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V prednasce 2 jsme vidéli
e Pfechod od jednoduchych obvodovych fadi¢t (FSM) k mikrokontrolérdiim
o Zakladni komponenty: ALU, registry, radic, pameét

e Jak procesor vykonava instrukce (fetch-decode-execute cyklus)

e Jednoduchou mikroarchitekturu s datovou cestou
V této prednasce

e Podivame se na konkrétni implementace (ARM, RISC-V, x86)

Zjistime, Zze pod povrchem jsou si vSechny procesory velmi podobné

e Hlavnirozdil: ISA (Instruction Set Architecture) - "jazyk" procesoru

e Naucime se pipeline - jak dosahnout vyssiho vykonu



ISA vs Mikroarchitektura

Co vidi programator/kompilator Analogie

— Jaké instrukce existuji? API, programovaci rozhrani
— Kolik registra?

— Jak funguje pamet?
— Format instrukci

T

| Rozhrani (kontrakt)
!

Mikroarchitektura (implementace) Analogie:

— Kolik md pipeline stupni? implementace API
— Je out-of-order?

— Jaka cache?

— Kolik transistora?




Priklad: x86 ISA, rizné mikroarchitektury
Stejna ISA (x86-64):

Intel Core i3 (2010)
— ISA: x86-64 v

— Pipeline: 14 stupnd
— Qut-of-order: Ano
— Frekvence: 2.93 GHz
— Vykon: ~50 GFLOPS

Intel Core i9 (2023)

— ISA: x86-64 v (stejna!)
— Pipeline: ~19 stupid

— Out-of-order: Ano (leps$i)
— Frekvence: 5.8 GHz

— Vykon: ~1000 GFLOPS

Na obou architekturach bézi stejny software, ale implementace je zcela odliSna!



Spolecné stavebni bloky - univerzalni mikroarchitektura

Kazdy moderni procesor ma:

Instruction Fetch

I-Cache - Pre-decode |-

Branch Predict

l

Instruction Decode

ROB - reorder
buffer
Decoder - | Register |- Rename/ROB reseni problémd
(ISA-pops) Read (optional) pri out-of-order




Execute

ALU ALU FPU LSU Branch
!
Memory Access
D-Cache - TLB > Prefetcher
!
Write Back
Register File Update |[—| Commit/Retire

FPU -

LSU -

TLB -

virt.

floating point
unit
load-store
unit

translation
lookaside
unit

—> fyzicka add.



Co je tedy odlisné? Hlavné ISA!

ISA definuje:

1. Format instrukci:

ARM: 32-bit pevna délka (nebo 16/32 Thumb-2)
x86: 1-15 bytl proménnd
RISC-V: 32-bit pevnd (nebo 16/32 s RVC)

2. Pocet registru:

ARM: 16 GP registrd (ARMv7)
x86: 16 GP registri (x86-64)
RISC-V: 32 GP registru + x@=zero



3. Instrukcni sada:

ARM: ~200 base instrukci + rozsireni
x86: ~3000+ instrukci (CISC)
RISC-V: 47 base (RV32I) + moduldarni rozsireni

4. Sémantika (jak instrukce funguiji):

ARM: Podminéné vykonavani kazdé instrukce
x86: Memory—-to—memory operace
RISC-V: Striktni load-store, x0=0



Proc je ISA dulezita?
1. Kompatibilita software:

Program zkompilovany pro ARM
!
Nemlze béZet na x86
!
Musi se prekompilovat (nebo emulovat)

2. Optimalizace kompilatoru:

o Kompildtor musi znat ISA

Rdzné ISA - rlzné optimalizace

o RISC: kompilator déla vice prace

CISC: hardware déla vice prace



3. Vykonnostni charakteristiky:

Jednoducha ISA (RISC):

+

+
+

Jednodussi hardware
NizSi spotreba

Vyssi frekvence mozna
Vice instrukci na ulohu

Slozita ISA (CISC):

+
+

Méné instrukci na uUlohu
Hustsi kéd

Slozitéjsi hardware
Vyssi spotreba
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Konvergence mikroarchitektur
Zajimavé pozorovani:

1990s:
RISC procesory: jednoduché, in-order
CISC procesory: slozité, mikrokdd

2025:
RISC procesory: out-of-order, superskalarni, slozité
CISC procesory: dekdéduji na RISC pops, pak stejné jako RISC

» Mikroarchitektury konverguji!
- ISA zlstdvad hlavni rozdil
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Moderni x86 interné:

CISC instrukce

RISC uops

I
!

RISC-style
execution core

ADD [mem], reg

Prevod na pops

load t1, [mem]
add t1, t1, reg
store t1l, [mem]

12



O ¢em bude tato prednaska?

1. Filozofie RISC vs CISC:
e Historické divody, vyhody/nevyhody
2. ARM architektura:
o Konkrétni RISC implementace, instrukéni sety (ARM/Thumb/Thumb-2)
3. RISC-V architektura:
e Open-source alternativa, modularni design
4. Pipeline (zfretézené zpracovani):

e Spolecné pro vSechny moderni procesory
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Klicovy poznatek

Mikroarchitektury procesoru jsou si velmi podobné. Hlavni rozdil je v ISA -
"jazyce", kterym s procesorem mluvime. Vybér ISA ovliviuje software
kompatibilitu, ekosystém nastroju, a do jisté miry i vykon a spotiebu.
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1. Architektury RISC a CISC
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CISC (1970-80s)

Pameét byla velmi draha - snaha minimalizovat velikost programu
Kompilatory byly primitivni = slozité instrukce usnadnovaly programovani
Semantic gap: snaha pfiblizit strojovy koéd vysokourovinovym jazykim

Mikroprogramovani umoznilo snadnou implementaci slozitych instrukci

RISC (1980s)

Vyzkum ukazal, Zze 80% vykonu pochazi z 20% instrukci

Zlepseni kompilatoru: dokazou efektivné optimalizovat jednoduchy instrukéni set
Pamet zlevnila = hustota kédu neni tak kriticka

Analyza: slozité instrukce jsou ¢asto pomalejsi nez sekvence jednoduchych

Duraz na rychlost vykonavani misto hustoty kédu

16



1.2 Zasady RISC

1.2.1 Jednoduché instrukce s pevnou délkou

Pevna délka (32 bitli u vétsSiny RISC):

opcode rsi rs2 rd funct
6 bitd 5 bitl 5 bitl 5 bitd 11 bitd
Dusledky pevné délky:

e Paralelni dekodovani: Vime kde jsou pole instrukce pred dekédovanim
e Jednoduchy PC: PC += 4 (vzdy stejny pfirlistek)
e Predikce vétveni: Je snadné vypocitat cilovou adresu

e Pipeline-friendly: Kazda faze trva podobné dlouho



Priklad dekddovani:

Instrukce: 0x00A60333
0000 0000 1010 0110 0000 0011 0011 0011

Okamzité vime:
- Bity [6:0]

- Bity [11:7]
- Bity [19:15]
- Bity [24:20]

opcode

rd (destination register)
rsl (source 1)

rs2 (source 2)
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1.2.2 Architektura Load-Store

Striktni oddéleni:

e Pouze LOAD/STORE instrukce pfistupuji k paméti

o VVSechny aritmetické operace pouze registr-registr

# RISC pristup (3 instrukce):

LOAD R1, [R2] # Nacti hodnotu z paméti
ADD R3, R1l, R4 # Aritmetika pouze mezi registry
STORE R3, [R5] # Uloz vysledek do paméti

