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3ABJIAHHSA
HA BUITYCKHY KBAJII(I)IKAIIIﬁHy MATICTEPCBKY POBOTY
CTYIAEHTY
Boponr1iosy Bitaniro Iroposuuy

(mipisBuILe, iM’s1, 110 6aTHKOBI)
1. Tema BumyckHOI KBami(ikamiifHOi MaricTepcbkoi pobotu  “PosmmpeHHs
MOKJIMBOCTEH aJITOPUTMIYHUX MOB HU3bKOI'O PiBHS ISl BOYJOBAaHUX CUCTEM
3aTBEP/KEH1 HAKa30M BHUIIIOTO0 HABYAJIBLHOTO 3aKjIaay Bif,, 20 p.Ne

2. CTpoK 371a4l CTy/ICHTOM 3aKIHY€HO1 poO0TH
3. Buxigni qani 10 poOOTH IMIUIEMEHTAIliS aITOPUTMY 00YMCIeHHS GYHKITT SIN(X) y
BUIJISLI1 IHCTPYKIIM Ipoliecopa, po3poOKa Ta BOYIOBYBAHHS IHCTPYKIIH OOYUCIEHD
16-0iTHOI posit apuGMETHKH JT0JaBaHHI, MHOKEHHS Ta AUIEHHS, OITMC MOJIMBOCTEN
MIIBUINEHHS IBUAKOAI] O0YNCIIEHE.

4. 3MICT NMOSICHIOBAJIBHOI 3alUCKHU (TIEPEITIK MUTaHb, IO X HAJIEKUTh PO3POOHUTH)
OOIPYHTYBATH aKTyaJlIbHICTh pO3pOOKH iHCTpYKIH mis MIPS mpouecopy.

Jocnigutu nponecopue ssapo MIPSfpga, inrepdeiic inTerpaliii iHCTPYKILH KOPUCTYBAYa.
Jlocaigutu opmat urcen Posit Ta o6paTu aroput™ o0paxysands GyHKIII Sin(X).

Po3poOka Mo1yiB Ta BOYJIOBYBAHHSA iX Y POLIECOD.

Pe3ynpTaTi HOCIIIKEHD 1 pO3pOOKH, aHAII3 PE3YALTATIB PO3POOIEHOr0 PIiIlICHHS.

[lepenik rtpadiunoro Marepiany (3 TOYHUM 3a0€3MEUECHHSIM OOOB’SI3KOBUX

KpECJICHbD)

Puc. 1.1 briok-cxema npoitecopa MIPSfpga

Puc. 1.2 Miciie CorExtend B RTL iepapxii siapa

Puc. 1.3 ®opmar curnany UDI ir_e

Puc. 1.4 Toune 3Ha4eHHS Ta HAOMMKEHHS I 16-pO3pSIHOIO KBAHTYBAHHS
Puc. 1.5 Pi3guitg Mi>K TOYHHMH 3HAaYEHHIMH QVHKIUI Ta HAOIMKEHHAM
Puc. 1.6 I'padik HaOIMIKEHHS TOJIHOMY

Puc. 1.7 ®opmMmar umcia posit

Puc. 2.1 ITigkmrouenss maatd DE2-115 po maatu Bus Blaster v3c¢ yepes inrepdeiic JTAG.
Puc. 2.2 Bikuo intepdeiicy npoekty B Quartus Prime

Puc. 2.3 Intepdetic nporpamaropa I[1JIIC B cepenoBuiil po3pooKH.

Puc. 2.4 3mina Productld ma mrarti Bus Blaster v3c

. Puc. 2.5 Burnsig cepeioBuiia po3poOku

. Puc. 2.6 ®opmat incTpykuii UDI
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Puc. 2.7 [Touatok BukoHaHHs IHCTpYKLii UDI2

Puc. 2.8 3aBepuienns BukoHanHs iHcTpykiii UDI2

Puc. 2.9 [ToyaTrok BUKOHAHHS IHCTPYKLIT JUJIEHHS POSit

Puc. 2.10 3aBepuieHHs BUKOHAHHS IHCTPYKIIi aineHHs posit

Puc. 2.11 IToyaTok BUKOHAHHS IHCTPYKIIT MHOXKEHHS POSit

Puc. 2.12 3aBepliieHHs BUKOHAHHS IHCTPYKIIT MHOYKEHHS pOSit
Puc. 2.13 IToyaTok BUKOHAHHS IHCTPVYKIUI J0JaBaHH Posit

Puc. 2.14 3aBeplieHHs BUKOHAHHS IHCTPYKIIT JogaBaHHA posit

. Puc. 2.15 Po3paxyHok cunyca 37°

10. Puc. 2.16 Cxema po3poouenoro moayins UDI 3 posit apudpMeTHKOO

6. KoHcynbTanTu 3 poOOTH 13 3a3HAUYCHHSIM PO3/LIIB POOOTH, IO X CTOCYIOTHCS

CoNoOR~WNE

Po3min Koncynprant ITigmuc, nata
3aBaaHHs 3aBIaHHA
BHUJIaB MIPUNHSIB
3aranpHi  TeopetwyHi  BimomocTi: | B.JI. lleBueHko
po3aii 1
[TpakTiuHa yacTuHa: pO31Ld 2 B.JI. llleBuenko
7. Jlata Bumadi 3aBOaHHS
KepiBHuk B.JI. IlleByeHKO
(migmic) (po3mm¢poBka migmucy)
3aBIaHHS NPUNHSAB 10 BUKOHAHHS B.1. Boponuos

(minmc) (po3um¢poBKa MigNUCy)



KAJIEHJTAPHUH IIJIAH

Howmep 1 Ha3Ba eTaniB poboTu Tepmin [TpumiTka
BUKOHAHHA
eTariB poOoTH
1. BuB4eHHs Ta aHaJli3 HAIBHUX 1HCTPYKILIN BUKOHAHO
2. Omnuc anroputmy odpaxyBaHHs QyHKIT SIN(X) BUKOHAHO
3. Tlomryk MeTOAiB MiJBUIICHHS TOYHOCTI PE3yJbTATIB BHUKOHAHO
Ta MWBUIKOMIT
4. BuBueHHs Ta aHaji3 yuces Posit BUKOHAHO
5. Po3poOka moaysst obpaxyBaHHs (QyHKIii SIN(X) Ta BUKOHAHO
inTerpais y MIPS nporecop
6. Po3poOka Ta BOymOBYBaHHS 1HCTPYKIIiHi OOUYMCIICHb BHUKOHAHO
16-6iTHOT posit apupMETHKHN T0aBaHHS, MHOKEHHS Ta
TIJICHHS B TIPOLIECOP
7. AHaii3 pe3ysbTaTiB AOCHIKEHHS Ta PO3pOOJIEHOTO BUKOHAHO
pIIIEHHS.
8. OpopmiieHHs MOSICHIOBATILHOT 3aITUCKU BUKOHAHO
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(mmimrmic)

KepiBHuk podotn
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AHOTAIIA

Bunyckna kBagidikauiiina wmaricrepcbka podora: 91 cropinok, 23
pUCYHKH, 6 Tabnuib, 5 q0oAaTKiB, 11 mkeper.

Tema: Po3mmpeHHs] MOXIMBOCTEH alrOPUTMIYHUX MOB HU3BKOTO PIBHS IS
BOYJOBAaHUX CHUCTEM.

O0’exkT pgocaimxennb: mpouecopre sapo MIPSfpga, mo € Bepciewo
KoMmepuiiHoro sapa microAptiv UP Ha apxitektypi MIPS32.

Meta po06OTH: MiABUILCHHS IIBUJKO/I11 BUKOHAHHS MPOILIECOPHUX IHCTPYKIIIH
Ha mnpukiam QyHKIii sin(x) 3 BukopuctaHHsM dopmary uucen float32, momatu
apudmeTnyHi onepauii posit apupmeruku y MIPS-cymicHuil mpouecop, siki MOKHa
BUKOPHUCTATH JUIs MiABUINEHHS MBUAKOIT BigHOCcHO (opMmaty float32 ta momasnbiie
BIIPOBAPKEHHS ITHCTPYKIIIH.

Ipeamer nocaimxennsi: 6ok CorExtend B sapi MIPSfpga, mo mo3Bosnsie
J10/1aBaTH KOMaH/ 11, BU3HAYEH1 KOPUCTYBAUEM.

Pe3yabratu pociaigxennsi: Po3poOiieHl Ta 1HTErpoBaHi y MPOLECOp
MPOLIECOPH] 1HCTPYKIlI 0OpaxyBaHHS (YHKIT Sin(X) BUKOPUCTOBYIOUM CTaHIAPT
yucen 3 masatoyoro komow IEEE754 'y ¢dopmati 32 61T Ha apxitektypi MIPS Ta
IHCTPYKIIT oOuucieHb 16-0iTHOI posit apupMETUKH [T0JaBaHHS, MHOXKEHHS Ta
nineHHs. J{ns po3poOku Oyna BUKOpHUCTaHa MOBa omucCy anapatypu Verilog.

BucnoBku: Pesynbrati poOOTHM MOXXHA BHUKOPUCTAaTH [UJIsi MOJEpHI3aLii
ICHYIOYMX  IHCTPYKIIi Ta peami3aiii HOBUX [MPOIECOPHUX  IHCTPYKIIiH,
BUKOPHCTOBYIOUM po3po0jieHi wmoxaym. [lpomoHoBani 16-0itHi poSit uwmcia
PEKOMEH/Iy€ThCS BUKOPUCTOBYBATH Y 3ajlauax, B IKMX HE MOTPIOHA BIUCOKA TOUYHICTH,

aJyie KpUTUYHUM € TITBHJIKOTIS.

BUS BLASTER V3C, COREXTEND, CYCLONE 1V, DE2-115, FPGA,
MIPS, MODELSIM, QUARTUS PRIME, UDI, POSIT, ACEMBJIEP, MOBH
OIINCY AITAPATYPH, ITPOLUECOP.



AHHOTAIUA

Bunyckna kBajidikauiiina maricrepcbka podora: 91 crpanun, 23 pucyHka,
6 Tabmui, 5 npuioxeHuit, 11 uCTOYHUKOB.

Tema: Pacmmpenue BO3MOXKHOCTEM aNTOPUTMUYECKUX S3BIKOB HU3KOIO
YPOBHSI 111 BCTPAUBAEMbIX CHCTEM.

006’exT uccaenoBanmii: npoiecopHoe siapo MIPStpga, uro siBisercst Bepcueit
KoMMepueckoro sapa microAptiv UP Ha apxurexktype MIPS32.

Heanb po6oTu: MOBBIIIEHUE OBICTPOJCHCTBUS BBIMOIHEHUS MPOLIECCOPHBIX
WHCTPYKIUN Ha npumepe GyHKIUM Sin(X) C HUCIONb30BaHHMEM ¢opMara 4ucel
float32, noGaBuTh apudpmermyeckue onepauuu posit apupmeruku B MIPS-
COBMECTUMBII IPOLIECCOP, KOTOPHIE MOYKHO HCIIOJIb30BaTh JUIA IOBBILICHHUS
obicTpoaeiicTBUs oTHOcUTENbHO (opmara float32 u mocieayromero BHEAPEHUs
VHCTPYKLIHH.

IIpeamer uccaenoBanms: 610k CorExtend B simpe MIPSfpga, no3sossttonuit
n00aBJIATh KOMaH/Ibl, ONPEAEIISIEMbIE MTOJIb30BATEIEM.

PesyabTatn  ucciaenoBanmsi:  Pa3zpaboTranbl W WHTETpUpOBaHB B
MPOLIECCOPHBbIE WHCTPYKIMU BBIYMCICHUS (QYHKUMU SIn(X) HMCHOJb3Yyd CTaHIapT
yucen ¢ mnasawoiuen 3anstoid IEEE754 B popmare 32 6ut Ha apxutexkrype MIPS u
WHCTPYKIIUU BBIUKCICHUN 16-OMTHON posit apuMETHUKU CIOKEHUS, YMHOXKECHUS U
nenenus. Jns pazpaboTku ObLT MCMOJIB30BAH S3bIK OMKCAaHUS anmapatypsl Verilog.

BoiBoabl: Pesynbratl paboThl MOTYT OBITH MCIIOJIB30BAHBI JIJIS MOJACPHU3AITUU
CYUIECTBYIOIIMX MHCTPYKIUH W pealu3allid HOBBIX IMPOLIECCOPHBIX WHCTPYKLUH,
UCIIONB3Yys pa3pabortanHHbie Moxayhau. IIpennmaraemeie 16-OuTHBIE posit uucna
PEKOMEHJIyeTCsl MCIOJIb30BaTh B 3a7adax, B KOTOPbIX HE TpeOyeTcs BBICOKas

TOYHOCTb, HO KPUTUUCCKHUM SABJISACTCSA 6BICTpO)1€I>iCTBPIC.

BUS BLASTER V3C, COREXTEND, CYCLONE IV, DE2-115, FPGA,
MIPS, MODELSIM, QUARTUS PRIME, UDI, POSIT, ACCEMBJIEP, SI3bIKU
OIMMCAHUS ATIIIAPATYPLI, [TPOLIECCOP.



ANNOTATION

Graduation qualifuing master’s thesis: 91 pages, 23 figures, 6 tables, 5
applications, 11 sources.

Topic: Expanding the capabilities of low-level algorithmic languages for
embedded systems.

The research object: processor core MIPSfpga, which is a version of the
commercial microAptiv UP core based on the MIPS32 architecture.

The purpose of work: Increase the perfomance of processor instructions on
the example of function sin(x) using float32 format, add arithmetic operations of
posit arithmetic in MIPS-compatible processor, which can be used to increase
performance relative to float32 format and further implementation of instructions.

The research subject: a CorExtend block in the MIPSfpga core that allows to
add user defined instructions.

The result of the research: Developed and integrated into processor
instructions for computation the sin(x) function using the IEEE754 floating point
number standard in 32-bit format on the MIPS architecture and instructions for
computation 16-bit posit arithmetic for addition, multiplication and division. Verilog
hardware description language was used for development.

Conclusions: The results of the work can be used to upgrade existing
instructions and implement new processor instructions using the developed modules.
The proposed 16-bit posit numbers are recommended for use in tasks where high

precision is not required, but perfomance is critical.

BUS BLASTER V3C, COREXTEND, CYCLONE 1V, DE2-115, FPGA,
MIPS, MODELSIM, QUARTUS PRIME, UDI, POSIT, ACEMBJIEP, MOBU
OITNCY AITAPATYPHU, ITPOLIECOP.
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INEPEJIIK YMOBHUX CKOPOYEHb

MIPS Microprocessor without ApXITEKTypa CKOPOUCHHUX
interlocked pipelined stages | HabopiB iHCTPYKITiHi
MIPS32 32-bit version of mips 32-po3psiiHa Bepcis
architecture apXIiTEKTypH Mips
UDI User defined instructions [HCTpYKIIii BU3HAYCHI
KOpHCTyBaueM
MDU Multiply / divide unit biok MHOKEHHS / TIJICHHS
MMU Memory management unit biok ynpapiiHHS nam'sITTIO
BIU Buffer interface unit brok mmHHOTO 1HTEpDEHCY
GPR General-purpose register brok pericTpiB 3araibHOTO
IMIPU3HAYCHHA
RTL Register transfer level PiBens pericTpoBux nepeaad
EDA Electronic design automation | IIporpamu npoekTyBaHHSI
CJIICKTPOHHUX CUCTEM
DSP Digital signal processor [Tporecop mudpoBoi
00pOOKHU CUTHAJIIB
FPGA Field-programmable gate [TporpamoBaHa
array KOPpUCTYBA4YCM BCHTHIIbHA
MaTpHLs
[TJIIC (CPLD) | Complex programmable [IporpamoBana Jioriuna
logic device IHTErpajbHa cXeMa
OpenOCD | Open on-chip debugger Bimmaromkysaa OpenOCD
CAIIP (CAD) | Computer-aided design Cucrtema aBTOMaTH30BaHOTO

MIPOEKTYBAHHS




BCTYII

[cHyroTh 6arato ajropuTMiB, sIKi BUKOPHUCTOBYIOTH OJHI M T1 cami (PyHKIIII.
[Tpuxkmagom Takux QYHKIIH € TpuroHomerpuyHi. TpuroHomeTpuyHi QyHKIT
3aCTOCOBYIOThCS B 0araThboX ajroputrMax Iu(poBoi oOpOOKH CHUTHAIIB, HAIPUKIAI
nepeTBopeHHs XapTii, neperBopeHHss Dyp’e Ta y KOMIT IOTEpHi# rpadirt.

BukoHaHHs JaHUX omepamiil TUIBKH TpU MPOTpaMHii peanizaiii BiJIHOCHO
MOBUIbHE. SIKIIO HamMcaT MPOLECOPHI IHCTPYKIIT 10 OyayTh CHpUAMaTHCS
MIPOIIECOPOM SIK BJIacHi, TOOTO OyayTh B KOHBEEPI MpoIlecopa, TO MBUAKOMIS JaHUX
omepariii 3pocre. BukopucraBmm HoBHiA Gopmar apudMeTHIHUX THCTPYKIIKA POSit,
MO>KHA MOKPAIUTH MBUAKOAII0 apuMETUIHUX OTeparliil.

Tomy Oys0 IpUIHATO PillIEHHS PO3POOUTH arapaTHy peajizallito oOpaxyBaHHS
¢byHkii sin(x), qogati apudMeTHUYHI orepariii POSit YMCIeHHS Ha OCHOBI Cy4acHOTO
KoMepiiiHoro npouecopy MIPSfpga ta mporectyBatu Ha mati DE2-115.

Ile HeoOxigHO NSt 3amad, A€ OOMEXKEHa MOTYXHICTh MPOIecopa, HAmpUKIIaL
BOymoBaHi cuctemu. Lle pileHHst He yHIBepcallbHE, a CIeliaai30BaHe.

Ha ocHoB1 nanoi poOoTH MOkHa BOYJOBYBaTH HOBI IHCTpyKLIi. BOyayBaBum
posit apupMeTHKy, MOKHA OTPUMATH Cepilo3HE 301IbIICHHS MIBUAKOIIT poIecopa.
3a aHAJIOTIYHOI0 CXEMOI0 J0 peaiizaiii JaHuX IHCTPYKIIA MOXHa MpalioBaTh y
HaMpsIMKY peaiizaiii OJHOCTOPOHHIX (YHKIIM, SKi HEoOXigHl Ui mepeaadi
1H(DOopMaIrii mo BIAKPUTOMY KaHAIY.

AKTYyaJIbHICTh POOOTH MOJSTAE B TOMY, IO ICHYIOTh 0araTo ajaropuTMIB, Kl
BUKOPUCTOBYIOTh OJHI W Ti cami (QyHkmii. Ilpuknagom Takux ¢QyHKOIA €
TPUTOHOMETPUYHI. TpuUroHomMeTpuuHi (YHKIT 3aCTOCOBYIOTHCS B 0araThox
anroputMax 1U(PoBOi OOpPOOKH CHUTHAIIB, HANpPHUKIAA [EPETBOPEHHS XapTil,
nepeTBopeHHs Dyp’e Ta y KOMIT FOTEpHIM rpadiri.

BukonanHsi naHux omepaiiil TUTBKA TpU MPOTPaMHIM peasizarlii BiIHOCHO
noBUIbHE. HenosikoM maHuX pillleHb € Te, 110 NP MporpaMyBaHi BUKOPHUCTOBYIOUH
CTaHJAapTHI IHCTPYKIIIi MpoIiecopa MBHUIKO IS He Oyae HalKkpaIow. Ko HanucaTu

MPOLIECOPH] THCTPYKIIi 10 OyAyTh CHpUMMATHCS MPOLIECOPOM SIK BJIACHI, TOOTO



OyayTh B KOHBEEpI Tpolecopa, TO IMBUAKOMIS JaHWUX OIepaiiid 3pocTe.
BukopucraBim HOBHI (hopMaT apuPMETUIHHUX IHCTPYKIIIK POSIt, MOKHA TTOKPAIIUTH
IIBUJIKOJI1F0 apu(METHIHUX OTeparliil.

Meta HayKoBOi poOOTH - MIABUIICHHS MIBHUIAKOAII BUKOHAHHS MPOIECOPHUX
IHCTPYKIIM Ha mpukiaal ¢yHKIii sin(X) 3 BukopuctaHdsaM dopmaty uucen float32,
nonatu apudmMeTnyHi onepailii posit apupmeruku y MIPS-cymicHuii nporiecop, siKi
MOKHA BHKOPHCTATH JUIS IIJIBHIICHHS MMBHIKOAIT BigHOocHO (opmaty float32 ta
TI0J1aJIbIIIe BITPOBAKCHHSI IHCTPYKIIIH.

O6’ekT gpocmimkeHb, — mnporecopre sapo MIPSfpga, mo € Bepciero
koMepuiiHoro sapa microAptiv UP Ha apxitektypi MIPS32.

Hpeamer nocmmkens - 010k CorExtend B siapi MIPSfpga, mo mo3Bossie

Jo4aBaTH KOMaHIU, BU3HAYCHI KOpUCTYBA4YCM.

3aBaaHHs JOCJiIKeHHS, AKi 103BOJISIIOTH JOCATTH MOCTABJIEHOI METH

1 Amnani3 610ky CorExtend B siapi MIPSfpga

2 Amnaniz FPGA mnatu Altera DE2-115

3. Hocnimkenns popmary float32

4 JocnimxeHHs: MeTOIiB oOpaxyBaHHs PYKHITT sin(X)

S. HocnimxeHHs posit-apupmeTuku

[Ipn BUKOHAHHI AOCHIIKEHb Ta MPUUHSATTI PilIEHh BUKOPUCTOBYBAJIUCH Taki

METOIM Ta MiJIXOAU: TEOPisl CTBOPEHHS AITOPUTMIYHUX MOB, ainreOpa JIOTIKH, Teopis
GbyHII#, Teopis posit yucienHs, Teopis float yncnenss, npukiiagHa Teopist HUPPOBUX
aBTOMATIB.

