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Ort3biBbl HA KHHUTY «LlUcbpoBasn
CXeMOTeXHUKA U apXUTEKTypa
koMmnbloTtepa. RISC-V»

Xappuc u Xappuc demanrvro onucaru ycmpoiicmeo npoyeccopa RISC-V om srexm-
POHHbIX KOMROHEHMO8 00 MuKpoapxumexkmypol. Ux acHoie 06vACHEHUS 8 COYEMAHUL
C LUPOKUM OXBAMOM membl 0arom nOAHOe npedcmasieHue KaK o yugposoi cxemo-
mexnuke, mak u 06 apxumexkmype RISC-V. Imo ouenv ungopmamusnolii u nosua-
samenbHolll n00x00, NOCKOAbKY Y CMYO0eHmos ecmob OMAUYHAL BOZMONHOCTb 3ANY-
ckamo 6oabuiue yugposole npoekmot Ha cospemerrolx FPGA.

Hasupn A. Ilarrepcon, Kanudopuuiickuil ynusepcuret B Bepkiu

I[Tompsacarouje, kakue pa3znoobpasroie 3HAHUA ABMOPbL 06BEOUHULL 8 OOHOL KHU-
eel Ilo mepe paszsumus npoussoocmsa nOAYNPOBOOHUKOB 3HAUUMOCMb NPABULLHOL
pas3pabomru yuppPossLX cxem u KOMnbrOMepHoU apxumexmypol. 6ydem moibKo 803-
pacmamoe. Yumameau naidym docmynuoe u 8CeCMOPOHHee paccmomperue obeux
mem u nocae npoumeru s KHieu noAY1Ham “emKoe NOKUMAKIe ApXumeKmypol Habopa
komarnd RISC-V.

uapro YorepmaH, SiFive

Mme dosoduroce sudemov omauurole yuebHUKU NO YUPPOBOL CXeMOMEXHIKE U OM-
AUYHbLE YUeOHUKI NO KOMNbIOMEPHLIM APXUMEKMYpPam — HO amom yuebHUK npeod-
cmasasem coboti u mo, u dpyzoe! On makace ynukaren cgoetl cnocobHocmovio opmu-
posambe 06wyro Kapmury. A8Bmopsl. HAUUHKAOM ¢ A308, U IMO Oeaaem apxumeKmypy
RISC-V nowsammnoti. ¥npasxcrenus K earagam 3moil KHu2U NOCAYHCAM OMALYHbIM Me-
moduueckum pecypcom 04 yrusepcumemckux npenooasamenetl.

Poin Kpasun, ['ocynapcrBennsiii yausepcutet [lopraenna

Koeda s snepsoie npouuman yuebrux no MIPS 8 2008 200y, mo nodyman, umo amo
00uUM U3 Ayuwiux yuebHUKO8 nO KomnolomepHol apxumexmype. 4 cpasy Hauwan uc-
noav308aMb €20 8 c8ouX AeKuusax. Tpuradyams rem cnycms MHe ROCUACMAUBUAOCH
npouumame nogoe usdarue npo RISC-V, u moe mHerue ocmaroce npexcHum: amo om-
AUMHAS KHUA, O4eHb NOHAMHAS, UCHEPNbIBAIOWAS, C BbLCOKUM 06pA308aMEAbHbIM
nomenyuasom. OHa NOAHOCMbIO coomsemcmayem yuebHol npospamme, KOmopyro
npoxodam cmydermol 8 064acmuU YUGPOBOL CXEMOMEXHUKU U KOMNbIOMEPHOL ApXU-
mekmypol. 5 ¢ nemepneruem x# 0y B03MONCHOCMU UCNOLL30BAMb IMOM YuebHUK NO
apxumexkmype RISC-V & csoux rexyusx.

Januaae Yapep Maprunec, Manpuackuil yuusepcuteT KomniyreHce



06 aBTOpax

Jleeua Manu Xappuc (David Money Harris) — gouenT B kosnemxe uM. Xapeu Manna
(Harvey Mudd College). ITosiyuus ydeHyio cTeneHb KaHAWAaTa HayK M0 3JEKTPOHHKE
B CT3H(OPICKOM YHHUBEPCHTETE U CTENEeHb MaruCTpa Mo 3JeKTPOHUKe U HH(OpPMAaTHKe
B MaccauycerckoMm TexHosorudeckoM uHctutyte (MIT). Iepen Crandopaom padoTadn
B KoMnanuu Intel B KayecTBe cXeMOTeXHHMKA U pa3paboTUUKa JIOTHKHU JJIsI IPOLECCOPOB
Itanium u Pentium II. BnocienctBuu paboran koHcysabTaHToM B Sun Microsystems,
Hewlett-Packard, Evans & Sutherland u apyrux koMnaHusix.

YBieuenus J[sBuaa BKIIOYAIOT B ce6sl MperogaBaHue, pa3paboTKy UUIIOB U aKTHBHBIH
OT/BIX Ha IpUpoJie. B cBoGoaHOE OT pabOThl BpeMsi 3aHHUMAaeTCsl MEeLUM TyPH3MOM, CKaJlo-
JlazaHueM U anbnuHu3MoM. OcoGeHHO JIIOOUT IIHHHBIE IPOTYJIKH ¢ CblHOM AGpaxaMoM,
KOTOpPBIH poauics, korna JaBun Hauan pabotath Haj 3ToW KHUrOU. J[3BUI UMeeT GoJsee
JeCSTH NaTEeHTOB U SIBJSIETCS aBTOPOM TpeX APYTUX YueOHHKOB MO pa3paboTKe UHMIIOB,
a Tak»Ke JIByX nyTeBoauTesel o ropam IOxuou Kanudopuuu.

Capa JI. Xappuc (Sarah L. Harris) — nouent B ko/iemke um. Xapsu Manna (Harvey
Mudd College). [Tosyunsia cTeneHy MarueTpa v KaHAKUAATA HAYK 110 3/1eKTpoHKKe B CTIH-
(hOPACKOM YHUBEPCHUTETE U CTeNeHb 6aKanaBpa M0 371eKTPOHUKE U BBIUMC/IUTENbHON TeX-
Huke B yHuepcurere Bpaitama fInra (BrighamYoung University). Capa takxe pa6orasa
B koMnaHusx Hewlett-Packard, San Diego Supercomputer Center, Nvidia u nccrenosa-
TeJbCKOM oTxedse KoMmnaHuu Microsoft Research B [Tekune.

Hurepecsl Capbl He OrpaHHUYMBAIOTCS MPENOJaBaHHEM, H3ydeHHeM U Pa3paboTKOH
HOBBIX TEXHOJIOTHH, OHa TaKXke JIOOUT MyTelleCTBOBATb, YBIEKAETCS BUHICEP(PUHIOM,
CKaJsloJla3aHueM U Urpoil Ha rurape. Cpeny ee HeJaBHUX HAYMHAHNUH MOXKHO OTMETHTb HC-
c/1e[0BaHUs B 00/1aCTH UHTeP(eHCcOoB, 03BOJAIIMUX pa3padaTblBaTb LU(PPOBLIE JIEKT-
pUUecKHe CXeMbl IPOCTBIME PUCYHKAMU OT PYyKH, paboTy B KaueCTBe HayYHOTO KOppec-
NOH/IeHTa A5 punrana HauronansHoro o61ecTBEHHOTO paaruo (National Public Radio)
u obyueHue kautceppuury. Capa roBOpHUT Ha YeThIPeX f3bIKaX U COOUPAETCS U3YUHThb
ellle HeCKOJIbKO B OJiHxKaiIieM OyayIieM.



[lpeancnosue
K PyCCKOMY U3aHHUIO

Brl nep:xuTe B pyKax KHUTY, KOTOpast 3aHUMaeT Ha POCCUICKOM KHUKHOM pPbIHKe 0c000e
MecTo. EC/iv BBl CTYEHT ¥ XOTHUTE TPOUTH coOece0BaHKE B KPYITHYIO 3JIEKTPOHHYIO KOM-
IaHUIO Ha NIPO3ULUI0 IPOEKTHPOBILUKA [IPOLECCOPOB, HEHPOYCKOPUTeNed U CeTeBbIX
MHUKDPOCXeM, TO caMoe Jydlllee, YTO Bbl MOXKeTe CeJaTb cedvac, — 3TO NPOYUTATh AaH-
HYI0 KHUTY OT KOPKH 10 KOPKH, OTHOBPEMEHHO BBITIOJHSIS YIIPayKHEHHS Ha CUMYJISITOpPaxX
u naarax [TJIMC.

Korna Mbl roBopuM 0 cobece0BaHHUSIX, Mbl TOBOPUM O TaKHX KOMIaHHsX, Kak Apple,
Intel, NVidia, a Tak:ke o mepeoBbIX pOCCHHCKUX NPOEKTHPOBILHKAX MTpoLeccopoB Synta-
core, dnBuc-HeoTek u Batikan DiekTpoHUKC. B KaXkn0¥ U3 HUX BaM JAfyT 3aJaHUs TH-
Ia «HaluIIUTe Ha J0CKe AM3alH MPOCTOro apOUTpa Ha sI3blKe ONHCAHMS alnaparypbl
Verilog» uin «06bsICHUTE, KaK MIOMOTAIOT IPOM3BOAUTENBHOCTH MUKpOTIpoLieccopa 6at-
nachbl B €ero KOHBelepe».

KoneuHo, MBI He yTBep2KAaeM, UTO H3YUEHHE 3TOr0 yueOHMKA rapaHTUPYeET BaM ycIeX,
HO 3Ta KHUTA 3aKJIaJbIBAeT COBPEMEHHYI0 6a3y BO BceX 06J/1acTsX, O KOTOPHIX Bac OyIyT
CIpalMBaTh: LU(poOBasi JOTHKA U ee TAUMUHT, apupMeTHIeCKre OJJ0KH U KOHeYHbIe aBTO-
MaThbl, apXUTeKTypa (cucTeMa KOMaHI) ¥ MUKpoapxuTekTypa (CTpoeHue KoHBeHepa) mpo-
neccopa. C HCTIo/b30BaHNEM TOTO XKe caMoro sizbika SystemVerilog, KoTopslf HenoMb3Y-
0T COBpPeMeHHble Pa3paboTYHKU LH(PPOBLIX CHCTEM Ha paGoueM MecTe (BaM TakxkKe MOTYT
BCTpeTUTbes 6s10KHW Ha sidbike VHDL, 1 oH ToXe ecThb B KHHUTe).

[Tocsie 3TON KHUTH BaM, KOHEYHO, HY2KHO OyIeT CleNaTh HECKONbKO yueOHBIX MPOeK-
TOB 1 U3YYHTD I10 CTATBHSIM B ceTH FIHTepHET HEKOTOPbIe THIIBI TU3aHHOB, KOTOPHIX B KHUTE
et (ouepenu FIFO, nepecedenune 10MEHOB TAKTOBOK 4aCTOTHI U T. 11.). COBMECTHO ¢ 3TOM
KHHTOH TaKyKe PeKOMeH/yeTCsl YUTaTh elle oqHy — «LIuppoBoH cHHTE3: MpakTHUECKUN
Kypc»!. OHa co3naHa crenualbHO KaK JOTOJHEH e K IpeIblIylled BepCHU KHUTH Xappu-
COB; B OJIM2Kaklllee BpeMs MJIAHUPYeTCs ee Tepensnanue, agantuposantoe nog RISC-V.
[Tocne aToro Bl Oynete rotoBbl K 6010. Hukakas apyrasi KHUra uiaud KOMOHHALUS KHUT
Ha PYyCCKOM s3blKe He [TOMOXKeT BaM IIPOUTH 3Ty HauyaslbHYIO YacTb TPaeKTOPUU 3Pdek-
THBHee, yeM «Llu(poBast cxeMoTeXHHKa U apxXUTeKTypa KommbioTepa: RISC-V» laBuna
Xappuca u Capsl Xappmuc.

Kak Bo3HMKNa coBpemeHHas 6a3a
NPOeKTUPOBaHHUS

B 1980-e roasl mpon30LIH [Be PEBOJIONNH B MPOEKTHPOBAHUH IHU(PPOBEIX MHKPOCXEM.
[TepBas peBosioLHst 6blyIa B MapuIpyTe mpoeKTHpoBanus. Jlo KoHua 1980-x cxeMsl prco-

' Iudposof cuntes: mpakTHyeckuil kype / mox oomi. pea. A. IO. Pomanosa, 0. B. IManuyna. M.: IMK
Ipecc, 2020. https: / / dmkpress.com/ catalog/ electronics / circuit_design /978-5-97060-850-0 /.
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16 Mpeauncnoeue Kk pycckoMy U3faHUIO

BaJIM MBIILIKOH Ha 9KpaHe, a ¢ Hauasa 1990-x ux cranu cuHTe3UpOBaTh U3 KOJa Ha sI3bIKaX
onucanus annapatypsl Verilog u VHDL. OcHoBHbIE cOOBITHS:

» 1984 — Gateway Design Automation / Cadence u306peTaroT si3blK OMHUCAHUS arl-
napatypsl Verilog;

» 1984 — Xilinx uso6peraer pekondurypupyemsie mukpocxems [1JIUC / FPGA;

v

1986 — Optimal Solutions / Synopsys uso6peTaioT UHPPOBOH CHHTES;

P> 1988—-1992 — undposoii cunTes BHeApstOT B poekTrpoBanue Apple, Sun, Nokia
uap.;

> 1997-1999 — Lexra, MIPS, ARM HauKHaIOT JMLEH3UPOBATh IPOLECCOPHBIE sIapa

B Buze IP-610k0B (Intellectual Property — uHTe/IeKTya/ bHast COGCTBEHHOCTD).

Bropas peBostouusi mpousolia B apXUTEKTYPe U MUKPOAPXUTEKTYpe TPOLEeCCOPOB.
B 1970-x 6bly momyJIsipHbL IPOLIECCOPBI C ABYXYPOBHEBOH OpraHusaliel Ha OCHOBE TaK
Ha3blBaeMOH TEXHOJIOTHH MHKpoIporpaMMmupoBaHus. KomaHael mpoueccopa, BUAUMBIE
IPOrpaMMHCTY, peasi30BbIBAINCh HA allapaTHOM YPOBHE C IIOMOLIbBIO Le[I0UeK U3 CJI0B
(mocsienoBatenbHOCTEH GUTOB B TAMATH) C CHTHAJAMH KOHTPOJIS, TaK HA3bIBAEMOTO MH-
Kpokona. Takasi opraHusauus M03BOJsA/NA CO3NABATh OUEHb CJIOXKHBIE CUCTEMBI KOMAaHL,
HO OTPaHUUMBAJIa BO3MOXKHOCTH IO UX MapaJjiyie JbHOMY BBITOJHEHHIO.

B 1978 rony rpynna uccnenoBaresei B CteHdopae noa pykoBoactBoM J»koHa XeH-
HeccH 3afana cebe BOMpoc: 1eHCTBUTENbHO JIK HY>KHbI 3TH CJI0XKHbIE KOMaH/Ibl, HJIH UX He-
00XOAMMOCTb — MPOCTO MapKeTHHroBasi HI03usi? CTeH(OPILbl NPOBENH aHAIU3 00JIb-
1I0T0 KOJIMYeCTBa M0J/1b30BaTEbCKUX IPOrPAaMM U MPHUILIN K BEIBOLY, YTO OOJIBLIHHCTBO
HCIIO/Ib3yeMBIX B TPOrpaMMax KOMaH[I — MpocThie. M eCsid TpaTUTh YCUJIHS He Ha YCJIOXK-
HeHHe LeNoyeK MUKPOKO/a, a Ha IOCTPOEHHe TaK Ha3blBAEMOr0 KOHBeHepa — CTPYKTYPH,
B KOTOPOU MPOCTble KOMAH/BI BHIOJHSIOTCS C TIEPEKPLITHEM BO BPEMEHH, — TO MOXKHO
BHIMIOJIHSIT TporpamMmbl 6uicTpee. Tak nosiBunack apxutekrypa MIPS.

K noxoxum upesim npuuiia rpynna B bepknu nox pykosonctsom IlsBupa [lattep-
coHa, Kotopasi B Hayasne 1980-x cosnana apxurektypsl RISC I u RISC II, u3 xoTopeIx
Beipocsia apxutektypa SPARC. B cepenune 1980-x mosiBusiach Komnauuss ARM, u 3a
nocJ/eaymooLye 1ecsiTUNeTHSl NIPOLeccopbl ¢ HOBOM OpraHu3alued CHauajsa 3aBOeBasd
PBIHOK Pab04YUX CTaHLHMH, a TOTOM U OBITOBOH 3JIEKTPOHHUKH, COTOBBIX Te/1e()OHOB U MHUK-
POKOHTPOJIJIEPOB.

B konue 1980-x maxe Intel, koTopas u3Haua/JbHO [eJsaja MPOLECCOPEl HA OCHOBE
MMKDOKOJa, cTana BBOIUThb B Intel 486 koHBetkep, a kK 1996 roxy moctpousia mporeccop
PentiumPro, B KoTopom 60J/IBIIMHCTBO KOMaH/ Ha JIETY NPeoOpa3oBbIBAINCH B TIPOCTHIE
KOMaH/[Ibl, OTIPaBJsiBIlKecs Ha KoHBerep B ctuiie RISC-npoueccopoB. XpaHUMBIH B na-
MSITH MUKDPOKOJ[ OCTAJICS TOJBKO JJIST CJIOXKHBIX HHCTPYKLHH.

B nagane 1990-x ocnoBatenu koHuenuuu RISC-npoueccopos [xxon XeHneccu u J3-
Bua [lartepcoH ony6/KKoBa/Iu Ba yueOHUKA, KOTOPble CTaau OecTellnepaMu:

P yueOHHMK HayasJbHOTO YPOBHS «ApXHTEKTypa KOMIIbIOTEpPAa M TPOEKTHPOBAHHUE
KOMITbIOTEPHBIX CHCTEM»

P> 1 6oJiee CJI0KHBIN yl{e6HI/IK «KOMHb}OTepHaH ApXUTEKTYypa: KOJIMYeCTBEHHBIH MMO-
XOomo».
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OTH y4eOHUKH ONHUCHIBAIN apXUTEKTYPY H MHKPOAPXUTEKTYpy CHayasa Ha OCHOBe
MIPS-o06pasnoit apxutektypsl DLX, a notom cramnu ucnosab3osatb MIPS. K Tomy Bpeme-
HH Iporieccoprl apxXUTeKTypsl MIPS y2Ke HCMOIb30BANUCh B KOMITBIOTEPAX JJ1sI FOJITUBY-
CKHUX creld((eKToB, a TIOTOM U B JOMAIIHEH 3/JIeKTPOHHUKE.

B Teuenue 1990-x ameprKkaHCKHe YHUBEPCHUTETH BHEIPUJIU B yueOHbBIH MPOLIECC KHHU-
ru XenHeccu U [laTTepcoHa, Kypcehl 10 si3blkaM onucanus annapatypsl Verilog u VHDL,
a TakXe JabopaTopHble paboThl Ha MJ1aTaX ¢ MUKPOCXeMaMH PeKOH(HUTYPUPYEMOH JIOTH-
ku [TJIUC /FPGA, KoTOpble MO3BOJIMIN CTPOUTh CTYIeHYeCKHe MPOLeccophl 6e3 CI0xK-
HOH TIpoLlefyphl 3aKa3a UxX Ha (abprke. Tax BEIPOCJIO TOKOJIEHHE CTYIEHTOB, KOTOpbIe
paspa6oranu Apple iPhone, rpaduueckue mpoueccopsl o NVidia, MUKpocxeMbl mJisi
MapuipytusaTopoB Cisco u Juniper v Ipyrue nomyJsipHble yCTPOHCTBA.

Urto nponcxoauno B ato Bpemsa B Poccuu

PeBosoninu B 1M(poBOM CHHTE3€ U MUKPOAPXUTEKTYPE IPOLIeCCOPOB 110 BpeMeHH BhINaNH
Ha CJIOXKHBIH IIePUOJ POCCHHCKOH HcTOpuH. OTKPHITHE COBETCKOTO PBIHKA JJIS HHOCTPAH-
HBIX KoMIIbloTepoB, Kosutanc CCCP u Heno(HHAaHCHPOBaHKE BY30B NPUBEJH K TOMY, UTO
B POCCHHCKOM 00lllecTBe NepecTaly BepUTb, 4YTO B PoccHu BO3MOXKHO NPOEKTUPOBAHHUE
KOHKYPEHTOCIOCOOHBIX UHIIOB.

Jlosroe BpeMst Pyl pa3paboTINKOB COXPAHSINCH TOJbKO B KOMIIAHUSIX, CBSI3AHHBIX
¢ 060pPOHOH U KOCMOCOM, JJIsl IPOEKTHPOBAHUS UHIIOB JUI KOCMOCA B TAKUX OpPraHH3alHsIX,
kak HUMCH n HIILL «dnBuc». Poccuiickast komanaa, papaboTaBiiasi npoueccop «Jb-
Opyc», IPOTOTUI KOTOPOTO NPH cUMYJIALMHK Ha Verilog nokasbiBas MHOTOOOeIIAOLIHE Pe-
3yJIbTaThl HA BBIYMCJIEHUSX C TJIaBAOIIEeH TOUKOH, nomnbitanachk B 2000 roxy noyuutsb (u-
HaHCHPOBaHHe y BeHYYPHBIX KAl TaINCTOB KpeMHIeBOH 10/MHBL, HO BepHYJIachk B Poccnio.

B pesysbrare o6yueHHe KOMIbBIOTEPHOHU apXUTEKTYpe BO MHOTMX POCCHHCKHMX By3ax
cTaJso onucatesnpHbIM. Hanpumep, By30BCKHe MpenofaBaTesy CTa Il UCIOIb30BaTh yyed-
HUK DHapio TaHeHOayMa «ApXUTEKTYpa KOMIBIOTEPOB», KOTOPBIH OblT GOJIbILIE OPHEHTH-
pOBaH Ha IPOTrPaMMHUCTOB, UeM Pa3pabOTYNKOB ITpoLieccopoB. UTo H oHATHO — TaHeHO6ayM
MOJTy4YUJT H3BECTHOCTDb KaK CO3/aTe b OllepalMoHHON cucTeMbl Minix, npeaiiecTBe HHULBL
Linux, a He pa3paboTuuk npoueccopa. 1 MUKPOAPXUTEKTYpPbl yueOHUK UCIIONb30BA
peIbIIY LY TEXHOJIOTHYECKYH0 6a3y (MUKPOKOI) U HUKAK He Obll IPUBSI3aH K CHHTE3Y
TIPOLIECCOPOB Ha SI3bIKAX ONHCAHHS anmapatypbl. To ecTb CTyIeHTH H3YyUalH CHCTEMBI KO-
MaHZ 4 BUIbI Kellla /151 IPOrpaMMUCTOB, HO He MOIVIM ClleslaTh IPOLeccop pyKaMH.

