY)

i+1

Puc. 14.4. Jlocuueckas cxema 015 000agienusi 00020 36ena kpusot I uibbepma

14.5. HepekypcuBHbBIii a1ropuT™ reepanun kpusoi I'mandepra

AnropuT™mBl, ipuBeieHHbIe B Tabn. 14.2 n 14.7, npenocTaBisiioT ABa HEPEKYPCUBHBIX all-
ropuTMa IMOCTpOeHUst KpuBoi ['mibOepra moboro mopsiaka. Kaxapiid 3 HuUX 6e3 0coObIX
CJIOKHOCTEH MOJKET OBITh peajM30BaH anmnapaTHo. AlnapaTHoe o0eclieueHne sl peaan3aliuy
anropurMa Ha Gasze Tabin. 14.2 BKiIIOYaeT PEruCTp AUl XPaHEHHS! BEIWYMHBI S, YBEINYHBAIO-
melicss Ha KaXKJI0M IIare IOCTPOSHHs KPHBOH M IMpeodpa3yeMoit B KOOPAMHATEL (X,Y) . Amma-

paTtHOE olecredeHre, pealn3yolee aJropuT™M Ha ocHoBe TaOi. 14.7, He TpeOyer permcrpa
JUISL XpaHEHUsI S, HO UCIIOJIb3yEeMBIi IIPU 3TOM alrOPUTM 00JIee CI0XKEH.

14.6. lpyrue kpuBbie, 3aM0THAIONINE POCTPAHCTBO

Kak ynomunanocs, [leano 6501 mepBeIM, oTKpeIBIINM B 1890 romy KpuBYyIO, 3aITOTHSIONIYIO
npocTpancTBO. C TeX MOp OTKPHITO MHOXKECTBO JPYTUX KPHUBBIX, KOTOPBIC YacTO HOCAT OOIIee
nazpanue “kpusblie [leano”. B 1900 romy Mypom (Eliakim Hastings Moore) 6buta oTkpsiTa
UHTepecHas Bapuanus Kpupoi ['minpOepra. OHa “nuKIMYHA” B TOM CMBICIE, YTO €€ KOHCUHAS
TOYKa OTCTOMT Ha OJUH Iiar oT HavampHOW. Ha puc. 14.5 noka3ansl kpusas [leano TpeThero
mopsizika u kpuBast Mypa yetBeproro nopsiika. Kpusas Mypa upperyisipHa B TOM, YTO KpHUBast
MEpPBOTO TIOPSIIKA TPEACTABIsET Cco0OM KpuByI0 “BBepx-BrmpaBo-Buu3” ([V), HO maHHas
U-00pa3HOCTh B KPUBBIX 00JI€€ BHICOKOTO MOPSIKAa OTCYTCTBYET. 32 3THM MaJbIM HUCKITIOUCHH-
€M aJTOPUTMBI JJis1 paboThl C KpHBOH Mypa 04eHb CX0XKH C COOTBETCTBYIOIIUMH JITOPUTMaAMH
Jutst KpuBo# I msoepTa.
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Puc. 14.5. Kpusvie Ieano (cnesa) u Mypa (cnpasa)

Kpusast ['mnpbepra 000011€Ha 17151 IPOU3BOJIBHBIX IIPSIMOYTOJBLHUKOB Ha TPU U OoJblee
4yucio pasmepHocTeil. ba3oBblil cTpouTeNbHBIN OI0K TpeXMepHO# KpuBOil [ mibbepra nokasan
HIke. OH IPOXOIUT TI0 BCEM TOYKaM Kyba 2X2x2. DTH U MHOXKECTBO JPYTUX KPUBBIX, 3aI0J-
HSFOLIMX IPOCTPAHCTBO, PacCMaTpHBaIOTCs B pabore [55].

14.7. Ilpumenenue

KpuBble, 3amoyHAIONME MPOCTPAHCTBO, HAXOAT MPUMEHEHHE MPU 00paboTke M300pake-
HUH — CXaTud, HOPMHUPOBAHUK TIONYTOHOBOTO M300paKEHUS W TEKCTypHOM aHammse [44)].
Eille 0fHO MPUIIOKEHNWE COCTOUT B MOBBIIICHUH POU3BOJUTEIILHOCTH TPACCUPOBKH Jy4deil u
rpadu4ecKoil BU3yaau3aluu. Y CIOBHO CIIEHa CKAaHHPYETCS JIy9OM, KOTOPBIA IMEePEeMEIIaeTcs B
COOTBETCTBHH C OOBIYHBIM PAcCTPOM — CJICBAa HAIPABO Yepe3 BECh IKPaH C IMEepeMEIICHHEM
cBepxy BHH3. IIpu 3TOM, KOTJa JIy4 MomajaeT Ha 0ObEKT B 0a3e MaHHBIX MOJICIHPYEMOM CIie-
HBI, ONPEJIENIAIOTCS €r0 IBET U NPOYKE CBOMCTBA M U3MEHsETCs BUJT (IIBET U APKOCTH) COOTBET-
cTBytoMIero mukcesist Ha skpane. (KoHeyHo, 3T0 CBEpXYIMPOIIEHHOE OMKMCAHKE, HO JUIS HANIUX
ene ero BrosiHe gocraTouno.) OpHa u3 npobieM COCTOUT B TOM, YTO 3a4acTyro Takas 0Gasza
JIAHHBIX JOCTATOYHO BEJHMKA M JAHHbBIE M0 KAXKJIOMY 00BEKTY JODKHBI 3arpyKaThCsl B MAMSITh,
KOTJIa CKaHUPYIOLHIA Jy4 romnasaer Ha Hero. [Ipu mocTpoYHOM CKaHMPOBAHUH OOBIYHA CHTYa-
LHsI, KOT/Ia TIPH MPOXO/Ie 10 CTPOKE MPUXOUTCS 3arpy’Karh B MAMSTh T€ K€ 00BEKThI, KOTO-
pble 3arpyajiuch MpU MPeablAyleM CKaHUpoBaHWHU. KoaruecTBO 3arpy30K B MaMSTh MOXKHO
PE3KO CHHU3HTh, €CIIM CKaHWpOBaHWE OyAeT o0yajaTh CBOWCTBOM JIOKAIH3allUH, HAPUMEP
CKaHMPOBAHWE 10 KBaJpaHTaM (KOT/a Mepexojl K CKAHHPOBAHHIO 0YEPETHOTO KBAJPaHTA MPO-
HCXOJIUT TOJILKO MO 3aBEPIUICHUI0 CKAHUPOBAHMS MPEABIIYIIEr0) 3a4acTyi0 MO3BOJSIET CyIIle-
CTBCHHO CHU3UTh KOJIMYECTBO 3arpy30K B MaMsATh HHGOPMAIMK 00 OTHOM OOBEKTE.
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Kpusas I'minb0epra, moxanyii, o0nasaer HCKOMBIM CBOICTBOM Jiokanu3auuu. OHa pexkyp-
CHBHO CKaHHPYET KBAJPAHT 32 KBAJIPAHTOM U HE JIeNIaeT [JIMHHBIX TIEPEX0I0B U3 OJHOTO KBaJI-
paHTa B IpYrOM.

Hyrmac Bypxuc (Douglas Voorhies) [58] cmomenupoBan moBeneHne 3arpy3ku nHMOpMa-
U 00 00BEKTaxX B MAMSATH 711 OOBIYHOTO OTHOHAIIPABICHHOTO CKaHUPOBaHMsA, KpuBoii [leano
u kpuBoi ' mnpbepra. Ero MmeTox cocTosis B cry4aifHOM pasMeNIeHHH Ha dKpaHe OKPYKHOCTEH
3amaHHOTO pa3Mepa. Korma myTe CKaHMPOBAHUS MOMAAAET B OKPYKHOCTB, NPEICTABIIIONIYIO
HOBBII 0OBEKT, MMOCTIEIHUH 3arpyXaeTcs B mamsATh. Korna myTe CKaHUPOBaHUS MMOKUAAET 00B-
eKT, HH(OpMAIHS O HEM HE BBITPYKACTCS U3 MaMATH JIO0 TEX MOP, IOKa MyTh CKAHUPOBAHUS HE
OTOWAET OT OOBEKTAa Ha PACCTOSIHWE, PaBHOE YJIBOCHHOMY panuycy. Takum oOpaszoM, eciu
MyTh CKAaHUPOBAHUS YIAJSCTCS HENAIEKO OT 00BEKTa M BHOBH BO3BpAIACTCS K HEMY, OIepa-
LMY BBITPY3KU U 3arPy3KH B MaMATh HE MPOHMCXOINUT. BypXHC TMPOBOIMII SKCIEPUMEHTHI IS
OKpY>KHOCTEH pa3HOTo paanyca Ha dkpaHe pazmepoM 1024x1024.

CuwrraeM, 4TO Kbl pa3, KOrja MyTh CKAHUPOBAHUS IMOMANACT B OOBEKT M IMOKHUIAET €ro,
MIPOUCXOAUT OJIHA OIepalysl 3arpy3KH B MamsTh. Toraa O4eBUIHO, YTO OOBIYHOE MOCTPOYHOE
CKaHMpPOBAaHUE OTHOI OKpyXHOCTH Auamerpa D mpuBogut k D omeparisiM 3arpy3Ku B TaMsTh.
HHTepecHbIM pe3ynbTaTOM MOAEIMpoBaHus Bypxuca okazanock To, 4yTo Uit KpuBoi Ileano ko-
JIMYECTBO OTIEpAI 3arpy3KH B IMaMSTh B CPEIHEM COCTaBiIAeT 2.7 M HE 3aBHUCHT OT JWaMeTpa
okpyxHOocTH. s kpuBoi ' miibbepTra cpenHee KOIMIecTBO ONepanyii 3arpy3Ki B ITaMsTh TaKKe
HE 3aBHCHT OT AWaMeTpa OKPYKHOCTH, HO cocTaBisieT okoio 1.4. Takum oOpa3zoM, sKCIIepUMEH-
TaJIbHO JIOKA3aHO, YTO B CMBICJIC JIOKATM3AIMH MPH CKAaHUPOBAHUU KpuBas [ mibbepTa mpeBoc-
xout KpuByto IleaHo n 00e OHM CyIIECTBEHHO MPEBOCXOJIST IIOCTPOYHOE CKAaHUPOBAHHUE.
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I'JTABA 15
YUCJIA C INTIABAIOIIEN TOUYKOM

boe cosdan yenvie uucna,
6ce ocmanpHble —

0e10 PYK HeN0BeHeCKuXx.
Jleononbn Kponekep
(Leopold Kronecker)

BrinonHenue onepanuii HaJ 4yuciIaMM C IUIABAarOIEd TOUKOH ¢ MOMOIIBIO IETOYUCICHHON
apu(METHKH U JIOTHYECKUX KOMaH] — NpeUIoKeHHe JlasieKo He Jyuiee. OCOOeHHO 3TO OTHO-
cutcs K mpaswiaM u ¢popmaram cranmapta |EEE Standard for Binary Floating-Point Arithme-
tic, IEEE Std. 754-1985, o6uienssectroro kak “|EEE-apudmernka”. B stoil apudmernke
umeercst uncino NaN (not a number, se uncio) u 6eCKOHEYHOCTH, KOTOPBIE MPEICTABISIIOT CO-
0011 yacTHbIE Cilyyan MPAaKTHYECKH JUIs BCeX orneparuii. B Hell ecTh IUII0C HOJIb U MUHYC HOJIb,
KOTOpBIE JIOJDKHBI OBITh OSKBUBAJICHTHBI NPH CpaBHEeHHM, Kcrath umetomem B |EEE-
apu(MeTHKe YeTBEpThIii BO3MOXHBIH pe3ysbTaT — “HeynopsinodeHo”. Crapiiuid 3HavaIuii
6uT npodu B “HOPMAJBHBIX” YHCIAX SBHO HE y4acTBYeT, HO Y4acTBYET B “JICHOPMaN30BaH-
HBIX" ¥ “cyOHOpMaibHBIX” 4yncnax. JJpoOHbIe YacTH IPeCTaBICHbI B BU/E OOBIYHBIX YUCEN CO
3HAKOM, B TO BPEMs Kak IOKa3aTeJId CTENeHH — B CMEIIEHHOM Buzae. Ha Bce 3To, KOHEuHO,
€CTh CBOM IIPUYMHBI, HO B PE3yJIbTaTe MOIYy4YatoTCs IPOrpaMMBbl, 3aII0JTHEHHBIE YCIOBHBIMHU I1e-
pexoJiaMu, KOTOPBIE OUEHb CIIONKHO d(PPEKTUBHO PEaTn30BaTh.

B nanHO# rnaBe mpeamnonaraeTcs, 4To YMTaTeIbh HEMHOTO 3HakoM co cranaaptroM |EEE,
TaK 4YTO O HEM OyZIeT CKa3aHO IPEAEIbHO KOPOTKO.

15.1. ®opmar |EEE

OrpaHryrMcs pacCMOTPEHHEM YHCENl OJWHAPHOM M ABOMHON TouHOCTH (32 M 64 Oura),
ommcanubeix B |[EEE 754. B cranmaprte mpeacTaBieHbl Takke “pacHIMpPEeHHBIR OAWMHAPHBIA® H
“pacmupeHHbIid TBOMHON" (GopmaThl, HO X OTNKMCAaHNE BeChbMa HETOYHO B CBSI3H C TE€M, UTO PSIJI
JeTtajeil 3aBUCHT OT peanusanuu (Harmpumep, IMHPHHA TOKA3aTesss CTENEHH He OmpeseseHa
crangaptoMm). Hike mokasaHsl OJMHAPHBIA U JBOMHOM (OPMATHI YKCEI C IUIABAIOLIENH TOUKOM.