HaykoBa HOBHM3HA:

1. Bnepmie 3anponoHOBaHa I1HCTPYKIlS i oOpaxyBaHHs (PyHKIii sin(X) 3a
JornomMoror mnoiiHoma Teitnopa, sika Oyina BIpoBaaKeHa y POLECOPHE SIAPO
MIPSfpga, Ta nporecroBana y makeri ModelSim Ta Ha FPGA mnati Altera
DE2-115.

2. Bnepmie BukopuctaHa posit apudmeTuka s pO3pOOKH TPOILECOPHOI

IHCTPYKIIiT oOpaxyBaHHs sin(xX), onepanii J0JaBaHHsI, MHOXKEHHS Ta JUICHHS.



IIpakTuyna uin”icTs po6oTu: OTpuMaHi 1HCTPYKUIi oOpaxyBaHHA Sin(X),
oreparlii AoJaBaHHS, MHOKEHHSI Ta JIJICHHS BUKOPUCTOBYIOUU pOSit apuUPMETHKY.
Pe3ynbpTaTi po6OTH MOKHA BUKOPHUCTATH IS MOAANIBIIOTO MOKPAIIEHHS IHCTPYKIIINA
Ta peajizallii HOBUX MPOLECOPHUX IHCTPYKIIIM.

Crucanii onmc pe3yabTaTiB A0CHiIKeHHsA: B xom1 po6otu Oylio po3risiHyTO
MOXJIMBOCTI Ta 0coOmBOCTI podoTtu matu Altera DE2-115, Bus Blaster v3c, po6ota
nporecopa MIPSfpga, inTepdeiic CorExtend ta cmocobu mporpamyBanas FPGA
Cyclone V.

Po3pobneno  mporiecopHy  IHCTPYKIit0  oOpaxyBaHHA  (yHKINT  sin(x)
BUKOPUCTOBYIOUM CTaHAApPT yKcen 3 miaBatoyoro komoro IEEE754 'y ¢popmati 32 Oirt
Ha apxitektypi MIPS. Jlomani iHcTpyKiii o0uuciens 16-061THOI posit apudMeTuku
J0/IaBaHHs, MHOXEHHS Ta JUIeHHS. [ po3poOku Oylia BUKOpUCTaHAa MOBAa OIUCY
anaparypu Verilog. [HcTpykiiii Oyiu npoTecToBaHi 1 MPOMOJIEILOBaHI Y CEPEIOBHUIIT
ModelSim, npotecroBani Ha miati Altera DE2-115.

Anpo0auisi pe3yabTaTiB BUIIYCKHOI KBaJdiikauiiiHOI podOTH: pe3ynbTaTh
JOCTIJPKEHHSI TpeNICTaBiIeHl Ta CXBajeHI Ha JpyroMy Typl BceykpaiHcbkoro
KOHKYpPCY CTYACHTCBKMX HaykoBuX po0OiT y 2020/2021 H.p. 31 chemiaabHOCTI
«Komm’rotepna imxenepisi». Pobora mocina nepiie micie (momarok I).

BnpoBamxkenHs: pe3ynbTariB JAOCHIHKEHHS 3aCBIAYEHE BIAMOBIAHUM aKTOM
(momatox /[I).

Iy6aikamii:

1) Boponmno B.I., IlleBuenko B.JI., Po3mmpenns cucremn komann MIPS

acembuepa (cunyc) - /-ma CxigHo-EBponeiicbka koHpepeHiiss MaremaTuyHi
Ta nporpamui TexHoorii Internet of Everything, m.Kuis, 2020. — c. 66.

2) Boponmor B.I., IlleBuenko B.JI., Iurerpamis ¢ynkmii cunyca B MIPS

npouecop - /-ma CximHo-EBpomeiicbka koHpepeHiis MarematudHi Ta

nporpamHi TexHoorii Internet of Everything, m.Kuig, 2020. — c. 67.
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PO31J1 1 3AT'AJIBHI TEOPETHYHI BITIOMOCTI

1.1 Onuc sapa MIPSfpga

MIPS (Microprocessor without Interlocked Pipelined Stages) - me apxitekrypa
ckopoueHux HabopiB iHCTpYKIiKA (RISC), po3pobiena kommaniero MIPS Computer
Systems, Tennep MIPS Technologies, mo 6a3yerbest B Cionyuenux [ItaTax.

Icnye kinmbka Bepcit MIPS: Bxkmowaroun MIPS 1, 11, II1, IV 1 V; a Takox n'ath
BurryckiB MIPS32/64 (mana 32- ta 64-pospsigHoi peamizamii BigmoBigHO). PanHi
apxitektypu MIPS Oynu nume 32-6itoBuMu; 64-po3psiHi Bepcii Oyiu po3pobiieHi
ni3Hime. CtanoM Ha nucrtonan 2019 poky norouna Bepciss MIPS - ne MIPS32/64,
Bunyck 6. MIPS32 i MIPS64 Bu3HauaroTh K HaOlp PEricTpiB YNpaBIIHHA, TaK 1
Ha0lIp KOMaH]I.

Anpo MIPSfpga € Bepciero komepiiiiHoro spa microAptiv UP. Ilpouecopu
microAptiv 3HaxX0JIATh MIMPOKE 3aCTOCYBaHHS B KOMEPLIMHUX BUPOOAX, BKIIOYAIOUH
MPUCTPOI MPOMUCIIOBOT 1 O(ICHOI aBTOMAaTru3allii, aBTOMOOUILHOI Ta CIOXKHBYOI
€JIEKTPOHIKH, 3aco0u Oe3apoToBoro 3B's3Ky. SAnpo MIPSfpga Oyio cripoekToBaHO 3
BUKOPUCTAHHSAM OJIHI€T 3 MOB omucy amapatypu - Verilog. BoHo sBisie cob6oro
KoH(pirypoBaHe (mporpaMoBane) siipo (soft core), OCKUIBKM BOHO OMUCAHO Ha MOBI
Verilog, a He pi3uuHO peanizoBaHO y BUMIISAAI MiKpocxeMH (200 i YaCTUHM).

Onuc siagpa MIPSfpga cknanaerbest 3 mpubausno 12 tucsy psakiB MoBu Verilog.

Anpo MIPSfpga nilleH30BaHO BUKIIOYHO [JIi HEKOMEPLIMHOIO OCBITHHOTO

Bukopucrtanusa. Ha pucynky 1.1 300paxena 0iok-cxema nporecopa MIPSfpga



MIPSfpga M| PS

uDI COP2 Interrupt Power

GER Interface Interface Interface Management

U

System

Execution Unit —p GO Procoaaer

Instruction Decoder
(MIPS32)

! !

Memory
D-Cache <-> — Management A =P |-Cache
D-Cache Unit I-Cache
Controller u Controller

SR I I

Debug and D-SRAM ; I-SRAM
Profiler Interface Susinteriacalnit Interface

JTAG D-SRAM AHB-Lite I-SRAM
Interface Interface Interface Interface

Puc. 1.1 brmok-cxema nporecopa MIPSfpga
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1.2 UDI Ta intepdeiic CorExtend

UDI (user defined instructions) 103BOJisi€ CTBOPIOBATH BJACHI MPOLIECOPHI
iHeTpykuii. Ili 1HCTpyKuli KOHBeep crpuiimMae sk cBoi BiacHi. Lle mo3Bosse
IMPUIIBUIIIATY IIBUIKOAII0, HAITPUKIIAl BUKOHABIIM TIEBHI JIii 32 OJUH TaKT 3aMiCTh
KUIbKOX TakTiB. JlogaTu X MokHa 3a goromord iHrepdericy CorExtend.

Ha puc. 1.2 300paxeno Micue CorExtend B RTL iepapxii sgpa mldk

microAptiv.
m14k_top

m14k_cpu
m14k_core
m14k_edp

. _ variable-width

m14k_edp buf misc | m14k_udi_stub|, ~ External to/from

) CorExtend ) interfaces
interface custom CorExtend
UDI block

Puc. 1.2 Micue CorExtend B RTL iepapxii simpa

Bci curnanm piBHs ml4k cpu, Brmouaroun CorExtend UDI, onwmcani B

nokymeHTi MIPS32 microAptiv UP Processor Core Family Integrators Guide[4]

(Tabmums 2.3 Signal Descriptions for m14k cpu Level). Kpame nuButucs tam, ane

JUTST HAOYHOCTI HIKYE TIPUBEJCHA BHUTPHUMKA 3BIATH BUKIIOYHO 3 CHUTHAJIAMH

CorExtend UDI, mo Hac mikaBiasTh Ha JaHUN MOMeHT. Y Ta0ma. 1.1 BimoOpakeHmi
ckopoueHwmii criricok curnanis CorExtend UDI.

Taomung 1.1

Ckopouenwnii cimcok curnaiis CorExtend UDI

Hasga
Tun Omnuc
CHUTHAJTY
_ [ToBHe cioBO iHCTPYKIi. Xo4ya MOIYJb
UDI_ir_e[31:0] Out _
OTpUMY€ T1s 1 rt OmepaHau, IMeperaeThCs



http://4.bp.blogspot.com/-6f2adnjHMWQ/VqTOEP2IBwI/AAAAAAAAAAU/V4KIclIe1x0/s1600/img1_structure.png

THCTPYKIIIS IIIJIKOM, 1100 OyJia MOMIJIMBICTh
nepeaBaTH JdaHi B MOJISIX aJipec OTepaH/IiB.
3BepHITH YyBary, IO TOW, XTO Oyne
peamizoByBatu  BiuacHuii  UDI  Guok,

ITOBUHEH CaMOCTIHHO ACKOAYBATH IIOJIA

Opcode 1 Function field.
UDI_rs_e[31:0] Out Omnepanp rs.
UDI rt_e[31:0] Out Onepann rt.
32-6iTHUi pe3ynbTaT BUKOHAHOI
UDI_rd_m[31:0] In IHCTpyKIlii, JocTymHWA Ha cragii M
(Memory fetch).
Anpeca perictpa /Ui 3amucy pe3yiabTaTy
UDI_wrreg_e[4:0] In BUKOHaHHs USer-defined inctpyxkiii. Takox
nepenaersca B MPC.
Curnanizye, mo UDI 010k BuKOHYE
0aratoTakToBy IHCTPYKIIIO 1 TIOBUHEH
3YMIUHUTA KOHBEEP TIEpPEea  3allucoM B
UDI _stall m In

pEricTp 3arajlbHOr0 MPU3HAYCHHS. TIOBUHCH
OyTu BcTaHoBjeHUM B 0 1Jis1 OAHOTAKTOBUX

iHeTpykii. Curnan craaii M.

16

Ha puc. 1.3 300paxkenuit ¢opmar curnany UDI_ir_e. Homep perictpy Rd

BKa3YEThCS B HAIIOMY BHIMAIKy B OiTax [15-11]

|31 26|25

21

20

16|15 65

0|

Major opcode
011100

Rs

Rr user-interpretable

Function field
O xxxx

Puc. 1.3 ®opmart curnany UDI _ir_e

Hns toro mo6 mporecop cnpuitMaB UDI HeoOxigHO momatu kox (Ha MOBI

Verilog), sxuii onucanuil y npakTHYHINA 4acTUHI pPOOOTH.
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1.3 Acembuiep MIPS

Moga acembOuiepa - 11e 3pydHe AJis CIPUNHATTS JFOUHOI0 IPEICTABICHHS P1THOT
MOBH KoMmI'torepa. KoxHa 1HCTpyKiisi MOBM aceMmOiepa 3aJa€ OIeparii, sKy
HEOOX1JITHO BHUKOHATH, a TaKOXX OMepaHaAu, sKI OyayTh BHUKOPHUCTaHI IIiJI dac
BUKOHAHHS

HaiiGinpmr gyacta omeparrisi, sKa BUKOHYETHCS KOMITIOTEPOM, - II¢ cyma. Y
HAaCTYITHOMY TIPUKJIQJll TMOKa3aHUW KOJ, SKUH CKiIamae 3MiHHI b 1 ¢ 1 3amucye
pe3ynpTaT B 3MiHHY a. KOXeH mpHKIaj CloYaTKy HalKuCaHUW Ha MOBI BHCOKOTO
piBHA (BUKOpHCTOBYEThCs cuHTakcuc C, C ++ 1 Java), a moTiM nepenvucaHuii Ha MOBI
acemOnepa MIPS. Ilepma wyactuHa 1HCTpyKIii acemOnepa, add, Ha3uBaeTbcs
MHEMOHIKOIO 1 BH3HA4ae, sKy OIepalilo NoTpiOHO BuKoHatu. Onepanis
3MIACHIOETBCS HaJ b 1 ¢, onepaHaamMHu-IKEeperIaMH, a pPe3ysibTaT 3alUCyeThCcs B a,
orepaHI-IpU3HAYCHHS.

Ko Ha MOB1 BUCOKOTO PiBHSI:

a=b+c;

Konx na moBi acem6epa MIPS:

add $s0, $s1, $s2 #a=b+c
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1.4 Orasig moBu Verilog HDL

1.4.1 3aranpHuil OryIsIn

Verilog 6yB po3poOsiennii, mo6 crpoctutu mporec 1 3poobutn HDL Oiibim
HamiiHuM 1 rtHydkuM. Cporogui Verilog € naiinonymspuaimmM HDL,  sikwuit
BUKOPHUCTOBYETHCS 1 MPAKTUKYETHCS Y BC1H HAIIBIPOBITHUKOBOT MPOMMCIIOBOCTI.

HDL OyB po3poOsieHnid i1 TOKpAIIEHHS MpoOLEeCY MNpPOEKTYBAaHHS,
JIO3BOJIAIOYM  1H)KEHEpaM OMHcaTH TMOTPIOHY (YHKIIIOHAIBHICTh  amapaTHOTO
3a0e3MeyeHHs] Ta JJO3BOJUTH 1HCTPYMEHTaM aBTOMAaTH3allii MEpPEeTBOPUTH IO
NOBEAIHKY B (akTW4HI amapaTHl €JIeMEHTH, Takl K KOMOIHAlllHI CXeMu Ta
nociigoBHa Jjorika. KomOiHamiiHI cXeMH BH3HAYAIOTHhCSA SK HE3aJICKHI BiJ dYacy
CXEMHU, SIKI HE 3aJIe’KaTh BiJ MOIMEPEIHIX BXOJIIB /I CTBOPEHHS OYyIb-IKOTO BUXOIY.
[TocniioBHA JOT1KA 3aJI€KUTH B1J] TAKTOBUX ITUKJIIB, BiJl MIOTOYHUX, & TAKOK MUHYJIMX
BXIJTHUX JIaHUX JIJISI CTBOPEHHS OY/b-IKOTO BUXO/LY.

Verilog miarpumye nu3aitH Ha 0araThoX piBHAX aOCTpaKIlii, HAPUKIIA:

e [IloBeaiHKOBUM PIBEHbD;,

e PiBeHb pericTpoBux nepejau;

e PiBeHb JIOTITYHUX BEHTUIIIB.

[loBeniHKOBHII pIBEHb OINKCYE TOBENIHKY CHCTEMH 3a JOMOMOTOIO
napajeiabHuX anroputmiB. KoxkeH aaropuTM € MOCHiAOBHUM, IO O3HAYae€, 110 BiH
CKIIAJA€ThCsl 3 HAOOPY BUKOHYBAaHMX IHCTPYKIIM oJHa 3a OAHOW. OCHOBHUMU
eJeMeHTaMu € PYHKIIii, 3aBIaHHs Ta OJIOKH.

KoHcTpykii, 110 BAKOPUCTOBYIOTh PIBEHb PETICTPOBUX IMEpenay, BU3HAYAIOTh
XapaKTEPUCTHKU CXEMH 3a JOIIOMOTOIO OTIEpaIliil 1 mepeaadi TaHuX MIX pericTpamu.

XapaKTepUCTUKH CHUCTEMH OMHUCYIOThCS JIOTIYHUMHU 3B'S3KaMHU Ta IXHIMH
BJIACTUBOCTSIMU Yacy Ha PIBHI JIOTIYHUX BEHTWJIB. YCI CUTHAIH € JUCKPETHUMHU.
Bonu MoxyTh Matu nurie neBHi jorigdi 3Havenss (0, '1', "X', "Z"). Onepariii, siki
MO>XHa BUKOPHCTOBYBATH, € IONEPEIHHO BH3HAYCHUMH JIOTIYHUMHU TPUMITHBAMU

(6a3oBuMHU BeHTWISIMHU). MOJAEIIOBAaHHS DPIBHS JIOTIYHUX BEHTUJIIB MOXE OyTH HE
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HAMKpaIolo €€l sl JIOTITYHOrO MpoeKkTyBaHHA. Ko 1boro piBHS reHepyeThes 3a
JIOTIOMOTOI0 TaKUX 1HCTPYMEHTIB, SIK IHCTPYMEHTU CHUHTE3Yy, a MOT0 CIHCOK 3B'A3KIB
BUKOPUCTOBYETHCS JIJI1 MOJCIIIOBAHHS HA P1BHI JIOTIYHUX €JIEMEHTIB.

Jlexcuuni koHCTpyYKIii y Verilog moaiOHi 10 MoBu nporpamyBanHts C. BuxinHi
TekcToBl (paitmu MoBu Verilog — 1€ MOTIK JIEKCUYHUX JieKceM. JIekcuuHa Jekcema
MOKE CKJIQJJaTUCS 3 OJHOr0 abo0 KUIBKOX CHUMBOJIB, 1 KOXEH OKPEMHUN CHMBOII
MICTUTBCS caM€ B OJHOMY JeKkcemi. MapkepamMu MOXYTh OyTH KIIFOYOBI CJIOBa,
KOMEHTapi, 4yucja, npooiu abo psaaku. Yci psSaKud MaroTh 3aKIHUYBATUCS KPAIKOIO 3
KoMmoro. J[aHa MOBa € YYTIMBOIO JO PEricTpy, YCl KIIIOUOBI CIOBa MHIIYTHCS 3
HIKHBOTO PETICTPY.

Moga miaTpuMye kKoMeHTapi. ICHye aBa TUMM MpeACTaBICHHS KOMEHTapiB, a
came:

e OnHOPAIKOBI KOMEHTapi: IOYMHAIOTHCA 3 Mapkepa // 1 3aKiHUyIOThCS
3aKIHYEHHSIM CTPOKHU;
e bararopsikoBi KOMEHTapl: MOYMHAIOTBCS 3 Mapkepa /* 1 3aKiHUYIOThCA

JIEKCEMOIO */.

1.4.2 ®opmaru uncen

Mu MoxeMO BKazaTH TIOCTIMHI dYuciaa B JABIMKOBOMY, JIECATKOBOMY,
HIICTHAAISTKOBOMY a00 BiciMKoBOMY ¢opmati. Bim’eMHi umcia mpencTaBlieHl Y
BUTJISAZII JIOMOBHSUIBHOTO KOAY. 3HAaK MuUTaHHA ‘?° € anbTepHaTuBOrO Verilog ms
CUMBOJIYy Z, SIKIIIO BIH BHKOPHUCTOBYEThCS B uuciai. CUMBOI MiAKpecieHHs ©
JOMYCTUMUN y OYyb-IKOMY MICLII YUCJIA, ajl€ BiH ITHOPYETHCS SIK MEPIINI CUMBOJL.

Verilog HDL no3Bosisie Bka3zyBaT 111 4uciia sK:

e Po3mipHi un HEPO3MIpHI uncia (po3mMip 6€3 po3Mipy CTAHOBUTH 32 OITH).

e B 0cHOBI IECATKOBOIO, IIICTHAAIITKOBOTO, IBIHKOBOI'0 YH BICIMKOBOTO.

e (OcCHOBHI Ta HIICTHAALATKOBI Ludpu (a,b,c,d) He YyTIUBI 10 pericTpy.

e JlomyckaroTbcs NPOOUTHM MIK OCHOBOIO, PO3MIPOM 1 3HAYEHHSIM.
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CHHTaKCHUC BUTJISIa€ HACTYITHUM YAHOM:
<po3Mip>'<ocHOBa><3HaueHHs> , Hanpukiaa 8’b00001111.

Verilog nmiarpuMye 4yucia 3 MmaaBar0yor0 KOMOIO, a caMe KOHCTaHTH Ta 3MiHHI.
MoBa mnepeTBOprO€ IHMCHI 4YHMClIa B IUN NUIIXOM OKpyryieHHs. JliicHi uwcia
OKPYTJISIFOTHCS IO HAMOIMKIOTO MIJIOTO YHCIIa TIPY MPUITMCYBAaHHI IIJTOTO YHCIIA.