Yuebnuku [latTepcona u XeHHeccu 6bln epeBeeHbl HA PYCCKUH 13K ¢ OOJBLINM
OMO3/IaHNEM, U B HUX He BOIILIX IPUJIOKEHHS C ONMCAHNEM S13bIKOB IPOEKTHPOBAHHS arl-
napatypsl. [Ipodeccop Apkanuii [TossikoB mocse pa6oTsl B KpeMHHeBOH 10/HMHE BepHY -
cs1 B Poccwuio u uspan B 2003 rony yue6HuK o Verilog, Ho B HeM He GbLIO PUBSI3KH K KOM-
MbIOTEPHOU apxuTekType. Jlaxe Korga pocCUICKHe BY3bl eJ1a/u J1a00opaTopHble paboThl
¢ IIJIMC, npenopaBate/id 4acTo BhIOMPAJIH Pa3paboTKy CXeMbl C TIOMOIIBI) PHCOBAHHUS
MBIIIKOH Ha 9KpaHe, XOTs B aMepPHKaHCKUX KOMIIAHHSX 3TO ITepeCcTaJlIt IeNaTh ellie B Haua-
ge 1990-x. B tunuuHo# By30BCcKOU MeToauuKe mo uudpoBou asnektponrke 2000-x ronos
1IJI0 KAYECTBEHHOE ONHCaHUe CXEM MYJbTHIJIEKCOPOB U TPUITEPOB, a IOTOM, IPOMYCTHB



18 Mpeauncnoeue Kk pycckoMy U3faHUIO

[1Ba YPOoBHS abCTpaKLUMK, CTYyIeHThl Cpa3y U3ydaJu NporpaMMHpOBaHHe MUKPOKOHTPOJI-
JepoB. He 6bly10 yue6HHKa, KOTOPBIH Obl YBSA3bIBAJ BCE 9TH 3/J1€MEHTbI B OHO LIEJIOE.

Uctopus noseneHus yueoHuka «Lludposas
CXEMOTEXHHMKA U apXUTEKTYypa KOMMbIOTEpPa»

JaBun Xappuc yuusacs B MIT kak pas Torzaa, Korjaa npousolilsia PeBoJOLIHsS B MapIipy-
Te npoekTHpoBaHus KoHua 1980 — navyana 1990-x ronos. Boopy:keHHbI HOBBIMU METO-
noJsorusMu, [1aBua nowen padorats B Intel Hag npoueccopom Pentium II. Tlocsie atoro
3amuTHa fuccepranuio B CreHdope u ctan npenonasareseM B Kostemke Xapsu-Mann
B to2kHOU Kanudopuuu.

» http:/ /pages.hmc.edu/ harris /about / General_Resume.pdf.

Konnemx Xapsu-Mann He 0co60 H3BeCTeH LIMPOKOU MyO/IHKe, HO HAXOAUTCS CPein
TOM-YHUBEPCUTETOB 10 3apabOTHBIM MJ1aTaM BbITYCKHUKOB, a TAKXK€e KOJUUYECTBY BbITYCK-
HUKOB, 3alLHMIIAILUIUX BIOCJAeACTBUN AuccepTauuu. Eure Xapsu-Mann n3BecTeH mpoek-
TaM¥ B 00J1aCTH POOOTOTEXHUKH, KOTOpbIe OHH AenaioT BMecte ¢ NASA. Mubimu cioBa-
MU, 3TO MPAKTHK BBICILIETO KAIUOpa.

» https:/ /www.monster.com/career-advice / article / colleges-that-get-most-
pay-for-graduates.

» https:/ /www.hmc.edu/about-hme/2020/09 /14 /harvey-mudd-ranks-high-
in-u-s-news-and-world-report-2021 /.
» https:/ /ti.arc.nasa.gov/news/ ASR-hosts-Clinic-project /.

IlsBun Xappuc u ero kostera Capa Xappuc (0HH He POACTBEHHMKH, a IPOCTO OJHO-
(damubip) B 2008 rofy Hanucas M NepBblid BAPUAHT y4eOHHUKA, B KOTOPOM B JJAKOHUYHOK
U TeXHUYECKU KOPPEKTHON (popMe H3JI0KUIN MaTepHas, KOTOPBbIH 0ObIYHO BXOAUJ B He-
CKOJIbKO Y4eOHUKOB: LIM(pOBasi IOTHKA, 13bIKK onucanus annapatypsl Verilog u VHDL,
apXUTeKTypa M MHKPOApXHTEKTypa KOMIbIOTEpA, a TaKxKe HCI0Jb30BAHHE TOTOBBIX
yunoB. CTyIeHTbl MONYYUIN BO3MOXKHOCTb, UCIOMb3Ysl TOJbKO OIWH yueOHHK, HauaTh
C HYJIsI, IOUTH 10 KOHCTPYHPOBAHHUSI COOCTBEHHOTO HEOOJBLIOTO MPOLECCOpPa, peasH3y-
IOLIEro MOAMHOXKeCTBO apxuTeKTypbl MIPS, a moToM cpaBHHTE ero paGoTy ¢ peaJbHbIM
MUKpoKoHTpoJiepoM Microchip PIC32 na apxurekrype MIPS.

Kuura Xappucos noasunacb B Poccuu

B nauane 2010-x rogoB B pOCCHHCKOH 3JEKTPOHHOW MHAYCTPHUH HACTYIHJIO OKHBJIE-
HUe. 3eJIeHOrpafCKue KOMMaH|H «DNBUC» U «MuTaHap» HaTa»KUBaJd KOHTakThl ¢ ARM
u MIPS nnsi muuensuposanus npoueccopusix spep, HUMCH crpoun cynepckanspHoe
64-6utHoe MIPS-anpo, KM211 pazpabaTbiBaau nNpoleccopsl Ijsi CMapT-KapT U HaslaXu-
BaJIM KOHTaKThl ¢ TakBaHbcKoU (pabpukorn TSMC. POCHAHO ¢duHaHcHpoBano npoekT
KOMIaHHH «DJIBUC» B 06/1aCTH YMHBIX KaMep U HOBYIO KOMIIaHUI0 «Balikaa DeKTpOHHUKC» .
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Korza npo6/ieMbl HeocTaTKa (PMHAHCHPOBAHUS U U30JISILUH POCCHHCKUX KOMIAHUH
OT MEeXIYHapOJHOT'0 PbIHKA CTaJH PellaThCsl, HA EPBbIH IJ1aH BhILLJIA TPoOJieMa HeEXBAT-
K1 KanapoB. Xots ByzoBckue nporpamMmbl B MHUIT u UTMO crapanuch noanepKuBaTh
CBOM TIPOTPaMMBbI Ha YPOBHE, KOMIIAHUSIM MPUXOAMUIOCH 00yUaTh He TOJNBKO pa3paboTuu-
koB cxeMm Ha Verilog (na yposne RTL — Register Transfer Level), Ho 1 nrxeHepos-Bepu-
(hUKaTOPOB, KOTOPBIM HY?KHO OBIJIO CO3[1aBaTh TECTHI ¥ MOJIEJH CO 3HAHUEM, UTO MTPOUCXO-
IUT B CXeMe, CIIPOeKTHpoBaHHOU Ha Verilog.

[TosaTomy korzna B 2014 rony nosiBuiach njiesi epeBeCTH Ha PYCCKUH S3bIK KHUTY Xap-
PHCOB, ee MoJIepkKaJjn cpa3y HeCKOJbKO YeJ0BeK U KoMIaHuU. [IpernogaBaTenu U acmu-
panThl poccurickux yuusepceuteros MUDU, UTMO, UTMuBT, CI16 'Y AT, ykpanHcKux
KHY, KITH, XHYP3 u UHTY; cotpynnuku poccuiickux komnanuin MLICT, HUMCH PAH,
«Mopnyab», RusBITech, amperka.ru, Runtime Design Automation, «bu/lxu»; pycckue
VHKeHepbl aMePMKaHCKUX U eBpoNeicKux Komnanuii Imagination Technologies / MIPS
Processors, AMD, Synopsys, Apple, eASIC, Cadence, NVidia, Marvell Semiconductor,
yHuBepcuteta [IpuHcTon — 6oJee 40 yes0BeK NPUHSAIM yUacTHe B [IepeBOLE, PEBLIO, pe-
NaKTUPOBAHUY U KOPPEKTHUPOBAHUH KaK yUeOHUKA, TAK U JEKIIMOHHBIX CJTaH/I0B /151 HETO.

[lepeBon mopmep:kana GpuraHckas komnauus Imagination Technologies, kotopas
B 3TO BpeMs 3aKJ/ro4asa CIe/KH 10 JULEeH3UPoBaHUIo mpoueccopHbix sigep MIPS u rpa-
(uyeckux sinep PowerVR ¢ poccriickMMU KOMIaHUSIMU U Obl1a 3aHHTEPeCcOoBaHa B yJyu-
LIEHUH TeXHHYECKOro o6pa3oBaHusa B Poccuu 1/1d HaslaXKUBaHUS JOJTOBPEMEHHBIX OU3-
Hec-OTHOLIEeHUH ¢ POCCHUCKUMH NapTHepaMu. B usfnaHuu KHUru taxkxe nomorJo eNano,
o6pasoBatesbHoe otaensenne POCHAHO, poccuiickoro ¢onma, KOTOpbIE BKJaabiBas
B MHKPO3JIEKTPOHHbIE TIPOEKTHI.

[Tocne BeIXO#A MepBOro OHJAWH-W3NAHUS 32 JEJO0 B3SJIOCh POCCHHCKOE H3IAaTesib-
ctBo «JIMK Ilpecc», KoTopoe BHIMYCTHJIO BTOPOe H3naHKue Xappucos (Hcrmosb3yioliee
apxutekTypy MIPS) B GymMaxkHOM BHjie, 3aTeM [OMONHEHHE, KOTOPOE PUMEHSET apXH-
texTypy ARM. Knura «LludpoBasi cxeMOTeXHHKa M apXUTEKTypa KOMIIbIOTepa» cTasna
HACTOJIbKO TOIMYJsipHA, YTO e€e Hayajld HCIOJb30BaTh B BEAYLIMX POCCUHCKHUX BY3aX.
EnuHCTBEHHOrO, Uero el He XBaTaslo, 3TO MOJHOLLEHHOTO TPAKTUYECKOT0 Kypca, KOTOPIH
OBl MOT IOTIOJIHUTh OCHOBHOU MaTepHas JabopatopHeiMu padotamu. B 2019 r. takoit Kype
6bl1 cosnan. [Ton sruporn MUOM HUNY BIIID 6blna cobpana 6GoJiblliast KOMaHaa Mpero-
naBaTesied u paspadotunkos u3 CHI u CIIA, nanucasuiue Kaury «LludpoBoit cunTes:
NpaKkTHUeCKUH Kype» nox penakuuei A. 10. Pomanosa u 10. B. [Tanuy.ia. Kuura xopoua
TEeM, YTO OHA PACKPLIBAET U IONOJMHSAET MaTepHral KHUTM XappHUCcoB, a TaKxKe oaepKaHa
perno3uTapreM ¢ UCXOMHBIMH KOJAMH BCEX MPUMEPOB, MPUBEIEHHBIX B HEH, U alalTHPO-
BaHa M0/l BbITIOJIHEHHE J1a00PaTOPHBIX paboT Ha JiellleBbIX 0TAan0uHbIX atax ¢ [IJIMC.

U BoTt, HakoHell, BBULY Bce GoJibliiero pacnpoctpaHeHus apxutektypsl RISC-V, mo-
SIBUJIOCh HOBOe U3aHue KHUTH «LlnpoBasi cxeMOTEeXHHKA U apXUTEKTYPa KOMIIbIOTEPa».

Mouemy RISC-V?

Jluuensupyemsie sapa RISC-npoueccopoB coBepIln/v ellle OAHY PEBOJIOLMIO B KOHLE
1990 — nauajse 2000-x rogos, Korma ARM cran cepaieM coToBbix TesnedoHoB oT Nokia
u Ericsson, a MIPS cranu ucno/ib3oBath B TeeBU30pax Sony, UIPOBLIX MPHCTABKAX
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u naxe podorax. K komnanusm ARM u MIPS npucoeiuHUIUCh HECKOTBKO KOHKYPEH-
toB, B uactHocTH ARC u Tensilica, koTopble 06pa3oBau Tak Ha3bIBAEMYI HHIYCTPHIO
MOJIYIIPOBOJHUKOBOM HHTEJIIEKTYalbHOU cob6cTBeHHOCTH, semiconductor IP, o6uum
pasMepoB B HECKOJIbKO MUJIJIMAPAOB 0JNaPOB.

[TomrMoO pa3pabOTUHMKOB LEHTPANbHBIX [POLECCOPOB B 3Ty HHAYCTPHUIO BOLLIH
Imagination Technologies — KommaHus, KOTOpasi CIPOEKTHPOBAIA rpapHUeCKUH MPoLeC-
cop PowerVR nuist pannnx Apple iPhone, satem paspadoruuk npoueccopa st 06paboTku
curnajioB CEVA u yxe B Hallle BpeMst KOMIIaHUH, KOTOPbI€ BBIITYCKAIOT YCKOPUTENH Hell-
poceTeBbIX BEIUHCJ/IEHUH.

ARM u MIPS noJtyuaau 10Xo1 AByMst ClIOCOGaMHU:

1) mpopae JMLUEH3WH Ha MPOLECCOPHBIE sApa — (DAKTHUECKH HA MCIIO/Ib30BAHKE
COTHH ThICSIY cTpOK Ha Verilog, HanncaHHbIX HHKeHepaMd ARM u MIPS, BuyTpH
cHCTeM Ha KPHUCTaJlIe 3aKa3ynka. [IpumMepamu Taknx koMnanus crann Microchip,
KoTopasi auueHaupoana sapo MIPS M4K nnst mukpokontpossepos PIC32, u ST
Microelectronics, kotopasi suneHsuposana sapa ARM Cortex M /s JHHEHKH
MHUKpPOKOHTpoJiepoB STM32;

2) mpopaxkeil Tak HasblBAEMOH aDXMTEKTYPHOMH JMLEH3UH — [IPaBa Ha CO3JaHKe Ipo-
eccopa COOCTBEHHOH MHKPOAPXHUTEKTYpbl. VH)KeHepbl KOMIaHWHU-MOKyMaTeJ st
APXUTEKTYPHOU JIMIIEH3UH CO3/1aBaJd COOCTBEHHYIO MUKPOAPXUTEKTYPY U MOTJIH
paspabatbiBaTh Koj Ha Verilog caMu, HO HX SIIPO 1€J/1a710Ch COBMECTHMBIM IO apXH-
TeKType (cucreme komann) ¢ ARM uaun MIPS. Iocaenaum NPUMEPOM TAKOTO JIU-
lleH3uaTa siBJsieTcss Komnanus Apple, kotopast cosnana ceoe ARM-coBmMecTHMOE
PO IJIS1 CUCTeMBl Ha KpucTasie Apple M1.

XoTs pasfeseHue KOMIaHUH Ha pa3zpaboTyukoB [P-6/10k0B 1 pa3paboTUUKOB CUCTEM
Ha KpHUCTaJie moMoryo pazsuth uHayctpuio B 1990—2000-e ronsl, He Bce B 3TOU cXeMe
6bLII0 HeaTbHBIM.

» Bo-mepBbIX, MHOTHE KOMIAHHWU ObLIM HELOBOJbHBI YCJIOBUSAMU U MOJUTHKOH JIH-
LIeH3UPOBAHUS KakK siiep, Tak U apXUTeKTypbl. OCOOEHHO CUJbHOEe HeraTHBHOE
BIleUaT/eHHe Ha WHIYCTPUIO NMpousBes cyneOHbd npouece MIPS nportus Lexra
B 1999 rony, B pesysbraTe KoToporo nuoHep IP-nmuneH3npoBanus komnanus Lexra
00aHKPOTH/IACh H3-32 JOBOJBHO MEJIKOT0 HapyLIeHUs IaTeHTa Ha PeKO UCII0Jb3Y-
eMble HHCTPYKIHMHU HeBbIpaBHEHHOro o6MeHa ¢ namsiteio (https:/ /www.eetimes.
com / lexra-quits-ip-cores-business-in-deal-with-mips /).

» Bo-BTOpPbIX, KOHTPOJb aPXUTEKTYPbl CO CTOPOHBI KOMMEPUYECKHUX KOMIAaHHUU He
HpaBUJICS YHUBEPCUTETCKUM HccaenoBaTensm. Xots MIPS akrtuBHO wucmosb-
3oBasicsl B yueOHMKax, a ARM pnaBas rpaHThl YHUBEpCHUTeTaM, HO y4YeHBIe OblIH
HeJOBOJIbHBI TIePCIIEKTHBON TTOMYyYeHHS TUCEM OT KOPIOPAaTUBHBIX IOPUCTOB M3-3a
KaKOT'0-HUOYIb CO3AaHHOTO UMH 9KCIIEPUMEHTA/IbHOTO MpoLeccopa.

» Haxkonel, BoBcex RISC-apxuTeKTypax CKOMUINUCH PAa3Hble Y€ PThl, KOTOPBIE KOTIA-TO
Ka3aJIMCh XOPOLIUMH UAESIMH, HO CTAJIH TOPMO3OM ITPOrpecca PH yCI0KHEHHH ITPo-
LIeCCOPOB, MOBBILIEHUH YaCTOThl, BBEIEHUH MUKPOAPXUTEKTYPbl C BHEOUEPEIHBIM
BBIIIOJIHEHUEM KOMaHJ, llepeMeHHOH IIMHbl HHCTPYKLUHMH U IIpeacKasaTe/siMy Me-
pexona. ¥ SPARC Taxo# uepTo# OblTH perucTposble okHa, y MIPS — cooTsl oTi10-
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KeHHoro BeTBseHus, Yy ARM — ycsoBHOe BbinoIHEHHe HHCTPYKLHME. HyKHa Gblia
peBusus mupa RISC-nponeccopos.

U sroit pesusuen crana RISC-V — apxurekrypa, cosnannas B 2010 ropy rpynmoi Toro
ke JlsBuna Ilarrepcona us Yuusepcurera Kanudopuun B Bepkiu, KoTopeiit Hanucas nsa
yuebHuKa U cTosi y ucTokoB apxurekTypsl SPARC. ['pyna RISC-V He TosbKO 00be1rHE-
Jia OTIBIT TIPOLIECCOPHBIX KOMIaHUH 3a penpinyiine 30 JeT, HO U BCTYMU/A B APTHEPCTBO
¢ Linux Foundation 1 MmHOrMME KpymHBIMU KoMTaHusiMH — Google, AMD, Western Digital.

Korza Bbl ncnosnsadyere apxutektypy RISC-V g npoekTupoBaHus cBoero nporec-
copa, BaM He HY>KHO IIJIATHTb 33 apPXUTEKTYPHYIO JHIeH3HI0. [Ipy 3TOM caMu BBl MOXKeTe
MoJIyuaTh 3a CBOU MPOIleccop AeHbIH: MPOAaBaTh ero Kak [P-6/10k, cucteMy Ha KpUcTaJie
WJIM IPOM3BOJMTD HA €r0 OCHOBE UHMIIbl. Bbl TaKKe MoKeTe peluTb cliesiaTh 6ecnaaTHbIU
TIPOIIECCOP C OTKPBEITHIM KOoIOM Ha Verilog nJist neeseioBaTesiel — 3T0O TOXKe MOOMIPSIETCST
coo611ecTBOM BOKPYT apxuTekTypel RISC-V.

Ceityac RISC-V MoxeT chirpaTh 60JbIIYIO POJIb B CTAHOBJIEHUH POCCHUCKOH 3JIEKT-
ponuku. Poccuiickue komnanuu CloudBEAR u Syntacore (npuo6perennas komnaHues
«SInpo») paboTAT HAl IPOLECCOPAMHU COOCTBEHHON MHUKPOAPXUTEKTYPbl, COBMECTHMBI-
MH TI0 cHcTeMe KOMaH/ ¢ apxutekTypoil RISC-V. 1o nneansHast KoM6uHaLUS, KOTOpasi
M03BOJISIeT pa3pabaTeiBaTh CBOM ITPOLECCOPbI © KOHKYPHUPOBATb [0 TPOU3BOAUTENBHOCTH,
9HepronoTped/eHUI0 U HAOOPY PaCILIMPeHUH ¢ NPOHU3BOAUTENSMH Ha MUPOBOM DBIHKE,
OIHOBPEMEHHO COXPaHss IPOrpaMMHYI0 COBMECTHMOCTb CO BCEMH IPOrpaMMaMH, KOTO-
pele cospnatorcs st skocucteMel RISC-V Bo Bcem Mupe. K takuM mporpammam oTHOCSTCS
KOMIUJISTOPBI, OTlePalliOHHbIE CUCTEMBI U MPUKJAAHbIE IPOTPAMMBL — OT POrPaMM ISt
MHMHHATIOPHBIX UHIIOB /I UHTEPHETA Bellel 10 MOOUIbHBIX YCTPOUCTB, aBTOMOOU/IBHOU
3JIEKTPOHHUKH, IECKTOIIOB U CYTIEPKOMIIBIOTEPOB.

NMoaBopsa urtor

[Tpenpinyue uananus yuyeOHHKa XappUCOB yKe MOMOIJIA UCIPABUTh CepPbe3HBIN ANC-
faslaHC B IpenojaBaHUK LU(PPOBOH 3JeKTPOHHKM B Poccuu, KOTOPbIH BO3HHK elle
B 1990-e ronbl. KHura takxe crana oTIpaBHOH TOUKOH AJIS1 CO3MaHHUS Kypca JabopaTop-
Hbix padot Ha [IJIMC non srumosr BIID MUIM, onnaita-kypcos or POCHAHO wu ce-
muHapoB Ha ChipEXPO B CkosikoBo. HoBoe ke usnanue yue6HuKa XappucoB BbIXOANUT
Kak pas Torza, korga B Poccuu passopaunBaioTcsi aMOMLIMO3HbIEe IPOEKTHI [0 CO3IAHUIO
BBICOKOIIPOM3BOAUTEbHBIX TPOLIECCOPHBIX SIIEP, KOTOPbIE COBMECTHMBI C OTKPBITOH MeXK-
nyHaponHo#d apxutekTypou RISC-V u npu atom cripoektupoBansl B Poccuu.