# CISC mdze (1 instrukce):
ADD [R5], [R2], R4 # Nacti, secti, uloz - vSe najednou



Vyhody Load-Store:

e Uniformita: VSechny ALU instrukce maji stejny format
e Predikovatelna latence: Aritmetika = 1 cyklus, load = 2-3 cykly
e Jednodussi pipeline: Jasné rozdéleni fazi (MEM faze jen pro L/S)

o Efektivni forwarding: Datové cesty jsou jednoduché
Nevyhody:

e \ice instrukci pro stejnou operaci
o \/étSi tlak na registry

o Potreba vice kodu (ale rychlejsi vykonavani)
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1.2.3 Velky registrovy soubor

Typicky 32 registrti (RISC-V, MIPS) vs 8-16 (x86):

Proc vice registru?
e Redukce prFistupl do paméti: pamét je 100-1000x pomalejsi
e Optimalizace kompilace: vice proménnych v registrech

e Volani procedur/funkci: pfedavani parametru bez stacku
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1.2.5 Compiler vs Hardware trade-off
RISC feSi v compile-time:

e Planovani instrukci (instruction scheduling)
o Alokace registru

e Loop unrolling, software pipelining, dead code elimination

Priklad optimalizace:

# Pred optimalizaci (datovy hazard):
ADD R1, R2, R3

SUB R4, R1, R5 # Stall! cekd na Rl

# Po optimalizaci (instruction scheduling):
ADD R1, R2, R3

MUL R6, R7, R8 # Nezavisla instrukce sem
SUB R4, R1, R5 # Uz je R1 ready
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1.3 Zasady CISC

1.3.1 Proménna délka instrukci

Priklad x86 (1-15B):

NOP
MOV AL, 42
ADD EAX, [EBX+4]

# 1B: 90
# 2B: BO 2A
# 3B: 03 43 04

MOV [ESI+disp32], imm32 # 10+ B

Struktura x86 instrukce (detailni):

Prefix
0-4B

Opcode
1-3B

ModR/M
0-1B

SIB |Disp.
0-1B |0-4B

Immediate
0-4B
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Detailni rozbor poli:

1. Prefix (0O-4 byty) - Volitelné modifikatory:

Legacy prefixes (mUze byt vice soucasné):
OxFO: LOCK (atomickd operace)
— OxF2: REPNE/REPNZ (repeat while not zero)
— OxF3: REP/REPE/REPZ (repeat)
— Ox2E, 0x36, Ox3E, 0x26, 0x64, 0x65: Segment overrides
— 0x66: Operand size override (16L332 bit)
— O0x67: Address size override

REX prefix (x86-64 only, 1 byte):

0100 W | R | X | B

: 64-bit operand

: Extension of ModR/M reg field
: Extension of SIB index field
: Extension of ModR/M r/m field

|
00X 0=



2.0pcode (1-3 byty) - Operacni kéd:

Urcuje zakladni operaci:

1-byte opcode:
Ox01: ADD r/m32, r32
0x03: ADD r32, r/m32
Ox05: ADD EAX, imm32
Ox50-0x57: PUSH reg
0x90: NOP

2-byte opcode (escape s OxOF):
Ox0F 0x84: JE/JZ (near jump)
Ox0OF OxAF: IMUL
Ox0F 0xB6: MOVZX (zero extend)

3-byte opcode (0xOF + dalsi escape):
OxOF 0x38 OxXX: SSE4, AVX instrukce
25



3. ModR/M byte (0-1 byte) - Adresovani:

Mod| Reg R/M
2bit 3bit 3bit
— Mod [7:6]: Addressing mode
00: [reg] (indirect, no displacement)
01: [reg + disp8] (8-bit displacement)
10: [reg + disp32] (32-bit displacement)
11: registr (direct, no memory)
— Reg [5:3]: Prvni registr (nebo opcode extension)
000: EAX/AX/AL/R8
001: ECX/CX/CL/R9
010: EDX/DX/DL/R10
011: EBX/BX/BL/R11
100: ESP/SP/AH/R12 (nebo SIB signal)
101: EBP/BP/CH/R13
110: ESI/SI/DH/R14
111: EDI/DI/BH/R15
- R/M [2:0]: Druhy registr nebo memory

(vyznam zavisi na Mod)



4. SIB byte (0-1 byte) - Scale-Index-Base:

Pouzije se kdyz ModR/M.R/M = 100 a Mod !'= 11

Scale |[Index Base

2bit  3bit  3bit

Vypocet adresy:
EA = Base + Indexx(2”Scale) + Displacement

— Scale [7:6]: Skdlovaci faktor
00: x1
01: x2
10: x4
11: x8

— Index [5:3]: Index registr
(ESP=100 znac¢i "bez indexu'")

— Base [2:0]: Base registr
(EBP=101 m& specidlni vyznam)

Priklad: [EAX + ECXx4 + 8]
Base=EAX, Index=ECX, Scale=2 (x4), Disp=8
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5. Displacement (0/1/2/4 byty) - Offset:

Pricita se k vypocCtené adrese

— @ bytd: Mod=00, Base!=EBP

— 1 byte: Mod=01 (disp8, -128 az +127)
- 4 byty: Mod=10 (disp32, -2G az +2G)

6. Immediate (0/1/2/4 byty) - Konstanta:

Hodnota primo v instrukci
Velikost zavisi na operandu size a typu instrukce
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Priklad kompletniho x86 kddovani:

ADD DWORD PTR [EBX + ECXx4 + 0x10], 0x42

Binarné:
Opcode |[ModR/M| SIB Disp Imm
81 44 8B 10 42

1 byte 1 byte 1 byte 1 byte 4 bytes

Dekddovani:
1. Opcode = 0x81: ADD r/m32, imm32
2. ModR/M = 0x44.:

— Mod = 01 (disp8)

4,
5. Imm = 0x00000042 (66 v decimdlnim)

- Reg = 000 (opcode extension pro ADD)
- R/M = 100 (SIB nasleduje)

. SIB = 0x8B:
— Scale = 10 (x4)
— Index = 001 (ECX)

— Base = 011 (EBX)
Disp = 0x10 (16 v decimdlnim)

Vysledek: [EBX + ECXx4 + 16] += 66

Celkem: 8 bytd
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Proc je x86 slozité?

Disledky proménné délky:

1. Sekven¢ni dekddovani (nemdzZeme paralelné)
2. Branch target alignment komplikace

3. Predekédovani nutné (pop cache)

4. Slozity front-end

Vyhoda:

— Hust$i kéd (mensSi programy)
— Kompatibilita zpét (16/32/64 bit)

Dusledky:

e Slozité dekodovani: Musime sekvencné Cist, nevime kde instrukce kondi
e Predekodovani: x86 pridava L1 |I-cache s predekdédovanymi znackami
e CISC - pops: Interni prevod na RISC-like mikrooperace

e Alignment nightmare: Instrukce muze zasahovat vice cache-lines

30



Dekoédovani:

Byte stream: ?1 04 00 00 00 ?3 Co 05 ...