JlificH1 4Kclia MOXKYTh OYTH BKa3aHl SIK y JIECATKOBOMY, TaK 1 B HayKOBOMY
BUTJISII:

1) <3HadeHHS >.< 3HAYCHHS >

2) < wMantuca >E< noka3Huk >

Verilog miarpumye 3HaKOBI Ta O€33HAKOBI THUMHU YHCEJ, aje 3 MEBHUMHU
obmexxeHHssMH. Y MoBi C y HacC Hemae THIIB int Ta uint, 00 BU3HAYUTH, YH € YUCIIO
I[IJIE YUCJIO 31 3HAKOM 4M Iiijle 0e3 3Haka. byab-sike 4mucio, ke He mae mpedikca
BII’EMHOT0 3HaKa, € J0JaTHUM. AOO HEenmpsiMUM crHocoOoM Oynae Oe33HaKOBHM.
Bix’eMHi uymcia MoOKHa BKaszaTd, IOCTABUBIIM 3HAK MIHYC Mepell PO3MipoM
MOCTIHOTO YKcCiia, TAKUM YMHOM CTalO4Yd YUCIIAMH 31 3HaKOM. Verilog BHYTPIIIHBO
MIPE/ICTaBIII€ HETaTUBHI 4Hclia y (opmaTi JOMOBHIOBAJILHOTO Komy. s 3HAKOBOi
apu(PpMETUKU MOXKHA JT0JJaTH HEOOOB I3KOBUH CreIU(pIKATOP 31 3HAKOM.

Big’emHi yucia BKa3ylOThCA IUIAXOM pPO3MINICHHS 3Haka MiHyc (-) mepen

pO3MIpOM uucia. 3HaK MiHyC MK 6a30BUM (pOpMaTOM 1 4UCIIOM 3a00POHEHO.
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1.4.3 Ctan roHUTBH, COOJIMBOCTI TPUCBOEHHS

Crannapt IEEE Verilog [11] Bu3Havae: siki 1HCTPYKIIIT MalOTh TapaHTOBAHUMN
MOPSIIOK BUKOHAHHS, a SKi ONEpaTopd HE MAalTh TapaHTOBAHOTO TMOPSIKY
BUKOHAHHS. YMOBa NEperoHiB (cTaH roHUTBH, race conditions) Verilog BuUHHUKaE,
KOJIM J1Ba 200 OlJIbllie OrepaTopiB, BUKOHAHHS SKUX 3aIJIAHOBAHO HA OJTHOMY 1 TOMY
caMOMy eTalll MOJENIOBaHHS, AaayTh Pi3HI pe3yJbTaTH, KOJH MOPSAOK BUKOHAHHS
orepaTopiB 3MIHIOEThCS, sIK 1€ 103BoJisge ctanaapt IEEE Verilog.

1106 YyHUKHYTH CTaHy TOHUTBH, BOKJIMBO PO3YMITH TUIaHYBaHHS OJIOKYIOUHX 1
HEOJIOKYIOUMX NPUCBO€EHD Verilog.

OmnepatopoM OJOKYIOYOTO MPUCBOEHHS € 3HaK piBHOCTI ‘=". [Ipu3HaueHHs
OJIOKyBaHHsSI OTPUMYE CBOIO Ha3By, TOMY IO OJIOKYIOY€ MPU3HAYEHHS MA€ OLIIHUTHU
aprymentd RHS 1 3aBepmmtu mpusHaueHHs 0e3 nepepuBaHHS OyIb-SKUM 1HIIAM
onepatopoM Verilog. KaxyTs, 1110 1pucBoeHHS "OJ0Ky€e" 1HII MPU3HAYCHHS, JTOKH
MOTOYHE TPHCBOEHHS HE Oyae 3aBeprieHo. €IWHUM BHUHATKOM €  TIPHCBOEHHS
OJIOKyBaHHS 13 3aTPUMKaMM 4acy Ha BUpa3i 3 JIBOTO OOKy omeparopa OJOKyBaHHS,
10 BBRKAETHCS TIOTAHUM CTHUJIEM KOJTYBaHHSI.

BukonanHsi OJOKyIOYMX TMPU3HAYEHb MOXHA PO3MVISIAATH SK OJHOCTAITHHIMA
poLeC:

OuiHITH PIBHSHHS NPABOTr0 OOKY Ta OHOBITH BHPA3 JIIBOI CTOPOHH OJIOKYBaHHS
0e3 mepeprBaHHs Oyab-sIKUM IHIIUM omniepatopom Verilog.

brokytoue npucBoeHHs "0JOKye" KIHIIEBI NPUCBOEHHS B TOMY camomy OJoIi
3aB)XJIM BiJI BAKOHAHHS 70 3aBEPIICHHS IOTOYHOTO MTPUCBOEHHS.

[IpoGnema 3 OJIOKYBaHHSIM TMPU3HAYCHb NPUCBOECHHS, KOJM 3MIHHA TPaBOi
CTOPOTH OJIHOTO TMPHUCBOEHHS B OJIHOMY MPOLEAYPHOMY OJIOI TaKOX € 3MIHHOIO
J1BOI CTOPOHHU 1HIIOTO MPHUCBOIOBAHHS B IHIIOMY IpOLEAYpHOMY OJjoii, 1 oO6uaBa
PIBHSIHHSI 3aIUTAHOBAHO BUKOHYBAaTH Ha TOMY CaMOMY KpOIll 4acy MOJIEIIOBAHHS,
HalpuKiIag, Ha TOMY camMoMy (POHTI TaKTOBOTO CHUTHay. SIKIO 3aBIaHHS

6J'IOKYBaHH$I HC BIOPAJAKOBAHO HAJIC)KHUM YMHOM, MOKC BHHUKHYTHU CTaH I'OHUTBH.
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Sxuio GnoKyBaHHS MPU3HAUEHO ISl BUKOHAHHS Ha OJHOMY 1 TOMY CaMOMYy eTari
qacy, MOPsA0K BUKOHAHHS HEBIJJOMHUI.

Jlns imrocTpaliii MokHA BUKOPUCTATH HACTYITHUN KOJI:

module modulel (yl, y2, clk, rst);
output vyl, v2;
input clk, rst;
reg vl, v2;

always @ (posedge clk or posedge rst)
if (rst) yl = 0;
else vyl = y2;

always @ (posedge clk or posedge rst)
if (rst) y2 = 1;
else y2 = yl;

endmodule

Jlictunr 1. Ipuknan 610KyHOUHX TPUCBOEHD

Bignoimno mo crammapty IEEE Verilog, nBa O070KuM 3aBXad MOXKHA
3alIaHyBaTU B OyAb-IKOMY MOPSAKY. SIKIIO mepmuid OJOK 3aBXKAM BUKOHYETHCSA
NepIIUM Ticas CKuaaHHs, oouasa yl 1 y2 HaOyayTh 3HaueHHs 1. Skujo apyruii 610k
3aBX/IU BUKOHYETHCS TIEPIIMM TICIS CKUAaHHs, oOuaBa Onoku yl 1 y2 HaOyayTh
3HaueHHs 0. [le uiTko mpeacTasisie cran roHUTBH y Verilog.

Heb6nokyrounii onepatop NpUCBOEHHS TaKMi CaMUM, SIK ONEpaTop «MeHIIe ado
nopiBHIOE» “<=". HeOnoKkyroue NPHUCBOEHHS OTPUMYE CBOIO Ha3By, TOMY IO
IPUCBOIOBAHHS OIIHIOE BUpa3 MpaBOi YacTUHM HEOJOKYIOYOro ofepaTopa Ha
MOYaTKy THMYACOBOTO KPOKY 1 IJIAHYE OHOBJICHHS JIIBOT YaCTUHU Ha KIHEI[b YaCOBOTO
KpOKy. MiXx OIlIHKOIO BHpa3y MpaBOi YaCTWHU Ta OHOBJICHHSM BUpPAa3y JiBOi YaCTUHU
MOXHa OI[IHIOBaTM W OHOBIIOBAaTH 1HIII omnepatopu Verilog, a TakoXX MOXHa
OIIHIOBATH BUpA3 MpaBOi YACTUHU I1HIIMX HEOJOKYHOUMX NpUCBOEHb Verilog Ta
IJIaHyBaTH OHOBJIGHHS J1iBOI 4acTHUHHU oneparopiB. HeOnokyroye MpPUCBOEHHS HE

0JI0Kye 0OpaxyBaHHs 1HIIKX ornepaTopiB Verilog.
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BukoHanHsT HEOJOKYIOUMX TPUCBOEHH MOXKHA PO3TJSAATA SK JIBOCTAIHUN
TIPOIIEC:
1) OuiHiTh TpaBy YacCTHHY BHpa3y HEOJIOKYIOUUX ONEpaTOpiB HAa MOYATKY
KPOKY Yacy.
2) OHOBITH JIIBy 4YacTUHY BHUpPa3y HEOJIOKYIOUUX OIEpaTopiB HAMPHUKIHII

9acOBOT'O KPOKY.

HeOGnokyroui nprCBOEHHS BUKOHYIOTHCS JIMINE JJIS PEECTpAIlil TUIIB JaHHUX 1
TOMY J03BOJIEHI BCEPEIMHI MPOLEAYPHUX OJIOKIB, TAKUX AK MOYATKOBI OJIOKH Ta
“always” OJ10KH.

Jlnst utrocTpatiii MOYKHA BUKOPUCTATH HACTYITHUM KOJI:

module module2 (yl, vy2, clk, rst);
output vyl, v2;
input clk, rst;
reg vl, v2;

always @ (posedge clk or posedge rst)
if (rst) yl <= 0;

else vyl <= y2;

always @ (posedge clk or posedge rst)
if (rst) y2 <= 1;
else y2 <= yl;

endmodule

Jlictunr 2. [Ipuknaa HEOJOKYIOUUX TPUCBOEHD
Bignosimno mo crangapty IEEE Verilog, nBa 0610ku 3aBXId MOXHA
3aIylaHyBaTl B OyIb-KOMY mopsaky. HesamexxHo Bim Toro, sikuii OJOK 3aBXKIH
MOYMHAETHCS MEPILIMM MICIIsI CKUJAHHS, 00MABa HEOJIOKYIOUl BUpa3u MPaBOi YACTUHU
OyzZe OIIHEHO Ha MOYaTKy KPOKY 4Yacy, a MOTiM oOuABI HEOJOKYIOUl 3MIHHI JIIBOi
YaCTMHM BHpa3y OHOBIIOBATHCS B KIHIII TOTO > €Talmy 4acy. 3 TOYKH 30py
KOPUCTYBauiB, BUKOHAHHS IUX JIBOX HEOJOKYIOUUX OIepaTopu BiAOYBarOThCA

napaseinbHoO.
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1.4.4 Tlpouec po3pobku Ha MOB1 Verilog

Uepes ckiagHy OpUPOAY CyHYaCHHX MIKPOCXEM HEMOKJIMBO CTBOPUTH IIOCH 3
HYJIs, 1 B 0aratbox BHUMAaJIKax 6araTo KOMIOHEHTIB OyIyTh BUKOPUCTaH1 TOBTOPHO.

Hanpuknan, kommanis A nmorpedye MEeBHOTO MOJYJIS JJIs B3a€MOJIIT 3 1HITUMH
MOJYJIIMHU B aBTOMOO11. BoHM MOXYyTh 200 TpuAOATH KOHCTPYKIIIIO TaHOTO MOIYJIS
B IHIIOI KOMIIaHii, M00 3a0IaguTH 4Yac 1 3yCWUIs, a0 BUTPATUTH pecypcu Ha il
CTBOPEHHSI.

HenpakTuuHO CHpOEKTyBaTH TaKy CHCTEMY 3 OCHOBHHMX KOHCTPYKIIMHHX
0J10K1B, TakuX siK Tpurepu Ta CMOS-TpaH3uCTOPH.

3aMiICTh LIBOTO PO3pPOOJIAETHCA TIOBEAIHKOBUN OINMHUC MJIsl aHANI3y AHU3alHy 3
TOYKH 30py (YHKILIOHATIBHOCTI, IPOAYKTUBHOCTI Ta 1HIIMX MPOOJIEM BUCOKOTO PIBHS
3a JOTIOMOT'0I0 MOBH OIUCY o0JaaHaHHs, Hanpukian Verilog abo VHDL.

3a3Buyail e poouTh HUQPOBUI TU3aliHEp 1 CXOKUM Ha MPOrpaMicTa BUCOKOTO
piBHA, KU BoyioAle HaBMUKamMu 1U(poBoi enekTpoHiku. Komu nmpoekt RTL Oyae
rOTOBUM, HOT0 MOTPIOHO MepeBipUTH Ha QYHKIIOHATIBLHY MPABUIIBHICTD.

Hanpuknaza, ouikyerbes, mo npouecop DSP BumaBaTume TpaH3akiii IIMHU 3
OTPUMAaHHSAM THCTPYKIIiH 3 mam'siTi 1 3Ha€, 1m0 1€ BiIOyAEThCs, K ovikyBanocs. Ha
IOMY eTari NoTpiOHa (yHKIIOHAThHA MEePEBIPKA, KA BUKOHYETHCS 3a JIOMIOMOTOIO
cumynaTopiB EDA, ikl MOKyTh MOJIEITIOBATH MTPOEKT 1 3aCTOCOBYBATH /10 HbOTO Pi3HI
ctumyiu. Lle pobora imxxeHnepa 3 Bepudikariii.

[I{o6 3aomaauTu 4yac 1 JOCATTH (PYHKIIOHAIBHOTO 3aBEPIICHHS, SK MPOEKTH,
TaK 1 rpynu Bepudikauii IpalroTh NapajenbHo, /1€ U3aiiHepU BUITYCKAIOTh BEPCIIO
RTL. Komanna Bepudikariii po3po0sisie cepeoBHIlNe TECTOBOTO CTEHIY Ta TECTOBI
BUIAJIKH, 100 nepeBipuTH HyHKIIOHATIBHICTH 1i€i Bepcii RTL.

Axio Oyap-sSKHi 3 IUX TECTIB HE BAAETHCS, 1€ MOXKE CBIIUYUTHU MPO MPOOIEMy 3
JU3aiiHOM, 1 Ha IIbOMY €JIEMEHTI Au3aiiHy OyJe BUHUKHYTH nommika. {0 momuiky
noTpiOHO Oyne BUNpaBUTH B HAcTynHiM Bepcii Bumycky RTL Big komanau
nuzaitHepiB. Llel mporiec TpuBae 10 TUX TP, MOKW HE 3’SIBUTHCS XOPOIIHMA PiBEHb

BIIEBHEHOCT1 Y (YHKIL1OHATIBHINA KOPEKTHOCTI KOHCTPYKIII1.
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Ha wnactymHOMy erami mei nu3aiiH TIEpPETBOPIOIOTh HA amapaTHy CXeMy 3
pealbHUMHU €NIeMEHTaMM, TaKUMH K KOMOiHamiiHi cxemu Ta Tpurepu. Llei eram
HA3UBAETHCS CUHTE30M.

[HCTpyMEHTH JIOTIYHOTO CHHTE3Y J03BOJISIOTH KoHBepTyBath onuc RTL y HDL
y CIIMCOK 3B’S3KIB CXEM Ha PiBHI JIOT1YHUX BeHTUJIB. Lleil criucok Mepex € omucom
CXEMH B TepMiHaX BEHTHUJIIB 1 3'€JTHAHb MK HUMHU.

[HCTpYMEHTH JIOT1YHOTO CHHTE3Y 3a0€3MeUyl0Th BiIMOBIAHICTh CITUCKY 3B’SI3KIB
crenudikalisaM 4acy, IO Ta MOTYXXHOCTI. SIK MpaBWiio, BOHU MalOTh JAOCTYII 10
PI3HUX TEXHOJOTIYHHUX BY3JIB MPOIECIB 1 010/110TEK MUPPOBUX €NEMEHTIB 1 MOXKYTh
pOOUTH 1HTENEKTyaIbH1 PO3PAaXYHKH, 1100 BIAMOBIAATH BCIM IIUM P13HUM KPUTEPISM.

[{i Oi6GmioTekn OTpWUMaHi BiJ HaAMIBNPOBIIHUKOBUX (AOpPUK, $KI HAJAIOTh
XapaKTEPUCTUKU JTaHUX ISl PI3HUX KOMIIOHEHTIB, TaKMX K 4ac HApOCTaHHS a0o
criaay JJisi TPUTEPIiB, YaC BBEJICHHI-BUBEICHHS JUIsl KOMOIHAIITHUX BEHTHIIIB TOIIO.

Crnucok 3B’S3KIB  CXEM Ha pIBHI 1032 TEPEBIPIAETbCS HA  JIOTIYHY
exBiBajeHTHICT, RTL. [HOMI mnepeBipka Ha piBHI LUI03a BHUKOHYETHCSA, KOJIU
nepeBipKa MEBHUX €JIEMEHTIB BUKOHYEThCS 1€ pa3, pI3HUL B TOMY, 1110 LIbOTO pasy
e BiIOYBA€ThCA HA PIBHI BOPIT 1 HIKYOMY piBHI aOcTpakuii. Yac cumyndmii, sk
MpaBUJIO, OBUIHHIIIMKI Yepe3 BeMWYEe3HY KITBKICTh €JIEMEHTIB, 0 0epyTh y4acTh Y
MPOEKTYBaHHI, 1 1IHPOPMAIIIIO TIPO 3aTPUMKY.

[ToTiM criMCOK 3B’SI3KIB CX€M BBOJUTHCS /10 (PI3UYHOrO Mpoliecy NpOeKTYBaHHS,
JIe BUKOHYIOTBCSI PO3MIIIIEHHSI 1 TpacyBaHHA 3a jornoMororo iHcTpymeHTiB EDA. Ile
BUOEpe Ta MOMICTUTh CTaHAAPTHI KOMIPKM B PSAKHA, BHU3HAUUTh BBEJCHHS Ta
BUBEJ/ICHHSI, CTBOPUTH Pi3HI METAJIEBI LIApH Ta PO3MICTUTH Oydepu.

[Ticns 3aBepiieHHS IIHOTO TPOIECY CTBOPIOETHCS MAaKeT, SKUW 3a3BUYail
BIIMPABIISIETECA HAa BUTOTOBJICHHS. [luM eramom 3a3Bu4yail 3aiiMaeThCs KOoMaH7a
(G13UYHOTO IPOEKTYBaHHS, sKa J0Ope 3HaloMa 3 TEXHOJOTIYHUM BY3JIOM 1 JI€TaIsIMU
Gb13U4HOI peai3artii.

3pa3ok MikpocxeMu Oyjie BUTOTOBJIEHO TIEK K KOMIIAHIEHD 3 BUPOOHUIITBA
HaITIBITPOBITHUKIB a00 HAJICIaHO CTOPOHHIM CTOpPOHI, HAIPHUKIAJI BCIM BlJIOMHIMA

3aBos TSMC. Lleit 3pa3ok Tenep MpoXoAUTh MPOIEC NEPEBIPKHU MICIS KPEMHIIO, KOJIU
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1HIIa KOMaHJAa 1HXKEHEpIB 3allyCKae pi3HI IabnoHu TecTyBaHHs. lle ckiagHime
HAJIArOJIMTH TiJ] Yac MEePEeBIPKU MiCIs peani3alii B KpeMHil, HIXK Iepe/] UM IUIIX0M,
MPOCTO TOMY, IO PIB€Hb BHJMMOCTI BHYTPIIIHIX BY3JIB 4ila Pi3KO 3HMKYETHCS.
Yepes Te, 110 MIJIbIOH TAKTOBUX IUKJIIIB 3aBEPIIMBCS O 32 CEKYH]y, BIICTEKEHHS 10
TOYHOTO Yacy IMOMMWJIKH 3aiiMe OaraTo yacy. SIKIo Ha LbOMYy eTami OyAyTh BHUSBJIEHI
AKICh peanbHl MpoOiemMu abo MOMIIKK B JW3aiHI, 1€ MOTPIOHO Oy/ie BUIPABUTH B
RTL, moBTOpHO MEpEBIPUTH, & TAKOK BUKOHATH BCl HACTYITHI KPOKH.

He3Bakatoun Ha Te, 0 B MOTOLI NPOEKTYBAHHSA € KIJbKa €TalliB, BEJIMKA
YacTHHA MPOEKTHOI MIsTBHOCTI 3a3BMYail 30cepe/’keHa Ha ONTHUMI3alliil Ta mepeBipii
omucy RTL cxemu. BaxnuBo Big3HauuTH, 0 Xo4a iHCTpyMeHTH EDA nocTynHi ams
aBTOMAaTH3allli MPOIIECiB, HEMIPaBUJIbHE BUKOPUCTAHHS MpU3BENE 10 Hee(hEKTUBHOIO
npoekTyBaHHs. OTxe, AU3aiiHep MOBUHEH POOUTH CBIIOMUM BUOIp M Yac MPOLECY

MPOEKTYBAHHS.
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1.5 Po3paxyHok QyHKIii sin(x)

VY po3paxyHKy ¢QyHKIII sin(X) € aesika 0cOOJMBICTb. APTYMEHT, SK MPaBUIIO,
BU3HAYAETHCS JIUINE JUIsl TIepIIoro KBaapanTta, To0To 0< x < /2, a iHII 3HAYCHHS

KBaJIPaHTIB O0YUCITIOIOTHCS Uepes

sin(x) = —sin(—x)
sin(x) = sin(m/2 — x)

Puc. 1.4 mnoka3ye TouHE 3HAYE€HHS Ta HAaOMMKEHHS s 16-po3psaHOro

KBaHTYBaHH:

f(x)

Puc. 1.4 TouHe 3Hau€HHS Ta HAOMMKEHHS 7151 16-pO3psIHOTO KBaHTYBaHHS

Ha Puc. 1.5 BigoOpaxaerbcss mnoxuOka, TOOTO PI3HUIT MDK TOYHUMHU

3Ha4YCHHSIMU (YHKIIIT Ta HAOIMKEHHSIM

Guess(x)-Exact(x)

Puc. 1.5 Pi3HUIA MiK TOYHUMHU 3HAYEHHIMH (PYHKIIT Ta HAOJIMKEHHAM
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€ nekiibka crmoco0iB oOuucieHHs cuHyca. Hampukian, mominom YeOuieBa

abo moninoM Teitnopa. IIpobnema moniHomy YeOuiieBa momisirae B TOMY, IIO BiH

BU3HAYCHU JIMIIIE U1 Aiana3ony x € [—1,1]. [2]
B Toit xe wac, y momnoma Teinopa Takoi mpobOiemu Hemae. Tomy  mis

oOpaxyBaHHsI cMHyca 0yJi0 0OpaHO JaHUN METO/;

—1k
sin(x) = (Z(k +)1)! -
k=0

[Tpu poMy BUKOpUCTanu 4 TOTAHKU:

x3 x® X7

sin(x)zx—§+§—ﬁ

Ha puc. 1.6 300paxenuii ['padik HaOImKeHHS TOJIIHOMY

> J

\ y /
\ /
\ Toxi6xa mpu 06paxyHKy P 1 (X) Lo yft
sin(x) npn 0< x < w2 Fo(X)/

\ | [ P1:57%
\  P375% 1| ’
\  P5045% N
\ P7:0016% N\
\ P90,00035%

sinx

Puc. 1.6 I'pacdix HaOmmKeHHS TOTIHOMY

[Ipr HEOOXiTHOCTI 3aBXKIW MOXKHA 30UIBIIMTA KUIBKICTh JIOJAHKIB Y

pPe3yJIbTYIOUOMY KO/I1.
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1.6 Ornsan popmaty Posit

OcHoBHa BiAMIHHICTH Y ¢opMyBaHHI yucna posit nepes float nmomnsirae y Tomy,
0 YHCJIO pOSit Mae 3MIHHY JOBXHHY APOOOBOi YacTMHU (MAaHTHCH), a TaKOX
3’SIBIISIETHCS IOAATKOBE TOJIE PEXKUMY YHCIIa, SIKEe TEX Ma€ 3MiHHY JOBXUHY. Jlutre
T0JISl 3HAKY Ta KCTIOHEHTH MaloTh (DiIKCOBaHE 3HAYCHHS, BU3HAYAETHCS B 3aJICIKHOCTI

BiJI peaJizalii.