Me&1 oXKupaem, 4To YUTATENH 3TOH KHUTH CTAHYT TOMN-pa3padoTUHKaMK U OGU3HeC-/H-
JepaMy POCCHHCKOHN 3/1eKTPOHHOH IPOMBILLIJIEHHOCTH U IOMOT'YT €1 3aHSATb MECTO B MUpe,
KOTOpOe COOTBETCTBYET POCCHHCKHM TPAAHLHAM JOCTHXKEHHH B MaTeMaTHKe, (PHU3HKE,
ATOMHBIX U KOCMHUECKHX TEXHOJIOTHSX.

FOpuii [Tanuya,

nHxkeHep-npoekTHpoBIIHK CPU, GPU 1 ceTeBbIX MUKPOCXeEM,

c onbiToM pa6oTsl B MIPS Technologies, Imagination Technologies,
Juniper Networks u Samsung Advanced Computing Lab



[lpeancnosue

DTa KHHra yHHKaJbHA TeM, UTO ONHUCHIBAET UU(POBYIO CXeMOTEXHUKY C TOUYKH 3pPeHHUs
KOMITBIOTEPHOH apXUTEKTYPbl, HAUHHasl C ABOUYHOH JIOTHKH U 3aKaHYMBAasl IPOEKTUPOBA-
HHMEeM MHKPOIIPOLeccopa.

Mgl cyntaeM, 4TO MPOEKTHPOBAHKE MHKPOIPOLECCOPa sIBJsIeTCs] CBOeoOpa3HbIM 06-
PSIIOM MOCBSILIEHUS] IJIST CTYEHTOB MHXKEHEPHBIX M KOMITbIOTEPHBIX CIIeLHaTbHOCTEH.
BryTpeHHsi1 paboTa MHKPOIPOLeCCOpa KaXKeTCsl MOYTH Maru4eCcKod Ui HEMOCBSIIeH-
HbIX, HO IIPH NMOAPOGHOM O0OBbSICHEHUH 0KA3bIBAETCSI IPOCTON M JOCTYITHOH /IS IOHUMa-
Hus. [IpoekTHpoBaHMe LU(POBHIX CXeM caMo Mo cebe SBJSETCS 3aXBATHIBAIOLIUM MPe-
metoM. [IporpaMmMupoBaHue Ha s13bIKe acceMOJepa M03BOJIsIET TOHSITh BHYTPEHHUH SI3BIK,
Ha KOTOPOM FOBOPUT MHKpoIpoieccop. MUKpoapXUTEKTypa, B CBOIO OUepPeib, sIBJASETCS
TeM CBSI3YIOLIUM 3BEHOM, KOTOPOe 00 beINHSIET STH IPeAMETH BOEAHHO.

[TepBble 1Be BepcHHU 3TOr0 HaGHPAIOIIETO MOMYJISIPHOCTh yueOHHKA OMHCHIBAIOT ap-
xutekTypel MIPS u ARM. MIPS — onHa U3 UCXOAHBIX BBHIYUC/IUTEbHBIX aPXHUTEKTYP
¢ cokpaueHHbIM Habopom Koman (Reduced Instruction Set Computing, RISC), npocras
B M3Yy4YeHHWH M NMpPUMeHeHWH. 3HAaYMMOCTb apxuTektypbl MIPS cioxHO nepeoneHuTs,
MOCKOJIBKY OHa BIOXHOBHJ/IA Pa3pabOTYMKOB Ha CO3[aHHe MOCJEIYIOIINX apXUTEKTYP,
Bkatoyasi RISC-V. Apxurekrypa ARM crana oueHb MOMyJISIPHOH 3a MOCAeTHHE HECKOJIb-
KO JlecsiTU/IeTHH 6/1arogapsi cBoed a(h(eKTHBHOCTH U Goratod sKocucTeMe. Boiio mpo-
naHo 6os1ee 50 mapa npoueccopos ARM, u 6os1ee 75 % Ji01eil Ha IaHeTe UCIOMb3YIOT
IPOAYKTHI C STUMH TIPOLECCOPAMH.

B reuenue nocsaennero necsitunetus apxutekrypa RISC-V cranoButcs Bce Gosee
3HAUUMOH Kak ¢ 006pa3oBaTesNbHOH, TaK U C KOMMepPYeCKOH TOUKU 3peHHus. Dynyun mu-
POKO pacrpocTpaHeHHOH KOMIbIOTEPHOH apXUTEKTYPOU C OTKPHITHIM HCXOIHBIM KOIOM,
RISC-V coueraer npoctory MIPS ¢ ru6KocTbio U (YHKIHOHAIbHOCTbIO COBPEMEHHbBIX
IIPOLIECCOPOB.

C mo3HaBaTeIbHOM TOYKH 3pEHHS MCIOJb30BaHHE Tpex Bepcul yue6HuKa — MIPS,
ARM u RISC-V — noaHocTbio uaeHTHuHO. Apxutektypa RISC-V umeer psin oco6eHHO-
CTel, BKJIOYAIOLUIMX PACIIMPSIeMOCTb U KOMIAKTHBIA (pOpMaT MpeACTaBJIeHUsT HHCTPYK-
LMK, KOTOpPble TMOBHILIAIT ee 3((PeKTUBHOCTb, HO HEMHOTO YBEJIMYHBAIOT CJIOKHOCTb.
Tpu MUKPOapXUTEKTYPHI TaKKe MoxoxH, a apxutekTypsl MIPS u RISC-V umetor MHoro
ob6urero. Mbl iaHupyeM nepeusnaBath Bepcun yueonrka npo MIPS, ARM u RISC-V no
TeX 0P, MOKA 3TH aPXUTEKTYPBl BOCTPeGOBAHBI PHIHKOM.

0CO0GEHHOCTH KHHUIH

OTa KHUTa CONEPKUT PSl 0COOEHHOCTEH.

OpaHoBpeMeHHoe Ucnonb3oBaHHUe A3bikoB SystemVerilog u VHDL

Asbiku onucanus annapatypsl (hardware description languages, HDL) naxonstcs
B OCHOBE COBPEMEHHBIX METOI0B [IPOEKTHPOBAHHUS CJI0KHBIX LU(poBLIX cucTeM. K coxa-
JIEHHUIO, pa3paboTYMKHU AEJSITCS Ha [Be NPUMEPHO paBHbIE TPYIIIbI, UCIOAb3YIOLIME 1Ba
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pasHbIx si3bika, — SystemVerilog u VHDL. {I3biku onucanus annapatypsl paccMaTpUBa-
10TCA B raase 4, cpasy IocJe Ijas, OCBALEHHBIX NPOeKTHPOBAHUIO KOMOHHALIMOHHBIX
U T0CJIe0BAaTENbHOCTHBIX JIOTHUeCKUX cxeM. 3aTeM a3blkd HDL ucnosbsytores B raa-
Bax 51 7 17151 pa3paboTKy UM(PPOBLIX GJIOKOB GOJIBILIETO Pa3Mepa U MPOLeCccopa UEJTUKOM.
TeMm He MeHee raBy 4 M0oxKHO 6€300JI€3HEHHO IPOIYCTUTD, €C/H U3ydeHHe 13bikoB HDL
He BXOJUT B [IPOrpaMmy.

DTa KHHWra YHHMKaJbHa TeM, UYTO HCIOJb3yeT OfHOBpeMeHHO H SystemVerilog,
u VHDL, 4To no3BoJisieT UUTaTeNI0 OCBOUTH IIPOEKTHPOBAHHE LUHU(POBLIX CUCTEM Cpa-
3y Ha IBYX s3blkax. B riaaee 4 cHayasa ONMCHIBAIOTCS 0OLIMe IPUHLMIIBL, IPUMEHUMbIE
K 000UM $13bIKaM, a 3aTeM BBOAUTCS CUHTAKCHC U IIPUBOASATCS IPUMePhl HCII0/b30BaAHUS
3THUX S3bIKOB. DTOT ABYSI3BIUHBIN 1MOAX0[ 06JerdaeT rnpernoaaBartesto suidop si3eika HDL,
a 4yMTaTeIo I103BOJIUT IePedTH C ONHOTO si3blKa Ha APYrodl Kak BO BpeMs yuyeObl, Tak
U B IPO(heCCHOHANbHON eITEIbHOCTH.

ApxuTekTypa U MUKpoapxuTekTypa npoueccopa RISC-V

I'naBer 6 1 7 MOCBSIlEHbl U3YUYEHUIO apXUTEKTYPbl 1 MUKpoapxuTekTypbl RISC-V.
Apxurektypa RISC-V siBaisieTcst uaeanbHbIM yueOHBIM TOCOOHEM B TOM CMBIC/IE, YTO 3TO
peaJsibHasi apXUTEKTypa, Ha KOTOPOU OCHOBAHbI MHJITHOHLI BHITYCKAEMbIX €XKeT0HO MUK-
pOCXeM, U B TO XKe BpeMsi OHa IIpocTa [Jisl u3yueHust. Kpome TOro, COTHH yHUBEPCHTETOB
[0 BCeMYy MHUpY pa3pabaTbiBaloT ydeOHbIe KypCbl, JabopaTopHble paboThl U pa3inuHble
HHCTPYMEHTBI HMEHHO [J151 3TOH apXHUTEKTYPHI.

XXuBble npumMepbl

B nomonHeHne K 0OCYXKIE€HUIO OCHOBHOW TeMbI 3TOTO yueOHHKA — apXUTEKTYPHI
RISC-V — B paszneqe 6.8 nsis pacuivpeHns Kpyro3opa CTyJIeHTOB paccMaTpUBaeTCs ap-
xuTeKTypa npoueccopos Intel x86. B riase 9 (1ocTynHO¥ B BUIe OHIARH-TIPUJIOKEHHUS)
Tak>Ke ONHUCHIBAIOTCS MepuepUiiHble YCTPOUCTBA HA TIPUMepe TMOMYJASPHOU MJIATHL AJIS
paspadorku RED-V RedBoard ot SparkFun, B ocHOBe KoTopo# Jiexkut nmpoueccop SiFive
Freedom E310 RISC-V. 911 xuBble NpuMepbl MOKA3bIBAIOT, KAK ONKHCAHHbIE B IaHHBIX
rJiaBax KOHLENLUH IPUMEHSIOTCS B PeasibHbIX MUKPOCXeMaX, KOTOpble LIHPOKO UCIIOJIb-
3YIOTCS B IEPCOHAJBHBIX KOMIIBIOTEPAX M ObITOBOH 3J€KTPOHHKE.

JlocTynHoe onucaHue BbICOKONPOU3BOAUTENIbHbIX APXUTEKTYP

I'napa 7 comepXUT KpaTKUH 0030p 0COOEHHOCTEH COBPEMEHHbIX BbICOKOIIPOU3BOAHU-
TeJIbHbIX MHKPOapXUTEKTYyp, BK/Ouas Takhe, Kak BHeouepeJHOe BbHIIIOJHEHHe KOMaHJ,
CYNepCKalspHOCTb, MHOTONOTOYHOCTb U MHOrosiiepHOCTb. Marepuas HU3/0KeH B J0-
CTYIHOH /151 IePBOKYPCHUKOB (hOpMe U MOKa3blBaeT, KaK MOXKHO PacLUMPUTb MUKPOap-
XUTEKTYPbI, OIMCaHHblE B KHUTe, YTOObI [IOJyUHTb COBPEMEHHBIH [IPOLECCOp.

Ynpa)kHeHUs B KOHLe FNaB U BONPOChI AN cobecefoBaHus

JlyqmM crnioco6oM H3yueHUs] LUM(POBOH CXEeMOTEXHUKH $BJseTCs pa3paboTka
YCTPOHCTB. B KoHLle KaxKIOU IJiaBbl NpPHUBEAEHbl MHOIOUHCJ/IEHHble YIpaKHeHHs. 3a
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yIpaXKHeHUsIMHU CJlelyeT Habop BOMPOCOB AJIs cobeceI0BaHHUs, KOTOpbIe HALIM KOJJIErn
00OBIYHO 32aI0T CTYIEHTaM, IPeTeHAYIOIIHUM Ha pPaGoTy B OTPACIH. DTH BOIIPOCH! MpeJia-
raloT YUTATEJIO B3MJITHYTh Ha 3a/Iaul, C KOTOPBIMU COUCKATENSIM IPHIETCS CTOJIKHYThCS
B Xolle cobeceOBaHUS NIPH TPYAOYCTPOHUCTBe. PellleHHs yrpaXKHeHUH NOCTYITHBI Yepe3
Be6-CalT KHUTH U CIellMaJbHbIA Be6-calT mJis npernonaBaresel. bosee mogpobuas uH-
(bopmaLHsi NpHBeJeHA B CJEIYIOIIEM pasfele.

Marepuanbi B MHTEepHeTe

JlonoTHUTeIbHblE aHTJIOA3bIUHbIe MaTepHaJbl A8 3TOH KHUTH JIOCTYIHBI HA Be6-caiiTe
no anpecy http: / /www.ddcabook.com uu na cafite usnatens: https: / / www.elsevier.
Com/books—and—joumals/book-companion/9780128200643. AtH BeO-CaUThl AOCTYII-
HBI 1151 BCEX YHMTATe el U cofleprKaT caeyloliie MaTepHabl:

P CCBUIKH Ha BUAEOKYPCHI;
pelleHus yIpaxKHEeHUH ¢ HeueTHBIMU HOMEePaMHu;

uiaocTpauny us Kuuru B popmarax PDF u PPTX;

vyvyy

CCBIIKH Ha MPo(ecCHoHa bHble MHCTPYMeHThl aBTOMaTH3HPOBAHHOTO POEKTHPO-
Bauus (CATIP) ot Intel®;

MHCTPYKLMK 10 ucrnosb3oBanuio PlatformlO (paciumpenne Visual Studio Code)
1151 KOMITMJISILIAK, COOPKM M MOJIeJIMPOBaHKs Kojia Ha sisbikax C 1 accemb/iepa st
npoueccopos RISC-V;

v

HDL-xon nnist npoueccopa RISC-V;

roJie3Hble COBETHI 110 UCIoab3oBaHuIo Intel Quartus;
caaiapl aekuuit B popmate PowerPoint (PPTX);

06pasiibl yueOHbIX U JJa00PaTOPHBIX MAaTEPHAJIOB AJIs Kypca;

vVvyVvyyvyy

CITMUCOK OTIe4aTOK U I/ICHpaBJ'IeHI/II;'I.

Takxxe cyliecTByeT crielHaNbHbIN BeO-calT AJis IpenogaBaTesel, 3aperucTpupoBas-
muxcs Ha https:/ /inspectioncopy.elsevier.com, KOTOpPBI COAEPIKUT:

P> pellleHUs BceX yNPaKHEHUH;

P> peleHus 3aaHUH K 1a60paTOPHBIM paboTaM.

OtkpbiTbie Kypcbl Ha EdX

K 3Toii KHMre TakKe TpUJIAraloTcs OTKpbIThie Kypehl Ha caite EdX (https: / /www.
edx.org/). Kypcel comepKaT BUAEONEKIMH, MHTEPAKTUBHbIE YIIPaXKHEHHS, a TAKKe HH-
TepaKTHBHBIE HAOOPHI 3a1au U JadopaTopHble paboTsl. Habop KypcoB cOCTOUT U3 ABYX
yacteil — «[{udpposasa cxemorexnuka» (ENGR 85A) u «KomnbioTepHass apXuTeKTypa»
(ENGR 85B), — paspa6otannbix B Harvey Mudd College (HarveyMuddX; na EdX BbI-
noJiHuTe Touck mo (pasam «Digital Design HarveyMuddX» u «Computer Architecture
HarveyMuddX»). Bam He npuieTcs IIaTHTh 3a IPOCMOTP BUeo, Ho EdX Baumaer naiaTy
32 MHTEPaKTHUBHbIE YIIPaXKHEHUS U cepTU(HKAT. [I15 CTyIeHTOB IIpeayCMOTPeHbl CKUAKH.


http://www.ddcabook.com
https://www.elsevier.com/books-and-journals/book-companion/9780128200643
https://www.elsevier.com/books-and-journals/book-companion/9780128200643
https://inspectioncopy.elsevier.com
https://www.edx.org/
https://www.edx.org/
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Kak ucnonbzoBatb nporpaMMHbIH HHCTPYMEHTapUH
B yueOHOM Kypce

MporpammHoe o6ecneueHue Intel Quartus

[TporpammHoe o6ecneyenue Quartus Web Edition u Lite Edition npeacrasasier co6on
6ecriatHbie Bepcuu npodeccronanbron CATIP Intel Quartus™, npeaHasHaueHHOH AJIs1
paspabotku yctpoicTs Ha FPGA. DTo mo3BoJisieT cTyaeHTaM MPOEKTUPOBATh LU(DPOBBIE
yCTpOHCTBA B BU/IE MPUHIMITHAIbHBIX CXeM HJIK Ha si3bikax SystemVerilog u VHDL. IToc-
Jie CO3/1aHHs CXeMbl UM KOJIa YCTPOUCTBA CTYAEHTBI MOTYT MOJEJNUPOBATh UX T10BeeHHE
c ucnonbzoBanuem CAITP ModelSim™-Intel FPGA Edition usan Starter Edition, koTopsie
BxonsT B coctaB CAIIP Intel Quartus. Quartus Tak»e COAepKHUT BCTPOECHHBIH HHCTPY-
MEHT JIOTHYECKOT'0 CHHTe3a, KOTOPbIH MOANepKUBaeT A3bIKM onucaHui SystemVerilog
u VHDL.

Pasnuna mexay Web Edition, Lite Edition u Pro Edition sakmwouaetcst B ToM, uto
Web- u Lite Edition momnep»uBaoT TOJbKO MOAMHOXKECTBO HaHGOMee pacrnpocTpaHeH-
ubix FPGA npoussonumbix Intel FPGA (Altera). Becniatabie Bepcun ModelSim uckyc-
CTBEHHO CHHXKAIOT MPOHU3BOAUTENBHOCTb MOAEIMPOBAHUS /151 IPOEKTOB, COAEPKALLUX
6osbie 10 teicsiy cTpok HDL-kona, Torna kak npodeccronansHas Bepcus ModelSim
9TOrO He JieJ1aer.

PlatformlO

Pacunpenne PlatformlO s pemakropa Visual Studio Code npexcrasasier cobont
Habop CcpeicTB paspaboTKM IporpaMMHoro obecnedenus (software development kit,
SDK) nast RISC-V. ITocKo/bKY MosiBJeHue KaxK10Hd HOBOH M1aT(hopMbl BIEKJIO 32 CO60M
nosisserue Hosoro SDK, paciuupenue PlatiormIO cnenaso npouece nporpaMMupoBaHusi
U MCIOJIb30BAHUS PA3JIMUHBIX MPOLECCOPOB 3aMeTHO Tpolle GJarofapsi HaJluuUI0 yHHU-
(bULHMPOBaHHOrO HHTepderica Iy GOMBILIOro KosuuecTBa miatdopm u ycrporcts. SDK
PlatformlO moxHo ckauate 6ecniaTHo U ucnogab3oBath ¢ RED-V RedBoard SparkFun,
KaK OIicaHo B labopaTopHbix pabotax Ha Be6-caiite!. PlatformlO npenocrasasier noctymn
K KomMepueckomy Komnuasitopy RISC-V u nosBossier ctyneHTam pazpabdaThiBaTh Ipo-
rpaMmbl Ha s13bikax C 1 acceMOJepa, KOMIUIWPOBATD UX,  3aTeM 3aMyCKaTb U BBIIOJHATh
ux oTaaaky Ha RedBoard SparkFun RED-V (raBa 9 u cooTBeTcTBYIOIIME 1aGOPATOPHBIE
paboThl).

Cumynsatop accembnepa Venus

Cumynstop Venus, 10cTynHbl 1o anpecy https: / /www.kvakil.me /venus/, = 310
BeG-cumynsTop accembepa RISC-V. IMporpammbl paspaGaTeiBaroTcsi (MM KOMUPYIOT-
cs1/ BeTaBasATCS) Ha BKIanke PegakTop, a 3aTeM MONEJUPYIOTCS M 3alyCKAKOTCA HA
Bkyagke Cumyaarop. Bo BpeMst paboThl IporpaMMbl MOXKHO IPOCMATPHUBATh COAEPKHU-
MO€e PErHCTPOB U MaAMSITH.

' https:/ /docs.platiormio.org/en/latest /boards / sifive / sparkiun_redboard_v.html.
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JTabopatopHbie paboThl

Be6-caliT KHUTH CONEPIKUT CCHIIKK Ha Psil JabopaTOPHBIX PaboT, KOTOPble 0XBATHIBAIOT
BCE TeMbl, HAUMHASA OT MPOEKTUPOBAHUS UU(POBBIX CUCTEM U 3aKAHUHUBAS apXUTEKTY-
po# KoMmbioTepa. M3 a6opaTopHbIX pabOT CTYIAEHTHI y3HAIOT, KakK ucnoab3osats CAITP
Quartus s onucaHKs CBOUX IPOEKTOB, UX MOAEJNUPOBAHUS, CUHTE3a U peanu3auui. Jla-
6opaTopHble PaGOTHI TAKXKE BKJIIOYAIOT TEMBI [10 TPOrPAMMHUPOBAHUIO Ha A3bIKe C U A3bIKe
accembuiepa ¢ ucnosnb3oBanreM PlatformIO u RedBoard RED-V ot SparkFun.

[Tocsie cuHTE3a CXEMBI CTYIEHTHl MOTYT PEan30BaTh CBOU IPOEKTHI, UCIIOIb3YS I/1a-
Tl Altera DE2, DE2-115, DEO unu apyryio maty FPGA. JlaGopatopHbie paGoThl moj-
rotossieHbl 151 iat DE2 wu DE-115. TH MOIIHBIE U OTHOCHTEJIBHO HEJOPOTHE MIaThl
JIOCTYTIHBI /s 3aKa3a Ha caute www.de2-115.terasic.com. Ha nnarax pasmemiaiorcs
mukpocxeMbl FPGA, KoTopble MOXKHO CKOH(MHUTYPUPOBAThH AJISI pean3allid CTyAeHUe-
CKHUX MPoeKToB. MbI mpenocTasiseM JabopaTopHble pabOThl, KOTOPbIE OMUCHIBAIOT, KAK
peanusoBaTh pasauuHble 6,10KH Ha mate DE2-115 ¢ momotibio mporpaMMHOro obecreye-
Husg Quartus.

Jlns mpoBeneHust 1abopaTOpPHBIX PaboT ydallUMCsl HeOOXOAWMO 3arpy3uTb U ycTa-
HoButh Intel Quartus Web uau Lite Edition u Visual Studio Code ¢ pacmmnpenuem
PlatformlO. [1penonaBarenu TakKe MoryT yctaHoBuTh 3TH CATIP B yueGHbIX aGopaTo-
pusix. JJabopatopHbie paboThl BKAIOYAIOT UHCTPYKLUUHU 110 pa3paboTKe MPOEKTOB Ha IMJa-
te DE2/DE2-115. dran npakTuueckoil peaqusalyi NpoeKTa Ha IJaTe MOXKHO IPOIyc-
TUTb, HO MBI CUMTa€eM, UTO OH UMeeT 0OJIbLIOE 3HAUeHHE [/ TTONyYeHNUs MPaKTHIECKUX
HaBBIKOB.