®opmar ®opmar
C OJTMHAPHON TOYHOCTHIO C IBOMHOM TOYHOCTBIO
slel | o e | f
1 8 23 1 11 52

3HakoBbIi OMT paBeH O U1 MONOKUTENBHBIX Yucen U 1 11 oTprnaTenbHbIX. CMeneHHBIH
MoKa3aTenb CTENeHN € u ApoOHas 4yacTp f mpencraBimsitoT co60i BEMHYUHBI, CTAPIINGA OUT KO-
TOPBIX HAXOJUTCS cieBa. Yucna ¢ miaBaromieil TOYKoi KOJUPYIOTCsS B COOTBETCTBHU CO CTaH-
naprom | EEE Tak, xak nmokazaHo HUXe.



OaunapHasi TOUHOCTH JBoiiHast TOUHOCTH
e f 3nauenue e f 3uauenue
0 0 10 0 0 10
0 0 +27% (0.f) 0 0 +271022 (0.f)
orlmo254 | - +207 (1.1 or 1 1o 2046 - 20198 (11)
255 0 Foo 2047 0 too
255 #0 NaN 2047 #0 NaN

B kauecTBe nmpumepa paccCMOTPUM KOJMPOBAaHWE Yucia T B Gopmare ¢ OAMHAPHONW TOYHO-

cTb10. B cootBetcTBUH € [38], B IBOMYHOM MpPEACTABICHHN
7= 11.0010 0100 0011 1111 0110 1010 1000 1000 1000 0101 1010 0011 0000 10...

OTa BeIMYMHA HAXOJWTCS B JWANa3oHe “HOPMAIM30BAHHBIX  YHCEN, TIPEICTABICHHOM TPEThel
CTPOKO¥ IpHBEICHHOH BbIme Tabyuipl. CTapiimii eMHAYHBIA OUT YKCiIa T OIyCKAEeTCsl, HOCKOJIBKY
BEYLIMIA SAMHUYHBIA OMT HE XPaHWUTCS MPU KOAMPOBAHWHM HOPMAIM30BAaHHBIX yHcel. YToOsl 1Bo-
WYHAsI TOYKA pa3Mellayiach B IIPaBHIILHOM MeCTe, TIOKa3aTeNb CTeneH:n e—127 oimkeH ObITh paBeH
1, Tak uT0 €=128. Takum 0Opa3oM, IIPE/ICTaBIIEHHUE YUCIIa T BBITJIS/IUT KaKk

0 10000000 10010010000111111011011
WM B IIECTHAJUATEPUYHON 3aIUCH:
40490FDB,
rzie qpo0b OKpyTJIeHa J10 OJIKalIIero mpeacTaBuMOro yrcia.

UYucna, st KOTOpbIX 1< e< 254, Ha3bIBAIOTCS “ HOpMaIM30BaHHBIMY . CTapIuuii OMT TaKMX 4H-
cel He XpaHuTcsl sABHO. HeHyneBrle umcima ¢ e=0 Ha3bIBarOTCA “JICHOPMAJIM30BAaHHBIMHU , H X
CTapuInii OMT XpaHUTCS B NPEICTAaBICHHN YHCJIA B SIBHOM BHjie. Takas cxema MHOT/a Ha3bIBAeTCs
cxeMoii ¢ “nocteneHHoi notepeit 3Haunmoct” (gradual underflow). B Ta6a. 15.1 npuBeneHs! HEKO-
TOpBIE KpaiHUE 3HAUYCHHS U3 PA3JIMYHBIX IHAIla30HOB YMCelI C TUIaBaroieil Toukoi. “MakcumansHoe
nenoe” B IPHBEACHHOW TalNMIe 03Ha4aeT HauOOoJIbIIIee L0 YHCII0, TAKOe, YTO BCE LeJIble YKCHa,
HE MPEBOCXOJISIIME €ro 10 aOCOMIOTHOMY 3HA4YEHHIO, NPEJICTABMMBI B BUJIE YMCEN C IUIABAIOIICH
TOYKOM TOYHO; CJIEyIOLIee 32 HUM YUCIIO YKE JOJDKHO OBITh OKPYIJIEHO.

Tadanua 15.1. HekoTopsle npeneabHble 3HAUEHHST YHCEN € MJIaBalOIIel TOYKOMH

IlecTHaguaTepu4HOE IpudanxenHoe
NpeACcTAB/ICHHE To4Hoe 3HaYeHHE 3HaYCHHUE
OaunapHasi TOYHOCTH
Haumenbiiee 9149 1.401x10™
JICHOPMAJIM30BaHHOE 0000 0001
HauGonsuiee 2126 (1_ 23 ) 1.175x10°®
JICHOpPMAJIN30BaHHOE 007F FFFF
Haumenbiiee 9126 1.175x10°%®
HOpMaJIM30BaHHOEC 0080 0000
1.0 3F80 0000 1 1
MakcHMalbHOE TIeIoe 4BS0O 0000 2% 1.677x10°
252 TJIABA 15. YMCJIA C TUIABAIOLIEN TOYKOMN
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Oxonuanue maobn. 15.1

IlecTHaanaTepu4Hoe Ipuéanxennoe
npeacTaBjieHHe TouHoe 3HaYeHHE 3HaYeHHue
OnuHapHasi TOYHOCTH
Haubonsuree 18 (1_ 2*24) 3.403x 10%
HOPMaJIM30BaHHOE 7F7F FFFF
oo 7F80 0000 oo e
JIBoliHAs1 TOYHOCTH

Hanmensoree o-1074 4.941x107%
JICHOPMAJIM30BaHHOE 0...0001
HanbGomnbuiee 9-1023 (1_ 2752 ) 2 295510~
JICHOpPMAJI30BaHHOE 000F...F '
Hanmensree 9-1022 2.225%10°%8
HOPMAaJIM30BaHHOE 0010...0
1.0 3FFO. . .0 1 1
MakcuMaibHOe Henoe 4340...0 2% 9.007x10"
Hanbonpnree HopManm3o- 21024 ( 12 ) 1.798x10%®
BaHHOE TEEF...F
oo 7FF0...0 o0 2

JIns HOpMANTM30BAHHBIX YMCEN €IMHUIA B MOCIeAHEeH O3HIUU TIPEACTaBseT coboi 0THO-
CUTENIbHOE 3HAaueHHe B jauanasoHe oT 1/2% 5o 1/2® (npumepHo oT 5.96x10° o 1.19x107)

JUIsl OJIMHAPHOM TouHOCTH U 0T 1/2% 1o 1/2% (npumepHo or 1.11x107® o 2.22x107) s

JIBOIHOM ToYHOCTH. MakcumanbHas “OTHOCHTEbHAs OMINOKa” TPH OKPYIJIEHHH K OJvbKaidiire-
MY YHCJIY COCTABIISIET TOJIOBUHY MPUBECHHON BEJIMYHHEI.

JlManasoH 1eJbIX YKcell, TOYHO MPEACTaBUMBIX B (hopmare C IulaBarolield TOYKOH, COCTaB-
nsteT ot 2% o +2* (r.e. o1 —16777216 no +16777216) mist OMMHAPHOM TOYHOCTH U OT —2%
1o +2% (ot —9007199254 740992 o +9007199254740992) mns apoiinoi Tounoctu. Koneu-
HO, HEKOTOpBIE LIeJIble YKCIa BHE ATOTO JAMara3oHa TAaK)Ke MOTYT OBITh IPEACTaBICHBI TOYHO,
HampuMep OOJIBIIME CTENCHH 2; OJHAKO YKa3aHHBIC TUAINA30HbI SIBISIOTCS MaKCUMAaTbHBIMH
JTNANa30HaMH, 6Ce YUCIA KOTOPBIX MPECTaBUMBI TOYHO.

3aMeHa JeNeHs Ha KOHCTAHTY YMHOKEHHEM MOKeT ObITh BbimonHeHa ¢ mosiHo# (IEEE)
TOYHOCTBIO TOJIBKO JUIS YHCE, JJIsl KOTOPBIX COOTBETCTBYIOIINE MHOKHTEJIN MOTYT OBITH TOY-
HO TIpEJICTaBJICHBI B (hopMate C IUIaBarolIei TOUKoi. ITo crenenu 2 ot —127 no 127 s onu-
HapHO# TouHocth u oT —1023 no 1023 ans geoitnoi. 3amernM, uto uncna 2% u 27 gpna-
FOTCSI ICHOPMAJIM30BAHHBIMH, TAK YTO MX MCIIOJIB30BaHMs Jy4llle H30eraTh Ha MalluHax, KOTO-
pble HETOCTATOYHO APPEKTUBHO PEATH3YIOT ONePALUK HaJl JCHOPMAaIN30BaHHBIMU YUCIAMH.
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15.2. CpaBHeHue YHceJ ¢ JIaBaoleil TOUKOM
C HCIOJIb30BaHNEM L eJIbIX Onepanuii

Omam u3 noctonHcTB | EEE-kommpoBanms drcen ¢ ruiaBaromield TOYKOH SBISETCS TO, YTO BCE HE
NaN-3HaueHIsT KOPPEKTHO YIOPSI0YEHB], €CITH PACCMATPHUBATh UX KaK 3HAKOBBIE IIEJbIE YHCIA.

Jlist TOro 94TOOBI 3aNIPOrPaMMHUPOBATh CPAaBHEHUE YHCEN C TUIABAIOMIEH TOYKOM C MCIIOIb30-
BaHUEM IENTBIX OMepaIyid, HeOOXOANMO OTKa3aThCs OT pe3ysbTaTa CpaBHEHHUS “HEyHopsmode-
HO”. B |EEE 754 Tako¥ pe3ynpTaT MONydaeTcs B TOM CIydae, eCli OIWH N 00a aprymMeHTa
orepaTopa CpaBHEHHs TpeAcTaBisaioT coboit 3Hadenne NaN. OnuchiBaeMbId J1anee MeTOo.
TpakTyet 3HadeHUst NaN Kak gucia, mpeBblmaromyie 0eCKOHeYHOE 3HAUCHHE.

CpaBHEHHE CTaHOBHTCS CYIIECTBEHHO MpOIIE, €CiM cuuTaTh, 4rto BenmdmHa —0.0 ctporo

mensiie +0.0 (uto He cormacyercst co cranaaprom | EEE 754). Cunras onmcaHnHbIe TOMYIICHHS
f f f
MIPUEMJIEMBIMU Y UCTIONB3YS Ui CPABHEHHH C TUIABAIONICH TOYKOW 0003HaueHus <, < U =, a

CHMBOJI =~ — KaK HallOMMHaHWE O TOM, YTO IPHBEIECHHbIE (OPMYJIBEI HE COBCEM KOPPEKTHO
paborarot co 3HaueHussMH 0.0 , MOXHO UCIIOJIb30BaTh ClieyIoIue (hOpMyJIbl:
f

a=b=(a=h),

f u
a<bz(a20& a<b)|(a< 0& a>b),

f u
asz(azo& aSb)|(a< 0& azbj .

Ecnu xe 3Hauenue —0.0 B 00s3aTebHOM MOpPSIIKE AOJDKHO OBITH paBHO 3HaueHuto +0.0, To
NpHUBEACHHBIC (HOPMYIIBI CYIIIECTBEHHO YCIOXKHSIIOTCSA (XOTS M HE HACTONBKO, KaK MOTJIO Obl
MOKa3aThCsl HEOOXOMMMBIM Ha TIEPBBIA B3JIS).

a;bs(azb)|(—a:a& -b=b)
(a=b)|((a|b)=0x80000000)
b)|(((a|b) & OX7TFFFFFFF)=0)

(a
a;bz((az 0& a<bj |(a< 0& aibD & ((a|b)¢0x80000000]

f u
agbs(azo& agbj |(a<0& azbj|((a|bj:0x80000000]

B HekoTOpBIX TpUIOKeHUsX Oojee 3(PpPEeKTUBHBIM MOKET OKa3aThCs IyTh, COCTOSINUI B
HEKOTOPOM IPEOOpPa30BAHMU YUCEN U MOCICIYIONEM CPABHEHUH C TUIABAIOIICH TOYKOW C HC-
MOJIb30BAHUEM EIMHCTBEHHON KOMaHpl. Hampumep, mpu copTUpoBKe N yucen npeodpa3oBa-
HUE NPUAETCS BBINOIHUTD Ui KaXXJI0T0 YHCia TOJBKO OJUH pa3, B TO BPEMsI KaK KOJHMYECTBO
CPaBHEHHMI COCTaBIIAET, KAK MUHUMYM, | nlog,n| (B cMbIC/Ie MHHUMaKCA).