MOV EAX, [0x0004] (5 b¥tﬁ)
ADD EAX, 5

(3 byty)
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1.3.2 Bohaté adresovaci rezimy

Xx86 podporuje:
MOV EAX, [EBX] # Neprimé
MOV EAX, [EBX + 4] # S offsetem
MOV EAX, [EBX + ECX] # lndexované
MOV EAX, [EBX + ECXx4] # Skalované
MOV EAX, [EBX + ECX%x4 + 8] # Plné: base+indexxkscale+disp

Vypocet efektivni adresy:

EA
EA

Base + IndexxScale + Displacement
EBX + ECXx4 + 8

V hardwaru: specialni jednotka AGU (Address Generation Unit)
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Dusledky:

e Jeden load = komplexni vypocet: vic nez jen scitani

Vv 7/

o Latence: slozZitéjSi adresovani = delSi latence

o Hustota kédu: usetii instrukce, ale pomalejsi

33



1.3.3 Mikrokod a mikroarchitektura

CISC instrukce = mikrooperace (pops):

CISC instrukce:

uopl: SUB ESP, 4
uop2: STORE EAX,

PUSH EAX

# Dekrementuj stack pointer
[ESP] # UloZ hodnotu

Mikroarchitektura moderniho x86:

Fetch/Decode

|
l

uop cache

I
!

_RISC core

« CISC instrukce

« Cache predekdédovanych pops

« Qut-of-order execution na pops
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1.3.4 Pamétové operace v instrukcich

CISC dovoluje:
ADD [memory], register # Read—Modify-Write v jedné instrukci
INC [counter] # Inkrementuj primo v paméti
XCHG [meml], [mem2] # Swap primo v pameti

Problém pro pipeline:

ADD [EBX], EAX:
Cyklus 1: Fetch instrukce
Cyklus 2: Dekdduj
Cyklus 3: Load [EBX]
Cyklus 4: ADD
Cyklus 5: Store result - [EBX]

O LWNE

Celkem: 5 cykll pro jednu instrukci!
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RISC ekvivalent (3 instrukce, ale rychleji s pipelining):

LOAD R1, [R2] # IF ID EX MEM WB
ADD R1, R1, R3 # IF ID EX MEM WB
STORE R1, [R2] # IF ID EX MEM WB
# 3 instrukce, ale 5 cykll s pipelining



1.3.5 Méné registru, vic stacku

x86-32 ma pouze 8 GP registru:
o EAX, EBX, ECX, EDX (ale ¢asto special-purpose)
e ESI, EDI (index)

e EBP (base pointer)
e ESP (stack pointer)

Dusledky:

o Register pressure: kompilator Casto musi spillovat do paméti
 Casté load/store: i kdyZ ma x86 memory operace, je to pomalé

o Stack-heavy: parametry funkci Casto pres stack
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Srovnani:

int sum(int a, int b, int c, int d, int e) {
return a + b+ ¢ + d + e;
}

// x86: parametry 3-5 jdou pres stack (mdlo registri)
// ARM/RISC-V: parametry 1-8 v registrech (dost registri)
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1.4 Konvergence architektur

"RISC vs CISC" se rozmazava:
Moderni x86:

e |nterné RISC (nops)
o QOut-of-order execution
e Register renaming (96+ fyzickych registru interné!)

o Slozity front-end, ale efektivni core
Moderni ARM:
o Pridava slozitéjsi instrukce (NEON SIMD)

e Podminéné vykonavani = typ CISC vlastnosti
e Nasobné load/store (LDM/STM)
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Zaveér:
e |SA (co vidi programator): RISC = jednoduchy, CISC = slozity
o Mikroarchitektura (jak to bézi): vSichni pouzivaji RISC principy
e VVykon: zalezi na implementaci, ne na ISA

e Energie: RISC stéle vitézi (méné transistoru na dekédovani)
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2. Architektura ARM

2.1 Historie a vyvoj rodiny ARM
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2.1.1 Plvod a filozofie (1983-1990)

Acorn RISC Machine (1983):
e Acorn Computers (UK), inspirace vyzkumem Berkeley RISC a Stanford MIPS
o Cil: jednoduchy, energeticky efektivni procesor pro Acorn pocitace

e ARM1 (1985): Prvni prototyp, 25,000 tranzistort
e ARM2 (1987): Prvni komercni, pouzity v Acorn Archimedes

Klicova designova rozhodnuti:

o 32-bit od zacatku (vétSina konkurence byla 8/16-bit)
e Podminéné vykonavani kazdé instrukce
e Load/Store architektura s 27 instrukcemi

e Z4dna cache (8etieni tranzistor()
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2.1.2 Klasické rodiny ARM (1990-2004)
ARM7 (1994):

IF | ID | EX 3stupnové pipeline

3stupnovée pipeline: Fetch, Decode, Execute

Von Neumannova architektura (jedna sbérnice)
ARM7TDMI: T=Thumb, D=Debug, M=Multiplier, I=ICE
Pouziti: Gameboy Advance, Nokia telefony, iPod

e Vykon: 0.9 MIPS/MHz, ~50 MHz

e Spotreba: ~0.06 mW/MHz



ARM9 (1998):

IF

ID

EX

MEM

WB

5stupnové pipeline

e 5stupnové pipeline: klasicky RISC design

Harvardska architektura (oddélené I/D sbérnice)

e Memory Management Unit (MMU) - podpora OS

Vykon: 1.1 MIPS/MHz, az 300 MHz

Pouziti: Nintendo DS, feature phones
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ARM11 (2002):

o 8stupnové pipeline: vyssi frekvence (az 1 GHz)
e SIMD rozsireni (ARMvOG)

e Cache: L1 + volitelné L2

e Pouziti: Raspberry Pi 1, iPhone 1/3G

Zacatek ery high-performance ARM



2.1.3 Cortex éra (2004 -soucasnost)

Rozdéleni do profilu:

Cortex-M (Microcontroller):

Ultra-nizka spotreba, real-time

Thumb-2 pouze (Zadny ARM rezim)

NVIC (Nested Vectored Interrupt Controller)
Deterministi¢nost: preruseni za 12 cyklu
MO/MO+: 0.9 uW/MHz, 32 KB flash staci
M3: Mainstream MCU (STM32F1/F2)

M4: DSP instrukce, FPU (STM32F4)

M7: 2000 CoreMark, double-precision FPU
M33/M55: TrustZone, Helium (MVE)
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Cortex-R (Real-time):

o Safety-critical aplikace
o Deterministické cache, ECC paméti

e Dual-core lockstep rezim
e Pouziti: Airbags, ABS, hard-disky

Cortex-A (Application):

e High-performance, Linux/Android

o QOut-of-order execution (od A9)
Multi-core, big.LITTLE

A53: Efektivni (1.5 GHz, 2.3 DMIPS/MHz)
A72:Vykonny (2.5 GHz, 4.7 DMIPS/MHz)
A78[X1: Moderni high-end
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2.1.4 ARMv8/v9 - 64-bit éra (2011-)
ARMvS8-A (2011):
e AArch64: novy 64-bit rezim

AArch32: kompatibilita s ARMv7
e 31 x 64-bit registri (x0-x30)

e Odstranéno podminéné vykonavani (mimo flag set)

e NEON standard (drive volitelné)

ARMv9 (2021):
e Scalable Vector Extension 2 (SVE2)
o Confidential Compute Architecture (CCA)

e Narust vykonu: +30% IPC za generaci
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2. Architektura ARM

2.2 Instrukéni sady
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2.2.1 ARM 32-bitovy rezim (pUvodni)
Zakladni terminologie:

e rd (destination register): Cilovy registr, kam se zapisSe vysledek
e rs/rn (source register): Zdrojovy registr s operandem

o rm: Dalsi zdrojovy registr (Casto druhy operand)

e opcode: Operacni kod - urCuje typ operace

o funct: Function - doplnujici specifikace operace

e imm [ immediate: Konstanta zakddovana pfimo v instrukci



Format ARM instrukce - Data Processing:

31

28 27 26 25 24 21 20 19 16 15 12 11

Cond

00

I

Opcode

S

Rn

Rd

Operand2

4

2

1

4

Nasleduje detailni popis poli.