Mbui npotectupoBaiu jsabopatopHbie pabotel Ha OC Windows, HO Takue e UHCTPY-
MeHTbI gocTynHbl U ayist OC Linux.

Kypcol RVfpga

[Tocsie n3yueHnus MmaTepuasa [aHHOU KHUTH Mbl pEKOMEHAYeM MPOUTH OeCIIaTHBIN LUK
u3 1Byx Kypcos RISC-V FPGA (RVipga). [Tepsbiii Kypc pacckasbiBaeT 0 TOM, KaK CKOH-
¢urypuposath Kommepueckoe sapo RISC-V nis peanuzauun Ha FPGA, sanporpammupo-
BaTh €r0 ¢ NOMOILbIO s3biKa acceMbepa RISC-V unu C, no6aButh K HeMy nepudepriHbIe
YCTPOHCTBA, a TaKKe IPOAHAIU3UPOBATE U U3MEHHUTD AP0 U CUCTEMY MaMSTH, BKJIOYAs
nobaBjieHre UHCTPYKUKE B s1po. B 3ToM Kypce Hcmosb3yeTcss CUCTeEMa Ha KPUCTaJlIe
(SoC) SweRVolf ¢ orkpeiThiM uexogubim kKogoM (https: / /github.com /chipsalliance /
Cores-SweRVoll), ocHosanHas Ha KomMepueckoM sape SweRV EH1 or Western Digital
(https:/ /www.westerndigital.com /solutions / business / risc-v). B kypce Takxe noxa-
3aH0, KaK 1cno/b3oBath cumyasitop HDL ¢ oTKpeITbIM HexoaHbIM KofoM Verilator u cumy-
asitop Habopa Komang RISC-V ¢ oTkprIThIM exonHbiM KogoM Whisper ot Western Digital.
Bropo#i kype, RVipga-SoC, nokassiBaet, kak noctpoutb SoC Ha ocHoBe SweRVoll, nc-
NoJIb3ysl Takue (PyHKLUMOHAJbHBIE 3JeMeHTbl, Kak sapo SweRV EHI, mexmony/bHble
COeIMHEeHHUs U NaMsaTb. 3aTeM KypC paccKasblBaeT MOJb30BATENI0 O 3arpy3Ke U 3alyckKe
onepauuonHoi cucrembl Zephyr Ha SoC RISC-V. Bece Heo6xonumoe nporpaMmMHoe obec-
neueHHe U UCXOAHBIHA KOJ cucTeMbl ((ariibl Verilog/ SystemVerilog) 6ecriaTHBI, a Kyp-


http://www.de2-115.terasic.com
https://github.com/chipsalliance/Cores-SweRVolf
https://github.com/chipsalliance/Cores-SweRVolf
https://www.westerndigital.com/solutions/business/risc-v
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CBl MOXKHO TIPOXOAHTDb C HCIIOJb30BAaHHEM CHMYJSTOPA, O3TOMY BaM He TIPHUAETCS IO-
KymnaTb o6opynoBanre. Matepuasnsl RVipga cBo6onHO 10CTYMHE 1T0C/Ie PETHCTPALMU Ha
calite mporpammsl Imagination Technologies University no agpecy https: / /university.
imgtec.com/rvipga/.

Oneyatku

Bce onbITHBIE TPOrpaMMHUCTBI 3HAIOT, UTO Jt00as CJI0XKHAs NPOrpaMMma HellpeMeHHO CO-
NepKUT OIUMOKHU. Tak »Ke IPOUCXOMUT U C KHUTaMU. MBI cTapasiich BEIIBUTb U HCIIPABUTD
BCe OLUMOKH U OTleYaTKU B 3TOH KHUre. TeM He MeHee HeKOTOpble OLIUOKH MOIJIH OCTATh-
cs1. CUCOK HaUeHHbIX OIHUO0K OyneT ony6JHKOBaH Ha BeO-caliTe KHUTH.

[Toxkany#icTa, mpuchlIaiTe HaiaeHHble omMOKM 1o aapecy ddcabugs@gmail.com
(1711 aHTIMACKOH BEPCHM KHHUIH; JUISi PyCCKOM BEPCHH — TIPHUCHIIARTe HAYyYHOMY pelaK-
Topy pycckoro nepesozna A. 0. PomaHoBy Ha 3/1eKTpoHHYI0 ouTy a.romanov(@hse.ru).
[TepBbii yesi0BeK, KOTOPBIH COOOLIUT 06 OLINOKe B aHTJIMHCKOM M3IaHUK U NIPELOCTABUT
UCIIpaBJIeHHe, KOTOPOE Mbl MCIOJb3YeM B OylyllieM Nepeus3IaHuu KHUTH, OyAeT BO3Ha-
rpaxzieH npemuen B 1 nosap!

Mpu3sHaTenbHOCTb 32 NOAAEPKKY

Mbi BeICOKO LeHuM orpoMHbii Bkaan Ctuea Mepkena (Steve Merken), Hefita Makdan-
nena (Nate McFadden), Py6u F'ammenn (Ruby Gammell), Anaps Ake (Andrae Akeh),
Manvkangana Yangpacekapana (Manikandan Chandrasekaran) u ocTa/ibHBIX 4JIeHOB
u3naTenbckod Komanael Morgan Kaufmann, Kotopele cesiany 3Ty KHUTY pPeasbHOCTBIO.
Mui 1r06uM TBOpuecTBo ysiina Bu66u (Duane Bibby), ubu 3a6aBHbBIE PHCYHKH yKpaLia-
I0T CTPaHHLBI KHUTH.

Mu xotesu Gbl no6aarogapuTh MaTeio Yorkunca (Matthew Watkins), koTopeiii mo-
MOT HaIlMCaTh pasfies O reTePOreHHbIX MHOTOMPOIIECCOPHBIX CUCTeMaX B raase 7, u J[xKo-
wa Bpeiika (Josh Brake), npunsiBIIero yuactye B HanucaHUu raasbl 9 0 BCTPOEHHBIX CH-
cTeMax BBOZIa-BbIBOA. Mbl BLICOKO LieHHM paboTy MaTteo Mapkosuua (Mateo Markovic)
u JIxxopau Paitnepa (Geordie Ryder), koTopble peLeH3HpOBasy KHUTY M BHEC/]H CBOK
BKJIaJ B pellleHus yrpakHeHHH. OrpoMHBIH BKJIaJ B yJIydllleHHe KauecTBa KHUTH BHeC-
JIM MHOTOYHCJIeHHbIe peliensenTol: J{anuesn Yasep Maprunec (Daniel Chaver Martinez),
Poii Kpasuu (Roy Kravitz), 3sonumup Banpuu (Zvonimir Bandic), xxysenne Qu Jlyna
(Giuseppe Di Luna), llltepden Ioa (Steffen Paul), Papu Mutran (Ravi Mittal), Ixen-
nudep Bunukyc (Jennifer Winikus), Xemwam Ompan (Hesham Omran), Auxens Cosnc
(Angel Solis), Paitnep Huson (Reiner Dizon) u Onod Kunarpen (Olof Kindgren). Mub
TaKxKe 04YeHb [IPU3HATE/IbHbI HALIUM CTyIeHTaM B KoJsulemke Harvey Mudd n YuuBepeu-
tete HeBanpl B Jlac-Berace, koTopble na/n HaM 1oJie3Hble OT3bIBbl HA YePHOBUKH ITOTO
yueOHHUKa.

U KoHeuHo e, Mbl 06a 6/1ar0fapPUM HAIIK CEMbH 38 UX JI000Bb U TOIIEPKKY.


https://university.imgtec.com/rvfpga/
https://university.imgtec.com/rvfpga/
mailto:ddcabugs@gmail.com
mailto:a.romanov@hse.ru

10} M

-
A

(7 Tt

- "-':? - )
~ =7



naBsa 1

Ot Hyna po eauHKULbI

llpuknagHoe |>"hello
1.1. MnaH urpbl 0 loniare
1.2. WUckyccTBo ynpaBneHusi CI0XHOCTbIO
OnepavumoHHble @
1.3. Uundbposas abcrpakums cucrems
1.4. CucTtembl cuucnenus ApximexTypa I m—
1 I
1.5. Jlornueckue anemeHTbI
Mukpo- |:|<—>|:|
1.6. 3anpenenamu unpoBor abCcTpaKLmm apurtekypa ||«
1.7.  KMOMN-tpaH3ucTopbl Towa of T To

1.8. Totpebnsemas MOLLHOCTb
1.9. Kpartkuit 0630p rnaebi 14 Toro, -

4YTO HacC XXOEeT Bnepenu Ananorosbie
Xembl
YnpaxHeHus
Monynposopa-
BOI'IpOCbI onAa CO6€C€,D,OBaHMFI g;‘;‘gg;‘:l
Ouznka %

1.1. MnaH urpob

3a nocseHNe TPUALATH JIET MUKPOIPOLECCOPHE OYKBANTBHO H3MEHHJIH Hall
MHUp n0 HeysHaBaeMocTH. HoyTOyk ceiyac o6sagaer GoJblied BBIUUC/IN-
TeJbHOU MOILHOCTBIO, UeM OOJIbILIOW KOMIbIOTEP M3 HeJaBHEro MPOLIIOro,
3aHMMaBLUIHMH LeJyI0 KOMHATy. BHyTpH coBpeMeHHOT0 aBTOMOOHW/IS TIpefcTa-
BUTEJIbCKOTO KJIacca MOXKHO 0OHAPYKUTh OKOJIO MATHIECATH MUKPOTIPOLeC-
copoB. MImeHHO mporpecc B 06/1aCTH MHKPOMPOLIECCOPHON TEXHUKH cliesal
BO3MOXKHBIM T10SIBJIEHHE COTOBBIX TeJIe()OHOB U ceTH MIHTepHeT, 3HaUUTEeIbHO
MIPOABHHYJI BIlepel MEIULUHY U PAIUKAJbHO U3MEHHJ TAKTUKY U CTPATETHIO
coBpeMeHHbIX BOWH. O6beM MPO1azk MEPOBOH MOJTYTIPOBOJHUKOBOH ITPOMBILI-
JIeHHOCTH BbIpoc ¢ 21 mupa posnapoB B 1985 rony no 300 mupa nossapos
B 2011 romy, mpuyeM MHKpPONPOLECCOPBI COCTABUJIN JIbBUHYI IOJIO 3THX
npoznax. Mbl y6eXIeHbl, YTO MUKPOTIPOLIECCOPBI BaXKHbI HE TOJIBKO C TEXHH-
YeCKOH, 9KOHOMUYECKOH U COLMAIbHON TOUEK 3PEHHs], HO U CTaJlH OJHUM U3
CaMBbIX yBJIeKaTeJbHBIX U300peTeHNH B HCTOPHH desoBedecTBa. Korna Bel 3a-
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KOHYMTE UTEeHHUEe 3TOH KHUTH, Bbl OyleTe 3HaTb, KAK pa3paboTaTb U IOCTPOUTD
Balll COOCTBEHHbIM MUKDPOIIPOLIECCOP, & HABBIKH, NTOJMYYeHHble Ha 9TOM IIyTH,
IIPUTOAATCS BaM AJIsl pa3paboTKU MHOTHX APYTHUX LU(POBLIX CUCTEM.

Mt ipennonaraeM, 4To y Bac y»ke eCTb 6230Bble 3HAHUS 110 TEOPUHU 3JI€KT-
pHYecTBa, HEKOTOPLIK ONBIT IPOrPaMMHPOBAHUS U UCKPEHHee KeJlaHHe I10-
HSITb, YTO TIPOMCXOAUT BHYTPH KOMIIbIOTepa. B 9TOH KHUre OCHOBHOE BHHU-
MaHHe yaeJsieTcsl pa3padoTke LUPPOBLIX CUCTEM, TO €CTb CUCTEM, KOTOPbIE
UCIIOJb3YIOT /151 CBOEH paboThl B YPOBHS HAINPSXKEHHUS, IPEACTABISIOLINX
eIMHULY U HOJIb. Mbl HaUHEM C IPOCTEHIINX UU(POBBIX JIOTHUECKUX S/e€MeH-
toB (digital logic gates), koTopble NPUHUMAIOT ONpeaeeHHY0 KOMOUHALMIO
eIMHUL U HyJlell Ha BXOaxX U TPaHC(OPMHUPYIOT ee B APYrylo KOMOUHALMUIO
eIMHHUL U HyJIeH Ha BbIxozax. [locsie 3TOro Mol ¢ BaMH Hay4MMcsl 0O beIMHATD
3TU NPOCTEeHIlINe JIOTHYeCKHe 3JeMeHTbl B 00Jiee CJI0XKHble MOAYJH, TaKhe
KaK cyMMaTopbl U 6JIOKH NaMaTH. 3aTeM MepeiiieM K INporpaMMHUPOBAHUIO
Ha s13blKe acceMOJiepa — POLHOM s13bIKe MUKpoIpoueccopa. Y B 3aBepluenue
U3 KUPIUYUKOB JIOTHYECKHUX 3/1eMEHTOB Mbl cO0epeM MOJHOLEHHBIH MUKPO-
IpoLeccop, CIoCOOHbIM BHINOJIHATb NPOrpaMMbl, pa3paboTaHHble Ha S3bIKE
accem0Jepa.

OrpoMHBIM [IPeUMYIIECTBOM LIH(POBBLIX CUCTEM Hall aHAJOTOBLIMHU SBJIS-
€TCsl TO, YTO HeOOXOAMMbIe 1J151 UX TOCTPOEHUS GJIOKH YPe3BbIUaHHO NPOCTH,
MOCKOJIbKY ONEPUPYIOT He HENpepbIBHBIMUA CUTHA/JaMHM, a eIUHULAMH U HY-
JISIMH.

[TocTpoenue uudposoi cucteMbl He TpebyeT 3alyTaHHBIX MaTeMaTHye-
CKHX pacyeToB UM IMyOOKUX 3HaHUH B o6/acTd (pu3nku. Bmecrto aroro 3a-
Jada, croslas nepe pa3paboTUMKOM LUHU(POBBIX YCTPOHUCTB, 3aKJI04AETCS
B TOM, YTOObl COOPATh CJI0XKHYIO pabOTAIOLLYI0 CHCTEMY M3 9THUX MPOCTHIX
6/10K0B. B0o3M0OKHO, MUKPOIpOLIeCCOp CTAHET NepBOH pa3paboTaHHOU BaMU
CUCTEMOH, HaCTOJbKO CJIOXKHOH, YTO ee HEeBO3MOXHO LeJUKOM YIepxKaTb
B roJioBe. FIMeHHO 1103TOMY OIHOH M3 TeM, NPOXOAALIMX KPAaCHOH HUTBIO Ye-
pes3 3Ty KHUTY, SIBJISeTCS UCKYCCTBO YIPABJIEHHS CJA0KHOCTBIO CUCTEMBI.

1.2. UckyccTBO ynpaBneHus
CJNIOXKHOCTbIO

OpnHON M3 XapaKTepPUCTHK, OTJIMYAIOIINX MPO(EeCCHOHATbHOTO HHKEHepa-
3/1eKTPOHLIMKA WJIM IPOrpaMMHUCTa OT AMJIeTaHTa, fIBJseTCs CUcTeMaTHhue-
CKHUH TIOAXOM K YNPAaBJIEHHIO CJI0KHOCTBIO MHOTOYPOBHeBOH crcTeMbl. Co-
BpeMeHHble UU(POBble CUCTEMbl IOCTPOEHbl U3 MUJ/IJIMOHOB U MUJIMAPAOB
TpaH3UcTOPOB. Hesi0BeuecKUH MO3r He B COCTOSIHUM Ipe/icKa3aThb [10BeeHUe
NOJOOHBIX CHCTEM IyTeM COCTaBJIeHHS YpPaBHEHMH, ONMCHIBAIOLIUX JBH2Ke-
HMe KaXK[0r0 3JIeKTPOHA B KaXKIOM TPAH3UCTOPE CUCTEMBbl, U [0C/eNYyIOLIero
pelleHns 3TOH CHUCTeMbl ypaBHeHHUH. 151 TOoro 4To6bl pa3paboTaTh yAa4HbIA



1.2. UcKyccTBO ynpaBieHUs CNOXKHOCTbIO

MHKPOIPOLLECCOP U He YTOHYTb IIPH 3TOM B MOpPe H30bITOYHON HH(OPMALIHH,
HeoOX0IMMO HaYUUThCS YIIPABJISATb CJI0KHOCTbIO pa3padaThiBaeMOK CUCTEMBI.

1.2.1. A6cTpakuus

Kputnuecku BayKHbIE NPUHLMI YIIPABJAEHUS CJIOKHOCTbIO CHCTEMbl — abcm-
paKyus, NoapasyMeBalollas UCK/II0UeHUe U3 PACCMOTPEHHS TeX 3J1eMEHTOB,
KOTOpBIE B JaHHOM KOHKPETHOM CJ/lyyae HeCylleCTBEeHHb! /15 NOHUMaHHUS pa-
60Tbl 3TOH cucTeMbl. JII00YI0 CHCTEMY MOXKHO pacCMaTpHUBATh C PA3JIUUYHBIX
ypoBHeH abcTpakuuu. [To/uTHKY, ydacTByIOLleMy B BbIOOpax, HalpUMep,
HeT HYXKIbl YUHTBIBATb BCe IeTaNH OKPY2KaIOLIero ero Mupa, eMy A0CTaTou-
HO abCTPaKTHOM HepapXUuecKOHW Moesd CTPaHbl, COCTOSIILEH U3 HaceJeH-
HBIX MYHKTOB, oOsiacTed U (enepanbHbIX OKPyroB. B o6aacTu MoXKeT ObITb
HEeCKOJIbKO HaceJIeHHBIX MYHKTOB, a (elepasbHbIE OKPYT BKJ/OUaeT B cebs
pasHble obsacTy. Ecau nomuTuk 6opeTcs 3a NOCT NPe3ULEHTa, TO ero, CKo-
pee Bcero, HHTepPeCyeT TO, Kak IporosocyeT (enepalbHbI OKPYT B LEJIOM,
IIPH 3TOM eMy He 00513aTeJ/IbHO 3HaTh, KAKOe KOJHUECTBO [0J10COB OH HabepeT
B Ka>KJI0M KOHKPETHOM Hace/JIleHHOM ITyHKTe 3Toro okpyra. [lns nonuruka de-
JlepaJjibHbIM OKPYT — 3TO ero ypoBeHb abcTpakuuu. C Ipyrod CTOPOHbI, 610po
NepernuCcH HacesleHUs 00513aH0 3HATh KOJIMUECTBO KUTeJIeH B KaXKI0M ropoie
WJIM TIOCeJIKe CTPaHBl U TIOTOMY JOJI?KHO OIIePHPOBAaTb Ha CAMOM HU3KOM yPOB-
He a0CTpaKUMK JaHHOU CHCTEMBl — HAa YPOBHE HaceJseHHbIX YHKTOB.
Ha puc. 1.1 moxazaHbl ypoBHH abCTpPaKLUUH, THITHUHbIE

o o o MNpuknagHoe
1715 N1000U 3JIeKTPOHHOH KOMIIbIOTEPHOM CUCTEMBI BMECTE no
CO CTPOUTEJNbHBIMU GJOKAMH, XapaKTePHBIMU AJI51 KaxK[0-

o OnepaymnoHHble
ro ypoBHs abCTpaKUMU 3TOU cucTeMbl. Ha camom HH3KOM cncTembl
ypoBHe abCTpaKUMK HAXOAUTCS (PU3UKa, U3ydatollas I1BU-

JKeHHe 3J1eKTpoHOoB. [loBeneHne 31€KTPOHOB ONMCHIBAET- ApxuTekTypa
Cs KBAHTOBOW MeXaHWKOHW M CHCTeMOH ypaBHeHWH Mak-

Mukpo-
cBeJla. apxuTeKTypa

PaccmatpuBaeMasi HaMH COBpeMeHHasi 3JeKTPOHHas
CHCTEMa COCTOHUT H3 TMOJYNPOBOAHUKOBBIX YCTPOUCTB Noruka
(devices), Takux Kak TpaH3uCTOPHI (a KOrAa-ToO 3TO ObLIH
3JIEKTPOHHbIEe JaMIibl). Kaxmoe Takoe ycTPOHCTBO HMeeT
YeTKO Olpele/ieHHble TOYKH COeIHHEHHs C APYTHMH I10-
INOGHBIMH YCTPOHCTBAMHU. DTH TOUKH Mbl Oy/leM Ha3blBaTh
konmaxmamu (B aHTVIOSI3LIYHOK JIUTEPATYPe HCIOJb3Y-
eTcs TepMuH terminal). JIlo60e 3J€KTPOHHOE YCTPOHCTBO
MOXKeT OBbIThb TpeACTaBleHO abCTPAaKTHOH MaTeMaTHue-
CKOH MOJeJIbI0, ONHCHIBAIOLIEH H3MEHSIOUYIOCs BO Bpe-
MeHH B3aHMO3aBHCHMOCTb TOKA W HANpspKeHHs. Takue
JKe M3MeHeHHs] TOKa W HalpsiKeHHs MOXKHO HabJ/io1aTh
Ha 3KpaHe ocCUMJIOrpada, ecad MOIKMIOYUTh OCIHUJIIO-
rpag K KOHTAaKTaM peasibHOTO ycTpoucTBa. JlaHHBINA MOf-

LUndposble
CXembl

AHanorosble
CcXembl

MonynposoaHu-
KOBble NpnbopbI

[OEVDE]

CUCTEeMbI
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MpuknagHble
nporpammbl (M0)

[lpansepsbl
YCTPONCTB

Perncrtpbi
KOMaHp,
(MHCTPYKLWMI)

YnpaBneHuve
notokamm

CymmaTopbl
MamaTb

SnemeHTbI U
SnemeHTbl HE

Yeunutenun
OunbTpbI

TpaH3uncTopsbl
Onopgbl

ONeKTPOHbI

Puc. 1.1 YposHu abcTpakuyumn
3JIEKTPOHHOM BbIYUC/IUTENIBHOM
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Kaxkpas rnaBa 3TOW KHWIM Ha-
uuHaetcs ¢ MKoHoK (puc. 1.1),
CUMBOJIMYECKM M306paskatoLLmx
YPOBHU abCTPaKUMK 3/IEKTPOH-
HOM CHMCTEMbI, KOTOpble Mbl
nepeyudcnuanM  Bbiwe. MKoHka
TEMHO-CMHErO LBETa YKa3blBaeT
Ha TOT ypOBEHb abCTpaKLmu, KO-
TOPOMY YAE/ISIETCS I1aBHOE BHU-
MaHuWe B 3TOW KOHKPETHOM rnaBe.
MkoHku Bonee cBETIOrO OTTEHKA
CUHEro yKasblBaloT Ha Aapyrue
YPOBHU aBCTPaKumu, TaKkKe 3a-

FnaBa 1. OT Hyns Ao eAUHULbI

XOJl 03HAYaeT, UTo, €CJIM PACCMaTPUBATh CUCTEMY Ha YPOBHE
YCTPOHUCTB, (PYHKLUHMH KOTOPbIX OJHO3HAYHO ONpeleseHbl, TO
MOXKHO He YUHTbIBaTb [1OBeJE€HHE 3JeKTPOHOB BHYTPHU OT-
JleJIbHBIX YCTPOUCTB 3TOHM CUCTEMBI.