B Tabn. 15.2 nmpuBeneHs! YeThIpe THIIA TaKUX npeobdpa3oBanuid. J{ist mpeodpazoBaHuii B jie-
BoM cronbue —0.0 skBuBanenTHo +0.0, B mpaBom — 3Hauerne —0.0<+0.0. B mobom ciyuae
CMBIC]I CpPaBHEHUsI NPHU MPeoOpa3OBaHUU HE W3MEHseTcs. [lepeMeHHas n — 3HaKoBas, t —
0e33HaKoBas, a ¢ MOXKET OBITh KaK 3HAKOBOM, TaK U OE33HAKOBOM.
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Tab6muma 15.2. IloaroroBka 4mceJ ¢ MIABAIIEH TOYKOH K HEJbIM CPABHEHHAM

-0.0 = +0.0 (IEEE)

-0.0 < +0.0 (He-IEEE)

if (n >= 0) n = n+0x80000000;
else n = -n;
Hcnonpsyercss 6e33HakKoBOE

CcpaBHEeHue

c = O0x7FFFFFFF;
if (n < 0) n=(n"c) + 1;
Jlcnosib3yeTcs 3HAaKOBOE CpaBHEeHue

c = 0x80000000;
if (n < 0) n = ¢ - n;
Jlcnosib3yeTcs 3HAaKOBOE CpaBHeHue

t = n > 31;
n= (n”" (t>1)) - t;
Vlcnosib3yeTcs 3HAKOBOE CpaBHeHUe

if (n >= 0) n = n+0x80000000;
else n = ~n;
Vcnonep3yercsa 6e33HakKoOBOE

cpaBHeHue

c = O0x7FFFFFFF;

if (n < 0) n=n " c;
Jlcrionb3yeTCcs 3HAKOBOE CpaBHEHUE
c = O0x7FFFFFFF;

if (n < 0) n = ¢ - n;
Jcrionb3yeTCcs 3HAKOBOE CpaBHEHUEe

t = (unsigned) (n>>30) >> 1;
n=n"¢t;

Jlcriosib3yeTCcsa 3HAKOBOEe CpaBHEHME

B mocreanei ctpoke npuBeneH Ko 0e3 BETBICHWH, KOTOPBIM MOKET OBITh peaan30BaH Ha
RISC-xommbroTepe ¢ 6a30BbIM HAOOPOM KOMaH]I, ¢ HCTIOJIb30BaHUEM YEThIPEX KOMaH/I B JIEBOM
cToJIbIIe, ¥ TPEX — B MPABOM (3TH KOMaH/IbI JJOJKHBI OBITH BBITIOJHEHBI IS KQKIOTO U3 apry-
MEHTOB OIEpAIMU CPABHEHHS).

15.3. Pacnpeaenenue Bexyumx nudp

Korna IBM Beinyctrna B 1964 roxy csoro 9BM System/360, Bce Gbuti 03a004YEHBI CHIDKE-
HHEM TOYHOCTH apu(METHKH C IuiaBatoiieil Toukoil. [Ipensinymias munus OBM, cemelicTBo
704-709-7090, umena 36-OutoBoe cioBo. [IpencraBieHue 4ucha C IDIABAIOUICH TOYKOH C
OJIMHAPHOM TOYHOCTBIO COCTOSUIO M3 9-OMTOBOTrO TOJIS 3HAKA M IOKa3aTellsi CTENeHH, 32 KOTO-
pBIM cienoBaiy 27 OWT JBOMYHOTO IpezcTtaBieHus Apoou. Crapumii OUT ApoOu sIBHO BKIIIO-
yajics B 9TO INPEICTAaBJICHUE YHCIIA, TAK YTO TOYHOCTH MPEJICTABICHUS YKCEJ C IIaBalolIei
TOYKOH ObuIa paBHa 27 OUTaM.

3BM System/360 umena 32-6utoBoe cioBo. s XpaHEHHs YHCEN C IUIABAIOLICH TOYKOM
onuHapHO# ToyHocTh |BM OB BEIOpaH GopmMat ¢ 8-OMTOBBIM 1oJIeM 3HaKa M IOKa3aTels cTe-
NeHn U 24-OUTOBBIM IOJIEM JAPOOHOW YacTH. JTO CHMIXKAJIO TOYHOCTH NMPEACTaBIeHHs ¢ 27 110
24 6ur, 4To camo 1o cede T0CTaTOYHO IJI0X0, HO Ha CAMOM Jielie Bce 00CTOosIIo emle Xysxe. Jlis
TOro 4roObl oOecreuynTh OOJNBIIOW JMANa30H IIOKa3aTelsl CTENEeHH, Kaxaas eIUHUIA B
7-OuToBOM TMOKa3arene npupaBHHBalach K 16. DTo mpuBeno, mo CyTH, K NpPEACTAaBIECHHIO
JpOOHOI YacTH B MIECTHAIATEPUYHOM BHJIE, Tie NepBast Ludpa yucia MOXXET IPUHUMATS JI0-
6oe aeonunoe 3HaueHue ot 0001 mo 1111 (ot 1 mo 15). Yucna, crapiuas nudpa KOTOPBIX paB-
Ha 1, TakuM 00pa3oM, UMEH TOYHOCTh Beero Juiilb 21 6uT (IOCKObKY TPH CTapLinx Ourta Ta-
KOTO YHCIA HYJIEBbIC), U TAKUX YHCEI IOJDKHO ObITh MpUMEpHO 1/15, uin 6.7% OT BCex YuCcer.

Ho na stom 6ezu,1 HC KOHYAKOTCA, U HA CaMOM JICJIC BCC 00cTOUT CIIEC XYiKE. Kak TYT K€ ObI-
JIO TTOKAa3aHO TCOPECTUICCKUM aHAJIM30M U SMIIUPHUUICCKUMU SKCIIEPUMEHTAMU, BEAYIINUC HI/I(l)pI)I
YHCCJI paclpeAC/ICHbl He PAaBHOMEPHO U Cp€ar 4YUCEIT C rmaBa}omeﬁ TOYKOH B meCTHaauare-
pH‘{HOﬁ CUCTEME CUHMCIICHUSA CJICAYCT OXUAATbh, YTO CAMHHIA 6y/:[eT Beﬂymeﬁ HH(l)pOﬁ Yy 4eT-
BEPTU BCEX YUCCIIL.
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PaccmoTpuM pacnipeneneHue Beaymmx Iudp y AecsTHYHBIX yncel. [IpenmnonoxumM, 4to y Hac
€CTb 0OJIBIIOE MHOXKECTBO YHCEJI, MPEICTABILIOIINX PA3IMYHbIe (GU3HUECKUEe BEIMYUHBI — JTU-
HEI, 00BEMbI, MACCHI ¥ T.II., BEIPAKEHHbIC B “Hayunoil” 3amicu (Hanpumep, 6.022x10%). Ecim
crapias uppa y TakUX YHCEJ MMEET HEKOTOpOEe paclpeleleHue, TO 3TO paclpeesieHHe He
JIOJDKHO 3aBHCETh OT MCIOJIb3YEMbIX €IMHUIl H3MEPEHHH, HalpUMep CAaHTUMETPOB MU JIIOIMOB,
(YHTOB WJIM KHJIIOTPaMMOB | T.1. TakuM 00pa3oM, eCiii YMHOXHUTb BCE YHUCIIA JAHHOTO MHOXECT-
Ba Ha HEKOTOPYIO KOHCTAHTY, paclpeaeieHne cTapimX up JOJDKHO OCTaThest TeM ke, Hanpu-
Mep, paccMaTpHBasi YMHO)KEHHE Ha 2, MbI JIOJDKHBI C/IeIaTh BBIBOJL O TOM, YTO YHCEN C Beayliei
emquaunuei (ot 1.0 no 1.999..., yMHOXXEHHBIX Ha HEKOTOPYIO cTerneHb 10) H0MKHO OBITh CTONBKO
e, CKOJIbKO U umcen ¢ Beayummu tudpamu 2 i 3 (ot 2.0 1o 3.999..., yMHOKEHHBIX Ha HEKO-
Topyto crenenb 10), MOCKOIBbKY HE IOMKHO MMETh 3HAYCHHUS, M3MEPSACTCS I UIMHA B METPaxX WITH
B ITOJIyMETpax, Macca — B KWJIOTPaMMaXx WM MOJYKWIOrpaMMax ! T.11.

ITycts f(x), 1< x<10, — GyHKIHSA IIIOTHOCTH BEPOATHOCTH AN BEXYIMX IU(pP MHOXKe-

CTBa 4HcCeN ¢ PU3NIECKON Pa3MEPHOCTHI0. JTa PyHKIHS 00JIagaeT TeM CBOHCTBOM, YTO
b
'[ f (x)dx
a

MPONOPIIMOHATIBHO KOJIUYECTBY YHCEIN, cTapiias nu)pa KOTOPHIX HAXOUTCS B TUANAa30HE OT a
Jg0 b. Jlns masipIx npupanieHnit AX JOJDKHO BBITOJHSTRCS CIEAyoliee COooTHoleHne (CM.
TIPUBEICHHBIN HIKE PUCYHOK):

f(1)-Ax= f (x)- xAx,

f(1)}-

|
|
= %AX -
|
|

|

1
1 X xtxAx 10
HOCKONBbKY f (1)- AX NIPHMEpPHO NPOIOPIMOHAIBHO KOJMYECTBY YHCEN B JHanasoHe or 1 1o
1+ Ax (urHopupys MuoxuTens crenenu 10), a f (X)- XAX IpUOIM3UTEILHO MPONOPLHOHAILHO

KOJIMYECTBY YHCEI B JMANIA30HE OT X 10 X+ XAX . Tak Kak moclieiHee MHOKECTBO IPEICTABIISACT
co0oli mepBoe, YMHOKEHHOE Ha X, KO3(PPHIMEHTH MPOIOPIHOHANEHOCTH JOIDKHBI OBITH OJTH-
HaKOBBI, a CIIEI0BATENIbHO, (DYHKIIUS IUIOTHOCTH BEPOSTHOCTH UMEET MIPOCTEHIIINI BU/:

f(x)=f(1)/x.
IMockonbky miomans moa kpuBoi ot X=1 no X=10 gomkua ObiTh paBua 1 (Bce umncna co
crapmumMu udpamu nexat B auanazone ot 1.000... no 9.999...), j1erko nokasarb, 4To
f (1) =1/In10.
Yucna co crapiueit udpoii B quanazone ot a go b (1<a<b<10) cocTaBisior yacTs 001ie-
r'o KOJIMYECTBA BCEX YHCEI, BBIpaXKaeMyro (popmyioin

T dx _Inx|"_Inba_ b
)xIn10 In10[, In10  ““a
256 ['JIABA 15. YMCJIA C TUIABAIOILEN TOYKON
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Takum 00pa3oMm, B JECATUYHOW CUCTEME CUMCIICHUST KOJMYECTBO YHCEN cO cTapiieit mudpoi 1
coctaBisieT log,,(2/1)~30.103% OT Bcex YHCel, a YHCeN CO cTapiieil qudpoil 1eBsATh — TONb-

Ko log,,(10/9) ~ 4.58%.

B mectHagnatepudHOi cucTeMe CUUCIESHUS JOJS YUCel, cTapiieil Muppoid KOTOPHIX SBJIS-
ercs nuubpa u3 nuanazoHa 1<a<b<16, pasHa log,(b/a). CnenoBarensHo, B HIECTHAALATE-

pUYHOIM cHCTeMe CUMCIeHMs JoJis 4ucen co crapuied mudpoi, pasHoit 1, paBHa

logys (2/1) =1/10g,16 =0.25.

15.4. Tadimua pa3Iu4YHbIX 3HAYEHUI

B Ttabn. 15.3 mpusenenst |EEE-npencraBnenus pazianyHBIX 4Hcell, UMEIONIME IpaKTHye-
ckuil nHTepec. [IprBeeHHbIe 3HAYEHUS HE SBISIOTCS TOYHBIMU U OKPYIVIEHBI 10 OJMXKaiIero

npeacTaBUMOro 4ucia.

Tadauna 15.3. | EEE-npencraBienus pa3inyHbIX 3HAYEHU

JIBoiiHASI TOYHOCTH

OpuHapHasi TOYHOCTH (1ie- (mwecTHagUATEpHYHOE
JecaTnuHoe 3HAUYEHUE CTHAAUATEPHYHOE YHCJIO) YHCJI0)

oo FF80 0000 FFFO 0000 0000 0000
2.0 C000 0000 C000 0000 0000 0000
-1.0 BF80 0000 BFFO 0000 0000 0000
-05 BF00O 0000 BFEO 0000 0000 0000
-00 8000 0000 8000 0000 0000 0000
+0.0 0000 0000 0000 0000 0000 0000
HauMeHbILIEe MONOXHTENBHOE 0000 0001 0000 0000 0000 0001
JCHOPMAJIN30BAHHOC

HauGonbmee 007F FFFF 000F FFFF FFFF FFFF
JCHOPMAJIN30BAHHOC

HauMeHbILIEe MONOXHTENBHOE 0080 0000 0010 0000 0000 0000
HOPMaJIN30BaHHOC

/180 (0.01745...) 3C8E FA35 3F91 DF46 A252 9D39
01 3DCC CCCD 3FB9 9999 9999 999A
log,,2 (0.3010...) 3E9A 209B 3FD3 4413 509F 79FF
1/e (0.3678...) 3EBC 5AB2 3FD7 8B56 362C EF38
1/In10 (0.4342...) 3EDE 5BD9 3FDB CB7B 1526 E50E
05 3F00 0000 3FEO0 0000 0000 0000
In2 (0.6931...) 3F31 7218 3FE6 2E42 FEFA 39EF
1/yJ/2 (0.7071...) 3F35 04F3 3FE6 AO9E 667F 3BCD
1/In3 (0.9102...) 3F69 0570 3FED 20AE 03BC C153
1.0 3F80 0000 3FF0 0000 0000 0000
In3 (1.0986...) 3F8C 9F54 3FF1 93EA 7AAD 030B
J2 (1.414..) 3FB5 04F3 3FF6 AO09E 667F 3BCD
1/In2 (1.442...) 3FB8 AA3B 3FF7 1547 652B 82FE
J3 (1.732..) 3FDD B3D7 3FFB B67A E858 4CAA