MSB (ctapmmii po3psin) LSB (Monoaumit po3psin)
Sign (S, 3naK) Regime (R,pexnm) Exponent Fraction
(E,excrioHeHTA) (F,apo6oBa yacTuHa)
1 Git rs OITiB es OITiB n-rs-es-1 6iTiB

Puc. 1.7 ®opmar yucna posit

Crannmapt pOSit AMKTYye HACTYITHHI PO3MIp MOJISI EKCITIOHCHTH

n
es = logzﬁ,

JI€ N — KUIBKICTH OITIB.
MinimMansHUI po3Mip uuciia y ¢opmaTi Posit ckiamae 8 Oir.

Mantuca Mae Ti ) BJIACTUBOCTI, 110 ¥l B Tumi float, mpoTe MOXJIUBO 1110 OITH
pEeXUMY 3aMOBHATH BECh JIOMYCTHUMHI TPOCTIp 1 OyAe OTPUMAHO MYCTy MaHTHUCY,
T0O0TO 11 3HaueHHs nopiBHOe (. Takox icHye Iijla YacTMHa — TakK 3BaHHM
BIpTyaJIbHUI OIT, IKMI 3aBKIU PIBHUI OJUHULLI.

Ockinbku Tpu po3mipi gopmary 8 OIT, eKcroHeHTa Oyzie HyJIbOBOIO, 3a
MHOXHUK OyAyTh BIAMNOBIAATH OITH pexkumy. BiTM pexumy - e MOCHiIOBHICTb
OJTHAKOBUX 3HAKIB, KA 3aKIHUYE€ThCS 3HAKOM MPOTUIICKHOT BETMUYUHU. TakuM YHHOM
MO’KHA 3pO3YMITH JI€ 3aKIHYMJIOCH TIOJIE PEXUMY Ta MOoYalach €KCIIOHEHTa. 3HAI0UU
(bikcoBaHy JOBXHMHY €KCIIOHEHTH, MOKHA J13HATUCh J€ MOYMHAETHhCS JpoOOBa
YacTHHA.

VY Tab6un. 1.2 BimobpaxkeHa po3mm@poBKa O61TiB pEKUMY B YUCIIO K.
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Taomurg 1.2

Pozmmdposka OiTiB pekuMy B 4ucio k

R k R k

10 0 01 -1
110 1 001 -2
1110 2 0001 -3

[Tone pexumy mae pocuTh crienu@ivyHe 3HAUYCHHS A uucia 3aranoMm. Came
peXUM BU3HAUaA€ NOAAaTHIN a00 BiJ’€MHUM CTEIMiHb YUCIA, & €KCIIOHEHTA Ipa€ MEHII
BIJIMBOBY POJIb, PETYJIIOIOYM MEBHUH Alania30H 3Ha4y€Hb, OOMEKEHUH ii O1TaMu.

Jl1st BU3HaYCHHS 3HAYCHHSI PeKUMY BUKOPHCTOBYETHCS HAcTymHA GhopmyIia:
Regime = useed®
useed = 22°
B nmaHoMy BumMajky KUIBKICTH OIT €KCIIOHEHTHM BH3HA4Yae Oa3uC pPEKUMY, SKHUM
MIJTHOCUTHCS Y CTEMiHb K, 110 oTpuMaHuii 3 pesxkuMHuX O01TiB. [Ipukian popmyBaHHs
yucna k 300paxkeno B Tabnumi 1.2.
3anexHicTte 6asucy pexumy (useed) Big KUTBKOCTI OIT €KCIIOHGHTH ITOKAa3aHO B
tabmui 1.3.
Tabmums 1.3
3anexHicth 6aszucy (useed) BiJl KUIBKOCTI OIT €KCTIOHEHTH (€S)

es 0 1 2 3 4
useed 2 4 16 256 65536

TakuMm 9uHOM, POSit-UMCIIO MOYKHA MTOpaxyBaTH 32 HACTYITHOIO (hOPMYJIOHO:
n-1 _
x = (—1)% X useed® x 2¢ x (1 + Z{=1 brn_1-i27"),
ne fn — kiapkicTh OiTiB ApoOOBOi YacTUHU, b — MeBHUMA OIT APOOOBOI YACTHHH, € —

3HAa4YCHHA CKCIIOHCHTH.
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B posit apudmeTnii icHye nMie OAMH PEXKUM OKPYTJICHHS: OKPYIJIMTH J0
HAWOMIKYOTO, TPHB’SI3aTH 10 HAWOMMKYOro TApHOTO, Take,  SKUM € 32
3aMOBYYBaHHSM pexuM okpyrieHHs mis IEEE 754, flkmio mnporpamict a6o
KOpHCTYBa4 Big4yBae MoTpedy B IHIIUX TPhOX pexuMax, skl miarpumyrorbes float
(OKpyTJICHHS BHM3, OKDPYTJIEHHS Bropy, OKpPYTJIEHHS 10 HYyJA), 1€ O3Haydae, II0
nporpamMa Bumarae uymcia valid (pekuM TOYHOTO 4YMCIIa y CTaHJAPTI posit, SBIISIE
co0010 /1iana3oH MiX 2 3HaAUYEHHSIMH), a HE posit a00, MOKJIMBO, TPOCTO MPABUIHHOTO
IHCTPYMEHTY HaJIaro/I>KeHHS.
AHani3 tamy posit:
Jlo sIBHUX TepeBar MOKHA BITHECTH:
o JluHaMIYHUN PEKUM OB, SIKAUUA JO3BOJISIE JOCSTHYTH Kpamioi TOYHOCTI B
MIEBHOMY Jl1arla3o0Hi;
* MPOCTOTA amapaTHOI peaiizarii;
* BIJICYTHICTb NIOHSTH NIEPETOBHEHHS 400 BTpaTH 3HAYUMOCTI;
* MaJla KUIbKICTh BUKIIOYEHb, a came NaN (He € uuciom), HECKIHYEHHICTD,
underflow;
* TICPCIOBHEHHS HIKOJIM HE BiIOyBaeThCs, OkpiM Bunaaky 1/0;
« ma Bigminy Bifg float, mae nume 1 3nauenns NaN, koxu y float ix kinbkicTsh
MOXe J0CITaTH 9 KBaIpUIbHOHIB;
* TMIATPUMKA JOMOBHSJIBHOTO KOy, IO JIO3BOJISSE BHUKOHYBATH TOPIBHSHHS
yucen (popmaty posit K 3HAKOBI [Tl YUCIIA;

* €IMHA CUCTEMa IIPaBUJI OKPYIJICHHS.

Henomiku:
* B JICSKUX BHUIIAJIKaX JOBEJCThCS BUKOHYBATH J0JIaTKOBI Omepalii BiHIMaHHS
JUISL TIOPIBHSHHS YUCETT;
* Ha CHOTOJHANIHIA JIEHh HEMae amapaTHoi peamizamii y KOMEpIiiHIX
MPOIYKTax;

* (hopMar uKciIa HEIOCTATHLO TOCHIKeHM BigHocHO float uucer.
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PO31J1 2 IPAKTUYHA YACTUHA

2.1 [louarok poOoTH

byno o6pano mmaty Altera DE2-115 wepe3 Te mo BOHa Ma€ JOCTATHIM
¢dbyHKITIOHaN A BUKOHAHHS MOCTaBIIEHOI 3a/1a4l Ta € B HagBHOCTI. Po3mimienuii Ha

Hiii FPGA Cyclone IV mae goctaTHIO KiUTBKICTB JIOTIYHUX €JE€MEHTIB, a came 115000
Ha puc. 2.1 300paxkeno miaxmouenns miaata DE2-115 no miatu Bus Blaster

v3c uepes inTepdeiic ITAG.

0
0%
(o of¥+e
z
Y]
—
a
=
(7]

«'  Designed & Manufactured by Te

vM \.R nm w,z 1B 19
=

m N um
E H Eu E E E -]

T Ra00n00ceD

O, d il
Puc. 2.1 IMigkmrouenns maata DE2-115 no muratu Bus Blaster v3c uepes
iTepdeiic JTAG.

Hna nporpammyBanHss FPGA Cyclone IV (piBens perictpoBoi mnepenaui)
Blaster v3c BUKOpPUCTOBYEThCA ISt

BUKOpPUCTOBYEThCs Quartus Prime. Bus
nporpaMyBaHHsl Ta HaJaroJ)KyBaHHS MOBOIO aceMOiepa abo C 3a gomomoru I[13

OpenOCD Ta Codescape SDK.
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FPGA mnporpamyetscst B cepenosuini Quartus Prime. Ha puc. 2.2 306paxeno

BIKHO 1HTEepeiicy mpoekTy B Quartus

a g Fundamental 1 1M1 1. 62,115 - mipsipgn e 115
Fie Ede View Proj Asigements Prcssing Toos Widow help

D=d

T D C | mipsioga_de2 115 | SEECTrEFES QARG @

Entiyinstance
i Cyclons 1V E EPACEN15F29CT
B mpspga de2 115 T

Quartus Prime oL

T | s Brare
.

E System  Frocessing

Puc. 2.2 Bikno iaTepdeiicy mpoekty B Quartus Prime

Konmu mpoekT ckommiaboBaHO, HEOOXITHO 3alTH y BIKHO IporpamMaropa Ta
noyaTu mporiec nporpamyBanHs Ha piBHI RTL. Ha Puc. 2.3 300paxeno inTepdeiic

nporpamatopa [1JIIC B cepenoBuiiii po3pooKwu.

» Programmer - C:/Users/Vitaliy/Desktop/fpga/MIPSfpga_Fundamentals_v1.2_1Mar2016_Russian/MIP5fpga_Fundament...  — O X
File Edit View Processing Tools Window Help .
|; Hardware Se‘lup_..| |No Hardware ‘ Maode: |JTAG & Progress: ]
[J Enable real-time ISP to allow background programming when available
wh gt File Device Checksum Usercode ngram_f wverify  Blank- Examine
Configure Check
#h stop output_files/mipsfpga.. EP4CE115F29 0121CFD3  0121CFD3 ]
M Auto Detect
X Delete
r Change File... < >
B saveFile
-
H =
TDI H =
1 yp BELLANN
H
Wpown ||| e
EPACET15F29
) TDO

Puc. 2.3 Tatepdetic nporpamatopa [IJIIC B cepenoBuiiii po3poOku.
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Ha mMomeHT xommimsiii B cepeloBUIll pO3pOOKH BCTAHOBIIOETHCS MOYATKOBA
mporpaMma MAaIIMHHAM KOJOM, 10 OyJe BHKOHYBATHCh IPH TEPE3amycKy sapa
MIPS (Key0 na mnati). ®aitn Ha3uBaeThes ram_reset init.ini. [lpuknan ioro BmicTy
Oyze HaBeJleHUH Yy IPAaKTHUUHINA YaCTHHI.

[Ipu npommBmi FPGA, MoxxHa 3MiHIOBaTH BMICT TIaM’sTi, BIJIIOBIIHO
nporpamy, 10 BUKOHYETbCS, 3a qonomoroio Bus Blaster v3c¢ Tta Biamosimnoro I13.
Jnsa Bukopuctanus Bus Blaster v3c neoOxiano 3minutu iforo Productld 8 EEPROM
nam’sITi.

BuxopuctoBytoun 113 FT Prog 3minumMo Buinesragane 3HaueHHs 3 6010 Ha
7780 Ta MakcumasibHul cTpym 3 100MA Ha SO0MA. Ilicns Bumie3raganux i MO>KHa
BcTaHOBMOBaTH ApaiiBepu WinUSB 3a momomorm mporpamm Zadig.exe Ha IieH
neBaiic Ta BiH Oyne roToBuit 10 podotu. Ha puc. 2.4 306paxena 3mina Productld na

rati Bus Blaster v3c¢

@ EEPROM | & Fash ROM

File Devices Help

Jod - /S B v
Device Tree Propesty Value
| %= Device: 0 [Loc ID:0x2121] | . A
=5 FT EEPROM Custom VID/PID Custom PID v
4} = Chip Details Vendor 1D
=% USB Device Descriptor —
= VID PID Podet Lo,
=) |dVendor USB Version Number
=) (dProduct
=) bcdUSB
4 =9 USB Config Descriptor
=P USB String Descriptors information Box
= Manufacturer \Vendor ID & Product ID

=) Product Description
=P SeriaiNumber Enabled The required vendor ID and product ID of the chip

=) SenalNumber Changing to a custom VID and/or PID will require the .inf
= SerialNumberPrefix files within the dniver to be changed in order to install the
4 =P Hardware Specific —os
Device Output

Read EEPROM Device 0

Word

Puc. 2.4 3mina Productld #a ruiati Bus Blaster v3c
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2.2 Cepenosutiie po3poOku Ha 6a3i Visual Studio Code

[Touatkom pobotu ciyrysaB npukiag CExample 3 npoexty MIPSfpga.

HamamryBanns B3aemomii tuiariny Ha C/C++ 3 KOMOUIITOPOM Ta
BimarompkyBaueM GCC 3 miarpumkoro iHcTpykiidn MIPS Oyna Bukopucrtana
KOH(irypaliisi ¢_cpp_properties.json, y sKiii BKa3yeThCs MIJIAX JI0 BiAJIaroaxXyBayda Ta
pexxum kommiaropa IntelliSense msve-x64. 3aranpHa cTpykTypa ¢aime 300paxeHa

Ha puc. 2.5

main.c

# OPEN EDITORS main.
main.c

= test.ixt .wscode

~ commaon

eAndConnectpsl

munOpenOCD.bat
boot.h
boot.o
boot.S
FPGA_Ram_dasm.txt
FPGA_Ram_map.tbxt
FPGA_Ram_modelsim.bxt

GA_Ram.elf

FPGA_Ram.rec
fpga.h

imit_caches.S

DUTPUT  TERMINAL DE CONSOLE 1:cm
init_tlb.5 . . :
N Microsoft Windows [Version 6.1.7661]
main.c Copyright (c) 2889 Microsoft Corporation. All rights reserved.
= main.o

Makefile C:\MIPS1\my

» OUTLINE
» TIMELINE

Puc. 2.5 Burnsan cepenoBuiia po3pooku

B ¢aiini launch.json 3naxonarscs 2 npodini B3aemonii — MIPSFPGA Load Ta

MIPSFPGA Attach. Ilpu BubGopi Load mnporpama BHKOHA€ KOMITUIAIIO Ta
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3aBAHTAXKUTHCS B IPOLIECOP, MICIISA LIBOTO MPOLECOP YBIi/ie B PEXKUM BIAJIArOIKEHHS .
[Tpu BuGOpi omiii Attach mporiecop BXOAUTH Y PEKUM BiIJIArOKEHHS 3 ICHYIOUOIO B
HBOMY IIPOTpaMolo.

B koniryparii HeoOXi1HO BKa3yBaTu HNULAX 10 ¢aitny mporpamu MIPS (*.elf).
nsxu He ABIAIOTBCA IUHAMIYHMMM, TOOTO Mporpama Mae€ JEXKaTh y YITKO
BU3HAYEHOMY MICIII, OCKIJIBKH 11€ He miaTpumyeThess OpenOCD.

3a MAKIIOYEHHS 0 TUIaTH 3 3aBaHTaXKEHUM IMPOIIECOPOM uepe3 1HTepdeiic
JTAG Bianosigae cepsep OpenOCD, koHiryparisi 10 sikoro Oeperbcs 3 dailmy
openocd.cfg.

Y  pe3yapTaTi MM OTpUMaJIA I1HCTPYMEHTH Ui KOMIIUTIOBaHHS Ta
BIJIJIar O/ KCHHSI.

Came Tak 1 peasli3oBaHe BUKOHAHHS 1HCTPYKUINA Mpolecopa A Mporpamicra,
KUl OyJe BUKOPUCTOBYBATH JaHe pimieHHsA. Bce 1e BigOyBamoch Ha BIpTyalbHIM

MalliHi, Ky IPU HEOOX1THOCTI MOXKHA KJIOHYBATH.



37

2.3 Iarerparis sin(x) B MIPS nporeccop

byB HamucaHumii MoOAynbr 0OpaxyBaHHS CHHYCa, QITOPUTM SIKOTO Y

3pO3yMiJIOMY BUTJISI/II BUTJISAIa€ HACTYITHUM YHHOM:

y =x1*2/3.14159265;

y2=y*y;

y3=y*y2;
yo =y3*y2;
y7 =y5*y2;

sum =157 *y-0.645*y3 +
0.08 *y5-0.00472 * y7,

Januit monynb BukopuctoBye float32 nomaBanHg Ta MHOXKEHHs. CaM MOIyJb
IPOJAEMOHCTPOBAaHUH Y JOJATKY A.

[Ticnss Toro sik oTpuMaHO HEOOXiAHMI BuxigHui Verilog-kon, HE0OXiTHO
NeperTH 10 eTamy 1HTerpailii B mpouecop.

Cucrema MIPS FPGA Mmae cnemianbHuii Moayib, 1o HazuBaeTbes UDI Ta
po3U(PpOBYEThCS K 1HCTPYKIli, BU3HA4YeHI kopuctyBauem. lle edexTuBHUMN
MeXaHI3M nJisi po3mmpeHHs ¢yHkiionanry B MIPS-nipouecopi. [Jlanuii momayinb
HIATPUMYE 10 7 JOJATKOBUX I1HCTPYKIIH. B maHiil iHTerpaiiii BUKOPHCTOBYETHCS
aame S.

CtBopeHO  HOBMM  Moaydb, 1Mo  HasuBaetbes  mldk udi seleqz.
BuxopucroByerbesi (popmar iHcTpykuii SPECIAL2, mo mae 3 aprymeHTd Ta
creniajibHe ToJie ISl BA3HAYEHHS CLIEHAP1t0 BUKOPUCTAHHS 1HCTPYKIIil, TOOTO KOXKHY
IHCTPYKITII0 MOXXHA TOJAUTMTHA Ha IIie OUTbIE 1HCTPYKIIH 3a JOMOMOTOI0 KOAY B
cneniagbHoMy 1oJii. OCKUJIBKM BUKOPUCTAHO BChOTO 4 1HCTPYKIIii, MOTPeOU B IILOMY
He Oyno, TOMy TIOCTIMHO B CHemiaJibHE Moje mepenaerbes 3HavueHHs (0. dopmar

IHCTPYKIIii IPEeICTaBICHO Ha puc. 2.6.
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31 26 25 21 20 16 15 11 10 6 5 0

SPECIALZ 13 rt rd user-interpretable [1)5:+'se 3
011100

6 5 5 5 5 ]

Puc. 2.6 ®opmar incTpykiuii UDI
Jlami mpuBeneHa ckopoueHa cTpykrypa moayist ml4k udi seleqz

‘udi_add e = koo eubopy UDI3

“udi_mul e = koo eubopy UDI4

“udi_div_e = koo subopy UDI5

“udi_sin_e = ko0 eubopy UDI2

: UDI_ri_e = (udi_add_e || udi_mul_e || udi_div_e || udi_sin_e) ? 1'b0 : 1'b1; -
> nepesgipxa yu incmpykyia UDI eipna

6. 36epicannsa pezyromamy ompumanoco Ha cmadii E o cmaoii M.