Crenyoolmuil ypoBeHb aOCTPakKLUUU — 3TO AHAAO208bLE
cxemvr (analog circuits), B KOTOPBIX MOJYIPOBOIHHKOBbIE
YCTPOHCTBA COeIMHEHbl TAKUM 00pa3oM, 4ToObl OHH 00pa3o-
BbIBAJIM (DYHKLMOHA/bHble KOMIIOHEHTbI, HalpUMep YCHJIH-
Tesu. HanpsikeHue Ha BXoze ¥ Ha BbIXOJle aHAJIOTOBOH LieNH
U3MeHsieTCsl B HellpepbIBHOM JUana3oHe.

TPOHYTbIE B r/1aBe.

B orsuune oT aHaNoOroBBIX LeNeH, yugposvie cxemol
(digital circuits), Takve Kak JIOrM4eCKHe 3JeMeHTbl, HCII0Jb-

3YIOT [IBa CTPOr0 OIPAHUUYEHHBIX IUCKPETHBIX YPOBHS HanpsiKeHus. OfuH U3
9TUX IUCKPETHBIX YPOBHEH — 3TO JIOTMUECKHH HOJb, IPYrod — Jorudyeckas
eqMHuLa. B paspesnax 3TOM KHUIH, MOCBSILEHHBIX pa3padoTke LHU(POBBIX
CXeM U YCTPOUCTB, Mbl OyeM HCI0/b30BaTh NPOCTeHIIne UU(POBbIE CXEMbI
1J151 TOCTPOEHHS CJI0KHBIX LU POBLIX MOLYIEH, TAKUX KaK CyMMaTOPHI U 6.10-
KU NaMSATH.

MuKpoapxuTeKTypHbIH ypOBeHb a0CTPAKLUU, UK NPOCTO MUKPOAPXU-
mexmypa (microarchitecture), cB3biBaeT JOrMYECKHE M apXHUTEKTYPHbIN
YPOBHHU abCTpPaKUMH. APXUTEKTYPHBIH YPOBEHb a0CTPAKLNH, HIH ApXumeK-
mypa (architecture), onuceBaeT KOMIBIOTED ¢ TOYKHK 3PEHHUSI IPOTPAMMHCTA.
Hanpumep, apxutektypa Intel x86, ucmosbsyemasi MHKpompoleccopamu
GOMbIIMHCTBA MepcoHatbhbiX KomnbioTepos (I1K), onpenensiercss naGopom
MHCTPYKLUMH ¥ PerucTpoB (MaMsiTH /it BpeMeHHOT0 XpaHeHHsl [IepeMeHHbIX),
JOCTYIHBIM J/151 UCIIOJIb30BAHHUS IPOrPaMMUCTOM. MUKpPOapXUTEKTypa — 3TO
CoelMHeHHe NPOCTeHIINX UU(POBLIX 31€MEHTOB B JIOTUUECKHE OJI0KH, IIpe-
Ha3HaueHHble JJIs1 BBIIIOJHEHUS KOMaH/, ONpe/ie/leHHbIX KaKOH-TO KOHKpeT-
HOH apxuTeKTypou. OTHe/bHO B35iTasl apXUTEKTypa MOXKET ObITb Peaau30Ba-
Ha C UCIIOJb30BAaHHEM Pa3/IMYHbIX BAPUAHTOB MUKPOAPXUTEKTYP C PasHbIM
COOTHOLIEHUEM LieHbl, IPOU3BOJUTEJNbHOCTH U OTPedIseMON SHEPrHH, U Ta-
KOe COOTHOLIEHHEe 3a4acTylo BbIOHpaeTcs Kak 0anaHC MexIy STHUMH TpeMs
dakropamu. [Tpoueccopsr Intel Core i7, Intel 80486 u AMD Athlon, Hanpu-
Mep, UCIOJb3YIOT OHY U Ty K€ apXUTeKTypy X86, HO peann30BaHHYIO C UC-
0/1b30BaHUEM TPeX Pa3HbIX MHKPOAPXUTEKTYPHbBIX pelleHHH.

Paccmotpum obsacTb nporpamMmHoro odecnedenusi. Onepayuonnas cu-
cmema (operating system) ynpassisier onepauusiMi HUXKHEr0 YPOBHsl, TaKHU-
MM KaK JOCTYIl K »KeCTKOMY AMCKY WJIH yIpaBJ/eHHe mamsaTbio. Y HakoHel,
nporpaMMHoe o0ecliedeHHe HCIOJb3YyeT pecypchbl ONepPaLUMOHHOW CHCTEMbI
1U151 PellIeHUs] KOHKPeTHBIX 3a/1a4 10/1b30BaTe N .

VimeHHO npuHUMI abcmpaeuposaris om maro8axcHolx demaiet 1o-
3BoJIsleT Ballel 6alyllke 00LIATBCS C BHYKAaMH B UHTepHeTe, He 3aLyMbl-
BasCb O KBAHTOBBIX KOJeOAHUSX 3JEKTPOHOB MJH OpPraHU3aLUMu NMaMsATH
KOMIIbIOTEPA.



1.2. UcKyccTBO ynpaBieHUs CNOXKHOCTbIO

[TpenmeT 3TOH KHHIM — YPOBHH abCTPakKUMH OT LH(PPOBBIX CXEM MO
KOMITBIOTEPHOU apXWUTeKTypbl. Paboras Ha KakoM-1u00 W3 3THX ypPOBHeH
abCTpaKIMH, TI0JIE3HO 3HATH KOe-UTO U 00 YPOBHSX abCTPaKLUUH, HEloCpe-
CTBEHHO COTIPSKEHHBIX C TeM YPOBHeM, Tie BBl HaxoauTtech. [IporpamMmuct,
HarpuMep, He CMOKET MOJHOCTBIO ONITUMHU3UPOBATh KOA 6e3 MOHUMaHHUS ap-
XUTEKTYPBI IIpolieccopa, KOTOPHIH Oy/eT BEIOJMHSATD 3Ty mporpammy. MHxe-
Hep-3JIeKTPOHILIMK, pa3pabaThiBAIOIINH KaKOH-THO00 GJOK MUKPOCXEMEl, He
CMOJKEeT HaUTH KOMIIPOMHCC MeK1y OBICTPOIeHCTBUEM B YPOBHEM MOTpebiIe-
HUSI S9HEPIHH TPAaH3UCTOPAMH, HUYEro He 3Hasi O TOH LH(POBOH cXeMe, Ie
3TOT GJIOK OYeT UCIOMb30BaThCs. MBI HafleeMcs, UTO K TOMY BpeMeHH, KOTr1a
BBl 3aKOHUHTE YTE€HHe ITOH KHUTH, Bbl CMOXKeTe BEIOpaTh YPOBEHb aOCTpaK-
[MH, HeOOXOOUMBIH JJIs YCIIEIIHOTO BBINOJHEHHS JIOOOH CTOSIIEeNd Mepen
BaMH 3aJlauH, U OLIEHUTD BIUSHHUE BAIMX HHXKeHEPHbBIX PelleHUN Ha ApyTHe
YPOBHHU a0CTpaKLHUK B pa3pabaTbiBaeMOH BAMHU CHCTEME.

1.2.2. KoHcTpyKTOpCKaa AMCUMNANHA

Koncmpykmopckas ducyunauna — 3T0 IpelHaMepeHHOe OrpaHUueHHe ca-
MHM KOHCTPYKTOPOM BBIGOPa BO3MOXKHBIX BAPHAHTOB Pa3paboTKH, YTO M03BO-
JsieT paboTaTh NPOAYKTHBHee Ha GoJiee BHICOKOM ypoBHe abctpakuuu. Me-
M0JIb30BaHKE B3aMMO3aMeHsIeMbIX YaCTeHd — 3TO, BEPOSITHO, CAMBIH XOPOIIO
3HAKOMBIH BCEM HaM NPHUMep NPaKTHUECKOTO IPUMeHeHUs] KOHCTPYKTOPCKOH
IUCUUTIIMHEL. OIHUM K3 TTePBbIX TPUMEPOB HCII0Ib30BAHHUS B3aUMO3aMeHsIe-
MBIX JleTa/Jedl U y3JI0B CTasMa YHH(PUKALHMS TIPY IPOU3BOJCTBE KPEMHEBBIX Py-
»kert. Jlo Hayana XIX Beka Takue pyKbsi TPOU3BOAMIUCH BPYUHYIO U B LUTYY-
HOM TopsiaKe. BolcOKOKBaMM(UIMPOBAHHBIN OpYyKeHHBIH MacTep TIIATENbHO
TOATAYMBAJ U TTOATOHSI KOMIIJIEKTYIOIHE, TPOU3BeIeHHble HECKONBKUMH He
CBSI3aHHBIMH JPYT C APYroM peMecieHHHKaMH. KOHCTpyKTOpcKast QUCHUHI-
JIMHA IJIs1 o0ecrieueHHsl B3aUMO3aMeHsIeMOCTH JleTalled U Y3JI0B MIPOH3BeJia
PEBOJIIOLMIO B OPY:KeHHOU MpoMbliIeHHOCTH. OTrpaHUYeHHe acCOPTUMEHTa
KOMIIJIEKTYIOIUX AeTasel 10 CTaHZapTHOTO HaGopa ¢ KeCTKO yCTaHOBJEH-
HBIMH JOMYCKaMH Uil KaXIOH AeTald MO3BOJNHIO0 COOUPATh U PEMOHTHPO-
BaTb PYKbsl TOpPa3o GbICTPee U UCIOMb30BATh IIPH 3TOM MeHee KBaJHU(pHLH-
poBaHHbIH epcoHas. OpyKeHHBIH MacTep MepecTas TPaTUTb CBOE BpeMs Ha
paspellleHde MpoGJeM, CBSI3aHHBIX ¢ HIXKHHMH YPOBHSIMH a0CTpaKLHH, Ta-
KHMH KaK JI0BOJIKa KAKOT0-TO KOHKPETHOTO CTBOJIA UJIH UCTIPaBJIeHHe (POPMBbI
OT/IeIHOTO B3SITOTO MPHKIAAA.

B KoHTeKcTe TaHHOU KHUTH COOMIOIeHHEe KOHCTPYKTOPCKOH IHCLHIIIN-
Hbl B BHJIe MaKCHMaJbHOTO HCIIOJb30BAHUS LH(POBBIX CXeM UrpaeT OueHb
BaXKHYI0 poJib. B U(POBEIX cXeMaX HUCIOJMb3YIOTCS AUCKPETHbIEe 3HAUEHHUS
HamnpsKeHUs], B TO BpeMsl KaK B aHAJOTOBBIX CXeMaX HalpsiKeHHe U3MeHs-
eTcsi HelpepbIBHO. TakMM 06pa3oM, LHH(POBLIE CXeMbl, KOTOPbIe MOKHO pac-
CMaTpHBaTh KakK MOIMHOXECTBO aHAJOTOBBIX LieNel, B HEKOTOPOM CMBICJ/Ie
YCTYMAIOT 110 CBOUM XapaKTepUCTHKaM 6oJiee MIHUPOKOMY KJacCy aHaJjoro-
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BbIX Llenell. Ho ungposele nenu ropasno npotie pazpadorats. OrpaHuyuBas
UCII0/Ib30BaHUE aHAJOTOBBIX CXeM M 10 BO3MOXHOCTH 3aMeHss UX LUdpo-
BBIMM, Mbl MOXKEM JIeTKO 0ObeAUHATh OTAeJ/bHbIE KOMIIOHEHTHl B CJIOXKHbIE
CUCTeMBI, KOTOPble B KOHEYHOM HUTOTe 1/ OOJIbLIIMHCTBA PUJI0KEHUH Ipe-
B30UAYT [0 CBOUM [apaMeTpaM CHUCTeMbl, IOCTPOEHHble Ha aHAJIOTOBbIX lie-
nsx. [IpuMepoM TOMy MOTYT CJIY2KUTb LU(POBbIE TeNeBU30Pbl, KOMIAKT-IHC-

Kanutan  Mepuyazep  Jlbio-
UC — OOMH W3 PYKOBOJMUTENEM
3HaMeHWTOM 3kcneauuuu Jlbto-
uca u Knapka Ha ceeepo-3anag
CLUA, 6bin, noxanyW, ogHWM
M3 CaMbIX pPaHHUX CTOPOHHH-
KOB B3aMMO3aMEHSEMOCTH.
B 1806 ropy B cBOEM AHEBHUKE,
onucbiBas OCOBEHHOCTU KpeMm-
HWEBbIX YHUMDUKALMK [LOeTaneu
KPEMHEBbIX PYXXeW TOro Bpeme-
HW, OH HanWcan cneaytoLee:

«Py>xbs [ptoepa 1 cepxkaH-
Ta [lpaviopa ofHOBpPEMEHHO
BbIlWW M3 cTpos. Ha pyxkbe
[ploepa cnomanca ypap-
HO-CMYCKOBOM MEeXaHW3Mm,
1 Mbl 3aMEHU/IU Ero Ha HOBbIM.
Y pyxbsi cepkaHTa [Npariopa
6bl1 C/IOMaH KypKOBbIM BUHT,
BMECTO KOTOPOro Mbl NocTa-
BW/IM 3amacHOM, 3apaHee W3-
rOTOBJIEHHbIH CMeLUaibHO A1
YAAPHO-CMYCKOBOrO MEXaHW3-
Ma 3TOro Py>Kbsi Ha MaHydak-
Type Xapnepc MDevipu, roe ato
opy>kue U BblfIo NpoK3BeLeHo.
Ecnu 6b1 He npegycMoTpUTE b
HOCTb, 3aK/Il04aBLLAsACS B TOM,
4yTO Mbl 3apaHee no3aboTH-
JIUCb O 3anacHbIX YacTax ANs
py>keW, U He MacTepcTBo [xko-
Ha LWwunpca, BbinonHuBlIero
BClo paborty, To 6ONbLIMHCTBO
py>XeW HaleW 3Kcneauuuu
K 3TOMy BpeMeHW O6bino 6bl
NOJIHOCTbIO HEMPUrOAHO LS
KaKoro-nMbo UCrnosib3oBaHus.
M 5 umeto nonHoe npaso 3anu-
caTb B CBOEM OHEBHHWKE, UTO,
K CuacTblo ANs Hac, BCe Halle
OpYy)XMEe HaxoLUTCs B mpe-
KPacHOM COCTOSIHUM».

Cwm.: UcTopus akcneguumu Jlbtonca
1 Knapka: B 4 1. / nog pea. dn1o-
1a Kyaca. 1-e usp.: Xapnep, Hbio-
Mopk, 1893; Tepensn.: [osep,
Hbio-Nopk (3 Toma), 3:817.

ki (CD) 1 MOGHJIbHBIE TeJIe(OHbI, KOTOPbIE YKe MpaKTHYe-
CKH MOJIHOCTbIO BBITECHHMJIM CBOMX aHAJIOTOBBIX IIpPeALIeCT-
BEHHUKOB.

1.2.3. Tpu 6a30BbiX NpUHLKNA

B nonosnHenue K a6CTparupoBaHUIO OT HeCYILECTBEHHbIX Jle-
Tajled U KOHCTPYKTOPCKOH IUCLUIIIMHE Pa3pabOTUHKH SJIEKT-
POHHBIX CHCTEM HCIIOMNB3YIOT elle TpHU 6a30BbIX NPHUHLMIIA
IJIS yIIPaBJIEHUS CJI0XKHOCTBIO CHCTEMBl: HePapXU4YHOCTb,
MOJZYJIbHOCTb KOHCTPYKLMU U PEryJ/IIPHOCTb. DTH IPUHLUIIEL
NPUMEHHUMBI KaK K IPOrpaMMHOMY ob6ecreyeHHuIo, TaK U K arl-
napaTHOM 4aCTH KOMIIbIOTEPHBIX CHCTEM.

»  Hepapxuurnocmo — IPUHLKI HEPAPXHUUHOCTH MPEJIOa-
raeT pasjie/jeHHe CUCTEMbl Ha OT/Ae/bHbIE MOIYJIH, a 3a-
TeM MOCJ/IeyIollee pas3aeeHre KaxX/I0r0 TaKoro MOy Isi
Ha Ct)pal"MeHTbI J0 YPOBHS, TO3BOJIAIOLIETr0 JIETKO IMOHATH
MOoBeAEHNEe Ka>K10Tr0 KOHKPETHOTO (pparMeHTa.

» ModyavHocme — MPUHLKI MOAYJBLHOCTH TpebyeT, 4To-
Obl KaXKIbIH MOLYJb B CUCTEME UMeJ YETKO OTlpeesieH-
HYI0 (YHKUHMOHANBHOCTb U HabOp UHTEP(PENUCOB U MOT
ObITh JIerKo U 6e3 HempeaBUAEHHBIX MOOOYHBIX 3 heK-
TOB COEJIUHEH C IPYTUMH MOLYJISIMH CHCTEMBI.

»  PeeyaspHocme — NPUHLMI PEryJsSPHOCTH TpedyeT co-
GaoIeHUsT eIMHO00pasust MpHu pa3paboTKe OTHAEJIbHBIX
MopyJsed cuctembl. CTaHZapTHbIE MOIYJH OOIIEero Ha-
3HAuUeHHsl, HATIpUMep TaKWe KakK OJIOKH MUTAHHUS, MOTYT
UCIOJIb30BaThCsl MHOTOKPATHO, BO MHOTO pa3 CHHXKasi
KOJIMYECTBO MOJYJIeH, HEOOXOMUMbIX HJis pPa3paboTKh
HOBOH CHCTEMBI.

J1g namocTpaunu Tpex 6a30BbIX NPHUHLKIIOB BHOBb BOC-
noJib3yeMcsl aHaJloTHel U3 opy»KelHoro npoussoacTsa. Ha-
pesHoe KpeMHeBOe pyxKbe OblJI0 OJHHUM M3 CAMBIX CJIOXKHBIX
yCTPOHCTB MaccoBoro npuMeHenust B Hayasne XIX Beka. Hc-
110163y 51 IPUHLIKII HEPAPXUUHOCTH, Mbl MOXKeM Pa3e/IUThb ero
Ha TP IVIaBHBIX MOAYJIS, KaK [0Ka3aHo Ha puc. 1.2: cTBod,
yIapHO-CIIyCKOBOH MeXaHH3M U NIPUKMAJ C LIeBbEM.



1.2. UcKyccTBO ynpaBieHUs CNOXKHOCTbIO

Puc. 1.2 KpemHeBbi

PY>KeiHbIi 3aMOK

(pucyHok U3 Euroarms ltalia
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CtBOJI — 3TO AJMHHAs MeTaj/ddeckas Tpyba, uepe3 KOTOPYIO MPH BbI-
cTpesie BeiOpacbiBaeTcs IMyJs. YAAapHO-CIYCKOBOH MeXaHHM3M MPOU3BOIUT
BeICTpeJ/. [lepeBsHHbIE MPUKJAL U L€Bbe COEAUHSIOT BOEAHWHO OCTaJsbHble
YacTH PykKbsl U 00eCleUnBaIOT CTPeJKY HaleKHOe yAep:KaHHe OpYKHs NPH
BeICTpeJie. B cBOlo ouepenp, ynapHo-CyCKOBOH MeXaHHM3M BKJ/OUaeT B cebs
CIyCKOBOH KPIOUYOK, KYPOK, KpeMeHb, OTHUBO U MOPOXOBYIO MOJKY. Kaxbii
U3 3THX KOMIIOHEHTOB TaKKe MOXKeT PacCMaTpPHUBATLCS KaK CJeNyIOLINH He-
papXHUueCKHUH ypOBEHb U MOXKET ObITb pasiesieH Ha 6oJiee MeJKHe IeTalH.

[TpuHUMD MOLY/NBHOCTH TPeOyeT, YTOOBI KaXK /bl KOMIIOHEHT BhITOJIHS
YeTKO ONpeieseHHYI0 (YHKUHIO U UMes hHTepderic. PyHKUUSA MpUKIana
U LeBbsl — CJYXKUTb 0a30H AJIf YyCTAHOBKH CTBOJIA U YIAPHO-CITYCKOBOTO Me-
xaHusma. MHrepdetic 15 NpUKIaLa U LEBbS — 3TO UX JJIMHA U PACIIONOXKe-
HUe KpeIexXHbIX 31eMEHTOB, TAKUX KaK BUHTBI UM WYPYIbl. CTBOJ PyXKbS,
U3rOTOBJIEHHOTO ¢ COOJIOIeHHeM NPUHLHUNA MOAYJIbHOCTH KOHCTPYKLMH,
MOXKeT ObITb yCTAHOBJIEH HA IPUKJIAMb! U 11€BbsI OT PA3HBIX IPOU3BOIUTENEH,
€CJIM BCe COelUHSIeMble YAaCTH UMEIOT NPABUJIbHYIO IJIUHY U TOAXOISLINeE
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KperexxHble 37eMeHTbl. PYHKLUHUS CTBOJIA — Pa3orHaTh MyJI0 10 HEOOXOIHU-
MOU CKOPOCTH U IPUAATH el BpalleHHe, YTOObl YBEJUUHUTb TOYHOCTb CTPeJIb-
6b1!. [IpyHOMI MOLY/IBHOCTH TPeOyeT TaKXkKe, UTOOBI TPHU COeTMHEHUH MOALY-
Jiell He BO3HMKAJI0 HUKAKHUX T0O0UHBIX 9(D(PeKTOB: KOHCTPYKLMS NPHUKIaaa
U LeBbsl He JO0JKHA NPeNnsaTCTBOBATh (PYHKLHOHHPOBAHUIO CTBOJIA.
[TpuHUMD pery/asipHOCTH YYHUT TOMY, YTO B3aUMO3aMeHsieMble JeTajau —
3710 Xopoluas uaes. [1pu cob/ioaeHUK NPUHLMIIA PEryJ/IIPHOCTH MOBPeXIeH-
HBIA CTBOJ MO2KeT OBITh C JIETKOCTbIO 3aMeHeH Ha aHa/1orMyHbld. CTBOJIBI MO-
TYT U3TOTOBJIATBCSA HA TOTOYHOH JIMHUM C ropasfo 6oJbliell SKOHOMHUUECKOH

3((eKTUBHOCTbIO, UeM B C/lydyae LITYYHOTO IPOM3BOACTBA.
B nanHo#l kHure Mpl 6yaeM NOCTOSIHHO BO3BpallaTbCs K 3TUM TpeM 6aso-
BBIM IPUHLMIIAM: HEPAPXUYHOCTH, MOLYJIBHOCTH U PEryJ/ISIPHOCTH.