15.4. TABJIMLIA PA3JIMYHBIX 3HAYEHUIA
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Oxonuanue maobn. 15.3

JIBoiiHAsI TOYHOCTH
OnuHapHasi TOYHOCTH (1e- (mwecTHagUATEPHYHOE
JecaTnuHOe 3HAYEHUE CTHAAUATEPHYHOE YHCJIO) YHCJI0)
2.0 4000 0000 4000 0000 0000 0000
In10 (2_302,,_) 4013 5D8E 4002 6BB1 BBB5 5516
e(2.718...) 402D F854 4005 BFOA 8B14 5769
3.0 4040 0000 4008 0000 0000 0000
7 (3.141...) 4049 OFDB 4009 21FB 5444 2D18
J10 (3.162...) 4047 62C2 4009 4C58 3ADA 5B53
log,10 (3.321...) 4054 9A78 400A 934F 0979 A371
4.0 4080 0000 4010 0000 0000 0000
50 40A0 0000 4014 0000 0000 0000
6.0 40C0 0000 4018 0000 0000 0000
21 (6.283...) 40C9 OFDB 4019 21FB 5444 2D18
7.0 40E0 0000 401C 0000 0000 0000
8.0 4100 0000 4020 0000 0000 0000
9.0 4110 0000 4022 0000 0000 0000
10.0 4120 0000 4024 0000 0000 0000
11.0 4130 0000 4026 0000 0000 0000
12.0 4140 0000 4028 0000 0000 0000
13.0 4150 0000 402A 0000 0000 0000
14.0 4160 0000 402C 0000 0000 0000
15.0 4170 0000 402E 0000 0000 0000
16.0 4180 0000 4030 0000 0000 0000
180/n (57.295...) 4265 2EE1 404C A5DC 1A63 CLF8
28 _1 4AFF FFFE 415F FFFF C000 0000
2% 4B00 0000 4160 0000 0000 0000
22 _1 4B7F FFFF 416F FFFF E000 0000
2% 4B80 0000 4170 0000 0000 0000
2% _q 4F00 0000 41DF FFFF FFCO 0000
23 4F00 0000 41E0 0000 0000 0000
2% _1 4F80 0000 41EF FFFF FFEO 0000
232 4F80 0000 41F0 0000 0000 0000
252 5980 0000 4330 0000 0000 0000
283 5F00 0000 43E0 0000 0000 0000
2% 5F80 0000 43F0 0000 0000 0000
Hanbomsmee 7F7F FFFF 7FEF FFFF FFFF FFFF
HOPMAaJIU30BaHHOE
oo 7F80 0000 7FF0 0000 0000 0000
“Haumensmee Heunciao” SNaN 7F80 0001 7FFO0 0000 0000 0001
“Haunoonpinee Heunciao” SNaN 7FBF FFFF 7FF7 FFFF FFFF FFFF
“Haumenbiee Heurcio” QNaN 7FC0O 0000 7FF8 0000 0000 0000
“Haubonbiee Heuncao” QNaN 7FFF FFFF 7FFF FFFF FFFF FFFF
258 TJIABA 15. YMCJIA C TUIABAIOLIEN TOYKOMN
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Cranmapt |EEE 754 mHe oroBapmBaer, KakuM 00pa3oM pa3iHYarOTCs CHUTHAIN3HPYIOIINE
meurcia (SNaN) u mecuranmmsupyromme Heunciaa (QNaN). B ta6n. 15.3 ucmons3oBano co-
riamenne, IpuMensmoneecs Ha miathopmax PowerPC, AMD 29050, Intel x86 u 1860: crap-
mui 3Hagamui out apobHoi dactu paBeH O mist SNaN u 1 — moas QNaN. Ha mmatdopmax
Compaq Alpha, HP PA-RISC u MIPS ucnions3yeTcs TOT e OUT, HO ¢ OOpaTHBIM 3HAYEHUEM
(0— QNaN, 1 — SNaN).
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I''TABA 16
OOPMYIJIbI JJIA ITPOCTBIX YUCEJI

16.1. Beeaenue

Kaxk 1 Bce MOITO/IbIE CTYAEHTHI, 5 B CBOE BpeMs ObIII 04apOBaH IMPOCTHIMHU YHCIAMH U ITBITAJICS
HalTH (HOpPMYIy UL MX TOMCKa. S He 3HaJ TOYHO, KaKhe OIlepalyi JOJDKHBI HCTIOIB30BaThCS B
9T0i “popmyre”, U maxke He OYCHB MPEACTABILUI cebe, KaKylo MMEHHO (DYHKIWIO S MITy: (QyHK-
MO0, KOTOpast 10 3aaHHOMY N OyIeT BO3BpaIiaTh N-€ IPOCTOe YHCIIO, WK IO 33[aHHOMY TIPO-
CTOMY 4HcTy OyAeT HaXOIUTh CIEAyIoIlee MPOCTOe YMCIIO, WM OyaeT TMPOCTO JaBaTh MPOCTHIC
Yrcna, XOTs U He Bce n3 Hux. Ceifyac, Hamepekop BCEM 3TUM HEOIHO3HAYHOCTSM, sl X049y pac-
CMOTpETB, YTO K€ BCE JK€ M3BECTHO HaM TI0 3Toi mpobieme? B pesynsrate BB y3HaeTe, 9T0 ghop-
M6l TSI IPOCTHIX YHCEIT CYIIECTBYIOT, HO BCE OHU HE OYCHB YIOBIETBOPUTEIBHBI.

Haunem Haire paccMOTpeHHE ¢ KPaTKOil HCTOPUHU BOIIPOCa.

B 1640 roxy ®epma mpearonoxKmI, 9To GopmyIia

F,=2% +1

BCerja JaeT MpOCThIe YHCia, W YMCIa STOT0 BUIA NOXydnin Ha3zBaHue “uncen ®epma’. [pen-
nonoxenne @epma cpasemmeo st N ot O 1o 4, Ho B 1732 roxy Ditnep oOHAPYKIIT, 9TO

F, =27 +1=641.6700417.

(MbI yxe UMenH Je0 ¢ 3TUMH MHOKHTEISIMH, KOTJa PaccMaTpUBAIX BOTPOCHI JICNICHHUS Ha
KOHCTaHTy Ha 32-6uToBOM KomrbioTepe.) 3atem B 1880 roay Jlaapu mokasai, 9To

Fe = 2% +1=274177-67280421310721.

B nHacrosimiee BpeMs U3BeCTHO, 9TO F,, — cocTaBHBbIC YHCla JJ11 MHOTHX OOJBIIHMX 3HAYE-
HUH N, B 9aCTHOCTH I N oT 7 10 16 BirounTeNnbHO. B HacTosee BpeMsi HSM3BECTHO HU OJT-
HO 3HaYeHue N> 4, [yt KoToporo unciio epma Ob110 ObI pocThiM [33]. VBEI, rUmoresa oka-
3aJ1aCh CIMLIKOM MOCIICLIHOM. ..

[Mouemy xe depma HCHOIB30BAT JBOMHOE BO3BeleHHE B cTerneHb? OH 3HAN, YTO eciy M
MMEET HEYETHBIN MHOXHUTENL, OTIHYHBIA oT 1, To 2™ +1 — cocrtaBHOE 4ucio. Econ m=ab,
rie b HeueTHO U He paBHO 1, TO

20 +1= (20 +1) (2200 - 220 4 2209 1),
3Has 370, CDepMa 3aUHTEPECOBAJICA YUCTIaMHU 2" +1, TakuMH, T1I€ M HE UMEET HU OJHOTO He-

YETHOTO MHOXHUTEJNS, OTINIHOTO oT 1, T.e. m=2". OH ucnpoOoBag HECKOJIHKO 3HAUYCHUH N U

y6eIuics, 4To OHH JAFOT MPOCTHIE urcia 22 +1.
[IpakTidgecky Bce COTIIACHBI, YTO TIOJIMHOM BIIOJIHE MOXKHO CUHMTATh “(opmyrnoit”. B 1772 romy
OiinepoM OBLT OTKPHIT YAUBUTEIBHBIA TOTMHOM

f(n)=n’+n+41,

! CnpaBemnuBocTn pamy Hamo 3aMETHTB, YTO 3TO EIMHCTBEHHAS M3BECTHAS OMMOOYHAS THIIOTE3a
depma [61].
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oOnamaromuii TeM CBOHWCTBOM, YTO OH JIaeT MpOoCThie uncia i Bcex N oT 0 go 39. Dot pe-
3yIbTaT MOXKeET ObITh paciiupet. Tak kak

f(-n)=n*-n+41=f(n-1),
f (-n) maer mpocTsle UMcna T KaxXmoro N u3 auanasona ot 1 1o 40, T.e. f (n) maer mpocTele

gucna s Beex N oT —1 10 —40. Takum 06pa3om, TOTHHOM
f (n—40) = (n—-40)° + (n—40) + 41=n? — 79n + 1601

JaeT TpocThie urcia 1y1s Beex N ot 0 mo 79. (Ommako scTeTHdecKas IpUBIEKaTENHOCTE GopMy-
JIbI TIPH 3TOM TEPSIETCs, TaK KaK OHa JIaeT MOBTOPSIOUINECS K HEMOHOTOHHBIE PE3yJIbTATHI — ISt
n=0, 1, ..., 79 opmyna maer uncna 1601, 1523, 1447, ..., 43,41, 41, 43, ..., 1447, 1523, 1601.)
HecMoTpst Ha BCIO MPUBIIEKATEILHOCTD MOJMHOMA, OTKPBITOr0 JiifiepoM, U3BECTHO, YTO HE
CYIIECTBYET MOJIMHOMHANBHON Gopmyisl f (n), koTopas naBana Obl IPOCTOE YHUCIO JUIL KaXkK-

zoro N (He cuyntas TPUBHAIBHOTO CIIydasi KOHCTaHTHOTO roiuHoMa tuma f (n)=5). Bonee To-

T0, CIIpaBeyTiBa cieayrolnas Teopema [33].

Teopema. Eciu f(n)= P(n,2",3",...,k”) npedcmaeisem coO0u NOAUHOM C YeNLOYUCTeH-

HoLMU KOdGhpuyuenmamu om ceoux apeymenmog u f(n)—e npu n—e, mo f(n)

ABAAEMCS COCMABHBIM 3HAUEHUEeM OJisl OECKOHEUHO20 MHOMNICeCEd 3Ha4eHull N,

CnenoBatenbHo, Gpopmyna tuna n’-2" +2n+2n+5 N0JDKHA JaBaTh OECKOHEYHOE KOJIMYECTBO
coctaBHbIX yncel. C Apyroil CTOPOHEI, TEOPEeMa HUUETO HEe TOBOPHUT 0 (hopMysax, ColepKaIux
ens! Hamoao6ue 22, n” wim nl.

dopmyna i N-ro Heoro MPOCTOrO YKCIA MOXKET OBITh IMOJTyYeHA MPH MOMOIIH (DYHKIIUU
MOJYYEHUSI MAaKCUMAJILHOTO IIEJIOr0, HE MPEBOCXOJsMIero qanHoe yucio (“mon”), u mMarude-
CKOI0 3HAUEHHS

a=0.203005000700011000013...

Uucno a B JECITUYHOW CUCTEME CUHMCIICHUS TPEJICTABIIET COOO0M MepBOe MPOCTOE YUCIIO, 3a-
MMCAaHHOE B MIEPBOM MO3UIMH MOCIIE AECATUYHON TOUKH, BTOPOE MPOCTOE YKCIIO, 3alUCAHHOE B
CIIEYIOIUX JBYX TMO3ULUSX, TPEThE, 3alHCAHHOE B CIEIYIOIIMX TPeX Mo3uuusx u T.4. [lpu
9TOM JJIsi OYEPEIHOTO MPOCTOrO YKCNA BCEria HANIETCs OCTATOYHO CBOOOJHOTO MECTa, TaK
Kak p, <10". He mokasbiBast 3TOTO, IPOCTO 3aMETHUM: ITOCKOJIBKY H3BECTHO, UTO MEXAy N u 2N
(n>2) Bcerma ecTh MPOCTOE YKCIIO, 3HAYMT, MeXAy N 1 10N OHO ecTh HaBepHSKA, a OTCIOIA
crexyert, 9to p, <10". @opmyna 11 N-TO MIPOCTOTO YMCIIA BBHITILSAUT CICIYIOIINM 00pa3oM:

n+n 2

p,=|10 2 a|-10"|10 % a|,

rze ObLIO UCITOIB30BAHO COOTHOIIICHUE

n n*+n
dn= .
i 2
Hanpumep:
p, =| 10°a |-10°| 10°a | = 203005 - 203000=5.
262 I'JIABA 16. ©OPMYJIbI JIJIS1 [IPOCTBIX YUCEJ
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OTO MOBOJBHO AEUIEBHIN TPIOK, KOTOPEIM TpeOyeT 3HaHUS OKOHYATEIBHOTO pe3yiabTaTa sl
KOppEeKTHOTO ompeneneHus a. Popmyrna Takoro poaa MOXKET MPEACTaBIATE WHTEPEC, TOIBKO
€CITH UMeeTCS HEeKOTOPHIN IyTh ONpE/IeIeHNUs 8 He3aBUCUMO OT 3HAHMS BCEX MPOCTHIX YHCE,
HO, YBBI, HUIKTO TaKOTO CITI0c00a OTIpe/IeNIeHH & ITOKa YTO He 3HAET.