1

4

12
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1.Cond [31:28] - Condition code (4 bity)

Urcuje podminku pro vykonani instrukce:

0000
0001
0010
0011
0100
0101
0110
0111
1000
1001
1010
1011
1100
1101
1110
1111

Priklad: ADDGT =

(0x0)
(0x1)
(0x2)
(0x3)
(0x4)
(0x5)
(0x6)
(0x7)
(0x8)
(0x9)
(@xA)
(0xB)
(0xC)
(@xD)
(@xE)
(QxF)

EQ:
NE:
CS:
CC:
MI:
PL:
VS:
VC:
HI:
LS:
GE:
LT:
GT:
LE:
AL:
NV:

Equal (Z
Not Equal (Z
Carry Set (C
Carry Clear (C
Minus/Negative (N
Plus/Positive (N
Overflow Set (V
Overflow Clear (Vv
Higher (unsigned) (C
Lower/Same (C
Greater/Equal (N
Less Than (N!
Greater Than (Z
Less/Equal (Z
Always (unconditional)
Never (deprecated)

ADD pokud Greater Than

Cond=1100 (GT)

N ' N ' ' ' s e’

I—‘®|| < OFRPRORSORFRPRORrRLROoOR
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2. Type [27:26] + | [25] - Typ instrukce (3 bity)

00 = Data processing (ALU operace)
I bit:
© = Operand2 je registr (mozna se shiftem)
1 = Operand2 je immediate
01 = Load/Store
I bit urcuje offset typ
10 = Branch
11 = Coprocessor
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3.0pcode [24:21] - Operace (4 bity)

Pro data processing:

0000 — AND:
0001 - EOR:
0010 - SUB:
0011 - RSB:
0100 - ADD:
0101 - ADC:
0110 - SBC:
0111 - RSC:
1000 — TST:
1001 - TEQ:
1010 — CMP:
1011 - CMN:
1100 - ORR:
1101 - MOV:
1110 - BIC:
1111 - MVN:

Rd
Rd
Rd
Rd
Rd
Rd
Rd
Rd

Rn AND Operand?2

Rn XOR Operand?2

Rn — Operand2

Operand2 — Rn (Reverse SUB)
Rn + Operand2

Rn + Operand2 + Carry

Rn — Operand2 - !Carry
Operand2 — Rn - !Carry

Nastavi flags podle Rn AND Operand2 (no write)
Nastavi flags podle Rn XOR Operand?2

Nastavi flags podle Rn - Operand2

Nastavi flags podle Rn + Operand?2

Rd
Rd
Rd
Rd

Rn OR Operand2

Operand2 (Rn ignored)

Rn AND NOT Operand2 (Bit Clear)
NOT Operand2 (Move Negative)
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4.S [20] - Set condition codes (1 bit)

0
1

Priklad:
ADD R0, R1, R2 # S
ADDS RO, R1, R2 # S

Neaktualizuj flags (CPSR zlstane)
Aktualizuj N, Z, C, V flags v CPSR

R1 + R2, flags nezméni
R1 + R2, nastavi flags
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5.Rn [19:16] - Prvni operand registr (4 bity)

Registr s prvni hodnotou pro operaci
4 bity - 16 moznych registri (R@O-R15)

Vyjimka: U MOV/MVN je Rn ignorovan (nebere se v potaz)
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6.Rd [15:12] - Destination registr (4 bity)

Cilovy registr, kam se zapise vysledek
4 bity - 16 moznych registrd (RO-R15)

Specialni pripady:
— Rd = R15 (PC): Zépis do PC = branch
- U TST/TEQ/CMP/CMN: Rd se nepouziva (pouze flags)
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7.Operand2 [11:0] - Druhy operand (12 bitu)

Dva rezimy podle I bitu:

A) I=0: Registr s volitelnym shiftem (12 bitl)

Shf| Rm 0/1(Typ|[Amount

1 4 bit 1 2bit 5bit

— Rm [3:0]: Registr s hodnotou
— Type [6:5]: LSL/LSR/ASR/ROR
— Amount: bud 5-bit konstanta [11:7], nebo registr Rs[11:8]
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Priklad: R2, LSL #3 = Shift R2 left o 3 bity

B) I=1: Immediate hodnota (12 bitl)

Rotate Immed

4 bit 8 bit
Hodnota = Immed rotovand right o (2xRotate) bitl

Priklad:
Immed=0xFF, Rotate=0 - hodnota
Immed=0xFF, Rotate=1 - hodnota
Immed=0xFF, Rotate=8 - hodnota

OxX000000FF
OxCOO0VOO3F (rotace o 2)
OxFF000000 (rotace o 16)

ProC rotace? Umoznuje reprezentovat vice hodnot s 8 bity!
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Priklad kompletniho kédovani:

ADDS R3, R4, R5, LSL #2

Rozpis:

— Instrukce: ADD (opcode=0100)

- S=1 (ADDS - set flags)

— Rn=R4 (0100)

— Rd=R3 (0011)

— Rm=R5 (0101), LSL, shift amount=2
- Cond=AL (1110)

- I=0 (registr operand)

Binarné:
31 28 27 26 25 24 21 20 19 16 15 12 11 7654 32 0

1110 |00| © 0100 | 1 | 0100 | 0011 | 00010|00 |0|0101
AL ADD S R4 R3 #2 [LSL R5

__ Operand2 ——

Hex: OxE0943105



ARM Load/Store format:

31 28 27 26 25 24 23 22 21 20 19 16 15 12 11

Cond |01 I| P| U| Bl W[ L Rn Rd Offset
Nova pole:
— I [25]: 0=immediate offset, l=register offset
— P [24]: Pre/Post indexing
— U [23]: Add/Subtract offset
- B [22]: Byte/Word (@=word 32bit, 1=byte 8bit)
— W [21]: Write-back (aktualizuj base registr)
— L [20]: Load/Store (1=load, O=store)

— Rn [19:16]: Base registr (adresa)
— Rd [15:12]: Registr s daty (load do/store z)
— Offset [11:0]: Offset k base registru

Priklad: LDR R1, [R2, #8]
= Load word z adresy R2+8 do Rl



Priklad kédovani:

ADDGT R3, R4, R5 ; R3 = R4 + R5, pouze pokud GT flag
Binarné:
Tl@@ 00 | GTGG ||® | ?100 | ?011 | ?@00@@000101
GT L ADD | R4 R3 R5
data proc
— unconditional
Vyhody:

e Kazda instrukce muze byt podminéna (= vysoky vykon, zadny branch overhead)

Nevyhody:

e Velikost kodu vzdy 32-bitu (= problém pro embedded s omezenou paméti)

62



2.2.2 Thumb rezim (16-bitovy)
Motivace (mid-1990s):

e Embedded systémy mély 8/16-bit sbérnice
e Flash pamét byla draha

e Potreba zmensit velikost kodu

Charakteristiky:

15 13 12 10 9 6 5 3 2 0

Opcode Rm Rn Rd

3 bit 3 bit 3 bit 3 bit
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Omezeni:
e Pouze RO-R7 pfistupné (z 16 bitl neni dost mista)
e Z4dné podminéné vykonavani (az na IT bloky)

e Omezené immediate hodnoty (3-8 bitu)

Priklad:
i ARM rezim (32-bit kazda)
ADD RO, R1, R2 ;4 byty
MOV R3, #100 7 4 byty
CMP R4, R5 ;7 4 byty

; Celkem: 12 byt

: Thumb rezim (16-bit kazdda)

ADD RO, R1l, R2 ; 2 byty
MOV R3, #100 ;2 byty
CMP R4, R5 ; 2 byty

; Celkem: 6 bytl (50% Uspora!)
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Vykon vs velikost:

o Kod: ~65% velikosti ARM
e \Vykon: ~70% vykonu ARM (vice instrukci potfeba)

o Sweet spot: 16-bit sbérnice (zadna penalizace nacitani)

Prepinani rezimu:

; ARM - Thumb

BX Rtarget ; Branch and eXchange, LSB urcuje rezim
: Thumb - ARM

BX R14 ; Navrat z Thumb funkce
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2.2.3 Thumb-2 (16/32-bitovy mix)
Inovace (ARMv7-M, 2004):

e Nejlepsi z obou svétu

e 16-bit instrukce pro jednoduché operace

Vv 7/

o 32-bit instrukce pro slozitéjsi (ale v Thumb rezimu!)

Jak to funguje:

16-bit instrukce:

1110 1IxxX XXXX -» 16-bit

32-bit instrukce:

1111 OXxXXX XXXX XXXX XXXX XXXX -» 32-bit Thumb-2




Dekodovani:
e Prvni 16 bitl: pokud zacina 11101 nebo 11110/11111 = 32-bit
e Jinak = 16-bit

o Hardware automaticky pozna

Priklady kédovani:
v 16-bit Thumb-2
ADDS RO, R1, R2 ; 2 byty, nizké registry
MOV R2, #5 ; 2 byty, mala immediate
v 32-bit Thumb-2
ADD.W R8, R9, R10 ; 4 byty, vysoké registry
MOV.W RO, #0x12345 ; 4 byty, velka immediate

LDR RO, [R1, R2, LSL #2] ; 4 byty, komplexni addressing
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IT bloky (If-Then):
Thumb-2 nema podminéni na kazdé instrukci, misto toho:

CMP RO, R1
ITTEE GT

ADDGT R2, R3, R4
MOVGT R5, #1
ADDLE R2, R6, R7
MOVLE R5, #0

If-Then-Then-Else-Else pokud GT
Vykonej pokud GT (Then

Vykonej pokud GT (
Vykonej pokud LE (Else
Vykonej pokud LE (

s wWE wWuE wWE wunm

Vyhody Thumb-2:
e Hustota kédu: ~74% ARM (lepsi nez Thumb)
e Vykon: ~98% ARM (témér stejny!)
e Eliminace prepinani rezimu

e De facto standard pro moderni ARM



2.2.4 Srovnani velikosti kodu

Benchmark (realny embedded kod):

Program size:

ARM (32-bit): 100% (baseline)

Thumb (16-bit): 65% (mensi, ale pomalejsi)
Thumb-2 (mix): 74%  (sweet spot)
Memory bandwidth:

ARM: 32-bit fetch kazdy cyklus

Thumb:  16-bit fetch kazdy cyklus (mensi bandwidth!)
Thumb-2: primérné 18-20 bit/cyklus
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2. Architektura ARM

2.3 Organizace registru
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2.3.1 Zakladni register file (ARMv7)

User/System rezim:

RO -

R7
R8
R9
R10
R11

R12 -

R13 (SP)
R14 (LR)

General Purpose
Registers

Stack Pointer
Link Register

T

T

R15 (PC) « Program Counter

CPSR

« Current Program Status Register
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Special registers:
e SP (R13): Ukazatel na vrchol zasobniku
o Kazdy rezim ma vlastni SP (FIQ, IRQ, SVC..))
e LR (R14): Link Register
BL function i PC - LR, skoc¢ na function

BX LR ; Navrat: LR - PC

e PC (R15): Program Counter

o Cteni: PC + 8 (kviili pipeline)
o Zapis: skok (branch)
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2.3.2 Register banking (rezimy procesoru)

ARM ma 7 rezimu procesoru:

User (USR):
System (SYS):
FIQ:

IRQ:
Supervisor:
Abort:
Undefined:

Bézné aplikace
Privilegovany user mode
Fast Interrupt

Normal Interrupt

0S kernel, SWI

Memory faults

Neplatné instrukce
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Banky registru
Registry, které maji vice fyzickych kopii, ale stejné logické jméno. Aktivni kopie zavisi na
reZimu procesoru.

User FIQ IRQ SVC ABT UND

RO-R7 same same same same same same
R8-R12 same R8_figq same same same same

RO_fiq

R10_fiq

R11_fiq

R12_fiq
R13(SP) R13 R13_fiq R13_irqg R13_svc R13_abt R13_und
R14(LR) R14 R14_fiqg R14_irq R14_svc R14_abt R14_und
R15(PC) same same same same same same
CPSR same same same same same same

SPSR - SPSR_fig SPSR_irq SPSR_svc SPSR_abt SPSR_und



Vyhoda FIQ:

e R8-R14 jsou banked - neni potfeba ukladat na stack

e Rychlejsi vstup do preruseni (Fast Interrupt!)

Priklad IRQ handleru:

IRQ_Handler:

PUSH {R0-R3, R12, LR} i Uloz context

. zpracovani preruseni ...
POP {R0-R3, R12, PC} i Obnov a navrat
; SPSR - CPSR automatlcky
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2.3.3 CPSR - Current Program Status Register
Struktura CPSR (32-bit):

31 30 29 28 27 24 23 19181615 109 87 65 0

N |Z |[C |V

Reserved IT GE IT E |A I‘F‘ Model‘

I
< ONZ

— IT [15:10,
— GE [19:16]
- E
- A
-1
- F
— Mode [4:0]

Vysledek je zaporny (Negative)
Vysledek je nula (Zero)
Carry/Borrow pri aritmetice (Carry)
Signed overflow (oVerflow)
26:25] If-Then state (Thumb-2)
Greater-Equal flags (SIMD)
Endianness (0=1little, 1=big)
Asynchronous abort disable

IRQ disable

FIQ disable

Procesor rezim
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Nastavovani pfiznaku:

ADDS RO, R1, R2
ADD RO, R1, R2

» Priklad:
MOV RO, #0
SUBS R1, R0, #1

S suffix: nastavi flags
Bez S: flags nezméni

= -1

1 (negative)
® (not zero)
0 (

R
N
/
C borrow)

1 L
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2. Architektura ARM

2.4 Podminéné vykonavani
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2.4.1 Princip

Kazda ARM instrukce ma 4-bitové podminkové pole:

Kéod Sufix

0000
0001
0010
0011
0100
0101
0110
0111
1000
1001
1010
1011
1100
1101
1110
1111

EQ
NE
CS/HS
CC/LO
MI
PL
VS
VC
HI
LS
GE
LT
GT
LE
AL
NV

Meaning

Equal

Not Equal

Carry Set

Carry Clear
Minus/Negative
Plus/Positive
Overflow Set
Overflow Clear
Higher (unsigned)
Lower/Same
Greater/Equal
Less Than
Greater Than
Less/Equal
Always (default)
Never (deprecated)