1.3. UuchpoBas abcTpakuyus

Yapnbs B366uax
1791—1871

Yapibs Babbumk  popuncs
8 1791 roay. 3akoHunn Kemb6-
PUIPKCKUW YHUBEPCHUTET U >Ke-
Huncs Ha koppkuaHe Butmyp.
OH u306pen  aHaUTUYECKYIO
MallWHY — MEPBbIM B MUPE Mexa-
HUYECKWH KomnbloTep. Yapnb3
B366umk Takke M3obpen npe-
LOXPaHUTE/IbHYIO PELUeTKY Ans
JIOKOMOTHBOB, CMUAOMETP WU YHH-
BEpCa/lbHbIA  MOYTOBbIM  Tapud.
YueHbiM Tak>Ke OueHb WHTEpPEeco-
BaJICS OTMblYKaMW [Jii 3aMKOB
1 MOYEMY-TO HEHABUAEN YIUUHBIX
My3bikaHToB. ([opTper nobesHo
npepoctaesieH Fourmilab Llsei-
uapws, www.fourmilab.ch.)

BoJIbIIMHCTBO (DU3WYECKHUX BEJNUUYMH H3MEHSIOTCS Herpe-
poiBHO. Hanpumep, HanpsikeHHe B 3JeKTPUIECKOM MIPOBOJIE,
gyacToTa KoJebaHUH UM paclipeeseHHe MacChl — BCe 3TO Ma-
paMeTpsbl, U3MeHsioLHecs: HenpepbiBHO. LInhpoBeie cucTemsl,
C IPYTOH CTOPOHBI, PEACTABISAIOT HHPOPMALMIO B BUJE IHC-
KPEeTHO MEHSIOIIMXCSI TePeMEeHHBIX ¢ KOHEUHBIM YUCJIOM CTPO-
O OTpeJe/eHHbIX 3HAUE€HHH.

OnHott n3 HauboJsiee paHHKUX UU(PPOBBIX CUCTEM CTaJa aHa-
JquThdeckas MamnHa Yapabsza ba66umka, kotopasi HCI0/b30-
BaJia epeMeHHbIe C IeCAThIO TUCKPETHBIMHU 3HaueHusiMu. Ha-
yunast ¢ 1834 rona u no 1871 roma® Bs66umx paspabarsiBai
U TIBITAJICS] IOCTPOUTD ITOT MexaHndeckuid Kommnetotep. [llec-
TePEeHKH aHAJTUTHUYECKOW MAIIWHbl MOTJIM HAaXOAHUTbCS B OJI-
HOM M3 JIeCSITH (PUKCUPOBAHHBIX TTOJIOKEHUH, a KAXK/I0€e TaKoe
noJioxkeHne 6blio mpomapkuposano ot 0 1o 9, mono6HO Mexa-
HUYECKOMY CUeTUHKY npobera aBromobusi. Pucynox 1.3 mo-
Ka3bIBaeT, KaK BBITJISIIEN POTOTUI aHATUTHUECKOH MAILIHHBL.
Kaxxnpiit psin L1ecTepeHOK Takol MallMHbL 06padaTbiBal OLHY
udpy. B cBoem mMexanuueckoMm KommbioTepe Ba66mmx wuc-
MOJIb30BAJ 25 PSIOB LIECTEPEHOK TaKUM 00pa3oM, UTOObl Ma-
IIMHA 00eCcTeYrBasIa BEIUUCAEHHS C TOUHOCTBIO 10 25-T0 3HAKa.

B orsrune ot mamunHel B366umKa 60MBIIMHCTBO 3JIEKT-
DOHHBIX KOMIIBIOTEPOB HMCIIO/b3yeT NBOMUHBIH (OHHApHbIN)
Kol. B ciyuae nBonuHOTro Koma BEICOKOE HarpsiKeHHEe — 3TO
eIMHUIIA, 8 HU3KOEe HaNpPsKeHHe — HOJIb, TTOCKOJIBbKY TOpasno

JieT4ye ONeprupoBaTh IBYMA YPOBHAMU HAIIPAXKEHUA, HEM NECAThIO.

1
2

KpemHeBBIe py»Kbs He ObIIM Hape3HBIMHU U HCT0JAb30BaIH KPYTJIble yau. — [Ipum. nepes.
A GOJIBLIMHCTBY M3 HAC KaXKeTcsl, 4To 00yueHHe B yHUBEPCUTETE — 3TO TaK J0Jro!



1.3. Liucpposas abcTpakuus

Puc. 1.3 AHanuTHueckas MaluHa
B366uaxa B rog ero cmeptu (1871)
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(M306parkeHne nobe3HO NpefoCcTaBNeHo

MyseeM Hayku 1 obliecTsa)

O6bem uHpopMauuu D, nepenaBaeMblil OTHOH TUCKPETHOH MepeMeHHOH,
KOTOpast MOXKET HAXOIUThCS B [N pas3JIMUHbIX COCTOSHUSX, U3MEPSETCS B €IH-
HUL@AX, Ha3bIBaeMbIX OUMAMU, U BEIUUCISETCS M0 CIeAyIoLed GopMyJie:

D = log,N 6wur. (1.1)

JIBonuHas nepemeHHasi nepepaet log,2 = 1 — oguH 6UT HHpopMauuu. Te-
nepb BaM, BEPOSITHO, MOHSITHO, MOYeMY eIMHHLA HH(OPMAalLKU Ha3blBaeTCs
gutoM. but (bit) — 3To coxpamenue ot anrauiickoro binary digit, 4To mo-
CJIOBHO TIePeBOAUTCS KakK dsouurbiil pazpsd. Kaxknas mecTepeHKa B Mally-
He ba66umxka cogepxurt log,10 = 3,322 6urta HH(pOpPMALMH, TOCKOJIbKY OHA
MOKET HaXOIUThCst B 0fiHOM U3 23322 = 10 yHHKa/bHBIX MOJ0XKeHukH. Teope-
THUUYECKH HelpepbIBHBIA CUTHAJ MOXKET TepelaBaTh 6€CKOHEUHOe KOJHIECTBO
HH(OPMALUH, TTOCKONBKY MOXKET PUHUMATh HEOTPaHHUEHHOE YHCJIO0 3HaUe-
HUH. Ha npakTHKe mIyM U OlIMOKH H3MePeHHUsT OrPaHUUMBAIOT HH(DOPMALIHIO,
nepenaBaeMy0 OOJIbIIMHCTBOM HEMPEPBIBHBIX CHUCHAJOB, AHANIa30HOM OT
10 6ut no 16 6ur. Ecau xe u3MepeHue YPOBHS CUTHAJ/A JOKHO OBITH TIPO-
U3BEJIEHO OYeHb OBICTPO, TO 00BEM MepenaBaeMol HH(pOPMALKU OYIeT ellle
uuxke (B cayuae 10 6uT, Hanpumep, 3T0 6yIeT TOJABKO 8 OUT).

[TpeameT 9TON KHUTH — LHU(PPOBbIE CXEMBbI, HCTOMb3YIOIINE TBOHUHbIE Me-
peMeHHBIe HOJTb U enuHuLy. Jxopmx Bynb paspaboran cucteMy JOrUKH, UC-
TOJ/Ib3YIOLLYIO IBOUYHBIE TepeMeHHbIe, H 3TY CHCTEMY CEerOHsI HAa3blBaIOT €ro
UMeHeM — 6y.1e8a noeuka. Jlorndeckue epeMeHHble MOTYT IPUHUMATh 3Ha-
yenuss HCTHHA (TRUE) unu JIOJKb (FALSE). B 3/1eKTPOHHBIX KOMIIbIO-
Tepax MoJIOXKUTeNbHOE Hallpsi2KeHWe 00BbIYHO NPeICTaBIseT eAUHHUILY, a HyJIe-
BO€ HalpsiKeHHe MPeACTaBIseT HOMb. B 9TOM KHUre Mbl 6Y1eM HCII0/Mb30BAT
nousitust equanua (1), UCTUHA (TRUE) u BBICOKUM YPOBEHD CUT-
HAJIA (HIGH) kak cuHOHMMBI. AHAJIOTMUYHBIM 06Pa30M Mbl OyIeM HCII0/Ib30-
BaTb HOb (0), JIOXKb (FALSE) 1 HU3KWUM YPOBEHB CUTHAJIA (LOW)

KaK B3auMO3aMeHsieMble TEPDMUHBI.
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H>xopax Bynb

1815—1864
[xopmk Bynb popuncs B cembe
Heboraroro pemecieHHHKa.

Poputenn [Lxoppyka He mornu
onnatuTb ero hopManbHoro ob-
pa3oBaHWs, MO3TOMY OH OCBa-
MBaJI MaTeMaTtuKy CaMOY4YKOM.
Hecmotps Ha 310, Bynto yaanoch
cTarb npenogaearenem Kopones-
cKkoro Konnemka B WpnaHzauu.
B 1854 rogy [I>kopmyk Bysb Hanu-
can ceoto paborty «Mccneposarue
3aKOHOB MbILL/IEHUSA», KOTOpast
BrepBble BBE/Ia B Hay4HbIM 060poT
[BOMYHbIE MNEPEMEHHble, a TaK-
>Xe& TPU OCHOBHbIX JIOrTMYECKUX
onepatopa U, WUJIW, HE (AND,
OR, NOT). (Moptper nobe3Ho
npefocTasneH  AMEpHUKaHCKUM
PHU3UYECKUM MHCTUTYTOM.)

[IpeumyiiectBa yugposoi abecmpakyuy 3aKI0OUAOTCS
B TOM, 4TO Pa3paboTYMK LU(DPOBOH CHCTEMBI MOXKET COCPENO-
TOUHTBHCS UCKJIIOUUTEbHO HAa eMHHULAX U HYJSX, TOJTHOCTBIO
UTHOPHPYS, KaKUM 00pa3oM JIOTHUECKHe TepeMeHHble Tpel-
CTaBJIeHBl Ha (pU3UYeCcKOM ypoBHe. PazpaboTuyrka He BOJIHYET,
TpelCTaBJIeHbl JIU HYJIH U e IMHHUIIbI OTIpeeJIeHHBIMU 3HaUeHH-
SIMM HaTlps2KeHH s, BPALIAIOLIMMHUCS [IeCTe PHSIMHE UJIH YPOBHEM
THIPABINUECKOH KHUAKOCTH. [IporpaMMHCT MOXKeT HPOAYK-
THBHO paboTaTh, He pacroJaras 1eTajJbHOH HH(popMalmed 06
anmapaTHoM obecredueHHH KoMibloTepa. Ho monnmanue Toro,
Kak paboTaeT 3TO amnnapatHoe obecriedeHHe, O3BOJSET MIPO-
TPaMMHCTY FOpasjio Jy4ylile ONTHMHU3UPOBATh IPOrpaMMy st
KOHKPETHOT'O KOMIIbIOTEPA.

Kak BBl MOT/IM BHZETDb BbIlIE, OQUH-eIMHCTBEHHBIH OUT He
MOKeT IepefaTbh GOJBLIOrO KosluyecTBa HMH(popmauuu. Ilo-
3TOMY B CJIEYIOIIEM pasfesie Mbl PACCMOTPUM BOIIPOC O TOM,
KaKnM 00pa3oM Habop OUTOB MOXKHO HCIIOJMb30BATh IJISI TIPel-
CTaBJIEHUS] NECATHUHBIX UHCeJ. B mMocjenyomux riaBax Mbl
TaKXKe MOKaXKeM, KaK TPyIIbl OHTOB MOT'YT MPeNCTaB/IATh OYK-
BBI U IaXKe [eJIyI0 IPorpaMmy.

1.4. Cuctembl cuucneHus

Bce Mbl npuBBIKAM paboTaTh ¢ AeCITHUHBIMM uyucaaMmd. Ho
B LUM(POBLIX CUCTEMAX, OCTPOEHHBIX HA €IMHULIAX U HYJSX,
UCIIOJIb30BAHME [BOMUHBIX WJIM LIECTHAALUATEPUUHBIX YHCEJI

3auactyio 6oJsee yno6Ho. B naHHOM pasjiesie Mbl PACCMOTPUM CHUCTEMbI CUHC-
JIEHUS!, UCII0/Ib30BAHHBIE B 9TOH KHHUTE.

1.4.1. [ecaTuuHasa cuctemMa CYUC/IEHUSA

Eme B Haua/bHON LIKOJIE BCeX HAC HAYUUJIH CUHTATh U BHIIOJHATb PA3/Iny-
Hble apudmeTHueckue onepaiuu B decamuunotl (decimal) cucreme cuucie-
nust. Takast cucrema ucnosb3yet gecsith apadekux uudp: 0, 1, 2, 3, 4, 5, 6,
7, 8,9 — CTOJIBKO XK€, CKOJIbKO Y Hac MaJjbleB Ha pykax. YucJsa Gosblie 9 3a-
IUCHIBAIOTCA B BUAe cTPoKU Ludp. [Ipuuem nudpa, Haxoasascs B KaK104
nocJsefyiolled IO3UUUH TAaKOH CTPOKH, HaYMHas ¢ KpalHel NpaBoy LUU(PHL,
UMeeT «BeC», B JeCAThb pa3 IpPEeBHIIAIMHA «BeC» LUU(MPbl, HAXOASALIEHCS
B IIpeJblayLled Mo3uiuy. FIMeHHO T03TOMY AECSITUUHYIO CHCTEMY CUHCJIEHHUS
Has3bIBAKOT cucmemoll no ocrosanuto (base) 10. CripaBa HaeBo «Bec» Kax-
JOW MO3ULIUK yBeJHUnBaeTcs caenywmnm obpasom: 1, 10, 100, 1000 u T. 1.
[Tosunuto, KOTOPYIO LK(hpa 3aHUMAET B CTPOKE JeCSITHUHOTO YHC/Ia, Ha3blBa-
10T PaspsiioM, UK IeKaaoH.
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Uro6bl n36exaThb HelOpa3yMeHHH PH OMHOBPeMEHHOU paboTe ¢ GoJee
yeM ONHOH CHCTEMOU CUHCJIEHHs, OCHOBAHHMe CHCTeMbl 0OBIYHO YKa3blBa-
eTcsl myTeM n06aBieHHUsT HU(PHl 033U U YYTh HHUXKEe OCHOBHOTO UHCJIA:
9742,,. PucyHoxk 1.4 mokasblBaert, IJis IpUMepa, Kak JeCATHUHOE YHUC-
a0 9742,, MoxXeT ObITb 3aMKMCaHO B BHIE CYMMbl HU(P, COCTABASIOMINX
3TO YHCJIO, YMHOXKEHHBIX Ha «BeC» pa3psiia, COOTBETCTBYIOLIETO KaXKI0H
KOHKPeTHOU uudpe.

hEDIAL BHHOLOY
H3L0D BHOLOY
NNHUTS eYHOLOY

I 9031BD3Y exHOLOY

O
N

2,=9x10°+7x10°+4x 10" +2x10°

TlesATo Cemb YeTbipe Ise Puc. 1.4 TMpepcraBneHue

TbiCAY COTeH AOecATKN eanHNLbI AE€CATUYHOrIo Yucina

N-paspsimHoe qecsITHUHOE YHCJI0 MOXKET MPEeACTaBAsATh onHy U3 10V uud-
poBbix KoMmOuHaiwmi: 0, 1, 2, 3, ... 10¥ — 1. D10 HasbiBaeTCs AMANa3oHOM
N-paspsigHoro uncia. JlecaTHuHOE YKcJI0, cocTosilee U3 Tpex uudp (pasps-
JII0B), HanpuMmep, npeacrasaset ogHy u3 1000 BO3MOXKHBIX UH(PPOBLIX KOMOU-
Hauu# B quanasose ot 0 go 999.

1.4.2. lBonuHas cucteMa CHUUC/IEHUS

OpvHOUYHBIN GUT MOXKeT MPUHUMATh OMHO U3 NBYX 3HadeHuH, 0 uau 1. He-
CKOJIbKO GUTOB, COEIMHEHHBIX B OJIHOH CTPOKe, 00pasytoT dsouuroe (binary)
yucso. Kaxknast mocsenyrolnasi mo3ULKs B JTBOMYHOH CTPOKE MMEET BJBOE
GOJIBIINH «BeC», YeM Tpeblaylasi MO3UlMsl, TaK YTO ABOHYHAS CHCTEMa
CYMCJIEHHSI — 3TO CHCTEMA 10 OCHOBAHHUIO 2. B IBOMYHOM uKcIe «BeC» Kax-
JI0M MO3ULMH yBenrunBaetcs (Tak xe, Kak ¥ B IeCATHYHOM — CIIpaBa HaJe-
BO) caeaylomuM obpasom: 1, 2, 4, 8, 16, 32, 64, 128, 256, 512, 1024, 2048,
4096, 8192, 16 384, 32 768, 65 536 u T.1. PaGoras ¢ IBOUYHBIMU YHCJIa-
MH, OYeHb MOJIE3HO AJI5T SKOHOMHUH BPEMEHH 3alIOMHUTh 3HAUEHHS CTEMeHeH
IBOMKH 10 2'6.

[TpousBosbHOE N-paspsiiHOe IBOMUHOE UHCJIO MOXKET MPeNCTaBsATh OHY
u3 2Y mudposeix Kom6uHauui: 0, 1, 2, 3, ... 2¥ — 1. B ta6u. 1.1 co6panbl
1-6utHble, 2-0UTHBIE, 3-OUTHBIE U 4-OUTHDBIE IBOWUYHbIE YHUCJIA U UX JECATUY-
Hble€ SKBHBAJIEHTHI.

Mpumep 1.1 T[IPEOBPA3OBAHME UUCEJI M3 IBONYHOM CUCTEMBI
CUHMCJIEHHNSA B JECATUYHYIO

[Ipeo6pasoBatsb nBonuHoe uncsao 10110, B necsiTuuHOe.

Pewenune Heob6xonumble npeo6pa3oBaHus NpeicTaBaeHbl Ha puc. 1.5.
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—  nLenifeH1d3m exHowoY
10dawad0g eIHOLOY
ModagLah esHOLOY

¥2081 eNHOLOY

NNHNTS eXHOLOY

Puc. 1.5 TMpeo6pazosanme 10110, =1 x 2°4+0x22+1x22+1 x21+0x2°=2210

ABOUYHOIO YUC/a OpHa Het OpHa OpHa Het
B leCATUYHOE YUC/IO WecTHaguaTb  BOCEMb yeTblpe OBOViKa  eauHuy

Ta6bnuua 1.1 Tabnuua ABOMUYHBIX YUCEN U UX AECATHUHBIN SIKBUBANEHT

1-6UTHbIE 2-6UTHble 3-6uTtHble 4-6uTHbIE Nlecatnunbie
[BOMYHbIE YUNC/IAa ABOMYHbIE YMCNA [BOMYHbIE YMCNA [ABOMYHbIE YUCNA  IKBUBANEHTbI
0 00 000 0000 0
1 01 001 0001 1
10 010 0010 2
11 011 0011 3
100 0100 4
101 0101 5
110 0110 6
111 0111 7
1000 8
1001 9
1010 10
1011 11
1100 12
1101 13
1110 14
111 15

Mpumep 1.2 TIPEOBPA3OBAHMUE UUCEJI U3 JECATUYHOU CUCTEMbI
CUMCJIEHHMA B IBONYHYIO

[Tpeo6pasoBath necsiTuuHOe Yncao 84,, B IBOUUHOE.

Pewenune Ormpenenute, 4To JOMKHO CTOSITh B KaXKA0U MO3UIMH IBOUUHOTO Pe3yJib-
tarta: 1 nau 0. Bol MoxkeTe fesaTb 3T0, HAUKWHAS C JIEBOU WUJIM TIPABOU MO3HULIHH.

Eciu Havate cieBa, HalluTe HAUOOJbLIYIO CTENEHb 2, MEHbLIYIO /I PAaBHYIO 3a1aH-
HoMy uHuc1y (B mpuMepe Taxas cTeneHb — 3To 64). 84 > 64, nosToMy cTaBuM 1 B Io-
3uLuy, cootBetcTByouel 64. Ocraetcs 84 — 64 = 20, 20 < 32, TaK 4TO B MO3ULHH 32
Hano noctaButhb 0, 20 > 16, nostomy B nosuuuu 16 crasum 1. Ocraercs 20 — 16 = 4.
4 < 8, moatomy O B mo3unuu 8. 4 > 4 — craBum 1 B mosunmio 4. 4 — 4 = 0, nosromy
6ynyt O B mosuuusix 2 u 1. Cobpas Bce BMecTe, nostyuaem 84,, = 1010100,.

Ecau Hauath cripaBa, OyjieM MOCJIe0BATENbHO JeJUTh HCXOAHOe uncao Ha 2. Ocrta-

TOK MJIeT B o4epeHyio nosunuio. 84 /2 = 42, noatromy O B caMoil TPaBoil MO3HIMH.
42/2 = 21, 0 Bo BTOpYyIO Mo3uuuo. 21 /2 = 10, octaTok 1 HIET B MO3ULHIO, COOT-
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BercTBylolyio 4. 10/2 =5, nostomy 0 B noauumio, cooTBeTcTBYIOLIYI0 8. 5/2 = 2,
ocraTok 1 B mosummio 16.2/2 =1, 0 B 32 nosuuuio. Hakone, 1,/2 =0 ¢ octaTkom 1,

KOTOpbIH uaet B nosuuuio 64. Crosa 84,, = 1010100,.