[onsaTHO, 4TO Takas (popMyina MOXKET CIIY>KUTbH JUII MHOTHUX Pa3IMYHBIX ITOCIIEIOBATEIBHO-
CTEH, HO celyac Hac 3TO HE UHTEPECYET.

16.2. ®opmy.abl Buinanca

IlepBas popmyna
Bumnauc (C.P. Willans) nan cienyrormyio hopmysty mist N-ro mpoctoro uncia [62]:
. -
2 u X=1)+1
p,=1+> | ¥n Z[cos2 n()J

m=1 x=1 X
BeiBoa 3TOM (HOpMYITBI HAUMHAETCS C TEOPEMbl BHIIbCOHA, KOTOpAs TIIACHT, YTO P SABISETCS
HPOCTHIM MM paBHO 1 Torzna u TonbKo Toraa, koraa (p—1)!=-1(mod p) . Takum o6pasom,

(x-1+1
X

OyIeT 1ebIM JUTst TpocToro X (wim X=1) u IpoGHBIM IS BCeX cocTaBHBIX X. ClieloBaTebHO,

F(x)= [Cos2 n(x_)l()'”J _ {l. X mpocToe wi 1, W

0, X cocraBHOE.

Takum 06pa30M, €ClIn n(m) 0603HaqaeT2 KOJIMYECTBO IIPOCTHIX YMCEI1, HE NPEBBIIIAKIIKX M, TO

n(m)=—1+gF(x). )

3amerum, 4to ©(p,)=n, a KpOMe TOro,
n(m)<n st m< p, "
n(m)2n m mp, .

Taxum 00pa3oM, KOMITIECTBO 3HAUECHHI M OT 1 110 oo, T KOTOPBIX T(M)< N, paBHO p,—1,T.e.

o :1+2(n(m)<n), (3)

TJIe 1OJI 3HAKOM CYMMBI CTOHT BBIPpa)KCHUC-TIPEUKAT, 3HAYCHUE KOTOPOTO MOXKET OBITh PaBHO
Owumu 1.

IMockonbKy y Hac ectb opmyna qis m(m) , ypasaenue (3) npeacrasisier co0oit hopmyity
JUIsi N-TO TPOCTOTro uKcia Kak (yHkiwo N. OqHako B HEel eCTh JBE BEIIM, KOTOPbIE JEIal0T ee

HEIpUeMIIeMOi: OecKOHeuHass CyMMa W HWCIOJBh30BaHUE BBIPAKEHHA-TIPEANKATa, KOTOPOE
OOBIYHO B MaTeMaTHKe HE IPUMEHSETCS.

2 ABTOp TIPUHOCUT U3BUHCHUA 3a Pa3HOC 110 CMBICITY IPUMEHCHUE CUMBOJIA TU B CTOJIb TeCHOU 0JIN30-
CTH OJHO K IPYTroMy, HO 3TO CTaHAaPTHOE 0603Ha‘leHI/Ie, HCHOJIb30BaHUE KOTOPOI'0 HE NOJIKHO IPUBECTHU
K KaKUM-JTH00 TPYAHOCTAM IIPU YTCHUU KHUT'U.
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JlokasaHo, uTo aist N>1 MMeeTcs, KAk MHHAMYM, OJHO MPOCTOE YHCIO MEXIy N u 2N,
Ces10BaTeNnbHO, KOJMMYECTBO MPOCTHIX YHCEN, He IPEBBIIAIONUX 2", 10 MEHbIIeH Mepe paBHO
n, T.e. m(2")=n. Takum oOpasom, mpeaukar m(m)<n mis m=2" pasen O, TaK 4TO BEPXHHIA

Tpesies CyMMUPOBAHHUS MOYKHO 3aMEHUTH Ha 2.
Bunnanc ncnionb3oBai 0osee HCKyCHYIO 3aMeHy ISl BEIpakeHus-ipeankara. I[Tycts

_ / y _ cy_
T(X,y)—{yl_FXJz[nﬂX—O,l,Z...,y—l,Z,...

Torma, ecin X<y, 10 1<y/(1+X)<y, Tak 4TO 1§!ly/(l+x)£{/§<2. Kpome Toro, ecnu

x2y, 10 0<y/(1+x)<1, Tak uto 0<}y/(1+x)<1. IIpumensis GyHKIMIO HAMOOIIBIIETO Iie-

JIOTO, HE MPEBOCXOIAIIET0 3aaanHoe yucio (“mon”), momyanm

T(X,y)={

tak 4yto LT(X,Yy) npexcrasiser coboii mpeaukar X<y (st X v Y U3 yKa3aHHBIX JUAIla30HOB).

1L x<y,
0, x>y,

IMoacTaBwB TOMyYeHHOE BEIpaKeHHE B (3), TOIydIUM

pn=1+:Zi‘1LT( ).n) = 1+ZNIJ_

JlanpHel1as moicTaHOBKa ypaBHeHHs (2) mis BeIpaxkeHus 7(m) uepe3 F(X) U ypaBHeHHs

(1) mst F(x) maet Ham (popMyity, IPUBEACHHYIO B Hauaje 3TOro paszea.

Bropas ¢popmysa
Buiane nan eme oaHy GopMyity [Jist N-ro mpocToro 4yucia:
z ud m
=Y mF(m) LZ i ‘J
m=1
3mecs F m m— ¢yskuun, wcmons3oBaBmuecs B IepBoil ¢opmyne. Takum obOpasom,
mF (m) paBHO M, ec¥ M— TIPOCTOE YHUCITO MM eanHuna, u 0, ecit M — cocTaBHOE UHCIIO.
Tperuit MHOXHUTeNb HpeAcTaBIsIeT coboif mpeaukar m(m)=n. Bce wieHsl cymMsl paBHbI O,
KpOMe OJIHOT0, PaBHOTO N-My TpocToMy uucity. Hanpumep:

p,=11.0+2-1.0+31.0+4-0-0+5-1.0+6:0-0+ 7-1-1+
+8:0-1+9:0-1+10-0-1+11-1-0+...+16-0-0=7.

Tperbst popmyaa

Ha sToM BuiiaHc He OCTAHOBHIICS W IIPEUIOKHI elie oxHy GopMyiy i N-Iro MpocToro
qnCiIa, KOTOpasi He MCIIOIb3YeT HH OHON “HeaHaINTHIeCKOR” > (hyHKIMHK THIa “mon” mim a6-
COJIIOTHOE 3HAa4YeHNE BeTHMIUHBI. OH 3aMeTHII, 4TO IS X=2, 3, ..., QYHKIHUA

8 210 TEPMUH aBTOpAa KHUT'H, a HE Bumnanca.
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((X—l)!)2 uemnoe + E, €CJIM X — IIPOCTOE YHUCIIO,
—_—= X
X

LIEJIOE, €CIIA X — COCTaBHOE YKCIIO win 1.

HepBa;I YacThb CJIEAYET U3 TOTO, YTO

((=0)° _ (=01 ((x-2)-1) 1

X X X

U (x-1)+1 menurcs Ha X B COOTBETCTBUM C TeopeMol Buibcona. Takum o6pazoM, npenukar

“X — mpocTtoe yncio” s X =2 3aJaeTcs CIEAYIOIUM 00pa3oMm:

in2 ((X_l)!)z

sn’n
H(X)z=—X—

N3 storo cJIenyer

n(m)=> H(x), m=23...
X=2
Oty dhopmyy Hemb3s mpeodpa3oBaTh B GOPMYIy IS P, METOAAMH, HCIOJIH30BAHHBIMHU B
MepBEIX OBYX (popmynax BuimaHca, Tak Kak B HUX npuMeHseTcs Gpyaknus “mon” . BmecTo 3To-
ro BUyntaHe mpeutokmiT crIeyrontyio GopMyity” s peaukaTta X<y mpH X,y >1:

LT(x,y):sin(g-Ze),

rac
e=T] (x—i).

<
iR

11
o

Takum  obpasom, ecmu X<y, T10 e=x(x-1)...(0)(-1)...(x-(y-1))=0, Tak uro
LT(x,y)=sin(n/2)=1. Ecnm x>y, mpomsBemeHne He BkmouaeT 0, Tak dro e21 u
LT (x,y)=sin((n/2) (uernoe uncno))=0.

Haxkomer, kak u B iepBoii ¢popmyie Bumanca,

P, :2+iLT(n(m),n).

m=2

OO0beMHUB BCE BMECTE, ITOIYYUM CIIEAYIOLIYIO “KYTh"
y yromry yT

(e

n-1| m SIN"T

X
on - i-0 | x2 sinzg I
p, =2+ .sin| =-2
w2 |2
# MBI HEMHOTO YIPOCTHIIH 5Ty (OPMYIY.
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YerBepras popmysia

[ocne sToro Bunanc npuBoguT eme ogHy GopMyiy, KOTOpas BEIpayKaeT MPOCTOE YHCIO

Pn+1 9€PE3 Pn:
2P i

pn+1:1+ pn+ZHf(pn+j)’

i=1 j=1

rae f(x) — mpeaukar “X — cocTaBHOE YHCIO”, X>2, T.C.

(=)’

f(x)=|cos’n -

B kauectBe AJIbTCPHATUBLI MOKHO UCTIOJIb30BATH COOTHOIICHUE f (X) =1-H (X) , 4TO IIO3BOJIUT

n30exarh MpUMeHeHNs! PyHKIUH “1oi” .
Paccmotpum npumep paboTel aToi hopmynsl st p, =7 . Toraa

Poy =1+7+(8)+ f(8) f(9)+ f(8)f(9) f (10)+
+f(8)f(9)f(10) f (11)+...+ f (8) f(9)...f(14) =
=1+7+1+1-1+1-1-1+1-1-1.0+...1-1-1.0-1.0-1=11.

16.3. ®opmy.aa Bopmesia

Bopwmenn (C.P. Wormell) [63] ycoseprenctBoBan dopmyny Bumtanca, yopas u3 Hee Kak
TPUTOHOMETpHYEeCcKHe (YHKINH, TaK ¥ (YHKIHIO “mon” . Berancnenus no gopmyne Bopmernna
B TIPHHIMIIE MOT'YT OBITh ITPOBEJCHBI C MOMOIIBIO MPOCTOI KOMITBIOTEPHON MPOTPaMMBbI C HC-
MOJIb30BAaHUEM TOJIBKO IIENOYUCICHHOHM apudmeTrku. Ee BBIBOA HE HCIONB3YeT TeOpemy
Bunscona. Bopmenn Havan ¢ Toro, 4to i X > 2

8= T[T (x-ab) -

{HOHO)KI/ITCHLHOC 1enoe, €ClIM X — OPOCTOC YMCIIO,
a=2 b=2

O, €CJIM X — COCTaBHOE€ YHCJIO.

Taxum 06pa30M, KOJIMYECTBO MPOCTHIX YHUCEII, HE MPEBOCXOAAIIMX M, 3a1a€TCSI COOTHOLLICHUEM

MMOTOMY YTO TOJ] 3HAKOM CYMMBI HAXOJUTCS MPEIUKAT “X — MPOCTOE YUCIO" .
3ameTuM, uto 11t n>1, a>0

n {O, ecmma<n,

[Ta-r+a)=

o1 TOJIOKUTENBHOE LIENOE, €CIIA A = N.

IToBTOpSISI ONMCAHHBIN BBILIE IIPUEM, HAXOIUM, YTO IPEANUKAT a<N MOYKHO BBIPA3HTh Clie-
JYIOIIMM 00pa3oM:

1l (-r+2)2

1-(-1)*"
a<n)=——————.
(a<n) ==
ITockonbky
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p, = 2+i(n(m)< n) ,

TOCJIe BRIHECEHUSI TIOCTOSTHHBIX MHOYKHTEIICH 3a 3HAK CYMMBI IIOJTyJaeM

X X 2 2
n m I I (x-ab)
0 1—r+(m71)+1 ¥ (71)2a:2b:2
r=1 2 24

3 .0 1Z&, 0
=242 =N (1
P =2 2m§2( )

Kak u 6pu10 ObGemano, ¢opmyina BopMmenia He HMCIONB3yeT TPUTOHOMETPHUYECKHX (PyHK-
uuid. OHaKo, Kak ykaszan Bopmert, OHHM HOSIBSTCS BHOBb, €CJIM 3aMEHUTD CTEHEeHH —1, HCIoIb-
3ys cootHomenue (—1)" =cosnn.

16.4. ®opmy.abl A5 APYTUX CIAOKHBIX PYHKIMI

Eime pa3 BHEMaTENbHO MOCMOTPUM Ha TO, 4YTO cieiaiu Butanc n Bopmenn. Huwke nocry-
JIMPOBAHbI NPAaBUIIA, ONPEIEIISIONINE, YTO UIMEHHO MBI NIOIpa3yMeBaeM I10]1 KinaccoM (GyHKIHH,
KOTOpBIE MOT'YT OBITh NpPEJCTaBIICHHI “ OpMyTaMu” W KOTOPbIE MBI Ha30BEM “(OPMYIbHBIMU
¢yHKumsAaMH” . 31€eCh X O3HAYaeT COKPAILEHUE Xi, Xy, ..., Xn IS J0O0oro n>1. ObnacTh 3Haue-
HUH TpEICTaBIsAET cOOO0M 1enble gucia ... —2,—1, 0, 1, 2, ....

Koncrantsl ... -1, 0, 1, ... aBastorcst GOpMyIbHBIMU (QyHKIHSIMH.

®ynkuny otobpaxenus f (X)=x ma 1<i<n gpusrorcs GOPMYIbHBIMH.