7: UDI stall m = wudi_sin.m ? (udi_sin. m && ~ UDI stall_ m_inv_sin) :
(udi_add m || udi_mul.m || udi_divm) && ~(UDI stall m inv_add ||
UDI _stall_m_inv_mul | UDI _stall_m_inv_div); -> 6CMAHOG/ICHHS
bacamomaxmuocmi iIHCMpYKyii

8: assign UDI_present = 1'b1; -> ygimxnenns UDI

9: Cmeopenus exzemnusapie UDI mooynis

10. 3anuc 3nauenus 3 suodineno2o mooyns 0o udi_res e

3a O0NOMO2010 MYTbMUNIIEKCOPY

g W~

Kon Bubopy 1HCTpyKIIii moOYMHAETHCS BiA 3HauYeHHS 6’020, TooTo 010000 10
6’026, To6T0 010110. BaxnuBo po3ymiTH, 110 Hapasi IHCTPYKIliA MpU3HAUYEHA IS
UDI monyns ta mae popmar SPECIAL2, To6to UDI ir e[31:26]==6'034, ne 6'034 =
011100.

Jlani npuBeneHuii npukiaj peanizaiii Buobopy iHcTpykiii UDI.
assign udi_sin. e = UDI irvalid e && UDI ir e[31:26]==6'034 &&

UDI_ir_e[5:0]==6'022;
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2.4 TectyBanHs 1HCTPYKILIi sin(x) y cepenosuini ModelSim

Jns  cuMynsaiii  BUKOPHUCTOBYBABCS HACTYIHMM  1HIIIAUTI3YIOUMMd  aiin

(ram_reset_init.ini):

3c013f25 - lui $1, 0x3f25;
342¢5150 - ori $t4, $1,5150;
3c0d0000 - lui $t5, Oxo;
718B6812 - udi2 $t4, $t3, $t5, 0;

00000000 - nop;

[TosicHeHHS 10 IHCTPYKIIIH po3risaaeTbes y Tabm. 2.1.

Ta6mums 2.1
Bukopucrani iHCTpyKIIli acemoyiepy
lui $1. 0x3f25 3aBaHTa)XXEHHS cTapimux 16 OIT apryMeHTa X B
’ perictp $1

ori $t4, $1,5150 3aBaHTa)keHHs B perictp $t4 aprymenTa x
lui $t5, 0x0 3aBaHTa)xeHHs B perictp $t5 uncio 0
udi2 $t4. $t3. $t5. 0 3HaXOKCHHS  CHHYCy  aprymeHra  $t4,

I pe3yibTar B perictp $t5
nop Hynwora oneparris (branch delay)
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Ha puc. 2.7 300paxkeHo nmo4atok BUKoHaHHS 1HCTpYyKIii UDI2.

esthench/sys/top/udi/UDI_ir_e 718ba8E12
sthench/sys/ftopfudifUDT_irvalid_e 1
stbench fsystop judilUDI_rs_e 3f255150
estbench fsys/topfudi/UDI_rt_e 40640000
estbench/sys/top/udi/UDI_endianb_e
esthench/sys/top/fudi/UDI_kd_mode_e
esthench/sys/top/udi/UDI_kill_m
esthench/sys/topfudi/UDI_start_e
esthench/sys/top/udi/UDI_run_m
esthench/sys/top fudi/UDI_greset
estbench fsys/topfudi/UDL_gdk
estbench/sys/topfudi/UDI_gscanena. ..
B—“. ftestbench/sysftop/udifUDI_rd_m
B—*. [testbench/sys/top/udiUDI_wrreg_e

4, [testbench/sys/top /udi/UDI_ri_e

4, [testbench/sys/top/udi/UDI_stall_m

4, [testbench/sys/top/udi/UDI_present

Jtestbenchfsysftop fudifUDI_honor_cee

B¢ [ftestbench/sysftop/udifUDT_toudi
—“. ftestbench/sys/top/fudifUDI_fromudi
B4 [ftestbench/sysftopfudifudi_res_m_add
B [testbench/sys/topfudifudi_res_m_mul
B4  [testbench/sys/topfudifudi_res_m_div
B4 [testbench/sys/top/udifudi_res_m_sin
B4 [testbench/sys/top/udi)UDI_rt_s_m
B4 [ftestbench/sysftop/udi/UDI_rs_e_m

= It:aﬂaunﬁfayuftupfudlﬂJDI .,1..—:| m_]

Nk

=
=
L=}
L=

L=

[t
ft
fb
fb
fo
[t
[t
[t
[t
ft
fb
fo

O = O 4= = O oo

Cursor 1

Puc. 2.7 Ilouarok BukoHaHHs iHCTpYKIiT UDI2
Aprymerom x € curnai /testbench/sys/top/udi/UDI_rs_e, B naHOMy BHUIIaJKy BiH
nopiBHtoe 3f255150,4, TOOTO 0.645772 pamian, a6o 37 rpanmyciB. IlowaTtok

1HCTpyKIii BimOyBcst Ha MoMeHT 4acy 1485000 mikocexyHI.
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Ha puc. 2.8 300paxeHo 3aBepiieHHs BUKOHaHHS 1HCTPYKITiT UDI2.

frestbenchsys/top/udiUDI_ir_e 00000000 EE@
ftestbench/fsystopfudi/UDI_irvalid_e 1 i
Jtestbench/sys/ftop fudifUDI_rs_e Q0000000

Jtesthenchfsysftop fudi/UDI_rt_e Q0000000
Jtestbench/sys/ftopfudi/UDI_endianb_e
ftestbench/fsys/topfudi/UDI_kd_mode_e
ftestbenchfsystopfudi/UDI_kill_m
ftestbench/sys/top/udi/UDI_start_e
ftestbenchfsystop fudi/UDI_run_m
ftestbench/sys/top fudi/UDI_greset
Jtesthenchfsys ftop fudifUDI_gdk
Jtestbenchfsysftop fudifUDI_gscanena. ..
Jtestbench/sys/ftopfudifUDI_rd_m
ftestbench/systopfudi/UDI_wrreg_e
ftestbenchfsystopfudi/UDI_ri_e
ftestbench/systopfudi/UDI_stall_m
Jtestbench/systopfudi/UDI_present
Jtestbench fsystop fudi/UDI_honor_cee
Jtesthenchfsysftop fudifUDT_toudi
Jtestbench fsys ftop fudi/UDT_fromudi
Jtestbench/sys/topfudijudi_res_m_add
Jtestbench/fsys/topfudifudi_res_m_mul |3
ftestbench/fsystopfudifudi_res_m_div X WX
ftestbench/sys/topfudifudi_res_m_sin If1a1030
JtestbenchfsystopfudifUDI_rt_e_i 40540000
Jtestbench/sys/top/udi/UDI_rs_e_m 3f255150

Jtestbenchfsys ftop fudifUDI_stall_m_in... |0

== = ==
\

F F F F F

F

F

oL
-
oL
oL
£
£
E
-
-
-
-
-
n_l
B_J
F)
F)
F
F
oL
n_l
n_l

R

6000000 ps
Cursor 1 3385000 ps

Puc. 2.8 3aBepiuiennst BukoHanHs iHcTpykuii UDI2

Curnain /testbench/sys/top/udi/UDI_rd_m € pe3ynbTaToM BUKOHAHHS 1HCTPYKIIIi,
3 AKOro Ha ctafii M KOHBeepa Mpolecopa 3aluCyeTbCs y PETICTP 3arajlbHOTO
npu3HaueHHs $t5. Ha Buxomi maemo 3f1al080,,. Y pe3ynbTari omeparii
sin(0.645772) 6yno orpumano uucio 0.601814270. Inctpykiis 3aBepmiuiacs Ha
MomeHT dacy 3385000 mikocekyHa. Y cepemoBumni ModelSim wac ogHOro TakTy
3aiimae 10000 mikocexkyHa. Yac BukoHaHHsS 1HCTpYKii BuiimoB 190 TaktiB. /s
NMOpiBHSIHHSA, omepaiiss MHOXeHHs float32 BukonyeThcs 3a 14 TakTiB, IIJICHHS

om3eko 100.
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2.5 TectyBaHHS IHCTPYKIIiH posit uuciaeHHs y cepeaopuin ModelSim

2.5.1 Jlinenus posit uncen

Byno po3po6iieHO Ta MPOTECTOBAHO I1HCTPYKINT JOJAaBaHHS, MHOXEHHS Ta
nineHHs 16 6ITHUX 4ucen BUKOPUCTOBYIOUN (hopMaT drcen posit.

Ha pucynky 2.9 300paxeHuil mouaToK BUKOHAHHS 1HCTPYKII1 IIJICHHS, a caMe

0x718b6813.

g Wave - Default

[testbench_bootfsysftopfudifUDI_ir_e 718b6813
[testbench_boot/sysftopfudi/UDI_irvalid_e 1
[testbench_boot/sysftopfudifUDI_rs_e 3f255150
Jtestbench_boot/sys/ftop/fudifUDI_rt_e 00003063
Jtestbench_boot/sys topfudifUDI_endianb_e
Jtestbench_bootfsys ftop/udifUDI_kd_mode_e
Jtesthench_boot/sys ftopfudifUDT_kill_m
[testbench_boot/sys/ftopfudifUDI_start_e
[testbench_boot/sysftopfudifUDI_run_m
ftestbench_boot/sysftopfudi/UDI_greset
[testbench_boot/sysftopfudi/UDI_gdk

ftestbench_bootfsys topfudifUDI_gscanenable
Jtestbench_bootfsys ftop/fudifUDI_rd_m OO0
Jtestbench_boot/sys ftopfudifUDI_wrreg_e 0d
[testbench_boot/sysftopfudifUDI_ri_e
[testbench_bootfsysftopfudi/UDI_stall_m
[testbench_boot/sysftopfudi/UDI_present
ftestbench_boot/sysftopfudifUDI_honor_cee
Jtestbench_boot/sys ftopfudifUDI_toudi

Jtestbench_boot/sys ftopfudifUDI_fromudi

ftestbench_bootfsys ftopfudifudi_res_e 00006073
[testhench_boot/sysftopfudifudi_res_m_fp_pos ITFEFIIT
[testbench_boot/sysftopfudifudi_res_m_pos_fp ZZFEFIIT
[testbench_bootfsysftopfudifudi_res_m_posadd 000051d6
[testbench_boot/sysftopfudifudi_res_m_posmult 000041bb
Jtestbench_boot/sys/ftop/fudifudi_res_m_posdiv 00008073
Jtestbench_boot/sys ftopfudifudi_res_m_sin 00000000
ftestbench_bootfsys ftopfudifctl_udi_res ]
Jtesthench_bootfsysftopfudifUDI_rt_e_m ANHHHHNK

24
£
L4
oL
£
£
£
£
£
£
£
£
n_.l
n_.!
F
F)
o
o
oL

18R

MNow 700100 ps
Cursor 1 535100 ps

Puc. 2.9 IToyaTox BUKOHAHHS IHCTPYKIIIT JiIeHHS POSit
Curnan /testbench/sys/top/udi/udi res m posdiv € momepenHiM pe3yIbTaToM
poboTH Momayis JiaeHHS. [HCTpyKiis AUmuTh nepiii(Mojonmi) 16 61T 3 curHaiy
/testbench/sys/top/udi/UDI rs_e Ha nepri 16 01T 3 CUTHaITy

/testbench/sys/top/udi/UDI rt e. JlaHi iHTepHpeTyOTbCA SK posit yucia. Y Hamii
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apxiTeKTypl BUKOpPHUCTOBYeTheA little endian, mo Bu3Hayae ocTaHHiM OIT yMcha SIK
MOJIOIILINAMN.

Curnan /testbench/sys/top/udi/udi_res_e gBisSIETbCSI BUXOJIOM MYJIBTHUILIEKCOPY,
SKUW BIJMOBIZA€ 3a BUBIA PE3yNbTaTy J0 PETICTPY, 3 SKOTO Oyae 3YuTaHWN
pe3ynbTaT IHCTpYKIi. Bin npuiiMae 3Ha4eHs BIAMOBIIHO IO YNPABISAIOYOrO CUTHAITY
/testbench/sys/top/udi/ctl udi res, sikuit gopiBHioe 0. Ilpu MoTOYHOMY Kepyrouomy
MOJIYJIIO IHCTPYKIIiil KOPUCTYBAayua, 1€ € Pe3yIbTaTOM JAIICHHS.

Ha pucynky 2.10 300paxxeHO 3aBepllleHHsS BUKOHAHHS 1HCTPYKIIi AUICHHS, 3

pesyabrarom 0x00006073.

£E| Wave - Default

[testbench_bootfsysftopfudi/UDI_ir_e HHHHCHHHK 718b6813 ¢
[testbench_boot/sys ftopfudi/UDI_irvalid_e
ftestbench_bootfsysftopfudi/UDI_rs_e
[testbench_bootfsysftopfudi/UDI_rt_e
[testbench_bootfsysftopjudi/UDI_endianb_e
ftestbench_bootfsysftopfudi/UDI_kd_mode_e
[testbench_bootfsys/topfudiUDI_kill_m
[testbench_bootfsysftopjudi/UDI_start_e
Jtestbench_bootfsys ftopjudi/UDI_run_m
[testbench_bootfsysftopfudi/UDI_greset
[testbench_bootfsys/topfudi/UDI_gdk
[testbench_bootfsys ftopfudifUDI_gscanenable
[+ [testbench_bootfsys/topfudi/UDI_rd_m
B-“. ftestbench_boot/sys ftop/udi/UDI_wrreg_e

#, [testhench_bootfsys ftopjudi/UDI_ri_e

4, ftestbench_bootfsys ftopjudi/UDI_stall_m

#, [testbench_bootfsys top/udi/UDI_present

#, [testhench_boot/sys ftopjudi/UDT_honor_cee
;- ftestbench_bootfsysftopjudi/UDI_toudi
B-“. ftestbench_boot/sys ftop/udi/UDI_fromudi
B4 [ftestbench_bootfsys ftopjudifudi_res_e 00005912
B [jtestbench_boot/sysftopjudijudi_res_m_fp_pos IIITIIIZ
B [ftestbench_boot/sys topfudi/udi_res_m_pos_fp ZZTEITIZ
B ftestbench_bootfsysftopjudifudi_res_m_posadd 00003000
B [jtestbench_boot/sys ftopfudijudi_res_m_posmult 0000:xx
B ftestbench_bootfsysftopjudifudi_res_m_posdiv 0000000
B¢ [ftestbench_boot/sys/topjudifudi_res_m_sin 00005912
B [jtestbench_bootfsys/topfudifct_udi_res 3
B ftestbench_bootfsysftopfudi/UDI rt e m 00003063

[ ]
I\I\I\I\I\I\I\I\ial\i

Mow 700100 ps
Cursor 1 548345 ps

Puc. 2.10 3aBepIiicHHsS: BAKOHAHHS IHCTPYKIIIT TIJICHHS POSIt
Curnan /testbench/sys/top/udi/UDI rd m € pe3ymbrarom poOOTH IHCTPYKIIIi
JIeHHA. 3HA4YeHHsS JAHOTO pericTpy Oyle 3amMcaHo IHCTPYKILIE y BIAMOBIAHUN
Pe3yJAbTYIOUMM PETICTp, 3aJaHUN B JIeKiapallii 1HCTPYKIIl IpU Mepexo/ii KOHBeepa

nporiecopa 3 E-Stage (Bukonanns) 1o M-Stage (omepariii 3 mam’sTTi0). B manomy
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Bunaaky mer perictp $t5. Cnucok pericTpiB HaBeIEeHUH y TEOPETHYHIN YacThHI
poOoTH.

Pozbepemo pesynpraTu. Curnan /testbench/sys/top/udi/UDI rs e mpexacrasisie
cobor ainene, a came 0x5150. B 6inapnomy Burisai 0101000101010000,, mro
IIPU PO3MIpl EKCIIOHEHTH PiBHIiM 1 posmudpoByeTbes sk 2.1640625.

Curnan /testbench/sys/top/udi/UDI rt e mnpexacraBise coO0O0 IUIBHUK, a came
0x3063. B 6inapuomy Burisai 0011000001100011,, uo npu po3Mipi €KCIIOHEHTH
piBHi# 1 po3mmdpoByerhes sk 0.5120849609375.

Pesynwsrar /testbench/sys/top/udi/UDI rd m pisauii 0x6073. B GinapHOMYy
purisiai 0110000001110011,, mo mnOpu  po3mipi  €KCHOHEHTH PpiBHIA 1
posmudpoByeTbes sk 4.224609375. Jlnsg MOpiBHAHHA aOCONIOTHE 3HAYCHHS
pe3yabTary AopiBHIoe 4.22598331347.

[HcTpyKkilis BukoHanmacs 3a 1 Takt. BukoHanHs iHcTpykuii mineHus float32

3aitmae puom3Ho 100 TakTiB.
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2.5.2 Muoskenns posit uucen

Ha pucynky 2.11 300pakeHnii mo4yaToxk BUKOHAHHS 1HCTPYKIIIT ILJICHHS, a caMe

0x718b6816.

B4 [jtestbench_bootfsys/ftopjudi/UDL_ir_e 718b68 15
£  ftestbench_boot/sys/topfudi/UDI_irvalid_e 1
B¢ [ftestbench_boot/sysftop/udifUDI_rs_e 3f255150
B¢ [ftestbench_bootfsysftop/fudi/UDI_rt_e 00003063
[testbench_bootfsys/topfudi/UDI_endianb_e
Stestbench_bootfsys/topfudi/JDI_kd_mode_e
[testbench_bootfsys/topudi/UDI_kill_m
[testbench_bootfsys/topfudifUDI_start_e
[testhench_bootfsysftop fudi/UDI_run_m
Jtestbench_boot/sysftopfudi/UDI_greset
Jtestbench_boot/sysftop fudifUDI_agdk
Jtestbench_boot/systopfudifUDI_gscanenable
B—“. ftestbench_boot/sysftop/udifUDI_rd_m 00006073
. ftestbench_bootfsys topjudi/UDI_wrreg_e 0d
#,. [Jtestbench_boot/sys/topfudiUDI_ri_e
#_, [Jtestbench_boot/sys/top fudifUDI_stall_m
#_, Jtestbench_boot/sys/topjudifUDI_present
4, ftestbench_boot/sys ftop/udifUDI_honor_cee
B¢ [ftestbench_boot/sysftop/udifUDI_toudi
B—“. [testbench_boot/sysftop/udifUDI_fromudi
B [testbench_bootfsys/topjudijudi_res_e 000041bb
B4 [jtestbench_bootfsys/topjudijudi_res_m_fp_pos ITFIIEIT
B4 [jtestbench_bootfsys/topjudijudi_res_m_pos_fp I7FIITIT
[testhench_bootfsystop fudifudi_res_m_posadd Q000051da
Jtestbench_boot/fsys/topjudifudi_res_m_posmult 000041bb
Jtestbench_boot/sys/topfudifudi_res_m_posdiv Q0006073
ftestbench_boot/systopfudifudi_res_m_sin Q0000000
[testbench_bootfsys/topfudifc_udi_res 1
B4 [testbench_bootfsys/top/udi/UDI_rt_e_m Q0000000

Fo B Bo B Bu Bu B B

YEe Mow 200100 ps
s e Cursor 1 635570 ps

Puc. 2.11 [MouaTok BUKOHAHHS IHCTPYKIIiT MHOXXECHHSI POSit
Curnan /testbench/sys/top/udi/udi_res posmult e momepemnim pe3ynbraTom
poOOTH IHCTPYKIli MHOXEHHs. [HCTPyKIisi BHUKOHYE ONEpaIil0 MHOXECHHS 3
nepimmMu 16 6it 3 curHany /testbench/sys/top/udi/UDI_rs_e ta nepimmu 16 6it 3
curnany /testbench/sys/top/udi/UDI_rt_e.
Curnan  /testbench/sys/top/udi/udi_res e 1me 3HOBY K Takhd BHXIJ

MyJbTUIUIEKCOPY. BiH mpuiimMae 3HaueHs BiANOBIAHO 1O YHPABISIOUOTO CHUTHATY
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/testbench/sys/top/udi/ctl udi res, sxuit gopiBHioe 1 B naniii iHcTpykuii. Ilpu
NOTOYHOMY KEpYIUOMY MOMYJIIO I1HCTPYKIIH KOpHUCTyBada, II€ € pe3yJabTaToM
MHO’KEHHS.

Ha pucynky 2.12 300pakeHO 3aBepIleHHS BUKOHAHHS IHCTPYKIi JTUICHHSA, 3

pesynbratom 0X000041bb.