—~
QQ
n

—
—

AN ET N TN T
ROIL<OFRORORORSORYD
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2.4.2 Eliminace vétveni

Klasicky RISC (napfr. MIPS):

CMP RO, R1

BEQ skip ; Branch pokud equal

ADD R2, R3, R4 ; Vykonej pokud not equal
skip:

; continue
Problém: Branch = pipeline flush, 3-5 cyklt penalizace
ARM s podminénim:

CMP RO, R1
ADDNE R2, R3, R4 ; Vykonej pouze pokud NE
; continue

Vyhoda: Zadny branch, 7adné penalizace!
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2.4.3 Praktické priklady

Absolute value:

; Standard zplsob (s vétvenim):
CMP RO, #0
BGE positive
NEG RO, RO

positive:

; ARM podminéné vykonavani:
CMP RO, #0
NEGLT RO, RO ; Neguj pouze pokud < 0

81



Max funkce:

; RO = max(RO, R1)
CMP RO, R1
MOVLT RO, R1

Conditional set:

CMP RO, #10
MOVGT R1, #1
MOVLE R1, #0

’

4

RO

; R1
; R1

R1 pokud RO < R1

1 pokud RO > 10
@ pokud RO <= 10
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2.4.4 \yhody a nevyhody
Vyhody:
e Eliminace kratkych branchd, vyssi vykon, kompaktné;jsi kod
e Deterministicky ¢as vykonani (real-time!)
Nevyhody:
o Komplikovaneéjsi dekodovani
e Moderni branch prediction je velmi dobra (>95%)
o \/ praxi: pouziva se jen pro kratké sekvence (1-3 instrukce)
Statistika:

e ~10-15% instrukci v ARM kodu je podminénych, snizeni branchi: ~5-8%
e Celkovy pfinos vykonu: ~2-5%
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2. Architektura ARM

2.5 Praktické aspekty ARM architektury
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2.5.1 Calling convention (AAPCS)
ARM Architecture Procedure Call Standard:

RO-R3:  Argument/result registers (caller-saved)
R4-R11: Callee-saved (musi se zachovat)

R12(IP): Intra-Procedure-call scratch

R13(SP): Stack Pointer

R14(LR): Link Register

R15(PC): Program Counter
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Priklad volani funkce:

func_call:

; Parametry v RO-R3
; argl

MOV RO, #5

MOV R1, #10

BL my_function
; Vysledek v RO

my_function:
PUSH {R4-R5, LR}
ADD R4, RO, R1
MOV RO, R4
POP {R4-R5, PC}

4

’

4

s wWE wWE wuBE

; arg2
; Call

Uloz callee-saved

Use R4 (callee-saved)
Return value

Obnov a navrat

86



2.5.2 Pipeline charakteristiky
ARMY7 (3-stage):
e CPI: 1.9 typicky (jednoduché)

e Branch penalty: 2 cykly
e Frekvence: 10-100 MHz

ARMO9 (5-stage):

e CPI:11-1.3
e Branch penalty: 3 cykly
e Frekvence: 200-450 MHz
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Cortex-M3 (3-stage):

e CPI:1.0-1.3
e Branch: 2-3 cykly

e Obsahuje: branch prediction, prefetch buffer
Cortex-A (8-15 stage):
e CPI: 0.5-1.5 (out-of-order, superskalar)

e Branch: predikce >95% uspésnost
e Frekvence: 1-3 GHz
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2.5.3 Energeticka efektivita
Priklad (Cortex-M4 @ 168 MHz):

Active mode: 50-80 mwW
Sleep mode: ~10 mwW
Deep sleep: ~100 pw
Standby: ~5 uW

Optimalizacni techniky:
e Clock gating: Zastavit hodiny nepouzivanych blok
e Voltage scaling: Snizit napéti pfi nizSich frekvencich

e Sleep modes: WFI (Wait For Interrupt), WFE (Wait For Event)
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3. Architektura RISC-V

3.1 Filozofie a vznik RISC-V
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3.1.1 Motivace (2010, UC Berkeley)

Proc vznikl RISC-V? - Existujici ISA jsou proprietarni (ARM, x86, MIPS)
e Licencni poplatky: $1-10 za Cip, pravni rizika: patentové spory
o Omezeni modifikaci, nemoznost optimalizovat pro specifické pouziti

e Vendor lock-in, vysoké vstupni naklady

Cile RISC-V:
1. Cisty design: zadn4 zpétna kompatibilita
2. Modularni: Zakladni ISA + volitelna rozsifeni
3. Stabilni: Zakladni ISA se nikdy nezméni
4. Skalovatelny: Od MCU po superpoditace

5. Open-source: BSD licence, Zadné patenty
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3.1.2 Principy architektury
RISC-V = "RISC done right":

e UcCenise z 40 let RISC designu
e Odstranéni chyb historickych RISC (MIPS, SPARC)
o Moderni pfistup k ISA designu

Klicova rozhodnuti:

e X0 = zero: Hardwired nulovy registr (zjednoduseni)

e Zadné delay sloty: Na rozdil od MIPS

e Z4adné podminéné vykonavani: Na rozdil od ARM (komplikuje O0O)
o Explicitni pamétovy model: Fence instrukce pro ordering

o« Komprimované instrukce: Volitelné 16-bit (RVC)
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3. Architektura RISC-V

3.2 Modularni design - Rozsireni
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3.2.1 Zakladni koncept
Base ISA (povinna):
o RV32l: 32-bit integer

o RV64Il: 64-bit integer
o RV128I: 128-bit (experimentalni)

Standard rozsireni (volitelnd):

RV32IMAFDC RV32ZI + M + A+ F +D + C

RV32G (General purpose)
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3.2.2 Rozsireni M - Multiply/Divide

8 novych instrukci:

MUL
MULH
MULHU
MULHSU

DIV
DIVU
REM
REMU

rd,
rd,
rd,
rd,

rd,
rd,
rd,
rd,

rsi,
rsi,
rsi,
rsi,

rsi,
rsi,
rsi,
rsi,

rs2
rs2
rs2
rs2

rs2
rs2
rs2
rs2

HHFHHF HHHIFH

rd = rs1l x rs2 (lower 32 bits)
rd = (rsl x rs2) >> 32 (signed)
rd = (rsl x rs2) >> 32 (unsigned)

Mixed signed/unsigned

rd = rsl1 / rs2 (signed)
Unsigned division

rd = rs1 % rs2 (remainder)
Unsigned remainder
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Proc volitelné?
o Mikroradi¢e ¢asto nemaji HW multiplikator
o USetfi ~10% plochy Cipu
o Software emulace mozna (ale 10-100x pomalejsi)

Latence:

e MUL: typicky 1-3 cykly (pipelined multiplier)
e DIV: 8-32 cyklu (iterativni algoritmus)
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N I

3.2.3 RozSireni A - Atomic operations
Motivace: Multi-core synchronizace

Load-Reserved [ Store-Conditional:

LR.W rd, (rsl) # Load-Reserved
SC.W rd, rs2, (rsl) # Store-Conditional
# rd = 0 (success) / 1 (failure)