1.4.3. llecTHapuaTepUUHasa CUCTEMA CUUCIIEHUS

Hcnonb3oBanue OIMHHBIX IBOUUHBIX YHCEJT /151 3ATIUCH U BbI-
MOJIHEHUS] MaTeMaTHUECKUX PacuyeToB Ha OyMare yTOMUTENb-
HO U upeBaTo ownbkaMu. OQHAKO AJIHHHOE JBOUUHOE YHCJIO
MO2KHO pa3OUTb Ha TPYIIIBI [0 YeThipe OUTa, KaxKaas U3 KOTO-
pHIX MpeacTaBsieT ogHy u3 2* = 16 1udpoBbIX KOMOUHALMH.
VMeHHO mo3TOMY 3auacTyio OblBaeT ynoOHee MCHOJb30BaTh
17t paboThl CUCTEMY CUMCJIEHHS 110 OCHOBaHHIO 16, Ha3blBa-
emyto wecmradyamepuuroii (hexadecimal). Jisa sanucu
LIeCTHAAUATEPUUHBIX UHCeN UcnobayloTes uudpsl ot 0 1o 9
u 6ykBbl 0T A 10 F, kKak mokasano B Ta6a. 1.2. B mectHaana-
TEPUUHOM UHCJIE «BeC» KAKIOH NMO3ULHUH MEHSeTCs Cleylo-
wuM o6pasom: 1, 16, 162 (uu 256), 163 (uau 4096) u T. 1.

Tabnuuya 1.2 LWecTHaguaTepuyHas CUCTEMA CYUCSIEHUA

LLlectHaguaTtepuuHas undpa [lecaTuuHbiM 3KBUBaNEHT

MHTepecHo, uto TepMuH hexa-
decimal (wecTHaguaTepHyHbIN)
BBEJEH B HayuHbli obuxog
kopnopauven IBM B 1963 rogy
W sBisieTcs KOMOWHauuen rpe-
yeckoro csioBa hexi (wecTb)
W natuHckoro decem (mecsTb).
MpaBunbHee Gbiio 6bl MCMONb-
30BaTb JlIaTMHCKOE e CJio-
BO Sexa (Wwectb), HO TepPMUH
sexadecimal  BOCnpUHUMaICS
6bl HECKO/IbKO HEOAHO3HAYHO.

J1BOUYHbIN 3KBUBaNEHT

0 0 0000
1 1 0001
2 2 0010
3 3 0011
4 4 0100
5 5 0101
6 6 0110
7 7 0111
8 8 1000
9 9 1001
A 10 1010
B 11 1011
C 12 1100
D 13 1101
E 14 1110
F 15 111

Mpumep 1.3 [TPEOBPA3OBAHME INECTHATUATEPUYHOI' O UHCJIA

B IBOMYHOE 1 JECATUYHOE

[TpeoGpasoBarth wecTHaguaTepuyHoe uucao 2ED,; B 1BOMYHOE U IeCATHUHOE.

Pewenune [lpeoGpasoBaHue IIeCTHAALATEPUUHOTO YHCAA B IBOMYHOE U 0OPATHO —
O4eHb TIPOCTOE, TaK KaK Kax/as LleCTHaAUaTepuuHas uudpa npsMo COOTBETCTBYET
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4-paspsimHomy nBouuHomy uucay. 2,4 = 0010, E\; = 1110, u D, = 1101,, Tax 4to
2ED,;=001011101101,. [TpeoGpazoBanue B [eCATHUHYIO CUCTEMY CUHUCEHHUST TPeOy-
eT BBINOJIHEHUS apU(MeTUYECKUX Ollepalliy, TOKAa3aHHbIX, TOKAa3aHHO! Ha puc. 1.6.

19NNHNTS BYHOLIOY|

n1eni7eHLd3m exHOLOY

ND vLoam MLBDRTMLBU L0DXAg EHHOLOY

ED,, =2 x162+Ex16'+Dx16°=749

[Be YetbipHaguatb TpuHaguatb
[BecTn LecTHaauaTb efnHnL,
nNATbAECAT

wectb

Puc. 1.6 TMNpeob6paszoBaHue WeCTHaALATEPUUHOrO YUCNA
B ieCATUYHOE YUCNO

Mpumep 1.4 TIPEOBPA3OBAHME IBOMYHOI'O YHCJIA
B IIECTHAOUATEPUYHOE
[Tpeo6pasosarts gBonuHoe yucsao 1111010, B mrecTHaAaTepHUHOE.

Pewenue [loBTopuMm eue pas, 3To nmpocto. HaunHaem crpasa. 4 HauMeHee 3Ha4YU-
mbix 6uta 1010, = A ¢. Cenytone 6uthl 111, =7 Otcrona 1111010, = 7A ;.

Mpumep 1.5 TIPEOBPA3OBAHUE JECATHUYHOT'O UUCJIA
B INECTAHAUATEPMYHOE 1 IBOMYHOE

[TpeoGpasoBath recsATHYHOE YHMCIO 333, B LIECTHAALATEPUUHOE U IBOUYHOE.

PeweHue Kaxus caydae npeo6pasoBaHHH JIECATHYHOIO YK CJia B IBOUYHOE, MO2XKHO
HaydaTb Kak CJaeBa, TakK U CIIpaBa.

Ecau nauats CJeBa, Hafmm‘e HaH6OJIbHIyIO CTeNeHb MeCTHaauaTH, MEeHbIIYIO WUJHU
paBHyI0 3aanHoMy uucay (B Hamem caydae 31o 16% = 256). Yucao 256 comnepxurt-
csl B uncse 333 TOJIbKO OJIMH pas, MO3TOMY B MO3ULHMIO C «BECOM» 256 MBI 3aMHChIBa-
eM enunuLy. Ocraercs uncsao 333 — 256 = 77. Yucsno 16 cogepxkurcs B uucie 77
YeThIpe pasa, M0ITOMY B MO3HIHMI0 ¢ «BecOM» 16 3amucbiBaeM ueTBepky. Ocraercs
77— 16x4=13.13,;=D,4, 103TOMY B O3ULHIO C «BecOM» | 3anucbiBaeM Ludpy D.
Urak, 333, = 14D,4, 910 umcJI0 J€rKO MPe0Opa3oBaTh B JBOUUHOE, KAK MBI TOKA3aJIH
B npumepe 1.3: 14D,;=101001101,.

Ecsu HaunHath cripaBa, OyfeM NOBTOPSTH feseHue Ha 16. Kaxkablil pas ocTaTok uet
B ouepenHyto KosoHKy. 333/ 16 = 20 c octatkom 13,5 = D;g, KOTOPBIE HIET B CAMYIO
npasyio nozuuuio. 20/ 16 = 1 ¢ octaTkoM 4, KOTOPBIH MAET B TIO3ULMIO C «BecoM» 16.
1/16 = 0 c octatkoM 1, KOTOpbIE HAET B MO3ULMIO C «BecoM» 256. B peaysbrate
onsTh nosydaem 14D .
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1.4.4. Baiit, nony6aiT U «Becb 3TOT A)Kas»

[pynna u3 BocbMu GUT Haswiaetcs baim (byte). Bait npen-
craBJsier 28 = 256 undposbix KoMOUHaLKH. Pasmep monyned,
COXpaHeHHbIX B NaMSATH KOMIIbIOTepa, 0ObIYHO HU3MepsieTcs
HMEHHO B 0alTax, a He OUTax.

[pynna us yertnipex 6ut (mosioBMHa GaiiTa) HasblBaeTCs
noaybaiim (nibble). [Tony6aiT npeacrapaser 24 = 16 uudpo-
BbIX KOMOMHauu#. OqHa lecTHaAUATepHUHAs LUdpa 3aHNMa-
eT OflMH noJ1y6aiT, a ABe LieCcTHaAaTepPUUHble LU(Pbl — OfUH
6auT. B HacTos1Iee BpeMsi Mo/y6alThl y2Ke He HaXOsIT LU PO-
KOTr0 IPUMEHEeHH s, OIHAKO 3TOT TEPMHUH BCE XK€ CTOUT 3HATb,
Jla ¥ 3BYUMT OH 3a06aBHO (B aHIJI. A3bIKe nibble 03HavaeT OTKY-
CBIBATb YTO-THM60 MaJEeHbKUMH KyCOYKAMH).

Muxkponpoueccop o6pabaTbiBaeT HaHHble He LEJIUKOM,
a HeGousblIMMHU OJIOKAMH, HasblBaeMbIMU cjloBaMHu. Pasmep
caosa (word) He sIB/ISIeTCS BEJHUYHHOM, YCTAHOBJIEHHOH pa3s
M HaBCerja, a ONpe.essieTCss apXUTEKTYPOH KasKAOro KOH-
KPEeTHOro MUKporpoleccopa. Ha MoMeHT HamucaHus 3TOH
rnasbl (B 2012 roay) aGcoOTHOE GOMBUIMHCTBO KOMITBIOTE-
POB HCI0J1b30BaJI0 64-6KTHBIE MpoLeccoprl. Takue mpouecco-
pbl 06pabaThiBalOT HH(OPMALKIO 610KaMu (C10BaMM) JITUHOH
64 Outa. A elle He Tak 1aBHO BEPXOM COBEpIIEHCTBA CUHTA-
JIUCb KOMIIbIOTepHBI, 0o6padaTbiBaioliie HHPOPMALHMIO CJOBa-
MU IJIMHOU 32 6uta. MHTepecHo, 4TO M cerogsi HauboJee

Ecnv  nopxomutb  abconotHo
CTPOro K TEPMUHO/OTMH, TO MUK-
ponpoLeccopoM HasblBaeTcs Ta-
KOW MpOLEccop, BCe 3/1EMEHTbI
KOTOPOro pa3mMeLlaloTcsi Ha of-
How Mukpocxeme. [lo 70-x rogos
XX Beka nonynpoBoAHWKOBas
TEXHOJIOTUS He No3BoJiIsNa pas-
MEeCTUTb MPOLECCOP LEIMKOM
Ha OHOW MUKPOCXEMeE, MO3TOMY
NPOLLECCOPbl MOLLHbBIX KOMMbtO-
TEpOB  NpeacTaBnsnM  coboi
Habop nniat ¢ JOBOJIbHO GOsb-
LWWM KOJIMYECTBOM Pa3/UUHbIX
MUKpOCXeM Ha Hux. KomnaHus
Intel 8 1971 rogy npeacrasuna
nepBbii  4-OUTHBIM  MUKPONPO-
Lleccop, MOJy4MBLUWH B Ka4ecTse
HasBaHus Homep 4004. B Hawwu
[IHW fake camble NepefioBble Cy-
NEPKOMIbIOTEPbI MOCTPOEHbI Ha
MUKponpoLieccopax,  Mo3ToMy
B 3TOW KHWre Mbl Byaem cuntath
«MWKPONPOLIECCOP» W «MpOLec-
COp» TOXAECTBEHHbIMU MOHS-
THSIMK U Mcronb3osaTb oba aTu
TEPMHHA KaK CHHOHWUMbI.

MPOCThle MUKPOIPOLECCOPBl U OCOOEHHO Te, UTO YNPABASIOT PabOTON TaKUX
OBITOBBIX YCTPOUCTB, KaK, HalpUMep, TOCTEPhl HIH MHUKDPOBOJHOBBIE TEYH,
UCIIOJIb3YIOT CJI0BA AJIMHOU 16 OUT uju naxe 8 GuUT.

B pamkax opHO¥ rpymnmbl 6UTOB KOHEYHBIH OUT, HAXOISIIUNACS HA OIHOM
KOHIe 3TOU rpymmbl (0OBIUHO MPABOM), HA3BIBAETCS HAUMEHEE 3HAYUMbLM
6umon (least significant bit, LSB), unu npocto MiaamumM 6UToM, a 6UT Ha
JPYroM KOHLIE TPYINNbl HasbiBaeTcss waubosee snauumoim Gumom (most
significant bit, MSB), uiu cmapuwwum 6umon. Pucynox 1.7 (a) neMoHcTpH-
pyeT HanMeHee U HauboJIee 3HAUUMBIe OUTHI B Cilydae 6-6UTHOrO IBOMYHOTO
yncsa. AHaJIOruYHBIM 00Pa30M BHYTPHU OJHOTO CJIOBA MOXKHO BBIIEJIUTb HAU-
menee snauumoiil 6aiim (least significant byte, LSB), unu maaniwmit 6air,
u nauboaee snawumoiil 6aiim (most significant byte, MSB), nu crapuimit
6aut. Pucynoxk 1.7 (b) mokaseiBaeT, Kak 3T0 fejaeTcs B caydae 4-6aiTHOTO
YucJa, 3aMMCaHHOT0 BOCEMBIO IIeCTHAALATEPHUHBIMU LU PAMHU.

101100 DEAFDADS

el el — —
Crapwui Mnapwwin Crapwmn Mnagwnin
3HaYaWMA  3HavaLwmnn 3Havalumm 3Havalumm

6ut out 6ainT 6ainT

(a) (b)

Puc. 1.7 HaumeHee u Haubonee
3HauuMble GUTBbI U BalTbI
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B cuity ynausoro cosnagenus 2! = 1024 ~ 10°. dror pakT no3BossieT Ham
MCIIO/Ib30BATh MPUCTABKY Kua0 (rpedeckoe HasBaHHe ThICSUM) 1/ COKpa-
ueHHoro o6osHadenus 2'°. Hanpumep, 2'° 6aiiT — 910 oaun kunobait (1 KB).
[Tono6HbIM ke 06pa3oM meea (rpeueckoe HazBaHKWe MUJTMOHA) 0603HAYAET
2% ~ 108, a euea (rpeueckoe HazBaHMe MUIMapAa) yKasbiBaeT Ha 2°0 ~ 10°.
3uast, uto 2! ~ 1 Thicsua, 2% ~ | muinoH, 2°° ~ | MULIMAPA H TOMHS 3Ha-
YeHHUsI CTereHer IBOUKH 10 2° BKIIOUHTENbHO, OYIET JETKO MPHOIH3UTENBHO
paccuuTath B yMe JI0OYI0 APYTYIO CTENEHb ABYX.

Mpumep 1.6  OLIEHKA CTEITEHEM JBOVKU
Haiinure npubausnrenbHoe 3Hadenue 224 6e3 UCMOMb30BAHUS KANbKYIATOPA.

Pewenune [lpencraBbTe 9KCMOHEHTY KaK UHCJIO0, KDATHOE I€CATH, H OCTATOK.

224 = 220 5 24 220 ~ 1 MuJinoH. 2* = 16. Urak, 2% = 16 musnnonos. Ha camom gesie
224 =16 777 216, HO 16 MHUJJIMOHOB — IOCTATOUHO XOpOLIee MPUOJIHKEHHE [/t Map-
KETHHIOBBIX LieJel.

Tax xe kak 1024 6atita HaswBaoT kusobaiimom (KB), 1024 6ura HasbiBa-
10T Kuro6umom (K6 unu k6ut). Ananornuneim o6pasom MB, M6, I'B u I'6 uc-
MOJIb3YIOTCS AJIS1 COKPALleHHOr0 0003HaUeHUsI MUJIIMOHA ¥ MHJLIMapaa OauT
u 6uT. Paamepsl 3/eMEHTOB MaMsITH OOBIYHO HU3MepsIIOTCs B 6akTax. A BOT
CKOPOCTb Tepelauu AaHHbIX H3MepsieTcs B OUTax B ceKyHay. MakcumaJsbHas
CKOPOCTb Mepeaayd TaHHbIX Tee(OHHBIM MOAEMOM, HAIIPUMEP, COCTABJSIET
56 KHJIOOUT B CEKYHIY.

1.4.5. Cno>xxeHue ABOUYHDIX YUCEN

CroxkeHre IBOMYHBIX YHCEJ MPOU3BOIUTCS TaK Ke, KaK U CJI0KEHHe Jecs-
THYHBIX, C TOH JIMLIb Pa3HULIEH, YTO ABOUYHOE CJI0XKEeHHE BHIIIOJHHUTh ropas-
no npoute (puc. 1.8). Kak u npu c/10XKEeHUH JeCATHYHBIX UMCEJI, €CJIH CyM-
Ma IBYX UHCeJ MpeBbIlIaeT 3HaYeHHe, [IOMellaolleecsi B OMUH Paspsill, Mbl
nepeHocuM 1 B cienyromuil paspsia. Ha puc. 1.8 niisi cpaBHeHHs TOKa3aHO
C/IOXKeHMe JeCSITUYHBIX U IBOUUHBLIX yKces. B KpaliHel MpaBoil KOJIOHKe Ha
puc. 1.8 (a) ckianpiBatorcst uncsa 7 1 9. Cymma 7 + 9 = 16, uro npeseiiaer
9, a 3HauuT, GoJIbllIe TOTO, YTO MOXKET BMECTUTb OIMH AECSITUYHBIA paspsil.
[TosToMy Mbl 3amkcbiBaeM B TepBblid paspsia 6 (mepsasi KOMOHKA) U MepeHo-
cuM 10 B caenyromuii paspsan (BTopasi KosoHKa) Kak 1. AHaJIOrHUYHBIM Xe
06pa3oM MpH CIOXKEHUH JBOUUHBIX UHCEJ, eCJIH CyMMa ABYX UHCEJ MpeBbl-
maet 1, Mbl TepeHOCHM 2 B cJIelyIolnK pa3psia Kak 1. B mpaBoil KosoHke Ha
puc. 1.8 (b), nanpumep, cymma 1 + 1 =2,,= 10,, 4T0 He MOXKET yMECTHUTHCS
B OIHOM JBOUUHOM paspsife. [losTomy mbl 3amuceiBaeM O B epBOM paspsize
(mepBast xosonka) u 1 B caienyroumem paspame (Bropas kosonka). Bo Bropoi
KOJIOHKe OMSTb cKiaambiBaloTes 1 u 1 u emne nobasnsietcs 1, mepeHeceHHas
CI0JIa TIOCJIe CJI0’KeHUsI unceJ B TepBoH KosioHKe. Cymma 1 + 1 +1=3,,=11,.
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Mu sanucbiBaem | B mepBbii paspsg (BTopast KOJIOHKA) M CHOBA 100aBJIsi-
eMm 1 B caenyromuii paspan (TpeTbs KosoHka). [To oueBHAHOM NpUUKHE GHT,
n00aBIeHHbIH B coceHHI paspsil (KOJOHKY), HasblBaeTCs OUMOM neperoca
(carry bit).
11 < nepeHocbl — 11
4277 1011
+ 5499 + 0011 Puc. 1.8 Tlpumepbl cnoxkeHus
9776 1110 c nepeHocoM: (a) AecATUYHOe,
(a) (b) (b) ABOMUHOE
111
Mpumep 1.7 IBOMYHOE CJIOKEHUE 0111
Berunesuts 0111, + 0101, %
Pewenune Ha puc. 1.9 nokasaHno, uto cymma pasHa 1100,. [TepeHocs Bbize- Puc. 1.9
JIeHbl CHHUM L[BeTOM. Mbl MO2KeM NPOBEPUTD Hallly paboTy, TOBTOPHUB BbIYHC/IE- I'I:‘V:I.Me'p
HUS B IeCATHUHOH cucTeMe cuncaenus. 0111, =7,,, 0101, = 5. Cymma paBHa ABOMYHOrO
124, = 1100,. CNoXeHHUs
Hudposble cucTeMbl 0OBIYHO ONEPUPYIOT UMCJ/IAMH C 3apaHee oIlpeje-
JIEHHBIM U (PUKCHUPOBAHHBIM KOJHUECTBOM paspsinoB. CHTyalHio, KOra pe-
3yJ/IbTAT CJOXKEHHUS [IPeBbILIAeT BblAeJEeHHOE /IS Her0 KOJIUUeCTBO PA3psLoB,
HasbiBawT nepenoinenuem (overflow). UeTbipexGuTHas sueiika mamsTH, Ha-
npuMep, MOXKET COXPaHATh 3Hauenus B quanasone [0, 15]. Takas siueiika me-
peroJIHSIeTC s, €C/IH Pe3yJbTaT CJ0KEHUS peBbIaeT yncao 15. B atom cay-
yae JONOJHUTE/bHBIH NSATHIH OUT OTOpAchIBAeTCS, a Pe3yJibTaT, OCTaBIIUHCS
B yeThlpex OuTax, Oyner omn6ouHbIM. [lepenosHeHne MOXKHO OOHAPYKUTD,
€CJI1 CJIEIUTD 3a TEPEHOCOM O6uTa U3 HauboJIee 3HAUUMOTO paspsigia ABOUYHO-
ro uucaa (puc. 1.8), us HauGoJ1ee IeBOH KOJOHKH.
11 1
Mpumep 1.8 CJIOZKEHME C I[TEPEITOJIHEHHMEM 1101
Boiuncants 1101, + 0101,. Byzet in nepenonsenue? %
Pewenue Ha puc. 1.10 nokasano, uro cymma paBHa 10010,. Pesysabrar
BBIXOIWUT 3a IPaHMLbl YETbIPeXOUTOBOrO IBOMYHOrO uHc/aa. Ecan ero Hyx- ;"C' 1.10
HO 3allOMHHTb B 4 Ourtax, HauboJsiee 3HAUUMBIH OWUT MpoNaieT, OCTABUB He- pumep
) ABOWYHOTO
koppekTHbld pesysabrat 0010,. Ecsu BbiuMc/eHHsT NPOU3BOAATCS C YUCIAMH COKEHNS
¢ naThio Uy 6ojee 6utamu, pedysiprat 10010, 6yneT KOpPeKTHBIM. ¢ nepenon-
HeHueM

1.4.6. 3HaK 4BOMYHDbIX yucen

Jlo CHX MOp MBI pacCMaTpPUBa/K IBOUYHBIE uucaa 6e3 snaka (unsigned) — to
€CTb TOJIBKO IT0JIOKHTe/IbHble yuca. HacTo J1s BblYUCAeHHH TpeOyoTCs Kak
0JI02KUTeJ/IbHbIE, TAK U OTPULIATe/IbHblE YHUCJIa, @ ITO 3HAUUT, YTO AJIS 3HAKA
JBOWYHOTO YHCJIa HaM NOTpebyeTCst TOTOJMHUTENbHEIE paspsin. CymiecTByeT
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HECKOJIbKO CII0CO00B TIpeCTaBJIeHHs IBOUUHBIX UKce co 3nakom (signed).
HawuGosee mupoko npumensitoTes asa: npamoii koo (Sign / Magnitude) u do-
noanumenvroitl k00 (Two’s Complement).

Mpamou kop

[IpencraBsieHue OTPUIIATEbHBIX TBOUYHBIX C UCTIOJIb30BAHUEM MPSIMOTO
KOJIa MHTYUTHUBHO TIOKaXXeTCst BaM HauboJiee MPUBJIEKATETbHBIM, TTOCKOJbKY
COBTMAJaeT C MPUBBIUHBIM CIOCOOOM 3aMUCH OTPHULATENbHBIX YHCEJ, KOT/a
CHayaJsla UfIeT 3HAK MHUHYC, a 3aTeM aOCOJIIOTHOE 3HaueHWe uucaa. J[Bouu-
HOe 4ucIIo, cocTosiilee U3 N OUT U 3aMTMCAHHOE B PSIMOM KOJIe, UCIOJIb3yeT
HauboJee 3HAUUMBIM OUT Ui 3HaKa, a ocTanbHble N — 1 OUT [/ 3alIUCHU
abCoJIIOTHOrO 3HAaUeHMs 3TOro uucaa. Eciu Hanbosee 3HauuMbii 6ut O, TO
YUCJIO MOJI0KHUTeNbHOe. Ecin HauboJsiee 3HaYuMbli 6UT 1, TO UKcI0 OTpULIa-
TeJIbHOE.