ﬂm—lﬁ:ﬁl

ftestbench_boot/sysftop/udi/UDI_ir_e HHHHHHHK
ftestbench_boot/sysftop/udi/UDI_irvalid_e

ftestbench_boot/sysftopfudiflUDI_rs_e

Jtestbench_boot/sysftop/udi/UDI_rt_e

Jtestbench_boot/sysftopfudifUDL_endianb_e
Jtestbench_bootfsysftopfudiflUDI_kd_mode_e

Jtestbench_boot/sysftopfudifUDI_kill_m

ftestbench_boot/sysftopfudilUDI_start_e

ftestbench_boot/sysftop/udi/lUDI_run_m

ftestbench_boot/sysftop/udiflUDI_greset

Jtestbench_boot/sysftopfudilUDI_gdk

Jtestbench_boot/sysftop/udi/)UDI_gscanenable

Jtestbench_bootfsysftopfudi/JDI_rd_m W’Eﬂ][ﬂjﬂrlhl:
Jtestbench_bootfsysftopfudiflUDI_wrreg_e WK |:|.:I:i
Jtestbench_bootfsysftopfudifJDI_ri_e

ftestbench_boot/sysftopfudilUDI_stall_m

ftestbench_boot/sysftop/udi/UDI_present

ftestbench_boot/sysftop/udi/UDI_honor_cee

Jtestbench_boot/sysftop/udilUDI_toudi

Jtestbench_boot/sysftop/udi/UDI_fromudi

Jtestbench_boot/sysftop/udifudi_res_e 00005912 ~000041bb | 00005812

F

F

Jtestbench_bootfsysftopfudifudi_res_m_fp_pos EIFEIIIT
Jtestbench_boot/sysftopfudifudi_res_m_pos_fp
ftestbench_boot/sysftopfudifudi_res_m_posadd (KX 10000
o p——
ftestbench_boot/sysftop/udifudi_res_m_pasmult i) {0000
p——

Jtestbench_boot/sysftopfudifudi_res_m_posdiv 3 3 Joooo
Jtestbench_boot/sysftopfudifudi_res_m_sin

Jtestbench_bootfsysftopfudifct_udi_res 3
Jtestbench_bootfsysftopfudi/UDL_rt_e_m 00003063

Mow 900100 ps
Cursor 1 645251 ps

Puc. 2.12 3aBepiiieHHsi BUKOHAHHS 1HCTPYKIIT MHOXEHHS POSit
Curnan /testbench/sys/top/udi/UDI_rd_m e pe3ynbpratrom poOOTH IHCTPYKIIil
MHOKEHHS. 3HAUE€HHsI JAaHOTO pericTpy Oye 3amucano y perictp $tb.
Po3bepemo pesynbratu. Curnan /testbench/sys/top/udi/UDI_rs_e npencrasise
cobotro mHOXkeHe, a came 0x5150. B 6inapromy Burisai 0101000101010000,, o

IpU PO3MIpi EKCIIOHEHTH PiBHIN 2 po3mudpoByeThes sk 4.65625.
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Curnan /testbench/sys/top/udi/UDI_rt_e mpencraBisie co000 MHOXKHUK, a
came 0x3063. B oOimapnomy surmsai 0011000001100011,, mo mnpu po3mipi
EKCTIOHEHTH PiBHIM 2 po3mudpoByeThes sk 0.2620849609375.

Pesynbsrar /testbench/sys/top/udi/UDI_rd_m piBamii Ox41bb. B 6inapromy
Buriaai  0100000110111011,, mo mnpu po3Mmipi EKCIOHEHTH piBHINM 2
posmudpoByerbest sk 1.21630859375. Jlnsg mopiBHSHHA aOCONIOTHE 3HAYCHHS
pesynbrary gopisaioe 1.22033309937.

[HCcTpyKIlis BuKOHamacs 3a 1 takr. Bukonanus iHCTpyKIii MmHOXeHHs float32

3ariMae 14 TakTiB.
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2.5.3 JlomaBauus Posit uncen

Ha pucynky 2.13 300pakeHuii moyaTok BUKOHAHHS IHCTPYKIIII JIJICHHS, a came

0x718b6812.

]2 ]2 ]2

M\'Iml:—lhhl

Jtestbench_bootfsys/topfudi/UDI_ir_e 718bes12
ftestbench_boot/sys/top/udi/UDI_irvalid_e 1
ftestbench_boot/sys/topfudi/UDI_rs_e 3f255150
ftestbench_boot/sys/top/udi/UDI_rt_e 00003063
Jtestbench_boot/sys/top/udi/UDI_endianb_e
Jtestbench_bootfsys/topfudi/UDI_kd_mode_e
Jtestbench_bootfsys/topfudi/UDT_kll_m
Jtestbench_boot/sys/top/fudifUDI_start_e
ftestbench_boot/sys/top/fudi/UDI_run_m
ftestbench_boot/sys/top/udi/UDI_greset
ftestbench_boot/systopfudi/UDI_gdk
Jtestbench_boot/sys/top/udi/UDI_gscanenable
Jtestbench_boot/systop/udi/JDI_rd_m 00006073
Jtestbench_bootfsys/topfudi/UDI_wrreg_e 0d
Jtestbench_bootfsys/topfudiUDI_ri_e
Jtestbench_bootfsys/topfudifUDI_stall_m
ftestbench_boot/sys/top/udi/UDI_present
ftestbench_boot/sys/top/udi/UDI_honor_cee
ftestbench_boot/systopfudi/UDI_toudi
ftestbench_boot/sys/top/udi/UDI_fromudi
Jtestbench_boot/sys/ftop/udifudi_res_e 000051d6
Jtestbench_bootfsysftopfudifudi_res_m_fp_pos EZTEITET

L Y o Y o O O L = I e s }

F

F

oL
£
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F
-
3
H_J
H_J
F

F

L %
F F F

Jtestbench_boot/sys/topfudifudi_res_m_posadd 000051d6
ftestbench_boot/sys/top/udifudi_res_m_pasmult 000041bb
Jtestbench_boot/sys/topfudifudi_res_m_posdiv 00006073
Jtestbench_boot/sys/topfudifudi_res_m_sin 00000000
Jtestbench_boot/systopfudif/c_udi_res 2

Jtestbench_bootfsysftopfudi/UDL_rt_e_m 00000000

Jtestbench_bootfsysftopfudifudi_res_m_pos_fp EZTEITET

Mow 10000000 ps
Cursor 1 641267 ps

Puc. 2.13 ITouaTok BUKOHAHHS IHCTPYKIIiT JT01aBaHHs POSit
Curnan [testbench/sys/top/udi/udi_res posadd € pe3yapTaToM poOOTH
IHCTpyKUii  nonaBaHHA. [HCeTpykmis  gomae  mepmi 16 6it 3 curHany
/testbench/sys/top/udi/UDI _rs_e Ta nepiri 16 oiT 3 CHTHAITY
/testbench/sys/top/udi/UDI_rt_e.
Curnan /testbench/sys/top/udi/udi res e mnpuiimMae 3Ha4YeHs BIAMOBITHO 0

yopasisitouoro curHany /testbench/sys/top/udi/ctl udi res, sikuii fopiBHIOE 2 B JaHiit
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iHeTpyKuii. [Ipn moTOYHOMY KepyrodoMy MOAYNIIO IHCTPYKLIA KOpUCTyBaua, LiE €
PE3yNIbTaTOM JI0/IaBAHHS.

Ha pucynky 2.14 300paxxeH0 3aBepIIeHHs] BUKOHAHHS 1HCTPYKIi JOJaBaHHS, 3
pe3yibratom 0X000051d6.

Mm—lhhl

ftestbench_boot/sys/topfudifUDI_ir_e
ftestbench_boot/sys/topfudifUDI_irvalid_e
Jtestbench_boot/sys/topfudifUDI_rs_e
Jtestbench_bootfsys/topfudifJDI_rt_e
Jtestbench_boot/sysftopfudifUDI_endianb_e
ftestbench_boot/sys/topfudifUDI_kd_mode_e
ftestbench_boot/sys/topfudifUDI_kll_m
ftestbench_boot/sys/topfudifUDI_start_e
ftestbench_boot/systopfudifUDI_run_m
ftestbench_boot/sys/topfudifUDI_greset
Jtestbench_bootfsys ftopfudifUDI_gdk
Jtestbench_bootfsys ftopfudifUDI_gscanenable
Jtestbench_boot/sysftopfudifUDI_rd_m 000051da
ftestbench_boot/sys/topfudifUDI_wrreg_e WX
ftestbench_boot/sys/topfudifUDI_ri_e
ftestbench_boot/sys/topfudifUDI_stall_m
Jtestbench_boot/systop/udifUDI_present
Jtestbench_boot/sys/top/udifUDI_honor_cee
Jtestbench_bootfsys ftopfudifUDI_toudi

Jtestbench_bootfsys ftopfudifUDI_fromudi
Jtestbench_boot/sys/ftopfudifudi_res_e 00005912
Jtestbench_boot/sys/topfudifudi_res_m_fp_pos ITITITET
ftestbench_boot/sys/topfudifudi_res_m_pos_fp ITITITET

FEINEEEEE
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ftestbench_boot/sys/topfudifudi_res_m_posadd
ftestbench_boot/sys/top/udifudi_res_m_pasmult
Jtestbench_bootfsys ftopfudifudi_res_m_posdiv
Jtestbench_bootfsys ftopfudifudi_res_m_sin
Jtestbench_bootfsys/topfudifctl_udi_res 3
ftestbench_boot/sys/topfudifUDI_rt_e_m 00003063

TRAR

Mo 10000000 ps
Cursor 1 545100 ps

Puc. 2.14 3aBepiiicHHS BUKOHAHHS IHCTPYKIIIT To1aBaHHs POSit
Curnan /testbench/sys/top/udi/UDI_rd_m e pesymbraTtom poOOTH iHCTPYKIIii
JoJaBaHHs. 3HAYEHHs JaHOTO pericTpy Oy/e 3amucano y perictp $tb.
Po36epemo pesynsrat. Curnan /testbench/sys/top/udi/UDI_rs_e npezacrasisie
coboro MmHOkeHe, a came 0x5150. B 6inapuomy Burasai 0101000101010000,, o

TIPY pO3Mipi EKCTIOHEHTH PiBHIH 2 po3mmdpoByeThes sk 4.65625.
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Curnan /testbench/sys/top/udi/UDI_rt_e npexncraiisie co00r0 MUTBHUK, a came
0x3063. B 6inapuomy Burisai 0011000001100011,, mo npu po3mipi €KCIIOHEHTH
piBHi# 2 po3mmdpoByethes sk 0.2620849609375.

Pesynerar /testbench/sys/top/udi/UDI_rd_m piBauii 0x51d6. B OinapHOMY
Buriaai  0101000111010110,, mo mnpu po3Mmipi EKCIIOHEHTH piBHINA 2
posmudpoByetbes sk 4.91796875. s mopiBHSAHHS ~ aOCONIOTHE 3HAYCHHS
pesynbraty gopisaioe 4.91833496094.

[HcTpyKIlis BUKOHanacs 3a 1 takT. BukoHanHs iHCTpyKIii MHOKeHHs float32

3ariMae 14 TakrTiB.



o1

2.6 TectyBanns Ha tuati DE2-115

s tectyBaHH1 Ha 1uiaTi Oyno 3actocoBane IDE omucane y mynkti 2.2. Byno

MIPOBENICHO PSIT TECTIB, PE3yIbTaTH SKHUX BiTOOpaXkeH1 y Tad. 2.2

Taomung 2.2
P€3YJ'II)T3,TI/I TECTIB BUKOHAHUX HA ILIATI
X X, 110 pe3yibTar, o 30epiraeThCsl | pO3paxoBaHMN |  TOYHHI
MMOJACTHCS B pericTpi sin(x) sin(x)
. Ha BXij
pai CHUCTEMa YHCIICHHS
16 10 16

0 0 00000000 0 00000000 0 0

13 ] 0.226893 | 3e6856a3 1046894983 3e665987 | 0.224950894 | 0.22495105
30 | 0.523599 | 3f060a96 1056964591 3effffef 0.499999493 0.5

37 | 0.645772 | 3f255150 1058672768 3f1a1080 0.601814270 | 0.60181502
69 | 1.20428 3f9a25d9 1064238638 3f6efe2e 0.933565974 | 0.93358042
87 | 1.51844 3fc25c3e 1065328270 3f7f9%e8e 0.998513102 | 0.99862953
90| 1.5708 3fc90ff9 1065350570 3a7aa5aa 0.999842286 1

Buiie HaBegeHa TabnuIisg 1eMOHCTPYE pe3yibTaTH oOpaxyBaHHs QyHKIiil. s
MPUKJIAAY BI3bMEMO HACTYIHI JaHi: aprymenTtom € 3f255150,4 y dopmari float32,
1o po3mudpoByeThes sk 0.645772 panian (37 rpaaycis).

Ha Buxomi maemo uwmcio 1058672768;,, mo nopiHtoe 3f1al080,,. V
pe3ynpTaTi oTrpumano uucio sin(0.645772) = 0.601814270. Ha pucynky 2.15
300paK€HO PO3paxyHOK CHHYCA Y CEpEIOBHILI MPOTrpaMyBaHHS.

nation Technelogies\OpenOCD\Open0C... [ = | @ |[ 8

) File Edit Selection View Go Run

RUN [ MIPS Load

~ VARIABLES
v Locals
1l

B.
nection on tep/3
ic

EkE]
e found: OxBBBOO0OBL (mfg: BxB08, part: Bx

&

Exception has occurred.
Signal @

Puc. 2.15 Po3paxyHok cunyca 37°
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2.7 AHami3 pe3ynbpTaTiB

B pe3ynbrati podoTu 0ysi0 oTpuMaHo 2 Bepcii mporiecopa:
1) 3 momystem float32 ta ¢ynkiiero sin(x);
2) 3 peaiizaii€ero POSit YrCaCHHS.

Jliis TectyBanusa GyHkii Sin(X) Oy10 B3SITO cepilo BHIAJIKOBHX apryMEHTIB Ta
MEePEeBIPEHO KOPEKTHICTh pe3ynbrariB. Ilicms kommissmii Oynaw OoTpuMaHi IiKaBi
pe3yibTaTH, pe3yJbTaT, 1110 OYIKyBaBCs MOBUHEH 3aiMaTy MEHIIE TUIONI Ha KpUCTai
Ta OyTH KOMITaKTHIIMM. )1 TecTyBaHHs POSit guciieHHs 0yJI0 BUKOPUCTAHO 2 THITA
16-06iTHUX POSIt YHCICHHS: JUIT MHOXKCHHS W JOJaBaHHS 3 €KCIIOHEHTOIO PIiBHOIO 2,
JUIS JIJIEHHS 3 €KCIIOHEeHTOI piBHOWO 1. VY Tabn. 2.3 HaBeJAeHO IOPIBHSIHHS
pe3yabTaTiB KOMITUIALIL. [HCTpyKITii POSit YnCICHHS MpaIlol0Th KOPPEKTHO, B POOOTI

HaBeJICH1 YaCTKOB1 BUIIAJIKK OOpaxyBaHb.

Tabmuus 2.3
[TopiBHsiHHA pe3ynbrariB KoMmmnusanii 3 UDI mogynssmu ta 6e3
[MapameTp\Moayns | be3z moaynis | Sin(x), Posit
Float32
3aranpHa KinbKicTh | 15320 24075 19368
JIOTTYHUX
€JIEMEHTIB
Kinekicts perictpiB | 7487 11847 7463
[lepemuoxyBaui 0 70 4

KinbkicTh pericTpiB 3HaUHO 3pociia y peanmizanli iHCTpyKii sin(x) Ta Floating
Point mopiBHSIHO 3 peali3alli€l0 4MCTOTO Ipouecopy 0e3 momyiniB. OgHAK BEIUKY
KUIBKICTh €JIEMEHTIB MOXHa 3yMOBUTH TuM, o y FPGA-maTpunbs 1nocuth
cnierugivyHe MPEACTABICHHS JIOTTYHUX €JIEMEHTIB, BAXKKO CIIPOTHO3YBATH 1110 MAaTUME
OuUTBIy TUIONIY B KIHIEBIM peami3zarii. Takoxx BapTo 3a3HAUWTH, MO B Il Bepcii

nonauuii FPU na float32
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Ha pucynky 2.16 naBeneno cxemy pospobaenoro moaynst UDI

g e S

F
i

i ) F)
i i
I K
i ;;
i &

3

i

=

Puc. 2.16 Cxema po3pooitenoro moayias UDI 3 posit apudmernkoro

[Tpupict mBuakomii y Bumaaky SiN(X) 3 uwmcimamu float32 Onmseko 3 pasis
BIJIHOCHO MPOTpaMHOi peanizarlii. JlomiapHICTh JaHO1 Bepcii mporiecopa CyMHIBHA.

Onpnak, Jpyra Bepcis Tpolecopa TMOKa3ala 3HAa4yHO Kpalli pe3yJabTaTH.
KibKiCTh JOTIYHUX €JIEMEHTIB 30UIbIIYETHCS HE KPUTUYHO BIIHOCHO T0JIOi Bepcii
npouecopa. KigbKiCTh pericTpiB Ta MEPEMHOXKYBaulB Maike HE 3MIHWIACh, HA
BiIMiHY Bia mepmioi Bepcii mporecopa. JlaHi iHCTpyKIi POSIt YuCIIeHHS MOKa3aiu
cebe BIIMIHHO 3 TOYKHU 30py HIBUIKOIl, Y OKPEMHUX BUIAJIKaX JOCATAIOYN MPUPOCTY
y 100 pasie (y Bumanky aiieHns) BigHocHo float32. Ilpu mMHOXEHHI Ta J0oaaBaHHI
npupict ckiaB 14 pasiB. Yci IHCTPYKIIii BUKOHAIUCH 32 | TakT, IO B IJIOMY MOXeE
py 301JIBIIIEHHI TAKTOBOT YaCTOTH MPOIIECOPa CHIIBHO 30UTBIIIUTUA TPUPICT BITHOCHO
float32, ockiabkuM KOHKpETHHH Yac BUKOHAHHS B MEKax | TakTy BHU3HAYUTH
HEMOXKJIUBO. AJIe € HeIONIK Y BUIJISAAI HEBUCOKOI TOYHOCTI, OJIM3bKO 3 3HAKIB IMiCIIA
KOMH B cepeiHboMYy. [IpoTe 3MiHIOI0UM po3Mip €KCIOHEHTH MOXKHA MiA10paT, SIKIIO0
3HATH MPHUOJIM3HI MEX1 4YucCell, B SKUX B1AOYBaeThbCcsl OOpaxyBaHHA B KOHKPETHIM
3amgaui. Ile 1 € omHiero 3 mepeBar POSIt YHCICHHS, a came IUIABAIOYHMHA PO3MIp
€KCIIOHEHTH, 10 Mpu 16 OGITHOMY YHMCIEHHI MOXE MPU3BECTH J0 BKpail BUCOKOTO
pPOCTY MIBHAKOI B TUX 33Ja4ax, sKi I[bOTO MOTPEOYIOTh, IPU BIITHOCHO JOMYCTHUMIM

MOXHOLI.



BUCHOBKU

Pesynbratn poOOTH MOXKHA BHKOPUCTaTH JUIi MOJEpHi3allii i1CHYIOUHX
IHCTPYKIIA Ta peamizamii HOBUX TNPOIECOPHUX IHCTPYKIIH, BHKOPUCTOBYIOUHU
po3pobsieni  Moaym. IlpomonoBani 16-0iTHi POSit dYucIa PEKOMEHAYETHCS
BUKOPUCTOBYBATH y 3ajlauyax, B SIKUX HE MOTpiOHA BHCOKAa TOYHICTb, Ta JaHI IS
apumeTnyHNX omeparliii € cami Mo co0i He TOYHHMH, a00 MPEACTABIAIOTH YHCIA
HEBEJIMKOro Jiama3oHy. MaKkcuMajabHO TOYHHUM Jlalla30H MOXHA pPEryJIIoBaTH
BEJIMUMHOIO €KCIIOHEHTH B posit unciax. Takoxk yMOBOIO € Te, 110 pe3ynbTaT 3ajadl
OyJae Kpamuid Bij iTepaniii BAKOHaHHS apudmeTrnuHux onepatiil. [Ipuknagom ganux
3aJlady € TeBHA 4acTuHa ornepaiii, ski Bukonye GPU a6o CPU npu 3amauax
MaIlIMHHOTO HaBYaHHS, Jie OUIbIlIa KUIbKICTh 1TE€paliii MOXKe MOKPAIUTUA Pe3yJIbTaTH.
Jlane pilieHHs HE MOXKHA BUKOPUCTATH MPHU TOYHUX MATEMAaTUYHUX PO3paxXyHKaXx,
IpOTE MOXHA BUKOPUCTATU SIKILIO PE3YJbTaTH MOXYTh MaTH MOXHOKY, 110 Oyne y
MEXKax TOXMOKH pe3ylbTaTiB OOYMCIIEHh BUKOPUCTOBYIOUM positlé uwmcma 3
ONTUMAJIbHOIO 33JaHOI0 KUIBKICTIO OIT eKcroHeHTU. [IpukiazoM Takux 3anay €
CUCTEMa MEpPEMIIEHHS 1 Opl€HTalli B MPOCTOPI APOHY, PO3PAXyHOK HEOOXITHOTO
KyTa HaxuiIy KOpIycCy.

HaykoBa HOBH3HA:

1. Bnepmie 3anponoHOBaHa I1HCTPYKIlS A1 oOpaxyBaHHs (PyHKIii sin(X) 3a
JornomMoror mnoiiHoma Teitnopa, sika Oyna BIpoBaaKeHa Y IPOLECOPHE sAPO
MIPSfpga, Ta npotectoBana y nakeri ModelSim ta mva FPGA mmari Altera
DE2-115.

2. JlocsSTHYTO TIABUINEHHS IIBUIKO/II BUKOHAHHS TMPOIECOPHOI IHCTPYKITI
¢dbynkuii sin(x) 3 BuKopucTaHHsAM Qopmary uyucen float32, nomano
apumeTnyHi onepaii posit apupmeruku y MIPS-cymicHuil npouecop st
MOKpAIICHHS TMOTOYHOI peanizamii 1HCTpyKIii oOpaxyBaHHs sin(x). I[lpu
peamizanii  1aHOi IHCTPYKIi, BUKOPUCTOBYIOUM POSIt apudmeTuky,
MIBUKICTh 30UTBITUTHCS MpUOIN3HO y 14 pasiB abo Oinbline, B 3aJ1€KHOCTI

B1JI TAKTOBOI YaCTOTH.



. Buxopucranmii nmominom Teinopa mist peamizamii IHCTPYKII oOpaxyBaHHS
dbynkmii sin(x), ska Oyia BIpoBajpkeHa y mporiecopre sapo MIPSfpga, ta
nporecroBana y naketi ModelSim ta na FPGA mati Altera DE2-115.

. Po3pobmeno mporiecopHi 1HCTpyKIii 0OpaxyBaHHSI oOIepallii J0JaBaHHS,
MHOKEHHSI Ta JiJICHHS BUKOPUCTOBYIOUH pOSit apuMETHKY.