Pouziti (implementace atomického incrementu):

atomic_inc:
LR.W  t0, (a0) # Load hodnotu
ADDI t0, to, 1 # Inkrementuj
SC.w t1, t0, (a@) # Zkus ulozit
BNEZ tl1, atomic_inc # Pokud selhalo, opakuj
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AMO instrukce (Atomic Memory Operations):

AMOADD.W rd, rs2, (rsl)
AMOSWAP.W rd, rs2, (rs1l)
AMOAND.W rd, rs2, (rsl)
AMOOR.W  rd, rs2, (rsl)
AMOXOR.W rd, rs2, (rsl)
AMOMIN.W rd, rs2, (rsl)
AMOMAX.W rd, rs2, (rsl)

Memory ordering:

AMOADD.W.AQ rd, rs2, (rsl)
AMOADD.W.RL rd, rs2, (rs1l)

HEFEHRIFHRKIFHR

Atomic
Atomic
Atomic
Atomic
Atomic
Atomic
Atomic

add
swap
AND
OR
XOR
min
max

# Acquire semantics
# Release semantics
AMOADD.W.AQRL rd, rs2, (rsl) # Both
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3.2.4 RozSireni F a D - Floating Point
F - Single precision (32-bit):

o 32 floating-point registrd (fO-f31)

e |[EEE 754-2008 standard

e Instrukce: FADD.S, FSUB.S, FMUL.S, FDIV.S, FSQRT.S
D - Double precision (64-bit):

o Stejné registry fO-f31 (ale 64-bit Siroké)
e FADD.D, FSUB.D, FMUL.D, FDIV.D
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Priklad:

FLW 0, 0(a0) # Load float z paméti

FLW f1, 4(a0)

FADD.S f2, fo, f1 # f2 = fo + f1 (single precision)
FSw f2, 8(a0) # Store vysledek

Proc oddélené FP registry?

e Paralelismus: Integer a FP instrukce soucCasné
o \/étSiregister file bez tlaku na integer registry

e Specializované FPU jednotky

100



3.2.5 RozsSireni C - Compressed (16-bit)
Motivace:

 Uspora paméti (jako Thumb u ARM)

e Lepsi vyuzitil-cache

e Snizeni bandwidth pfi fetchingu
Princip:

Normal: 32-bit instructions
Compressed: 16-bit encoding for common operations

Rozpoznani:

Bits [1:0]:
00, 01, 10 - 16-bit compressed instruction

11 » 32-bit normal instruction 101



Priklady mapovani:

16-bit RVC

C.ADDI x8, 4 (2 bytes)
C.LW x9, 0(x8) (2 bytes)
C.ADD x10, x11 (2 bytes)

# 32-bit RV32I
ADDI x8, x8, 4
LW  x9, 0(x8)
ADD x10, x9, x11

e

Omezeni RVC:

e Pouze x8-x15 pro mnohé instrukce (popularni registry)
o Malé immediate hodnoty (5-6 bitl)
e Omezené offsety pro load/store

Vysledky:

e Typicka uspora: 25-30% velikosti kodu

o Vykon: temeér identicky (dekdédovani transparentni)
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3.2.6 Dalsi rozsireni

B - Bit manipulation:

e Rotace, count leading zeros, parity

o Akcelerace kryptografie a kompresi
V - Vector:

e Proménna délka vektorl (podobné ARM SVE)
e SIMD operace pro Al/ML

P - Packed SIMD:
e Fixni délka vektort (128/256-bit)
J - JIT compilation:

e Dynamickeé linky, JIT support
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3. Architektura RISC-V

3.3 RV32| - Base Integer Instruction Set
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3.3.1 Formaty instrukci

RISC-V terminologie:

opcode: Zakladni operaéni kod (7 bitd) - urCuje typ instrukce
funct3: Function 3-bit - upfesnéni operace (sub-opcode)
funct/: Function 7-bit - dalsi uprfesnéni (hlavné u R-type)

rd: Destination register - cilovy registr (5 bitl = 32 registru)
rs1: Source register 1 - prvni zdrojovy registr

rs2: Source register 2 - druhy zdrojovy registr

Imm: Immediate - konstanta zakdédovana v instrukci

RISC-V ma 6 zakladnich formatu:
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R-type (Register-Register):

31 25 24 20 19 15 14 12 11 7 6 0

funct? rs2 rsl funct3 rd opcode

7 bits 5 bits 5 bits 3 bits 5 bits 7 bits

Pole:
— opcode [6:0]: Zakladni typ (0110011 = OP = ALU reg-reg)
- rd [11:7]: Cilovy registr (x0-x31)

— funct3 [14:12]: Funkce (000=ADD/SUB, 111=AND, ...)

- rsl [19:15]: Prvni zdrojovy registr

— rs2 [24:20]: Druhy zdrojovy registr

— funct7 [31:25]: Dalsi specifikace (0000000=ADD, 0100000=SUB)
Pouziti: ADD, SUB, AND, OR, XOR, SLL, SRL, SRA, SLT, SLTU

Priklad: ADD x3, x1, x2 - x3 = x1 + x2
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Dekodovani R-type v hardware:

VSechna pole jsou na pevnych pozicich:

rsl addr = instruction[19:15] // Paralelni extrakce
rs2_addr = instruction[24:20]
rd_addr = instruction[11:7]

Okamzité miZeme:
1. Cist rsl a rs2 z register file
2. Pripravit rd pro zapis
3. Dekdédovat ALU operaci (funct3 + funct7)

VSe v 1 cyklu!

107



Priklad kompletniho R-type kédovani:

ADD x5, x6, x7

Binarni rozpis:
31 25 24 20 19 15 14 12 11 7 6 0

0000000 90111 00110 000 00101 0110011
funct? x7 X6 ADD x5 OP

Hex: 0x007302B3

Dekdédovani:

— opcode = 0110011 (OP - registr-registr ALU)
- rd = 00101 (x5)

— funct3 = 000 (ADD/SUB)

- rsl = 00110 (x6)

- rs2 = 00111 (x7)

— funct7 = 0000000 (ADD, ne SUB)

Vysledek: x5 = x6 + x7 108



|-type (Immediate):

31 20 19 15 14 12 11 /] 6 0
imm[11:0] rsl |funct3 rd opcode
12 bits 5 bits 3 bits 5 bits 7 bits
Pole:
— opcode [6:0]: OP-IMM (0010011) nebo LOAD (0000011)
- rd [11:7]: Cilovy registr

— funct3 [14:12]: Operace (000=ADDI, 100=XORI, 010=SLTI...)
- rsl [19:15]: Zdrojovy registr
— imm [31:20]: 12-bit immediate (sign-extended na 32/64 bit)

Pouziti: ADDI, XORI, ORI, ANDI, SLTI, SLTIU
LW, LH, LB, LBU, LHU (loads)
JALR (jump register)

Priklad: ADDI x3, x1, 10 -» x3 = x1 + 10
109



Sign-extension immediate:

12-bit immediate: imm[11:0]
- Sign—extended na 32-bit:
imm_32 = { {20{imm[11]1}}, imm[11:0] }

Priklad:
imm = 0x00A (10 v decimdlnim)
= 000000001010 (12 bitu)
> OXx0000000A (32 bitld)

imm = OXFFE (-2 v decimalnim, two's complement)
= 111111111110 (12 bitd)
- OXFFFFFFFE (32 bitl, stale -2)
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Pro¢ immediate na bitech [31:20]?