BripaxeHuss X+y, X—y H Xy SBIAIOTCS (HOPMYIBHBIMHA (PYHKIHAMH, €CIH TAKOBBIMHU
SIBIISTEOTCSE X U1 Y.

Knace ¢hopMynapHBIX (GYHKIINA 3aMKHYT MO OTHONICHHWIO K CYNEpPHO3MIUH (DYHKIWH
(moxcranoske), T.e. f(g;(X),9,(X),...,9, (X)) saBIsICTCs hopMymbHOI pyHKImeit, ecru f

U @ SIBJSIOTCS TAKOBBIMH 1Ist i =1, ..., M.

OI’paHI/I‘IeHHLIe CYMMBI U ITPOU3BEACHUA

MPEeNCTaBISIIOT c000it hopMynbHble GyHKIMH, ecnu 8, b u f sBusroTCS TakOBBIME U
a(X)<b(x).

TpebGoBaHue OTPaHUIEHHOCTH CYMM M TIPOWU3BEICHUN COXPAHSET BBEIYMCIUTEIBHBIA XapaK-
Tep GopmyI, T.e. GOPMYIBI MOTYT OBITH BBIYHCIICHBI ITOJCTAHOBKOW 3HAYEHUH apryMEHTOB U
IIPOBEJICHUEM KOHEYHOTO 4yucia onepauii. [IprnunHa Hanmuuust mrpuxa y cumBosioB X u 1 no-
sICHsIeTCA Jajiee B 3TOif riaBe.

ITpu dhopmupoBanny HOBBIX (GOPMYNBHBIX (QYHKIHMH C HCIIOJIb30BAaHHEM CYIEPIIO3HULUH B
city4ae HeoOXOIMMOCTH ITPUMEHSIOTCSI KPYyTJIble CKOOKH B COOTBETCTBUH CO CTaHAAPTHBIMHU CO-
TJIAMEHUSIMA 00 UX TIPUMEHEHHH.
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3aMeTuM, 4TO JieNieHHe B MPHUBEACHHBIN BBINIE CIUCOK He BKIOYEeHO. OHAKO Jae MpH
9TOM IPUBEICHHBIN CIHCOK HEJb3sl CYUTATh MUHUMAIIbHBIM. KOHEYHO, UHTEPECHO HAWTH MU-
HUMAJIbHO HEOOXOJUMBIN CITUCOK MPaBWIl, HO HE OylleM OCTaHABIMBATHCS HAa 3TOM BOIPOCE B
Haule KHUre.

Omnpenenenne “¢dopMynbHON (YHKIMH® OIM3KO K ONpPEAETICHUIO “IIeMEHTapHOH (yHK-
mun” , mpuBeaeHHOMY B [9]. OnHako o6racTh 3HaueHwni, ncmoib3oBanHas B [9)], mpencrasiser
co00ii HeOTpHUIlaTENbHbIE Ielble Yhcia (Kak ¥ B OOBIYHOW TEOPHH PEKYPCHBHBIX (YHKITHIA).
Kpowme Toro, B [9] TpeGyeTcst, 4TOOBI TPaHHUIIBI HTEPAIIMOHHBIX CYMM W TIpou3BezeHni 6puth O
u X-1 (Toe X — TepeMeHHast) U OIyCKAIH MyCThIe TUAa3oHbl (B 3TOM CIydae CyMMa CUHTa-
ercst paBHoii 0, a mpousBenenue — 1).

Janee mokaxeMm, uyTo KiIacc (GOPMYJIbHBIX (YHKIHIA CYIIECTBEHHO IIUPE M BKIOYAET 0OJIb-
MIMHCTBO (DYHKIIMI, BCTPEYAIOIIUXCSI B MaTeMaTuke. TeM He MeHee OH He BKIIIOUYaeT B cels Bce
(YHKIIMY, KOTOPBIE JIETKO ONPEIENAIOTCSA U UMEIOT DJIEMEHTAPHBIN XapaKTep.

IMo cpaBHEHHIO C TEOpUEH PEKYPCUBHBIX (D)YHKIIMH HAIM BBIBOJBI HECKOJIBKO YCIIOXKHEHBDI,
TaK KaK 371eCh MEPEMEHHbIE MOTYT MMETh OTPHUIIATEbHbIE 3HAUeHHsA. OHAKO TO, YTO HEKOTO-
pBI€ 3HAUEHUSI MOTYT OBITh OTPHUIIATEILHBIMH, JIETKO HCIPABUTH, UCIOJIB3Ys BO3BEIEHHE COOT-
BETCTBYIOIIETO BBHIPAKEHUS B KBAAPAaT. Ellle OJHUM YCIIOMKHEHHUEM SIBIISIETCSI HACTOWYHMBOE Tpe-
GoBaHuUe. YTOOBI UANIA30HbI CYyMM U MPOU3BEICHUI ObLTH HEMYCTHIMU.

B HaimeM paccMOTpEHUH MOJ “MpeArKaTOM” MOHUMAETCS (YHKIUS, KOTOpask BO3BPAIIaeT
3HaueHue, pasHoe O win 1, B TO BpeMsi Kak B TEOPUH PEKYPCHBHBIX (DYHKIIHH MPEIUKAT Tpe/i-
cTaBiseT cob0i (DYHKIMIO, KOTOPasi BO3BpAIA€T 3HAUCHUE UCTHHHO/IIONKHO, U KAXKIBIH MpeIn-
KaT MMEET CBS3aHHYIO C HUM “XapakTePUCTHYECKYIO (YHKIHIO”, KOTOpas BO3BpaIlaeT 3Haue-
uust 0/1. Mer accoruupyem 3Hauenue 1 ¢ uctunol, a O ¢ JI0XKbI0, KaK OOBIYHO JETaeTCs B SI3bI-
Kax MPOrpaMMHUPOBAHMS M B BBIYHUCIIUTENHLHBIX MAIIUHAX B 11€J0M (B IUIaHe pabOThI KOMaH] U
u wi). OJHAKO B TEOPHUHU JIOTHYECKUX U PEKYPCHUBHBIX (DYHKIHI BCTPEUAETCS] M MPOTUBOIIO-
JIOXKHAS ACCOIMAIINS JIOTHIECKUX M YHUCIIOBBIX 3HAUEHUH.

[Mpusenem psi mpuMepoB HOPMYIbHBIX (DYHKIIHIA.

1. a’=aa, a®=aaa uT.I.

2. Tlpenukar a=b:

3. (a#b)=1-(a-b).

4. Tlpenukar a=b:

(a-b)=)=> TI' (-).

Tenepb MOXHO OOBSICHHTB, IIOYEMY HE HCIIOJB3YETCs COTNIAIEHHE, B COOTBETCTBHH C KO-
TOPBIM HTEPATHBHASI CyMMa/TpON3BEACHUE MPHHUMAIOT HPH IICTOM HANa3oHe CyMMHpPOBa-
uust/mpomsseneus 3uadenus 0/1. Ecian mocTymuTh mog0GHEIM 06pa3soM, TO MOKHO TONYIHTh
Takue “KyIbHHYECTBa” , KaK

~(a-b)* b1

(a=b)= > 1u (azb)=]]o0.

i=0 i=a
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IIpeankaTsl cpaBHEHHMI SBISIOTCS KIIIOYOM KO BCEMY MOCIEAYIOMEMY MaTepHaLy, HO3TOMY
HE XKEJaTeNIbHO, YTOOBI OHM OBIIIM OCHOBAaHBI HA HCKYCCTBEHHBIX IIOCTPOCHHUX TAaKOTO poJa.

5 (a>b)=(a=b+1).

6. (a<b)=(b=a).

7. (a<b)=(b>a).

8. |a]=(2(a=0)-1)a.

9. max(a,b)=(azb)(a-b)+b.
10. min(a,b)=(a=b)(b-a)+a.

TenepL MOXXHO CKOPPEKTUPOBATH UTCPAITMOHHBIC CYMMbI U IPOU3BCJACHUSA TaAKUM 06pa30M,
4TOOBI OHU JaBajin KOppeKTHLIﬁ PE3YJIbTAT U IPU IYCTOM JUAINNA30HC CYMMUPOBAHUS WJIN IIPO-

U3BCIACHMU.
b(x) max(a(i),lb(i))
11 ) f1(i,x)=(b(X)2a(x)) D,

i=a(x) i=a(x)

b(x)

f(i,%)
max(a(x),5(x)
12. Hf(i,x)=1+(b(x)2a(x)][—1+ IT f(i,x)J.

i2a(x) Za(®)

|

HaunHast ¢ 3TOro MOMEHTa, CHMBOJIBI CyMMBI M TIPOM3BENICHHUS HCIOIB3YIOTCS 0€3 MTpHXa.
Takum oOpa3zom, Bce manbHeimue onpeneneHus (pyHKIUH KOPPEKTHBI IS JIFOOBIX 3HAYCHUH
apryMEHTOB.

13. n!'= Hi . D10 ompenenenue gaet HaMm nl=1 mis n<0.
i=1

B dpopmynax ke P u Q 0603HAYAIOT PEIUKATEI.

14, -P(X)=1-P(X).

18. if P(X) then f(y) else g(Z)=P(X)f(¥)+(1-P(X))g(Z).
19.a"= if n>0 then f[a else 0.

Ora opmyna gaet pesynsrar O s n<0 u 1 g 0°, 9TO B PSfiE CIIyYaeB MOMKET OKa-
3aThCA HEKOPPEKTHBIM PEIICHHUEM.

20. (m<Vx< n)P(x,y):ﬂP(x, y).
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21, (m<3x<n)P(xy)=1-[](1-P(xY)).
Ilycroe V ucTuHHO, ycTO€ 3 JOXKHO.
22, (m<minx<n)P(x,y)=m+ Zn:r[(l— P(i,y))-

i=m j=m

3HAUYCHHUE 3TOTO BBIPAKCHHUS €CTh HAUMEHBIIIEE X B JIMANA30HE OT M JI0 N, TAKOE, YTO MPEITH-
KaT I Hero OKa3bIBACTCsl UICTHHHBIM, JIMOO M B CITydae MyCcTOro Auaras3oHa, Jinoo n+1, ec-
JIM TIPEJIMKAT JIOXKEH U BCEro (HEIyCTOro0) AMana3oHa. JTa OTepariys Ha3bIBaeTCs  OrpaHm-
YEHHOW MUHIMH3AIMEH W SBISIETCS BECbMa MOITHBIM MHCTPYMEHTOM IIpH pa3paboTKe HO-
BBIX (popMyITBbHBIX (YHKIWI. BerancieHne Takoii MUHAMHM3AIWH, MPECTABILIOMEH OO0
THI QYHKITMOHATBHOM HHBEpCHH, peiokeHo ['yarreiirom (Goodstein) [23].

23. Nﬁj:(og minks\n\)((k+1)2 > n).

Ota (QyHKIMS NpPEeACTaBIseT COO0H “LeNOYNCIICHHBIH KBaJApaTHBIM KOPEHb , KOTOPBIH
st 06061menHocTy paBer O mpu n< 0.

24.d|n=(=|n|<3q<|n))(n=0d).

Oro npenukar “d sBisercs nenureneM N”, B COOTBETCTBUH ¢ KOTOpbIM 0|0, HO —(0|n)

npu n#0.

25.n+d=if n20 then (-n<minq<n)(0<3r<|d|-1)(n=qd+r)
else (n<ming<-n)(-|d|+1<3r<0)(n=qgd +r).

Oto hopMymna U OTCEKaromero mnejxouncienHoro aenenus. Ans d =0 dopmyna mpo-
M3BOJILHO JIaeT pe3ynbTaT |n|+1.

26. rem(n,d)=n—(n=+d)d.

OT10 00bIYHAs QYHKIMS MONYIeHHS ocTaTkKa mpH aeneHud. Eciu rem(n,d) mmeer HeHy-

JIeBOE 3HAYEHHE, €0 3HaK paBeH 3HaKy uncnutens N. Ecim d =0, octaTok paseH N.

27. isprime(n)=n>2& —(2<3d <|n|-1)(d |n).

28. m(n)= Zn:isprime(i) (KOTMYeCTBO MPOCTHIX YKCEI, HE IPEBOCKOISIIIMX N).
=

29. p, =(1<mink<2")(n(k)=n).

30. exponent (p,n) = (0< minx < n)=(p™* |n).

3t0 hopMyra mokazarens CTETEHH IPOCTOTO MHOKHUTEIS P JaHHOTO 9ucia n>1.
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31.Ins1 n>0:

2 =[12. 2 =[J2. % =[J2 urx
i1 i=1 i=1

32. n-st dpa AeCATHIHOTO MPEACTABICHAS /2 :
rem(tx/zaoz" J,lO) :

Takum obpa3om, Kmacc GopMyTsHBIX (QYHKIINH BechbMa Ooipmiol. Tem He MeHee OH orpa-
HUYEH, KAK MMHUMYM, CJEIyIOIIeld TEOPEMOM.

Teopema. Eciu f — ppopmynvras ¢ynryus, mo cywecmeyem xoncmanma K, maxasi, umo

- max(a s
f(x)<2 ,

20e Konuyecmao 08oex pagho K.

DTy TeopeMy MOXKHO JI0Ka3aTh, [OKA3aB, YTO KaKI0€ W3 MpaBui 1-5 coxpaHseT crpasei-
smBocTh Teopemsbl. Hanpumep, ecin f (X)=c (mpasuio 1), To st Hekoroporo h

f(x)<22lh,

rie umeercs h nBoek. Takum o6paszom,

max([xal.....pn])
f(x)<22” }h+2,

noromy 4To max (|x,

x[)20.
Js f(X)=x (upasuio 2) f(X)<max(|x,

X, ) , TAK 4TO T€OpEMa BBINIOJIHACTCA C k=0.