. Pesynmpratn poGOTH MOXHA BHUKOPHCTATH JJIS TOJAJBINOI MOJCpHI3alii
THCTPYKLIN Ta peanizaiii HOBUX MPOIECOPHUX 1HCTPYKIIIH.

. B xoa1 po6oTu Oys0 BUSABIEHO, IO 00paxyBaHHS 1HCTPYKIIM 10JaBaHHS Ha
posit apudmeruii BUKOHYeThcsl y 14 pasziB mBumme HiK Ha float32. vV

BUIAJIKY Ai1eHHs npupict gocsras 100 pa3is.
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JTOJATKH

Honatox A

Jlami mpuBenmeni moxyni Ha wMoBi Verilog. Momyns mldk udi seleqz.v
SBIISIETHCSI MOJTyJIEM, IIO Tpoiiecop crpuiimae sk kepyrounid UDI inctpykuisimu. e
MO/TyJIb BAKOPHCTOBY€E BC1 HAITMCaH1 1HCTPYKIIi.

Monyns m14k udi seleqz.v

‘include "ml4k const.vh"
module ml4k udi seleqz(
UDI ir e,
UDI irvalid e,
UDI rs e,
UDI rt e,
UDI endianb e,
UDI kd mode e,
UDI kill m,
UDI start e,
UDI run m,
UDI greset,
UDI gclk,
UDI gscanenable,
UDI rd m,
UDI wrreg e,
UDI ri e,
UDI stall m,
UDI present,
UDI honor cee,
UDI toudi,

UDI fromudi);

/* Inputs */

input [31:0] UDI ir e; // full 32 bit Spec2 Instruction
input UDI irvalid e; // Instruction reg. valid signal.
input [31:0] UDI rs e; // edp_abus e data from register file
input [31:0] UDI rt_e; // edp _bbus e data from register file
input UDI endianb_e; // Endian - 0=little, 1=big
input UDI kd mode e; // Mode - O=user, l=kernel or debug
input UDI_kill m; // Kill signal
input UDI start e; // mpc_run ie signal to start the UDI.

input UDI run m; // mpc_run m signal to qualify kill m.



input

ou

input
input

input

UDI greset; // greset

UDI gclk; // Clock

UDI gscanenable;

/* Outputs */

//
//
//
//

output [31:0] UDI rd m;

output [4:0] UDI wrreg e;

output UDI ri e;

output UDI stall m;
output UDI present;
output UDI honor cee;

// external UDI signals

signal to reset state machine.

Result of the UDI in M stage
Register File
Illegal Spec2 Instn.
Stall the pipeline. E stage signal
// Indicate whether UDI is implemented
// Indicate whether UDI has local state

['M14K_UDI_EXT TOUDI WIDTH-1:0] UDI toudi; // External input to UDI module

tput [ 'M14K UDI EXT FROMUDI WIDTH-1:0] UDI fromudi; // Output from UDI module to

external system

// BEGIN Wire declarations made by MVP

wire

[*M14K UDI EXT FROMUDI WIDTH-1:0]

// END Wire declarations made by MVP

wire
wire
wire
wire
wire
wire
wire
wire
wire
wire
wire
wire
wire
wire
wire
wire
wire

wire

[31:0]
[31:0]
[31:0]
[31:0]

udi res e;
udi res m fp pos;
udi res m pos fp;
udi res m posadd;
udi res m posmult;
udi res m posdiv;
udi res m sin;
ctl udi res;
UDI_rt_e_m;
UDI rs e m;
udi_ fp pos e;
udi pos fp e;
udi posadd e;
udi posmult e;
udi posdiv_e;
udi sin e;
udi_sin m;

UDI stall m inv_sin;

/*[0:01*/ UDI fromudi;

assign UDI_fromudi[\Ml4K_UDI_EXT_FROMUDI_WIDTH—l:O] =

{"M14K UDI_EXT FROMUDI WIDTH{1'bO0}};

// This module is a dummy module which reflects that no user defined SPEC2

// instructions have been implemented. So it just sets ri e to 1

// to signal that any spec2 instn is illegal.



// Inactive value for outputs and no connect for inputs

mvp cregister wide #(32) _SrcB Reg (UDI_rt e m[31:0], UDI_gscanenable, UDI start e,
UDI gclk, UDI rt e[31:0]);

mvp cregister wide #(32) SrcA Reg (UDI rs e m[31:0], UDI gscanenable, UDI start e,
UDI gclk, UDI rs e[31:0]);//new

assign udi sin e = UDI irvalid e && UDI ir e[31:26]==6'034 && UDI ir e[5:0]==6'021;
mvp cregister #(1) sin reg(udi sin m, UDI start e, UDI gclk, udi sin e);
assign udi _posadd e = UDI irvalid e && UDI ir e[31:26]==6'034 && UDI _ir e[5:0]==6'022; //
Set to 1 when valid UDI2 instruction is at the IR.
mvp cregister #(1) posadd reg(udi posadd m, UDI start e, UDI gclk, udi posadd e);
// Register udi mul
assign udi posmult e = UDI irvalid e && UDI ir e[31:26]==6'034 && UDI ir e[5:0]==6'026;
// Set to 1 when valid UDI6 instruction is at the IR.

mvp cregister # (1) posmult reg(udi posmult m, UDI start e, UDI gclk, udi posmult e);

assign udi posdiv_e = UDI irvalid e && UDI ir e[31:26]==6'034 && UDI ir e[5:0]==6'023; //
Set to 1 when valid UDI6 instruction is at the IR.

mvp cregister #(1) posdiv reg(udi posdiv m, UDI start e, UDI gclk, udi posdiv_e);

//assign UDI ri e = 1'bl; // Illegal Spec2 Instn.
assign UDI ri e = (udi posadd e || udi posmult e || udi sin e || udi posdiv e) 2 1'b0

1'bl; // Set to 1 unless a valid UDIO, UDI1 or UDI2 instruction is at the IR.

//assign UDI rd m = 32'b0; // Result = 0

mvp_cregister wide #(32) posit result (UDI rd m[31:0], UDI gscanenable, ~UDI ri e,

UDI gclk, udi res e[31:0]); // Register the result calculated at the E-Stage to the
M-Stage.
//assign UDI wrreg e = 5'b0; // No writing into register.

assign UDI wrreg e = UDI ir e[15:11]; // Destination register for the new UDI

instruction.

// assign UDI_stall m = udi sin m ? (udi_sin m && ~ UDI_stall m inv_sin) : (udi_posadd m
|| udi posmult m);

assign UDI stall m = udi sin m && ~(UDI _stall m inv sin);

assign UDI present = 1'bl;

assign UDI _honor cee = 1'bO;

// NEW FUNCTIONALITY:

posit adder pos_adder (
.in1 (UDI_rs e[15:0]),
.in2 (UDI_rt e[15:0]),
.start(1'bl),

.out (udi_res m posadd[15:0]),



.inf (), .zero(), .done());

posit mult pos multiplier (
.inl(UDI rs e[15:0]),
.in2(UDI rt e[15:0]),
.start(1'bl),
.out (udi_res m posmult[15:0]),

.inf (), .zero(), .done());

posit div pos_divider (
.inl(UDI rs e[15:0]),
.in2(UDI rt e[15:0]),
.start(1'bl),
.out (udi_res m posdiv[15:0]),

.inf (), .zero(), .done());

sin Sinus(
.in(UDI_rs e m[15:0]),
.in_a stb(udi sin e),
.clk (UDI gclk),
.rst (UDI greset),
.output z(udi res m sin),
.output z stb(UDI stall m inv sin)
)i

assign ctl udi res[1:0] = udi res m sin ? 2'bll : udi posmult e ? 2'b0l : udi posadd e ?

2'pl0 : 2'b00;

mvp mux4 #(32) res udi 31 0 (udi res e[31:0], ctl udi res[1:0], udi res m posdiv,

udi res m posmult, udi res m posadd, udi res m sin);

assign udi res m posadd[31:16] = 4'h0;
assign udi_ res m posmult[31:16] = 4'h0;
assign udi res m posdiv[31:16] = 4'hO0;

//verilint 240 on // Unused input
endmodule // mldk udi stub



Honatok b
Bukopucrane o0nagHaHHS

FPGA mnara Altera DE2-115

[Tnata Altera DE2-115 mae Oe3miu (yHKIIIH, SKI JTO3BOJISIOTH KOPHUCTyBauyam
peanizyBaTi MIMPOKUN CIEKTP PO3POOJICHHX CXEM, BiJ MPOCTUX CXEM 0 Pi3HUX
MYJIBTUMEAIMHUX TPOEKTIB.[3]

Ha mtati DE2-115 nagano take oOnagHaHHs:

* FPGA Altera Cyclone® IV 4CE115 FPGA

 Ilpuctpiit nocnigoBHoi KoHPiryparlii Altera - EPCS64

« USB Blaster (na muarti) juisi mporpaMmyBaHHs; MIATPUMYIOTBCS 1 PEXKUMU
nporpamyBanHs JTAG 1 Active Serial (AS)

« 2Mb SRAM

« JIBa 64MB SDRAM

* 8MB ¢uem-nam'sate

* Kapa-pinep

* 4 HaTHUCHI KHOIIKHU

* 18 KHOMOK-TIepeMHUKayiB

* 18 4epBOHMX CBITJIO/10/IIB

* 9 3eieHUX CBITJIOAIOIB

* redeparop 50 MI' i 1xepen TAKTOBUX YacTOT

» 24-bit CD-quality audio CODEC 3 niHiiiHUMH BXOJOM Ta BHXOJOM Ta BXiJ
MikpodoHa

* VGA DAC (8-6ithuit mBuakicauii notpiitanii [IAIT) 3 po3'emom VGA

» TteneBiziitnuit nexkomgep (NTSC / PAL / SECAM) Tta pos'em st BXomy
TeeBi30pa

» 2 rira6bitHi Ethernet PHY 3 pos'emamu RJ45

« USB Host/Slave xontpounep 3 po3'emamu USB Tuny A i tuny B

* Tpancusep RS-232 ta 9-koHTaKTHHII pO3'eM



* Po3s'em mns mumi / knasiatypu PS /2

* [Y-npuiimau

e 2 pos'eMu SMA 117151 30BHIIIHBOTO Ta BX1JHOTO CUTHATY TAKTOBOI'O CUTHAITY
* Opun 40-konTaktHH Expansion Header i3 3axucaumu giomgamMu

* Opun pos'em High Speed Mezzanine Card (HSMC)

 LCD-monynp 16x2

Ha nomatok mo nux amapatHux ¢yHKmid mmatra DE2-115 mae nmporpamuy
OIATPUMKY CTaHAApTHUX 1HTEpQeiciB BBOAY-BUBOAY Ta 3aco0M YIpaBIIiHHSA
MaHEJUTI0 JIJI1 IOCTYIy JO Pi13HUX KOMIOHEHTIB. Takox mporpamHe 3a0e3neyeHHs
nepeadadeHo Il IMIATPUMKH POy JEMOHCTpAIliil, IO LIIOCTPYIOTh IepeIoBi
MokBocCTI iatu DE2-115.

Hns BukopuctanHs miatu DE2-115 kopucTyBad NMOBHHEH O3HAaHOMUTHUCH 3
nporpaMHuM 3abesneueHHsM Quartus [I(Quartus Prime). Ha pucynky 1 300pakena

fpga mara.
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Ao UISE Blosier
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igatt £ ineenot PHY

LS Hest Slave

Cormolien
Al PS4 - s . Exponsion Meodr (J18)
ConNguIson Devios - S e (Wil Protection Dodes)
H
- N (
+ K P LR LR HSMC Connector
-
Al B0 um Cychone IV T
FRGA win 119 LS
LCD 162 Modude

e 1 — & HOMIZ Oncitntos

.

Cycrore 11
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. [%esic) | | . =T
! S as b —— SMA Ext Clock Our
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1 Red LEDs 18 Sicde Swiches (228 3] 28 4 P=hoution  BMB 8 Groen
SORAM 2 S FLASH LEDs

Puc. Burmsag miatu de2-115



Hanaromxysau Bus Blaster v3c

Bus Blaster v3¢[8] - 1e ekcnepuMeHTaJbHHM, MBUAKICHUN BIJIJIaroKyBad
JTAG Bix Dangerous Prototypes. 3aBasku Oydepy s nmepenporpaMmyBaHHs, IPOCTE
oHosiieHHs yepe3 USB po6uts Bus Blaster cymicHuMm 3 6aratbMa pi3sHUMHU TUIIAMU
BiaromkyBada JTAG B HallmomyJsipHIIIOMY MporpaMHOMY 3a0e3MeueHHl 3

BIJIKDUTUM KOJIOM.

* B ocnosi FT2232H 3i mBuakicaum USB 2.0

* bydepusoBanmuii inTepdeiic nparroe 3 npuctposimu Bifg 3,3 10 1,8 BoJbT

* bBydep nepenporpamyBaHHs CyMICHHUM 3 I€KIJIbKOMa TUIIAMH HajlaroaxyBayda

« CywmicHa 3 I13 OpenOCD, urJTAG

* [loBuHHA MiATPUMYBATH TIOCIHIJIOBHE HAJNAroJKEHHs 3 IMPOBOJAMH, SIKILO
BOHHU €

« IImata  Mini-CPLD(IIporpamMoBana  JjioriyHa  iHTerpajibHa  CXeMa):

CaMOIIpOorpaMoBaHa, 3 101aTKOBUMHA IMHAMH.

Ha pucynky 1.5 300paxena miara Bus Blaster v3c.

Puc. 1.5 ITimara Bus Blaster v3c



Jlonatox B
Buxopucrane nmporpamue 3a0e3meueHHS

Intel Quartus Prime

Intel Quartus Prime[6] - ue cepenoBuiie kommanii Intel myst mporpamMmyBaHHs Ta
pospooku ming TIJIIC. Ho mnpunbanHs kommaniero Intel kommanii Altera
iHCTpyMeHTOM HaszmBaBcs Altera Quartus II. Quartus Prime mo3Bomsie anamizyBaTu 1
cuntesyBatd HDL xoHCTpyKIii, 0 JT03BOJISIE pO3POOHUKY CKJIaJaTH CBOi MPOEKTH,
BUKOHYBAaTH 9acoBHi aHami3, TectyBati RTL miarpamu, imMiTye peakiiito qu3aiiHy Ha
pi3HI MOJpa3HUKH, 1 HAJAIITyBaTH LUIbOBUM MPUCTpiil Ha mporpamicta. Quartus
BKIIOUae B cebe peanizanito VHDL Ta Verilog nns onucy anmapatHoro 3a0e3nedeHHs,

Bi3yaJIBHOFO peaaryBaHnHs JIOTIYHUX CXEM Ta MOJICIIIOBAHHA BCKTOPHHUX CHUTHAJIIB.

ModelSim

ModelSim — GararoMoBHE CEpElOBHIINE OINHCY Ta MOJCITIOBAHHS
CJIEKTPOHHOTO oONagHaHHs 3a jomoMoror Mentor Graphics, VHDL, Verilog 1
SystemC.

3abe3neuye po3poOKy OMKCIB aNTOPUTMIB poOOTH ITUGPOBUX MPUCTPOIB, MOKE
OyTu migKitoueHe 10 cucreM npoektyBaHHs Ha [TJIIC.

B nmaniii poOOTI BUKOPHUCTOBYETHCS [JIsi MOJENIOBAHHS POOOTH MpoLecopa

MIPSfpga ta nepeBipku po3po0IeHUX IHCTPYKITIH.



OpenOCD

OpenOCD - mne Oe3KOIITOBHE MporpamMHe 3a0€3MEeUeHHs HalaroKEeHHS
MIKPOCXEM, BHYTPIITHLOCUCTEMHE NPOTPAMYBAaHHS Ta IHCTPYMEHT TECTYBaHHS THUITY
nepudepiitHoro ckanyBanHs i pisHux cucteM ARM, MIPS ta RISC-V.

Open On-Chip Debugger (OpenOCD) Mae Ha MeTi 3a0€3MeYUTH HaTaroIKeHHsI,
BHYTPIIIHHOCUCTEMHE TIPOTPAMYBaHHS Ta TECTYBAaHHS TPAHUYHOTO CKAHYBAaHHS IS
BOYIOBaHUX IIJILOBUX IIPUCTPOIB.

[le poOuThCS 3a DOMOMOTOI ajanTepa HATArOKCHHS, SKHU IPEACTABIISIE
co00I0 HEBEIUKUI amapaTHUW MOAYJb, SIKMH JloroMarae 3a0e3meyuTd MpaBUIIbHUM
BHJI €JICKTPUYHOI CUTHATI3AIII] 10 HAJIaroKeHoi 1. BoHu moTpiOHi, OCKUIBKH XOCT
HajarokeHHs (Ha sikomy mnpaimtoe OpenOCD) 3a3Buuaili He Mae BOyAOBaHOT
MIITPUMKH JJIs Takoi curHajizaiii abo 3'eqHyBadya, HEOOX1THOTO IS ITiAKITFOUYSHHS

JI0 I1IJIOBOTO MIPUCTPOIO.

MIPS SDK

Codescape MIPS SDK - me BUCOKO iHTerpoBaHHii HaOip IHCTPYMEHTIB st
HAJIaroJKEHHs Ta po3pOOKM IporpaM Ha KOMIT IOTEPHUX CUCTEMaXx JI€é BUKOHYEThCS
BUKOHAHHS IHCTPYKIIA HampsMmy Oe3 BTpydyaHHs ormepariinoi cucremu Ta GNU
Linux Ha tpeHaxepax MIPS Ta mnat po3pobku. CtBopenuii 6e3nocepennbo MIPS,
SDK minrpumye HOBITHI apXiTeKTypH1 po3poOku B sapax MIPS no MIPSR6 ISA 3

po3mmpeHHamMu MSA.
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1 Documentation Roadmap

1.1 Document Management and Configuration Control
Information

CONTENTS OF THIS SECTION: This section identifies the version, release date, and other relevant management and
configuration control information associated with the current version of the document. Optional items for this section
include: change history and an overview of significant changes from version to version.

e Revision Number: <<1>>
e Revision Release Date: << 22.04.2022>>
e Purpose of Revision: << Outline viewpoints/ views of stakeholders>>

e Scope of Revision: <<Viewpoints Definitions, Views>>

1.2 Purpose and Scope of the SAD

CONTENTS OF THIS SECTION: This section explains the SAD’s overall purpose and scope, the criteria for deciding
which design decisions are architectural (and therefore documented in the SAD), and which design decisions are non-
architectural (and therefore documented elsewhere).

This SAD specifies the software architecture for expanding the capabilities of low-level algorithmic
languages for embedded systems. All information regarding the software architecture may be found in
this document, although much information is incorporated by reference to other documents.

What is software architecture? The software architecture for a system? is the structure or structures of
that system, which comprise software elements, the externally-visible properties of those elements, and
the relationships among them [Bass 2003]. "Externally visible” properties refers to those assumptions
other elements can make of an element, such as its provided services, performance characteristics, fault
handling, shared resource usage, and so on. This definition provides the basic litmus test for what
information is included in this SAD, and what information is relegated to downstream documentation.

Elements and relationships. The software architecture first and foremost embodies information about
how the elements relate to each other. This means that architecture specifically omits certain information
about elements that does not pertain to their interaction. Thus, a software architecture is an abstraction of
a system that suppresses details of elements that do not affect how they use, are used by, relate to, or
interact with other elements. Elements interact with each other by means of interfaces that partition
details about an element into public and private parts. Software architecture is concerned with the public
side of this division, and that will be documented in this SAD accordingly. On the other hand, private
details of elements—details having to do solely with internal implementation—are not architectural and
will not be documented in a SAD.

Multiple structures. The definition of software architecture makes it clear that systems can and do
comprise more than one structure and that no one structure holds the irrefutable claim to being the
architecture. The neurologist, the orthopedist, the hematologist, and the dermatologist all take a different
perspective on the structure of a human body. Ophthalmologists, cardiologists, and podiatrists concentrate
on subsystems. And the kinesiologist and psychiatrist are concerned with different aspects of the entire
arrangement’s behavior. Although these perspectives are pictured differently and have very different
properties, all are inherently related; together they describe the architecture of the human body. So it is

! Here, a system may refer to a system of systems.
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with software. Modern systems are more than complex enough to make it difficult to grasp them all at
once. Instead, we restrict our attention at any one moment to one (or a small number) of the software
system’s structures. To communicate meaningfully about an architecture, we must make clear which
structure or structures we are discussing at the moment—which view we are taking of the architecture.
Thus, this SAD follows the principle that documenting a software architecture is a matter of documenting
the relevant views and then documenting information that applies to more than one view.

For example, all non-trivial software systems are partitioned into implementation units; these units are
given specific responsibilities, and are the basis of work assignments for programming teams. This kind
of element will comprise programs and data that software in other implementation units can call or
access, and programs and data that are private. In large projects, the elements will almost certainly be
subdivided for assignment to sub-teams. This is one kind of structure often used to describe a system. It is
a very static structure, in that it focuses on the way the system’s functionality is divided up and assigned
to implementation teams.

Other structures are much more focused on the way the elements interact with each other at runtime to
carry out the system’s function. Suppose the system is to be built as a set of parallel processes. The set of
processes that will exist at runtime, the programs in the various implementation units described
previously that are strung together sequentially to form each process, and the synchronization relations
among the processes form another kind of structure often used to describe a system.