Mpumep 1.9 TTPEACTABJIEHUE UMCEJI B ITPIMOM KOJIE

3anumwure ydcsaa b ¥ —5 Kak ‘-IeTpreX6I/ITOBbIe qucsia B IPsIMOM KoJe.

Pewenne O06a yncsia uMeT abCOMOTHYIO BelUUUHY 5y = 101,. Takum o6paszom,
5,0=0101,u =5,,=1101,.

K coxanenuto, cTaHgapTHBIM crocob ca0XKeHUs He paboTaeT B c/aydae
JIBOMYHBIX UHCEJ CO 3HAKOM, 3alTMCAHHBIX B MpsiMoM Koje. Hanpumep, ckia-
IbiBasi —H,, + 5,, MpUBBIYHBEIM criocobom, moaydaem 1101, + 0101, = 10010,.
UTo, ecTeCTBEHHO, SBJSIETCS TIOJHBIM a0CyPIOM.

JlBonuHast nepeMeHHas AnuHOM N OUT B MPSIMOM KOJe MOXKET MpeacTaB-
JISITh UKCJIO B iManasone [—2V1 + 1, 2V-1 — [].

Jpyroii HeCKOJbKO CTPaHHOW OCOOEHHOCTBIO MPSIMOTO KOJAA SIBJSIETCS
Haiuure +0 u —0, npuueM 06a 3TUX YUCJIA COOTBETCTBYIOT OJHOMY HY.JIIO.
HerpyznHo mpennosoxuTh, 4To MpeiCTaBJeHHE OJHOW U TOU Ke BeJIUYUHBI
JIBYMSI Pa3JIMUHBIMH CIIOCOOAMH YPEBATO OLIUOKAMH.

LlononHutenbHbIN KOA

JIBoMuHBIe YHCJIa, 3aNUCAHHBIE C HCIOJb30BAHMEM [OMOJHUTENBHOTO
KOJla, ¥ IBOMYHBIE YKc/Ia 6e3 3HaKa MAEHTHUHBI, 32 UCK/IIOUeHHEM TOro, 4TO
B CJlydae JOMOJNHHUTENbHOrO KOJla Bec HauboJee 3HauumMoro 6ura —2V~! Bmec-
To 2¥7!, KaK B c/Iydae JBOMUHOTO uncsa 6e3 3Haka. JIomoJHUTENbHBIH KO/ ra-
paHTHpyeT OfHO3HAUHOE MPEeCTABJIEHHE HYJIS, JONYCKAET CJI0XKEHHE YHCe
T0 MPUBBIUHON CXeMe, a 3HAUUT, U30aBJ/IeH OT HeJJOCTATKOB MPSIMOro KOfa.

B csydae [OMOJHUTEIBHOTO KOfla HyJIeBOe 3HAUEHME IMPEICTaBJIEHO HY-
JSIMH BO BceX paspsinax asomyHoro uucia: 00...000,. MaxkcnmaspHOe MOJIO-
JKUTeJbHOE 3HaueHHe MPeACTaBJIeHO HyJeM B HauboJsee 3HAUHMOM paspsiie
M eIMHHLAMH BO BCEX APYTHX paspsiaax asonutoro uucnaa: 01...111,=2¥1—-1.
MakcumanbHOe OTpULaTeIbHOE 3HAYeHHe CONEPKUT eUHMIY B HanboJee
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3HaYMMOM paspsiie U HYJH BO BceX ocTanbHbIX paspsaax: 10...000, = =281,
OTpuuaTenbHasi eIMHULA PeCTaBIeHA eIMHULIAMU BO BCeX pas3psiiax IBo-

ngHoro yucJja: 11...111,.

O6paTuTe BHUMaHHe Ha TO, UTO HauboJiee 3HAYUMBIH paspsif y BceX MoJ10-
XKUTeNbHBbIX Yuces — 3T0 «0», B TO BpeMsl Kak y OTPULATEJNbHbIX UHCEN — 9TO
«1», To ecTb HauboJsee 3HAUUMbIH OUT AOMOJHUTEJBHOIO KOJA MOXKHO pac-
CMaTpUBaTh KaK aHaJsIor 3HaKOBOTro 6uTa npsiMoro Kozna. Ho Ha aTom cxoncTBO

KOHYAeTCsi, MOCKOJIbKY OCTasibHble GUTHI TOMOJHHTENbHOTO
KOJIa HHTEPIIPETHPYIOTCS He TakK, KaK OUTHI IPSIMOTO KOJA.

B cayuae HOMONHUTENBHOTO KOAA 3HAK OTPHULATENBHOTO
JIBOMUHOTO YKMCJ/Ia H3MEHSIETCS] Ha POTHBOIMONOKHBIE MTyTeM
BBIMOJIHEHHS CTIELMaNbHON OMepalyy, Ha3biBaeMOk 8 00N0-
numeavrom Kode (taking the two’s complement). CyTb 310#
orepalyy 3aK/109YaeTcst B TOM, YTO HHBEPTHPYIOTCS BCe GUTHI
ITOTO UKCJIa, 8 3aTeM K 3HaUeHHIO HaHMeHee 3HaUMMOoro GUTa
npubasJsiercs 1. [TogoGHast onepanus mo3BoJisieT HalTH 1BO-
HYHOE TPeACTaBJIeHHE OTPHLATEJBHOr0 YNUC/IA WM OIpe/e-
JINTb €r0 a0COJIOTHOE 3HAUEHHE.

Mpumep 1.10 TTPENCTABJIEHME OTPULIATEJIbHBIX
YHMCEJI B IOITOJIHUTEJIbBHOM KOJIE

Havitu npencrasienue —2,, Kak 4-0UTOBOTO UHCJ/IA B JAOMOJHHUTE/b-
HOM KOJie.
Pewenne Haunure ¢ +2,, = 0010,. dns nonyueHus —2,, uHBep-

TUpYHTe OUTHl U 100aBbTe enunuuy. Museptupys 0010,, moayuum
1101,. 1101, + 1 = 1110,. Urax, —2,, pasro 1110,.

Mpumep 1.11 3HAYEHHUE OTPHULIATEJIbHBIX YUCEJI
B JOITIOJIHUTEJIbHOM KOJIE

Hanitu necsarnunoe snauenue yucaa 1001, B 1oMOJHUTEIBHOM KOJIE.

Pewenue UYwucao 1001, umeer crapuryio 1, mo3ToMy OHO TOJIK-
HO OBITb OTpHLATEebHBIM. YTOOB HAUTH €ro MOLYJb, HHBEPTHPY-
eM Bce 6uTh U po6aBiasem 1. MuBeprupys 1001, moaydaum 0110,.
0110,+1=0111,=7,,. Otciona 1001, = -7,

HeocrnopumbIM MpeuMyIIecTBOM JOTMOJHUTENBHOIO KO
SIBJISIETCST TO, UTO MPHBBIUHBIA CMOCOO CJI0XKEHUs paboTaet
KaK B CJIyuyae MoJIOKUTENbHbBIX, TAK H OTPULIATEbHBIX UHCEJI.
Hanomuuwm, 4to npu ciaoxkennu N-6uTHbIX uuces N-# OUT
(t.e. N+ 1 6ut pesysbrata) He IepPeHOCHTCH.

(®Poto: ESA/CNES /
ARIANESPACE-Service
Optique CS6)

Pakera Apuan-5 ueHon 7 mnpg
LONIapOoB, 3anyLieHHas 4 UioHs
1996 ropa, oTKNOHMAACH OT Kyp-
ca 1 paspyLunach uepes 40 ce-
KyHA nocne 3anycka. OTkas 6bin
BbI3BaH TeM, 4TO B BGOPTOBOM
KOMMbIOTEPE MPOM3OLLNIO Nnepe-
nonHeHue 16-paspsaaHbix peru-
CTPOB, NOCJIE KOTOPOro KOMIbIO-
Tep BbILEN U3 CTPOS.

MNporpammHoe obecneuexue
ApuaH-5 6bis10 TWwaTenbHO Npo-
TECTUPOBAHO, HO Ha pakeTe
Apuan-4. OgHako HoBasi pakeTa
uMena fsurarenu c 6osee BbICO-
KMMH CKOPOCTHBIMK Mapametpa-
MM, KoTopble, Byayuu nepenaH-
HbIMM BOPTOBOMY KOMMblOTEPY,
M BbI3Ba/IK NEpenosiHeHHe pe-
TMCTPOB.
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Mpumep 1.12 CJIO2KEHUE YUCEJI, [TPEACTABJIEHHBIX
B NOITOJIHUTEJIbHOM KOJIE

Bouncautb (a) =2, + 1,01 (b) =7, + 7,5 C TOMOLIBIO UKCEJ B JOTOJHUTENLHOM KOJIE.

PeweHue

(a) =20+ 1,,=1110,+0001,=1111,=~1,,

(b) =7,0+ 7,,=1001, + 0111, = 10000,. [1aTblil 61T OTGPaCkIBAETCS, OCTABJASA TIpa-
BUJIbHBIN 4-6uTOBBIH pe3ynbTaT 0000,.

BhlunTaHue oJHOr0 ABOMUHOTO YHCIa U3 APYTOTO OCYUIECTBJACTCA IYTEM
HpeO6p330BaHHﬂ BBLIUMTAEMOTO B JOTOJHUTENbHBIH KO U nocJieAyIIero ero
CJIO2KEHH A C YMEHbIIaeMbIM.

Mpumep 1.13 BbIUMTAHME UMCEJI B AOITOJIHUTEJIbBHOM KOIE

Berancsuts (a) 5,9 — 3,0 1 (b) 3,9 — 5,0, HCTIOMB3YST 4-paspsiiHble YHCIA B IOTOTHH-
TEJBHOM KOJIE.

PeweHue

(a) 3,, = 0011,. Boiumcasis ero I0MOJHATENBHBIH KO, ToayduM —3,, = 1101,. Te-
nepb c10XuM 5,5 + (=3,,) = 0101, + 1101, = 0010, = 2,,. OTMeTHM, UTO MepeHoC U3
HauboJiee 3HAYMMOH TO3UIMH COpPACHIBAETCS, TTOCKOJIbKY pe3ysbTaT 3aluchiBaeTcst
B UeThlpex 6UTax.

(b) Berumc/IsAsT IOTOMHATENBHBIH KO OT 5,0, TOyuuM =5, = 101 1,. Tereps coxum
310+ (=5,) =0011,+ 1011, = 1110, = =2,,.

[IpencraBnenve HyJssi B AONOJHHUTEJIbHOM KOJE TaKKe MPOU3BOMUTCS
nyTeM MHBEpPTHPOBaHHs BCex 6uToB (310 maer 11...111,) u nocneaymoumm
npubapjenueM 1, uto nesnaet 3HaueHHs Bcex 6UToB paBHbIMU 0. [Ipu sTOM
nepeHoc HauboJjlee 3HAUMMOro OUTa UrHOpHpyeTcs. B pesynbrate HyJeBoe
3HaueHHe BCeraa INpeicTaBieHo HaOOPOM TOJBKO HyJeBbIX OUTOB. B oT/u-
YHe OT NPSIMOT0 KOJIa IOTIOJNHUTEbHBIN KOJL He UMeeT OTPHULIATeNbHOTO HYJIS.
Housb Becerna cuntaercs MoJ102KUTEIbHBIM UHCJIOM, TaK KaK ero 3HaKOBBIH OUT
Bcerga 0.

Tax ke, Kak U IBOMYHOE YHUCJI0 Oe3 3HaKa, Mpou3BobHoe N-GUTHOe yHc-
JI0, 3aMICaHHOe B IOTIOJMHUTEIbHOM KOJIE, MOXKET IIPHUHUMATh 01HO 13 2V BO3-
MOXKHBIX 3HaueHHUH. Ho Bech 3TOT AManasoH pasieseH MexKIy MOJM0KUTeb-
HBIM U OTpHLATeNbHbIM YhcaaMu. Hanpumep, 4-6UTHOe IBOMYHOE UUC/IO Oe3
3HaKa MOXeT MpUHUMaTh 16 sHauenuil ot O 1o 15. B ciyuae gononHuTte s-
HOTO KoJa 4-6UTHOe UUCJIO TaKXKe NMpUHUMaeT 16 3HaueHUH, HO yxe oT —8
no 7. B obmem caydyae nuanazoH N-OUTHOTO uncsa, 3aMCAHHOTO B JA0MOJI-
HUTE/JLHOM Kojle, oXBaThiBaeT [—2V~! 2V-! — 1] Jlerko noHsTh, IoueMy B OT-
pULIaTeJbHOM Mana3oHe 0Kas3aJoCh Ha OIHO 3HaueHHUe 6oJIbllle, UeM B MOJIO-
JKUTEJBbHOM, — B IOTIOJTHUTEIbHOM KOJI€ OTCYTCTBYET OTPULATEbHBIH HOJIb.



1.4. CucteMbl cuucneHus

MaxkcumMasbHOe O0TpUIaTeIbHOE YUCI0, KOTOPOe MOXKHO 3alHCaTh, UCIIOJb-
3yst nononnuTenpHbi# kox 10...000, = —2¥7!, yHOrIa HA3BIBAKOT CMPAHHbIM
aucaom (weird number). UTo6bI IpeaCTaBUTh 3TO YUCJIO B AOMONHUTETBHOM
KoJe, MHBePTUPYeM Bce ero 6uTwl (310 mact Ham 01..111,), npubasum 1
u nosyyum B pedysbrate 10...000, — onaTb 3TO Ke camMoe «CTpaHHOE» UHC-
J0. To ecTb 3TO eIMHCTBEHHOE OTPHUIATEbHOE UHCJO0, KOTOPOEe He HMeeT
TMOJIOKUTENBHOU TapHl.

B ciyyae monosHUTENBHOTO KOA CJIOXKEHHe IBYX MOJOKUTENbHBIX HJIN
oTpunaTeNbHbIX N-GHTOBBIX UHCEJ MOXKET IIPHUBECTH K TT€PENOJHEHHUIO, eCIIH
pesyabTat 6ynet 6oJblie, yem 2¥7! — 1, v menblie, uem —2V71, CioxeHue
TIOJIOKUTEJBHOTO H OTPHLATENBHOTO YHCeJl, HATPOTUB, HUKOTA He IPUBOUT
K IeperoHeHHI0. B oT/Hure 0T 1BOMYHOTO yKc/Ia 6e3 3HaKa epeHoc Hanbo-
Jlee 3HAUUMOT0 OUTA He SIBJSIeTCs IPU3HAKOM IepernosnHeHusi. Bmecrto aToro
HHAMKATOPOM TePeoNHeHHUs SIBJSIeTCS CUTYalHsl, KOTIa Mocje CJI0XKeHHUs
IBYX YHCeJ C ONHHAKOBBIM 3HAKOM 3HAKOBBIM OHT CYyMMbl He COBIafaeT CO
3HAKOBBIMU OMTAMH CJIaraeMblX.

Mpumep 1.14 CJIO2KEHHME YUCEJI B JOTIOJIHUTEJIbHOM KOJE
CITEPEIIOJIHEHHMEM

Boluncantb 4,5 + 5, UCIO/Mb3Yst YeTHIPEXOUTHbIE YKCJ/IA B AOMOJHUTENbHOM KOJIE.
[TponsoneT 1 NepenogHeHHe?

Pewenune 4, + 5, = 0100, + 0101, = 1001, = —7,,. Peaysbrar He nomelaercs
B Mana3oH MOJIOKHUTENbHBIX UYeTbIPeXOUTHBIX YHCeN B AOMOJHUTEIbHOM KOJIE, OKa-
3bIBasiCh OTPHULATENbHBIM. Ec/iM Obl BHIUHC/IEHHE BBIMOIHSIOCH C MSATHIO UK GoJee
6urtamu, pesdy.brat Obl1 66l Takol 01001, = 9,4, 4TO NpaBHUIIbHO.

B ciryuae Heo6xoquMoCTH yBeJUUYEHHUS KOJHUUECTBA OUTOB IIPOU3BOJIBHO-
O YHcJia, 3a[IMCAHHOTO B JOMOJHUTENBHOM KOJle, 3HaueHHe 3HAKOBOTo OHUTa
JOJIPKHO OBITh CKOMMPOBAHO B HauboJsiee 3HAUKMMble Pa3psifibl MOAUDULIAPO-
BAHHOTO uKcaa. DTa onepalust Ha3blBaeTCs 3HAK0BbLM pacuiuperuem (sign
extension). Hanpumep, uncaa 3 u —3 3anuceiBaioTcs B 4-6UTHOM JOIIOJIHHU-
tesbHoM Koje kak 0011 u 1101 coorBercTBenHo. Eciiv Mbl yBesuunBaem
YHUCJIO Pa3PsIIOB 10 CEMHU OUT, MbI JOKHBI CKOTTUPOBATh 3HAKOBBIN OUT B TPU
HauboJiee 3HAUUMBIX OUTa MOAM(HULHPOBaHHOrO uucaa, uro naet 0000011
ullll10l.

CpaBHeHHe cnoco6oB npeacTaBneHUs
ABOMYHbIX YUCEN

Tpu Haubosiee 4ACTO UCIOMB3YIOUIUXCS HA TPAKTHKE CrIocoba MpeacTaB-
JIeHHsl IBOMYHBIX YHCes — 3TO ABOHWYHBblE uucsa 0e3 3HaKa, NPSIMOH KOA U
ponosnHuTenbHbH Koi. Tabauna 1.3 cpaBHUBaeT nuanasoH N-OUTHBIX Yu-
ceJl /151 Ka>KJ10r0 U3 3THX Tpex crnoco6os. [IpeumyiecTsa JONOJIHUTENBHOTO
KOJla 3aKJ/II04AI0TCS B TOM, YTO €0 MOKHO UCII0J/1b30BaTh /15 IPeACTaB/IeHUS

49



50 Fnasa 1. OT Hynsa A0 eAUHMLbI

KaK MOJIO2KHUTEJNbHBIX, TAK U OTPHULIATEJJbHBIX HEJbIX HACEJI, a HpI/IBbI‘{HbIIU/I CIIO-
€00 CJI0XKeHUs pa60TaeT IJIs1 BCEX YHCeJI, TPpeACTaBJACHHBIX B NOTTOJHUTE/Ib-
HOM Koje. BolunTanue OCYLIEeCTBJSACTCSH MMyTEM HpeO6paSOBaHI/IH BblUHUTae-
MOT'O B OTpHULATEJbHOE YHUCJIO U MOCAEAYIOUIEro CJI02KE€HHUA C YMeHbIIaeMbIM.
B nanbHedem B 3ToH KHUTE, eCJIU He YKa3aHO WHOoe, IpeanoJaraercsd, 4To
BCe NBOMYHbIE YHCJ/Ia IPEACTABJCHDBI B 1OMMOJHUTEJIbHOM KOIE.

Ta6nuuya 1.3 [AuanasoH N-6UTHbIX uucen

Cucrema JAunana3oH

[LlBounuHble uncna 6e3 3Haka [0, 2¥ = 1]
Mpsmoii kog [—2%-1 4 1, 281 — 1]
[LlononHutenbHbIn Kop, [—28-1, 271 — 1]

Ha puc. 1.11 n3o6pakeHa fecaTUUHAS UUCIOBAS [IKaJja C COOTBETCTBYIO-
LIMMH JeCATUYHBIMU U 4-OUTHBIMU IBOMYHBIMU YHC/IAMH, IPEACTABIEHHBIMU
TpeMs BbllIeNepeyucJeHHbIMU criocobamMu. JIBonuHble yucsa 6e3 3HaKa Ha-
xonsAtcs B quanasore [0, 15] u pacnonarawoTcs B 06bi4HOM nopsiake. 4-61T-
Hble IBOMYHBIE YHUCJIA, IPEACTABJIEHHbIE B OTIOJHUTEbHOM KOJe, 3aHUMAIOT
nuanasoH [—8, 7]. [Ipuuem nosoxurenbusie uncaa [0, 7] uenosbayioT TouHo
TaKylo »Ke KOAMPOBKY, KaK W IBOMUYHble yuc/a 0e3 3Haka. OTpuuaTesnbHble
xe uncaa [—8, —1] konupyroTcs TakuM 06pa3oM, 4TO HauGoblIee TBOHYHOE
3Ha4YeHHe KaxI0ro TaKOro unc/a 6e3 3HaKa NpeACTaB/seT YUCJI0, Hanboaee
6smskoe k 0. O6patrTe BHUMaHUe Ha TO, YTO «cTpaHHoe yucao» 1000 coort-
BETCTBYET JEeCATUYHOMY 3HAueHHI0 —8 U He UMeeT MOJIOKUTENbHOH Mapsl.
Uucana, npeacTaB/ieHHble B IPSMOM KOJie, 3aHUMAIOT AHana3oH [-7,7]. [Tpu
9TOM HauboJ/iee 3HAUUMbIH OUT 5BJIseTCS 3HAKOBBIM. [10/102KHTeIbHbIE UnCa
[0, 7] ucronb3yOT Takylo XKe KONMPOBKY, Kak M IBOMYHbIE UMC/Ia 6€3 3HaKa.
OTtpunare/bHble YUCTA CUMMETPUUYHBI TOJOXKHUTENbHbBIM, C TOH JIMLIb PA3HU-
e, 4TO UX 3HAKOBLIM OUT UMeeT 3HayeHue 1. Hosb npencras/ien apyms 3Ha-
yerussmu 0000 u 1000. B pesysbrate Toro, 4To Ba Uucaa COOTBETCTBYIOT OJI-
HOMY HY.JII0, J11060€e Pou3BoJbHOe N-pa3psiiHoe IBOMYHOE YUCJO B NMPSIMOM
KOJIe MOXKeT MPeaCTaBIsATh ToJMbKO 2V — 1 LesbIxX yncaa.

1 1 1 1 _T1 T 1 T T 1 T T T T T T T T T T T T 1T
-8 7 6 56 4 3 -2-1 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

be33HakoBble 0000 0001 0010 0011 0100 0101 0110 0111 1000 1001 1010 1011 1100 1101 1110 1111
1000 1001 1010 1011 1100 1101 1110 1111 0000 0001 0010 0011 0100 0101 0110 0111 JlononHeHve ao aByx
0000
1111 1110 1101 1100 1011 1010 1001 0001 0010 0011 0100 0101 0110 0111 3Hak/mogynb

1000 .
(npsmow koa?)

Puc. 1.11 UYucnosas wkana u 4-6utoBoe ABOHYHOE KOAUPOBaHHE
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