Paccmotpum npasuito 3. Ilycts
(al--xn) (al--xn)
f(x)<22” }kl ug(x)<2?” }kzs.
Toraa oueBuaHO, 4TO

max([xal.....%n|)
f(x)+g(x)s2:2°" }maX(kl,kZ)s

)
<2? max (kg Ky ) +1.

AHaJIOTHYHO MOKHO IMOKa3aThb, YTO TCOPEMaA BLIITOJIHACTCA AJIA f (X, y) =Xy.

Jloka3zarenscTBa TOTrO, YTO HpaBwia 4 U 5 COXpaHSIOT CHpPaBeUIMBOCTb TEOPEMBI, YTOMH-
TENBHBI U CIIOKHBI, TaK YTO 3/I€Ch OHM HE PUBOSATCS.
W3 Teopemsl crepyer, 4To QyHKIMS

f(x)=2""]x (4)
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He sBJIseTCss POPMYIBHOM, OCKOJIBKY BCET/Ia CYHIECTBYET JOCTATOYHO OOJIBIIOE X, JUIs KOTO-
poro 3HadeHue u3 (4) MpeBsIIaeT 3HAUYCHUE BBIPAKEHHS C JIFOOBIM (UKCHPOBAHHBIM KOJIHYE-
CTBOM J1BOCK K.

JIist TeX, KTO HHTEPECYETCsI TEOpHeEH peKypCHBHBIX QyHKIHM#H, yKaxeM, uto (4) mpencrass-
eT co00i MPUMUTHUBHYIO peKypcHio. Kpome TOro, MOKHO JIETKO 1MOKa3aTh HEMOCPEICTBEHHO M3
OIpe/ieieHsT TPUMUTUBHON peKypcud, 4t0 (GopMysibHble (YHKIHMH HPEACTABISIOT CO0Oi
MIPUMHUTHBHYIO peKypcuio. Takum o0pa3zom, kiacce GOpMyIbHBIX (QYHKIHH IpeAcTaBIsIeT co00i
HUCTUHHOE IOJMHOXKECTBO MPUMHTHUBHBIX PEKYPCHUBHBIX (YHKIMH. 3anHTEpecOBaBIIEMYCS
STHM BOTIPOCOM YHTATEIIO0 MOKHO MTOCOBETOBATH 0OPATUTHCS K [9].

B naHHOI riaBe npejicTaBieHa He TOJIbKO GopMysia [uis N-ro MpoCTOro YKCia, COCTOSIIAst
U3 DIIEMEHTAPHBIX (PYHKIMI, HO U MHOTHE Apyrue (pyHKIMH, BCTPEYAIOIIUECs B MaTeMaTHKE.
Kpowme toro, Hamm “QopmynsHble GyHKINN® HE HCIOIB3YIOT TPHUTOHOMETpHUIECKre (YyHKIINH,
¢yHKIHIo “mon”, abcomoTHOE 3HaYeHne, cTerneHn —1 1 naxke nemenwe. OHM OYEHB JIOBKO HC-
MONB3YIOT TOT (DaKT, YTO MPOM3BEACHUE OONBIIOrO KojmdecTBa uncen paBHO O, ecnn XoTs OB
ozHO 13 HEUX paBHo 0 (cM. popmyiy [uts peaukata a="b).

Brpouem, mociie 3HaKOMCTBA C TPUBEICHHBIME (QYHKIMSIMU JJISI IPOCTBIX YUCEI OHU Tepe-
CTAIOT Ka3aThCs CTOJIb MHTEPECHBIMH, M BOIIPOC 00 “HHTEepecHBIX” (popMyax JJis MPOCTHIX YH-
cen ocraercs OTKpbIThIM. Hampumep, B [53] mpuBenena yauBurenbHas Teopema Mwuiuica
(W.H. Mills) o Tom, uto cymiecTByer 8, Takoe, 4TO BBIpaKEHHE

&)

JlaeT MPOCThIC YKCa Uit Bcex N>1. Ha camom nene mMeeTcss OECKOHEYHOE YMCIIO TAKHMX 3HA-
yennii (Hampumep, 1.3063778838+ u 1.4537508625483+). Kpome TOro, HET HHUYErO BEHI-
JAFOIIEToCs U B Ynciie 3. TeopeMa OCTAaeTCsl BEpHa, €CIIM 3aMEHUTh TPOWKY JIFOOBIM OOIBIITIM
ee LEJBIM YUCIOM (pa3ymeercs, Juisi Apyrux 3Hadenuii 0). Bomee Toro, Tpoiiky MOKHO 3amMe-
HUTbH JIa)Ke JIBOWKOM, €CIIM CIPaBEIUIMBO HE JIOKa3aHHOE J0 CUX MOP YTBEPKICHUE, YTO MEKITY

2 o o
n’> u (n +l) BCErja UMECTCA MO KpauHEU MEPE OJTHO NPOCTOC YUCIIO. Bbonee Toro... Bnpoqu,

3aHHTEPECOBABIINICS YuTaTEh caM HaizeT B [13, 53] MHOkecTBO hOpMyIT TaKOTO THIIA.
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JIJIS1 4-BUTOBOM MAIIIUHBI

I[MPMJIOXEHUE A
APUOMETHUYECKHUE TABJINIIBI

Bo Bcex Ta6n1/1uax JAHHOT'O MPUJIOKEHUS ITOAYCPKUBAHUC 0003HaYaeT 3HaAKOBOE TIEpEOJIHCHUEC.

-8
=7
-6
-5
-4
-3
-2
-1

-8
=7
-6
-5
-4
-3
-2
-1

-8 -7 -6 -5 -4 -3 -2 -1
0 1 2 3 4 5 6 7 8 9 A B C D E F
0 1 2 3 4 5 6 7 8 9 A B C D E F
1 2 3 4 5 6 7 8 9 A B C D E F 10
2 3 4 5 6 7 8 9 A B C D E F 10 11
3 4 5 6 7 8 9 A B C D E F 10 11 12
4 5 6 7 8 9 A B C D E F 10 11 12 13
5 6 7 8 9 A B C D E F 10 11 12 13 14
6 7 8 9 A B C D E F 10 11 12 13 14 15
7 8 9 A B C D E F 10 11 12 13 14 15 16
g8 9 a B ¢ D E F 10 11 12 13 14 15 16 17
9 A B Cc D E F 10 11 12 13 14 15 16 17 18
A B C D E F 10 11 12 13 14 15 16 17 18 19
B C D E F 10 11 12 13 14 15 16 17 18 19 1A
c D E F 10 11 12 13 14 15 16 17 18 19 1A 1B
D E F 10 11 12 13 14 15 16 17 18 19 1A 1B 1c
E F 10 11 12 13 14 15 16 17 18 19 1A 1B 1C 1D
F 10 11 12 13 14 15 16 17 18 19 1A 1B 1cC 1D 1E
B Tabnune i BeauTanus (Tabi. A.2) mpejnonaraercs, 4to OUT mepeHoca aas a—b ye-
TaHABJIUBAETCH KaK M VI a+b +1, Tak 4TO MepPEHOC IKBUBAIEHTEH OTCYTCTBHIO 3a€Ma.
Ta6auua A.2. Boruntanue (cTpoka — croJiden)
-8 -7 -6 -5 -4 -3 -2 -1
0 1 2 3 4 5 6 7 8 9 A B C D E F
10 F E D C B A 9 8 7 6 5 4 3 2 1
11 10 ¥ E D C B A 9 8 7 6 5 4 3 2
12 11 10 F E D C B A 9 8 7 6 5 4 3
13 12 11 10 F E D C B A 9 8 7 6 5 4
14 13 12 11 10 F E D C B A 9 8 7 6 5
15 14 13 12 11 10 F E D C B A 9 8 7 6
16 15 14 13 12 11 10 ¥ E D C B A 9 8 7
17 16 15 14 13 12 11 10 F E D C B A 9 8
18 17 16 15 14 13 12 11 10 F E D C B A 9
19 18 17 16 15 14 13 12 11 10 F E D C B A
1A 19 18 17 16 15 14 13 12 11 10 F E D  C B
1B 1A 19 18 17 16 15 14 13 12 11 10 F E D C
¢ 1B 1A 19 18 17 16 15 14 13 12 11 10 F E D
1p 1¢c 1B 1A 19 18 17 16 15 14 13 12 11 10 F E
1 1p 1c 1B 1A 19 18 17 16 15 14 13 12 11 10 F
1 1E 1D 1Cc 1B 1A 19 18 17 16 15 14 13 12 11 10

HOQW» OWow-Jo Ul whEr o

|

HEHUOgOQOW»woonw-Jou b WwWhRE o

Taoéauna A.1l. Ciaoxkenne
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B ciyuae ymuoxkenus (tabn. A.3 u A.4) mepernonHeHne 03HaYaeT, UTO Pe3yIbTaTr He MOKET
ObITh BhIpaXkeH 4-OMTOBOW BeIWYMHOW. B citywae 3HakoBoro ymHOKeHHst (cM. Tabm. A.3) 310
9KBHBAJIEHTHO TOMY, YTO TepBble 5 OuTOB 8-0MTOBOTO pe3yibTaTa HE PaBHEI IATH €IHHUIIAM
WM TISITH HYJSIM.

Taoauna A.3. 3HakoBoe YMHOKeHHE

-8 -7 -6 -5 -4 -3 -2 -1

0 1 2 3 4 5 6 7 8 9 A B C D E
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 o 1 2 3 4 5 6 7 F8 F9 FA FB FC FD FE FF
2 0 2 4 6 8 A c E FO F2 F4 F6 F8 FA FC FE
3y 0 3 6 9 ¢ F 12 15 E8 EB EE Fl1 F4 F7 FA FD
4,0 4 8 ¢ 10 14 18 1C E0O E4 E8 EC FO F4 F8 FC
5606 5 A F 14 19 1E 23 D8 DD E2 E7 EC Fl1 F6 FB
6 0 6 C 12 18 1E 24 2A DO D6 DC E2 E8 EE F4 FA
710 7 E 15 1Cc 23 2A 31 C8 CF D6 DD E4 EB F2 F9
-8 8 0 F8 FO E8 EO D8 DO C8 40 38 30 28 20 18 10 8
=79 0 F9 F2 EB E4 DD D6 CF 38 31 2a 23 1Cc 15 E 7
-6 Al 0 FA F4 EE E8 E2 DC D6 30 22 24 1E 18 12 C 6
-5B| 0 FB F6 F1 EC E7 E2 DD 28 23 1lE 19 14 F A 5
-4cCc| 0 FC F8 F4 FO EC E8 E4 20 1C 18 14 10 C 8 4
-3 D 0 FD FA F7 F4 F1 EE EB 18 15 12 F C 9 6 3
-2 E 0 FE FC FA F8 F6 F4 F2 10 E c A 8 6 4 2
-1 F| 0 FF FE FD FC FB FA F9 8 7 6 5 4 3 2 1

Tab6auna A.4. Be3zHakoBoe yMHOKeHHE

0 1 2 3 4 5 6 7 8 9 A B C D E F
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 0 1 2 3 4 5 6 7 8 9 A B C D E F
2 0 2 4 6 8 A C E 10 12 14 16 18 1A 1C 1E
3 0 3 6 9 C F 12 15 18 1B 1E 21 24 27 2A 2D
4 0 4 8 C 10 14 18 1C 20 24 28 2C 30 34 38 3C
5 0 5 A F 14 19 1E 23 28 2D 32 37 3C 41 46 4B
6 0 6 C 12 18 1E 24 2A 30 36 3C 42 48 4E 54 5A
7 0 7 E 15 1C 23 2A 31 38 3F 46 4D 54 5B 62 69
8 0 8 10 18 20 28 30 38 40 48 50 58 60 68 70 78
9 0 9 12 1B 24 2D 36 3F 48 51 5A 63 6C 75 TE 87
A 0 A 14 1E 28 32 3C 46 50 5A 64 6E 78 82 8C 96
B 0 B 16 21 2C 37 42 4D 58 63 6E 79 84 8F 9A A5
C 0 C 18 24 30 3C 48 54 60 6C 78 84 90 9C A8 B4
D 0 D 1A 27 34 41 4E 5B 68 75 82 8F 9C A9 B6 C3
E 0 E 1C 2A 38 46 54 62 70 TE 8C 9A A8 B6 c4 D2
F 0 F 1E 2D 3C 4B 5A 69 78 87 96 A5 B4 C3 D2 El

Tabnumer A.5 u A.6 comepxar pe3ynbTar aefeHns ¢ oTcedeHneM. B tabm. A.5 ms cioydas
JeJIeHNs] MaKCUMaJIbHOTO T10 MOJYJIIO OTPHLATENIBHOTO YHCIa Ha —1 IIOKa3aH pe3yibTaT, paB-
HBIA 8 ¢ mepenoiIHeHneM, XOTs Ha OOJBIIMHCTBE MAIlIMH Takas orneparus Jrnbo Oyzaer 3ampe-
mieHa, 1100 ee pe3ynabTat OyaeT HeolpeaeIeHHBIM.
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Taoauua A.5. 3HaKoBoe KOPOTKoe Jejienue (CTpPoKa + cToJider)

|~

Tadnauua A.6. Be33nakoBoe KOpoTKoe jejeHue (CTPoKa + cTojaden)