None of these structures alone is the architecture, although they all convey architectural information. The
architecture consists of these structures as well as many others. This example shows that since
architecture can comprise more than one kind of structure, there is more than one kind of element (e.g.,
implementation unit and processes), more than one kind of interaction among elements (e.g., subdivision
and synchronization), and even more than one context (e.g., development time versus runtime). By
intention, the definition does not specify what the architectural elements and relationships are. Is a
software element an object? A process? A library? A database? A commercial product? It can be any of
these things and more.

These structures will be represented in the views of the software architecture that are provided in Section
3.

Behavior. Although software architecture tends to focus on structural information, behavior of each
element is part of the software architecture insofar as that behavior can be observed or discerned from the
point of view of another element. This behavior is what allows elements to interact with each other, which
is clearly part of the software architecture and will be documented in the SAD as such. Behavior is
documented in the element catalog of each view.

1.3 How the SAD Is Organized

CONTENTS OF THIS SECTION: This section provides a narrative description of the major sections of the SAD and the
overall contents of each. Readers seeking specific information can use this section to help them locate it more quickly.

This SAD is organized into the following sections:

e Section 1 (“Documentation Roadmap”) provides information about this document and its
intended audience. It provides the roadmap and document overview. Every reader who wishes to
find information relevant to the software architecture described in this document should begin by
reading Section 1, which describes how the document is organized, which stakeholder viewpoints are
represented, how stakeholders are expected to use it, and where information may be found. Section 1
also provides information about the views that are used by this SAD to communicate the software
architecture.
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e Section 2 (“Architecture Background”) explains why the architecture is what it is. It provides a
system overview, establishing the context and goals for the development. It describes the background
and rationale for the software architecture. It explains the constraints and influences that led to the
current architecture, and it describes the major architectural approaches that have been utilized in the
architecture. It includes information about evaluation or validation performed on the architecture to
provide assurance it meets its goals.

e Section 3 (“Views”) and Section 4 (“Relations Among Views”) specify the software architecture.
Views specify elements of software and the relationships between them. A view corresponds to a
viewpoint (see Section 1.5), and is a representation of one or more structures present in the software
(see Section 1.2).

e Sections 5 (“Referenced Materials”) and 6 (“Directory”) provide reference information for the
reader. Section 5 provides look-up information for documents that are cited elsewhere in this SAD.
Section 6 is a directory, which is an index of architectural elements and relations telling where each
one is defined and used in this SAD. The section also includes a glossary and acronym list.

1.4 Stakeholder Representation

This section provides a list of the stakeholder roles considered in the development of the architecture
described by this SAD. For each, the section lists the concerns that the stakeholder has that can be
addressed by the information in this SAD.

Each stakeholder of a software system—customer, user, project manager, coder, analyst, tester, and so
on—is concerned with different characteristics of the system that are affected by its software architecture.
For example, the user is concerned that the system is reliable and available when needed; the customer is
concerned that the architecture can be implemented on schedule and to budget; the manager is worried (in
addition to cost and schedule) that the architecture will allow teams to work largely independently,
interacting in disciplined and controlled ways. The developer is worried about strategies to achieve all of
those goals. The security analyst is concerned that the system will meet its information assurance
requirements, and the performance analyst is similarly concerned with it satisfying real-time deadlines.

This information is represented as a matrix, where the rows list stakeholder roles, the columns list
concerns, and a cell in the matrix contains an indication of how serious the concern is to a stakeholder in
that role. This information is used to motivate the choice of viewpoints chosen in Section 1.5.

1.5 Viewpoint Definitions

CONTENTS OF THIS SECTION: This section provides a short textual definition of a viewpoint and how the concept is
used in this SAD. The section describes viewpoints that may be used in the SAD. The specific viewpoints will be tailored
by the organization.

The SAD employs a stakeholder-focused, multiple view approach to architecture documentation, as
required by ANSI/IEEE 1471-2000, the recommended best practice for documenting the architecture of
software-intensive systems [IEEE 1471].

As described in Section 1.2, a software architecture comprises more than one software structure, each of
which provides an engineering handle on different system qualities. A view is the specification of one or
more of these structures, and documenting a software architecture, then, is a matter of documenting the
relevant views and then documenting information that applies to more than one view [Clements 2002].

ANSI/IEEE 1471-2000 provides guidance for choosing the best set of views to document, by bringing
stakeholder interests to bear. It prescribes defining a set of viewpoints to satisfy the stakeholder

last saved: Friday, April 22, 2022 5



Taras Shevchenko National University of Kyiv

community. A viewpoint identifies the set of concerns to be addressed, and identifies the modeling
techniques, evaluation techniques, consistency checking techniques, etc., used by any conforming view.
A view, then, is a viewpoint applied to a system. It is a representation of a set of software elements, their
properties, and the relationships among them that conform to a defining viewpoint. Together, the chosen
set of views show the entire architecture and all of its relevant properties. A SAD contains the
viewpoints, relevant views, and information that applies to more than one view to give a holistic
description of the system.

The remainder of Section 1.5 defines the viewpoints used in this SAD. The following table summarizes
the stakeholders in this project and the viewpoints that have been included to address their concerns.

Table 1:  Stakeholders and Relevant Viewpoints

Stakeholder Viewpoint(s) that apply to that class of
stakeholder’s concerns

Software developer Logical Viewpoint

Hardware engineer Physical Viewpoint, Logical Viewpoint

1.5.1 Logical Viewpoint Definition

1.5.1.1 Abstract
Defines views, applicable to the developer.

1.5.1.2 Stakeholders and Their Concerns Addressed

Software developer - performance, functionality.
Hardware developer - security, performance, data consistency, extendability.

1.5.1.3 Elements, Relations, Properties, and Constraints
Use-cases, Models, instructions

1.5.1.4 Language(s) to Model/Represent Conforming Views
UML, Visual elements

1.5.1.5 Applicable Evaluation/Analysis Techniques and Consistency/Completeness
Criteria

1.5.1.6 Viewpoint Source
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1.5.2 Physical Viewpoint Definition

1.5.2.1 Abstract
Defines physical implementation, applicable to the hardware engineer.

1.5.2.2 Stakeholders and Their Concerns Addressed
Hardware engineer - security, performance, deployment

1.5.2.3 Elements, Relations, Properties, and Constraints

Project consists of 3 primary components:
e MIPS processor developed on Hardware Description Languages
e Developed user-defined instructions on Verilog
e FPGA board

1.5.2.4 Language(s) to Model/Represent Conforming Views
Project built using VHDL, Verilog, System Verilog and C++.

1.5.2.5 Applicable Evaluation/Analysis Techniques and Consistency/Completeness
Criteria

1.5.2.6 Viewpoint Source

1.6 How a View is Documented

Section 3 of this SAD contains one view for each viewpoint listed in Section 1.5. Each view is
documented as a set of view packets. A view packet is the smallest bundle of architectural documentation
that might be given to an individual stakeholder.

Each view is documented as follows, where the letter i stands for the number of the view: 1, 2, etc.:

e Section 3.i: Name of view.

e Section 3.i.1: View description. This section describes the purpose and contents of the view. It
should refer to (and match) the viewpoint description in Section 1.5 to which this view conforms.

e Section 3.i.2: View packet overview. This section shows the set of view packets in this view, and
provides rationale that explains why the chosen set is complete and non-duplicative. The set of view
packets may be listed textually, or shown graphically in terms of how they partition the entire
architecture being shown in the view.

e Section 3.i.3: Architecture background. Whereas the architecture background of Section 2 pertains
to those constraints and decisions whose scope is the entire architecture, this section provides any
architecture background (including significant driving requirements, design approaches, patterns,
analysis results, and requirements coverage) that applies to this view.

e Section 3.i.4: Variability mechanisms. This section describes any architectural variability
mechanisms (e.g., adaptation data, compile-time parameters, variable replication, and so forth)
described by this view, including a description of how and when those mechanisms may be exercised
and any constraints on their use.
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e Section 3.i.5: View packets. This section presents all of the view packets given for this view. Each
view packet is described using the following outline, where the letter j stands for the number of the
view packet being described: 1, 2, etc.

— Section 3.i.5.j: View packet #j.

— Section 3.i.5.j.1: Primary presentation. This section presents the elements and the relations among
them that populate this view packet, using an appropriate language, languages, notation, or tool-based
representation.

— Section 3.i.5.j.2: Element catalog. Whereas the primary presentation shows the important elements
and relations of the view packet, this section provides additional information needed to complete the
architectural picture. It consists of the following subsections:

— Section 3.i.5.j.2.1: Elements. This section describes each element shown in the primary
presentation, details its responsibilities of each element, and specifies values of the elements’
relevant properties, which are defined in the viewpoint to which this view conforms.

— Section 3.i.5.j.2.2: Relations. This section describes any additional relations among elements
shown in the primary presentation, or specializations or restrictions on the relations shown in
the primary presentation.

1.7 Relationship to Other SADs

CONTENTS OF THIS SECTION: This section describes the relationship between this SAD and other architecture
documents, both system and software. For example, a large project may choose to have one SAD that defines the
system-of-systems architecture, and other SADs to define the architecture of systems or subsystems. An embedded
system may well have a system architecture document, in which case this section would explain how the information in
here traces to information there.

If none, say “Not applicable.”

Not applicable.

1.8 Process for Updating this SAD

CONTENTS OF THIS SECTION: This section describes the process a reader should follow to report discrepancies,
errors, inconsistencies, or omissions from this SAD. The section also includes necessary contact information for
submitting the report. If a form is required, either a copy of the blank form that may be photocopied is included, or a
reference to an online version is provided. This section also describes how error reports are handled, and how and when
a submitter will be notified of the issue’s disposition.

Not applicable.
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2 Architecture Background

2.1 Problem Background

CONTENTS OF THIS SECTION: The sub-parts of Section 2.1 explain the constraints that provided the significant
influence over the architecture.

The general purpose of the project is to increase the execution speed of CPU instructions suck as the sin
(x) function using the float32 number format, add arithmetic posit operations to the MIPS-compatible
processor to improve the current implementation of the sin (x) calculation instruction. Further
implementation of instructions can be used to make significant improvements on performance compared
to conventional solutions.

2.1.1 System Overview

CONTENTS OF THIS SECTION: This section describes the general function and purpose for the system or subsystem
whose architecture is described in this SAD.

System provides new instructions for processor and can be used on C++ MIPS compiler. General purpose
of this project is to create a new instructions and improve performance in embedded systems in specific
scenarios.

2.1.2 Goals and Context

CONTENTS OF THIS SECTION: This section describes the goals and major contextual factors for the software
architecture. The section includes a description of the role software architecture plays in the life cycle, the relationship to
system engineering results and artifacts, and any other relevant factors.

The goal is to implement user instructions in processor and make this instructions usable from ++
environment.

2.1.3 Significant Driving Requirements

CONTENTS OF THIS SECTION: This section describes behavioral and quality attribute requirements (original or derived)
that shaped the software architecture. Included are any scenarios that express driving behavioral and quality attribute
goals, such as those crafted during a Quality Attribute Workshop (QAW) [Barbacci 2003] or software architecture
evaluation using the Architecture Tradeoff Analysis Method?’SM (ATAMSM) [Bass 2003].

1. Analysis of the CorExtend block in the MIPSfpga kernel

2. FPGA analysis of the Altera DE2-115 board

3. Research of float32 format

4. Investigation of methods for calculating the function sin (x)

5. Research of posit-arithmetic
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2.2 Solution Background

CONTENTS OF THIS SECTION: The sub-parts of Section 2.2 provide a description of why the architecture is the way
that it is, and a convincing argument that the architecture is the right one to satisfy the behavioral and quality attribute
goals levied upon it.

2.2.1 Architectural Approaches

CONTENTS OF THIS SECTION: This section provides a rationale for the major design decisions embodied by the
software architecture. It describes any design approaches applied to the software architecture, including the use of
architectural styles or design patterns, when the scope of those approaches transcends any single architectural view. The
section also provides a rationale for the selection of those approaches. It also describes any significant alternatives that
were seriously considered and why they were ultimately rejected. The section describes any relevant COTS issues,
including any associated trade studies.

Hardware on-board development and simulator was used as a prime approach for developing the
architecture of the system under design.

2.2.2 Analysis Results

CONTENTS OF THIS SECTION: This section describes the results of any quantitative or qualitative analyses that have
been performed that provide evidence that the software architecture is fit for purpose. If an Architecture Tradeoff Analysis
Method evaluation has been performed, it is included in the analysis sections of its final report. This section refers to the
results of any other relevant trade studies, quantitative modeling, or other analysis results.

Instructions for calculating sin (x), addition and multiplication operations using posit arithmetic are
obtained. The results can be used to further improve instructions and implement new processor
instructions.

2.2.3 Requirements Coverage

CONTENTS OF THIS SECTION: This section describes the requirements (original or derived) addressed by the software
architecture, with a short statement about where in the architecture each requirement is addressed.

In order for the solution to function it needs:

e ahardware programmable hardware, e.g. FPGA, processors with built-in FPGA
e reasonable processing power and enough quantity of logic elements
e C++ compiler installed

2.2.4 Summary of Background Changes Reflected in Current Version
CONTENTS OF THIS SECTION: For versions of the SAD after the original release, this section summarizes the actions,

decisions, decision drivers, analysis and trade study results that became decision drivers, requirements changes that
became decision drivers, and how these decisions have caused the architecture to evolve or change.

2.3 Product Line Reuse Considerations
Not Applicable.
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3 Views

CONTENTS OF THIS SECTION: The sub-parts of Section 3 specify the views corresponding to the viewpoints listed in
Section 1.5.

This section contains the views of the software architecture. A view is a representation of a whole system
from the perspective of a related set of concerns [IEEE 1471]. Concretely, a view shows a particular type
of software architectural elements that occur in a system, their properties, and the relations among them.
A view conforms to a defining viewpoint.

Architectural views can be divided into three groups, depending on the broad nature of the elements they
show. These are:

e Module views. Here, the elements are modules, which are units of implementation. Modules
represent a code-based way of considering the system. Modules are assigned areas of functional
responsibility, and are assigned to teams for implementation. There is less emphasis on how the
resulting software manifests itself at runtime. Module structures allow us to answer questions
such as: What is the primary functional responsibility assigned to each module? What other
software elements is a module allowed to use? What other software does it actually use? What
modules are related to other modules by generalization or specialization (i.e., inheritance)
relationships?

e Component-and-connector views. Here, the elements are runtime components (which are
principal units of computation) and connectors (which are the communication vehicles among
components). Component and connector structures help answer questions such as: What are the
major executing components and how do they interact? What are the major shared data stores?
Which parts of the system are replicated? How does data progress through the system? What
parts of the system can run in parallel? How can the system’s structure change as it executes?

e Allocation views. These views show the relationship between the software elements and elements
in one or more external environments in which the software is created and executed. Allocation
structures answer questions such as: What processor does each software element execute on? In
what files is each element stored during development, testing, and system building? What is the
assignment of the software element to development teams?

These three kinds of structures correspond to the three broad kinds of decisions that architectural design
involves:

e How is the system to be structured as a set of code units (modules)

e How is the system to be structured as a set of elements that have run-time behavior (components)
and interactions (connectors) ?

e How is the system to relate to non-software structures in its environment (such as CPUs, file
systems, networks, development teams, etc.)?

Often, a view shows information from more than one of these categories. However, unless chosen
carefully, the information in such a hybrid view can be confusing and not well understood.

The views presented in this SAD are the following:
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Name of view | Viewtype Types of Is this a module Is this a Is this an

that defines | elements and view? component- | allocatio
this view relations and- n view?
shown connector
view?

Use-case Logical Text | Text No No No
Viewporint

Architecture Physical Visual | Visual | Yes No No

Layers Viewpoint

3.1 Use-case View

CONTENTS OF THIS SECTION: For each view documented in this SAD, the sub-parts of Section 3.1 specify it using the
outline given in Section 1.6. This part of the template assumes you are using view packets to divide up a view into
management chunks. If not, then see the note in Section 1.6 as to what outline to use for each view.

3.1.1 View Description
Describes scenarios of use of functionality of the system, conforming to Logical Viewpoint.

3.1.2 View Packet Overview
This solution is using in embedded systems. Should be used after hardware preparation by calling
developed instruction from compiler in run-time.

3.1.3 Architecture Background
View is developed with the driving requirements in mind.

3.1.4 Variability Mechanisms

Main variability mechanisms are graphically represented and outlined as configuration flow.

3.1.5 View Packets

CONTENTS OF THIS SECTION: For each view packet in the view, this section describes it using the outline given in
Section 1.6.
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3.2 Architecture Layers View

CONTENTS OF THIS SECTION: For each view documented in this SAD, the sub-parts of Section 3.1 specify it using the
outline given in Section 1.6. This part of the template assumes you are using view packets to divide up a view into
management chunks. If not, then see the note in Section 1.6 as to what outline to use for each view.

3.2.1 View Description
Describes the layers of composition, of which the architecture is composed.

3.2.2 View Packet Overview
This view has been divided into the following view packets for convenience of presentation:

View Packet 1

3.2.3 Architecture Background

View is developed with the driving requirements in mind. It complies with the concerns
separation principle.

3.2.4 Variability Mechanisms
Not applicable.

3.2.5 View Packets

CONTENTS OF THIS SECTION: For each view packet in the view, this section describes it using the outline given in
Section 1.6.

3.2.5.1 View packet 1

3.2.5.1.1 Primary Presentation

Visual presentation of architecture layers and relations between them.

3.2.5.1.2 Element Catalog
Figure 1, Figure 2

3.2.5.1.2.1 Elements
Architecture layer

3.2.5.1.2.2 Relations
Utilize flow

last saved: Friday, April 22, 2022 13



Taras Shevchenko National University of Kyiv

4 Relations Among Views

Each of the views specified in Section 3 provides a different perspective and design handle on a system,
and each is valid and useful in its own right. Although the views give different system perspectives, they
are not independent. Elements of one view will be related to elements of other views.

4.1 General Relations Among Views

CONTENTS OF THIS SECTION: This section describes the general relationship among the views chosen to represent
the architecture. Also in this section, consistency among those views is discussed and any known inconsistencies are
identified.

Each View described the system from the point of view.

4.2 View-to-View Relations

CONTENTS OF THIS SECTION: For each set of views related to each other, this section shows how the elements in one
view are related to elements in another.
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5 Referenced Materials

CONTENTS OF THIS SECTION: This section provides citations for each reference document. Provide enough
information so that a reader of the SAD can be reasonably expected to locate the document.

Morgan Kaufan,
2015

David M. Harris, Sarah L. Harris

Digital Design and Computer Architecture

Springer, 2005

Uwe Meyer-Baese

Digital Signal Processing with Field Programmable Gate
Arrays Fourth Edition

Clements, 2002

Clements, Bachmann, Bass, Garlan, lvers, Little, Nord, Stafford

Documenting Software Architectures: Views and Beyond

IMAGINATION

TECHNOLOGIES
PROPRIETARY /
CONFIDENTIAL

MIPS32® MicroAptiv™ UP Processor Core Family
Integrator’s Guide Micro Aptiv Integrator's MD0094

IEEE 1471

ANSI/IEEE-1471-2000, IEEE Recommended Practice for
Architectural Description of Software-Intensive Systems, 21
September 2000.
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6 Directory

6.1 Index

CONTENTS OF THIS SECTION: This section provides an index of all element names, relation names, and property

names. For each entry, the following are identified:

e the location in the SAD where it was defined
e each place it was used

Ideally, each entry will be a hyperlink so a reader can instantly navigate to the indicated location.

6.2 Glossary

CONTENTS OF THIS SECTION: This section provides a list of definitions of special terms and acronyms used in the
SAD. If terms are used in the SAD that are also used in a parent SAD and the definition is different, this section explains

why.

Term

Definition

software architecture

The structure or structures of that system,
which comprise software elements, the
externally visible properties of those elements,
and the relationships among them [Bass 2003].
"Externally visible” properties refer to those
assumptions other elements can make of an
element, such as its provided services,
performance characteristics, fault handling,
shared resource usage, and so on.

view

A representation of a whole system from the
perspective of a related set of concerns [IEEE
1471]. A representation of a particular type of
software architectural elements that occur in a
system, their properties, and the relations
among them. A view conforms to a defining
viewpoint.

view packet

The smallest package of architectural
documentation that could usefully be given to a
stakeholder. The documentation of a view is
composed of one or more view packets.

viewpoint

A specification of the conventions for
constructing and using a view; a pattern or
template from which to develop individual
views by establishing the purposes and
audience for a view, and the techniques for its

16
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creation and analysis [IEEE 1471]. Identifies
the set of concerns to be addressed, and
identifies the modeling techniques, evaluation
techniques, consistency checking techniques,
etc., used by any conforming view.

6.3 Acronym List

API Application Programming Interface; Application Program Interface;
Application Programmer Interface
ATAM Architecture Tradeoff Analysis Method
CMM Capability Maturity Model
CMMI Capability Maturity Model Integration
CORBA Common object request broker architecture
COTS Commercial-Off-The-Shelf
EPIC Evolutionary Process for Integrating COTS-Based Systems
FPGA Field-programmable gate array
IEEE Institute of Electrical and Electronics Engineers
KPA Key Process Area
MIPS Microprocessor without Interlocked Pipelined Stages
o]e] Object Oriented
ORB Object Request Broker
0os Operating System
QAW Quality Attribute Workshop
RUP Rational Unified Process
SAD Software Architecture Document
SDE Software Development Environment
SEE Software Engineering Environment
SEI Software Engineering Institute
Systems Engineering & Integration
Software End Item
SEPG Software Engineering Process Group
SLOC Source Lines of Code
UML Unified Modeling Language
uDI User defined instructions
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7 Sample Figures & Tables
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Figure 1: Visual presentation of architecture logical layers and relations between them
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Figure 2: Logical implementation of one of the developed instructions
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