Tabnumer A.7 n A.8 comepkaT OCTaTKH IpH JeNIeHUH ¢ OTcedeHneM. B Tabm. A.7 s ciy-
Yas JeJeHUs] MAKCHMAJIBbHOTO 0 MOAYJIO OTPHUIIATEIBHOTO 4KCia Ha —1 mokaszaH pesynbTar,

paBsbIi O ¢ mepernoTHeHneM, XOTS Ha OOJBITMHCTBE MAIIMH Takas omeparys Juoo Oymer 3a-

mpemieHa, 0o ee pe3yapTaT OyIeT HeolpeIeICHHBIM.
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Tadoauua A.7. OcTaToK NPH 3HAKOBOM KOPOTKOM JieJieHHH (CTPOKA + CTOJ10eIr)

o|o

Taoauua A.8. OcTaTok nNpu 6€33HAKOBOM KOPOTKOM JeJIeHHH (CTPOKa + ¢To/16en)

IMMPWIOXKEHUE A. APUDMETUYECKHE TABJIMLBI VIS 4-BUTOBOM MAILMHBI
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IMPMJIOXEHUE b
METO/J HBbIOTOHA

Jiis kpaTKOro paccMOTpeHus: MeToia Hpr0TOHA MPEonokuM, 4To Y HaC uMeeTcs Tudde-
peniupyemast ¢pyukius f ot gefictBuTeBHOM IEpEMEHHOM X U HAM TPeOyeTCs pEIINTh YpaBHe-
Hue f(x)=0 orHocurenpHO X. Metox Hpl0TOHA 10 IaHHOMY NPHOJNIMKXEHHUIO X, KOpHs f aet

HaM IPH ONPEEICHHBIX YCIOBUAX YIyqIIEHHOE MPUONMKEHne X, ,, 1o ¢hopmyie
f (%)
(%)

3necy f’(x,) o3Hauaer mpousBonHy!o f B Touke X = X, . BbiBox 3T0i hOpMyIIBI MOXKHO HO-

nit = Xn —

SICHUTb NPUBCACHHBIM HUKE PUCYHKOM (pemaﬂ TIOKa3aHHO€ YPAaBHCHHUC OTHOCUTCIIBHO X, ., )

y
y=f(

fo)h------ f04) = X0 —Xyr1

X1 Xn

3TOT MeToJ Xopouo paboTaer Jyis MPOCTHIX 10OPOKaYeCTBEHHBIX (DyHKIMIA, HAITpUMep MOJIu-
HOMOB, €CIIM IepBO€ NPHUONMKEHHE JO0CTaTOYHO ONM3KO K pemeHuio. Ecnu mpuOimkeHHOE
3HAYEHHE JIOCTATOYHO OJIM3KO K TOYHOMY, METOJ 00JIa/1aeT KBaJPaTHYHON CXOJUMOCTBIO0. DTO
03HAYaeT, YTO €CJIU I — TOYHOE 3HAYEHHE KOPHs, a X, — JOCTaTOUHO OJIU3Kas OLEHKA, TO

\xm—r\s(xn—r)z.

TakuM 00pa3oM, KOJIMYECTBO TOYHBIX LMD PELICHHs YIBAUBAETCS MPH KAKION HTEpalH
(mampumep, eciu |x, —r|<0.001, To |x,,, —r|<0.000001).

Ecim nmepBoe mpuONMMKEeHHUE AajIeKO OT 3HAYCHHS KOPHS, TO 3TO MOXKET HMPUBECTU K MEJ-
JICHHOH CXOJUMOCTH WTEpalli, PacXOJUMOCTH B OECKOHEYHOCTb, CXOJMMOCTH K JPyromy
KOPHIO (HE SIBJISIOMEMYCS ONMMKANIITNM K IEPBOMY HPUOIIMIKEHUIO) U TIPHUBECTU K OECKOHEY-
HOMY LUKJTy C HEKOTOPBIM HA0OPOM 3HAYCHHIA.

[IpuBeneHHOE PacCMOTPEHHE METO/Ia OCTATOYHO TYMAaHHO U3-3a Hanuuus (pa3 tuna “omn-
penerneHHble ycioBus®, “noOpokadecTBeHHass QyHKIMA W “moctaToyHo Onm3ko”. Jlms Toro
4TOOBI MO3HAKOMUTECS C MeTOZ0M HbloTOHa Gosiee cTporo, oOpaTuTech MPaKTHYECKU K J11000-
My y4eOHHUKY MO BBIYUCIUTEIEHBIM METO/IaM.

Hecmorps Ha mpeaynpexaeHus 00 00JacTH MPUMEHCHUs JTAHHOTO METO/a, 3a4acTyr OH
OYCHb IOJIC3€H B OOJIACTH LENBIX YHCENl. J[Js TOro 4TOOBI ONMPENeIUTh MPUMEHUMOCTD STOTO
METOJIa JJIsl TOW WM MHOW (DYHKIIMH, BBI JOJDKHBI IPOBECTH COOTBETCTBYIONIMI aHAIIN3, HAIO-
Job6ue onmcanHoro B paszaene 11.1.

B ta61n. b.1 npuBeieHbl HEKOTOPBIE UTEPATHBHBIC (YOPMYJIBI, BRIBEICHHBIE 13 MeTo1a Hbro-
ToHa. B mepBoM cTos0I1IC IPUBEIEHBI HCKOMBIC 3HAYCHUS, BO BTOPOM — (PYHKIIHMH, IS KOTO-
PBIX 3TH 3HAYCHUS SBISIOTCS KOPHSIMH, U B TPEThbeM — MpaBbie yacT ¢opmyin HeroToHa, co-
OTBETCTBYIOIIUE STHM ()YHKIUSIM.
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Tadanua b.1. Merox HeloToHa 1151 BEIYHCIEHHSI HEKOTOPBIX 3HAYEHMIH

Boruncasiemoe DyHKIUA HrepaTuBHas
3HAYeHHUe dopmyna
Ja x*-a 1 a
—_ Xn + —_—
2 X,
3a x®-a 1 a
§ 2X, +—
1 x?-a X 2
— L(3—-ax
\/a 2 ( n)
1 x'-a X, (2-ax,)
a
log, a 2*-a +i(a_j
" In2\ 2%

K coxanenuto, He Bcerza MpoCTO HAWTH MOAXOIAIIyI0 QyHKIHIO. Pasymeercs, cymecTByer
MHOXXECTBO (DYHKIMH, KOPHEM KOTOPBIX SIBIISICTCS] MHTEPECYIOIee HAC 3HAYCHHE, HO TOJIBKO
HEMHOTHE W3 HHUX NPHBOAAT K MPAKTUYHBIM HTEpaTWBHBIM (opmyinaM. OOBYHO (QYHKIHSA
Mpe/CTaBIsieT cO00N HEKOTOPbII THIT OOPATHBIX BBHIYUCICHHUI 110 OTHOIICHHIO K BBHIYUCICHHIO

MCKOMOTO 3HaueHus. Hampumep, [uis moucka ~/a HCHOIb3yercs f(x)=x*-a, ms noucka
log,a — f(x)=2"-a utx’

Urteparusuast Gopmyna mist log,a cxomutes (K log,a) maxe eciii 3aMEHUTh MHOKHTEIb
1/In2 HeKOTOpBIM ApyruM 3HadeHweM (Hanpumep, 1 wim 2). OQHAKO CKOPOCTb CXOAUMOCTH
pu 3ToM ynazeT. st psjia IpUioKeH|d BMECTO MHOXKHUTENS 1/In2 MOXHO HCIIONIb30BaTh Be-
manEbl 3/2 win 23/16 (1/In2~=1.4427).

! Merox HprOTOHA ISl 4ACTHOTO ciTydasi KBaJIpaTHOTO KOpHS OBLT M3BECTEH €llie B ApeBHEeM Bapmio-
ue okosio 4000 et Hazaz.

278 IMPWJIOXKEHHUE b. METO/] HBIOTOHA
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. OtmyHas KHHT'a, KOTOPYIO 1 pEKOMEHAYIO BCEM, KOI'O MHTEPECYET AaHHas T€Ma.
2 Camoe paHeC YIIOMUHAHUE 00 3TOM METO/JIE, U3BECTHOEC MHE.
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He Ttak naBHO aBTOpoM maHHON KHHTH OTKPHIT Web-y3en www.HackersDelight.org,
OCHOBHAsI IIeJIb KOTOPOTO — BBICTYIIaTh B POJIM aKTUBHOTO JOMOJHEHHs K KHHTeE. 3]IeCh ILIa-
HUPYETCS Pa3MENICHHE MATEPHAJIOB, KaK HEMOCPEICTBEHHO CBSI3aHHBIX C KHUIOHM (Hampumep,
3]IeCh BbI MOYKETE HAWTH BCE MCXOJHBIC TEKCTHI (DparMEeHTOB KOJa W3 KHHUTH B 3JICKTPOHHOM
BUJIE WU TOCJIEJAHUE WCIPABICHUS U JIOTOJHEHNs, BHECEHHbIE B KHWUIY), TaK U MaTepUalbl,

JIM3KHUE “TI0 [ K MaTepHally KHUTH.
6 " ”

3 Hacker's Delight - Microsoft Internet Explorer provid_: ;IEIEI
J File Edit “iew Favorites Tools Help i
| #=Back ~ = ~ @ 74 | Qoearch GdFavorites #Hstory | By~ S OF «

JAddressI http: /fwwrw . hackersdelight.org ~| @so HLinks ?

This site 15 an adjunct to the book Hacker's Delight (Addison-

Wesley, 2003). It may become a forum for discussions about the kind

of algorithms that are in that book. There 18 no mechanism set up vet

for discussion threads, but if you send me email (see the bottom of

this page) I'll post it if it seems appropriate. Please also send email

if vou find errors m the bool. =]

@] Dore - | &My computer Py

Tax, Ha MOMEHT HalMCaHUsI 3TOTO JOTIOJIHEHHS 37IeCh MOJKHO OBIJIO HAWTHU Psii MHTEPECHBIX
cchUIOK Ha npyrue Web-y3mel, MOCBSIICHHbIE MOJOOHOI TemaTHke. 31ech jKe MMEeTCs Mpo-
rpamma A Hacker’'s Assistant — ontuMu3atop, MO3BOJSAIONIMN HAXOIUTh MHHHUMAIBHBIN KO
0e3 BeTBIIEHHH JUIs psijia crienuanbHbIX GyHkiuid. [Ipencrasien Taxke psa rpaduKoB pasiiny-
HBIX JIMCKPETHBIX (YHKLIHMH W3 YHClla pacCMaTpPHUBAaBIIMXCS B KHUIe — Tpa(UKOB, KOTOPHIC
CTOSIT TOTO, YTOOBI MOCMOTPETh Ha HUX XOTS OBl Pajy MOJIy4EHHs ACTETUYECKOTO yJI0BOJIBLCT-
BUsL. DTO ICHCTBUTENLHO HEOOBIYHOE U OYEHb ITOYYHTEIILHOE 3PEITHIIE.

31ech Ke UMEIOTCA U JOIONHUTEIbHbIE MaTepUallbl K pACCMOTPEHHBIM B KHHMI€ T€MaM —
HarpuMep, MOUCK “Marn4eckux’ YHcel, UCHOIb3YIONIMXCs TPH JEeJIeHUH Ha KOHCTAaHTHI, pac-
cmarpuBaetcs Borpoc o Beraucinennn CRC32, maTepuaisl, IprciIaHHbIe YNTATEISIMA KHUTH
(x coskaJeHHIO, TIOKa 4TO aBTOp He peanu3oBan Ha cBoeM Web-y3ie dopym mis oOMeHa MHe-
HHUSAMH 1 HHPOpMALUEH).

U nocneanee — mo NopsiiKy, HO He MO BaKHOCTU. UMEHHO 3/1€Ch MOXKHO HalTH MaTepua-
JIbl, KOTOpPBIE aBTOP IUIAHUPYET BKIIOYUTh B HOBOE M3[aHHME KHUTHU, TaK YTO BBl MOXETE OKa-
3aThCs €€ NEPBBIMH YUTATEISIMHU €1IIe 10 TOT0, KaK KHUI'a NonajeT B Turnorpaguo!
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YUHUTCS TPOTPAMMHUPOBATDH —
HNMEHHO y‘{I/ITCH
[POrpaMMUPOBATh, & HE U3YUYAET
A3BIKU IPOrPAMMUPOBAHNU.

B npopaxe



ANITOPUTMbl:
BBEAEHWE
B PA3PABOTKY 1 AHAJIA3

AHaHun JleBUTUH Kuura opuentuposana B
MEPBYIO OUEPEb HA CTY/IEHTOB U
acIUPaHTOB COOTBETCTBYIOIINX
crnennanbHocTel. HeemoTps

Ha MO3UIMOHUPOBAaHNE KHUTH

B KauecTBe yueOHOTO mocobus,
OHa MOJKET 0Ka3aThCsI TOJE3HOU
u npodeccuoHaly B pazpaboTke
AJITOPUTMOB —

B TIEPBYIO 04Yepen Oiaromgaps
KCIT0JIb30BAHHOMY

aBTOPOM HOBOMY MOAXO/Y

K KJaccuuKamum MeTO/I0B
MIPOEKTHPOBAHUS.

OmnucaHue aJropuTMOB

Ha eCTECTBEHHOM SI3bIKE
JIOTIOJIHSIETCSI TICEBOKO/IOM,
KOTOPBIT TTO3BOJISIET

KasKJIOMY, KTO UMEET XOTsI
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