Design choice pro jednoduché dekddovani:

— Bit 31 (sign bit) na nejvysSsi pozici

— Hardware mize okamzité zacit sign-extension
— Paralelné s dekédovanim rsl, rd

Alternative (immediate na jiné pozici) by vyZadovala:
1. Extrahovat immediate z jinych bitd
2. Rekonstruovat sign bit
3. Pak teprve sign-—-extend

- Pomalejsi!
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Priklad I-type kodovani:

ADDI x10, x11, -100

Binarni:

31 20 19 15 14 12 11 7 6 0
111110011100 | 01011 | 000 | 01010 @@1@011\
-100 (12bit) x11 | ADDI | x1@ |OP-IMM |I

Hex: OxF9C58513

Immediate vypocet:

-100 v decimdlnim = -0x64

12-bit two's complement:

0000 0110 0100

1111 1001 1011

1111 1001 1100 (0xF9C)

100
NOT
+1
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S-type (Store):

31 25 24 20 19 15 14 12 11 7 6 0

| |
imm[11:5]| rs2 rsl |funct3 imm[4:0}| opcode||

7 bits 5 bits 5 bits 3 bits 5 bits 7 bits

Pole:
— opcode [6:0]: STORE (0100011)

— imm[4:0] [11:7]: Dolnich 5 bitd offsetu

— funct3 [14:12]: Velikost (@000=SB, 001=SH, ©010=SW)
- rs1 [19:15]: Base registr (adresa)

- rs2 [24:20]: Source registr (data k ulozeni)

— imm[11:5] [31:25]: Hornich 7 bitld offsetu

Pouziti: SW, SH, SB (stores)

Priklad: SW x2, 8(x1) - mem[x1+8] = x2
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Proc¢ rozdéleny immediate?

Ddvod: Zachovat rsl, rs2 na stejnych pozicich jako R-type!

R-type: rs1[19:15], rs2[24:20], rd[11:7]
S—type: rs1[19:15], rs2[24:20], imm split na [11:7] a [31:25]

- Dekodér mize pouzit stejny hardware pro:
— Extrakci rsl1, rs2 (nezdvisle na typu instrukce)
— Register file read ports pripojené na stejna mista

Rekonstrukce immediate:
imm[11:0] = {instruction[31:25], instruction[11:7]1}

Jednoduchy multiplexer v hardware!
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Priklad S-type kédovani:

SW x5, 12(x10) # Store word x5 do mem[x10+12]

Bindarni:
31 25 24 20 19 15 14 12 11 7 6 0

0000000 | 00101 | 01010 | 010 | 01100 | 0100011
imm[11:5]| x5 x10 SW |imm([4:0]| STORE

(0) (r52)||(rsl) |I |I (12) |I |I

Immediate 12 = 0000 0000 1100
imm[11:5] = 0000000 (bity [31:25])
imm[4:0] 01100 (bity [11:7])

Hex: 0x00552623
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B-type (Branch):

31 30 25 24 20 19 15 14 12 11 8 7 6 0
i[imm[10:5] rs2 rsl |funct3 imm[4:1i i opcode |
m m
[ [

1 1
2 1
] ]
| |

Pole:

— opcode [6:0]: BRANCH (1100011)

— imm[11] [7]: Bit 11 offsetu

— imm[4:1] [11:8]: Bity 4-1 offsetu
— funct3 [14:12]: Podminka (@00=BEQ, 001=BNE, ...)

- rsl [19:15]: Prvni porovnavany registr
- rs2 [24:20]: Druhy porovnavany registr
— imm[10:5] [30:25]: Bity 10-5 offsetu

— imm[12] [31]: Bit 12 (sign bit) offsetu

Offset je 2-byte aligned - imm[0@] je vzdy @ (nekdéduje se)
Pouziti: BEQ, BNE, BLT, BGE, BLTU, BGEU

Priklad: BEQ x1, x2, offset - if(x1==x2) PC += offset 16



ProcC tak slozité immediate?

Rekonstrukce:
imm[12:1] = {inst[31], inst[7], inst[30:25], inst[11:8]}
imm[@] = @ (vZdy, instrukce jsou 2-byte aligned)

Vysledek: 13-bit offset, sign-extended na 32/64 bit
Rozsah: -4096 az +4094 bytd

ProC takhle?

1. Zachovat rsl1, rs2 na stejnych pozicich

2. Sign bit [31] na spravném misté pro signh-extension
3. Offset bity strategicky rozmistény pro minimum HW

Vysledna adresa:
target_address = PC + sign_extend(offset)
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Priklad B-type kédovani:

BEQ x5, x6, 100 # SkoC na PC+100 pokud x5==x6

Offset 100 = 0x64 = 0000 0110 0100

B-type immediate (bit @ neni):
[12:1] = 0 0000 0110 010

Rozmisténi v instrukci:

imm[12] =0 - bit[31]

imm[10:5] = 000001 - bits[30:25]

imm[4:1] = 1001 - bits[11:8]

imm[11] =0 - bit[7]
Bindrni:
31 30 25 24 20 19 15 14 12 11 8 7 5)

|

0| 000001 00110 00101 000 1001 0| 1100011 |I

Hex: 0x02628463

0
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U-type (Upper Immediate):

31 12 11 7 6 0

imm([31:12] rd opcode

20 bits 5 bits 7 bits

Pole:

— opcode [6:0]: LUI (0110111) nebo AUIPC (0010111)
- rd [11:7]: Cilovy registr

— imm[31:12]: Hornich 20 bitl immediate

LUI: Load Upper Immediate
rd = imm << 12 (dolnich 12 bitd = 0)

AUIPC: Add Upper Immediate to PC
rd = PC + (imm << 12)

Pouziti: Nacteni velkych konstant (kombinace s I-type)

Priklad: LUI x3, 0x12345 - x3 = 0x12345000 119



Jak nacist 32-bit konstantu?

# Chceme: x5 = 0x12345678

LUI x5, 0x12345 # X5
ADDI x5, x5, Ox678 # x5

0x12345000
0x12345000 + Ox678 = 0x1234567/8

# Dvé instrukce, ale mizeme nacist libovolnou 32-bit hodnotu!

Pozor na zaporné offsety:
# Chceme: x5 = 0x12345FFF

LUI x5, 0x12346 # x5
ADDI x5, x5, -1 # x5

0x12346000 (zaokrouhlit nahoru!)
0x12346000 — 1 = Ox12345FFF
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J-type (Jump):

31 30 21 20 19 12 11 7 6 0
i| imm[10:1] i| imm[19:12] rd opcode

m m

[ [

2 1

0 1

] ]
Pole:
— opcode [6:0]: JAL (1101111)
- rd [11:7]: Cilovy registr (return address)
— imm[19:12] [19:12]: Bity 19-12 offsetu
- imm[11] [20]: Bit 11 offsetu
— imm[10:1] [30:21]: Bity 10-1 offsetu
- imm[20] [31]: Bit 20 (sign bit)

JAL: Jump And Link
rd = PC + 4 (ulozit navratovou adresu)
PC = PC + sign_extend(offset)

Offset je 2-byte aligned - imm[0]=0
Pouziti: Volani funkci, dlouhé skoky

Priklad: JAL x1, offset -» x1=PC+4; PC+=offset 121



Pro¢ JAL ma tak velky rozsah?

J-type offset: 21 bitl (imm[20:0], bit @ vzdy 0)
Rozsah: *1 MiB (-1048576 az +1048574 bytu)

B-type offset: 13 bitl
Rozsah: *4 KiB (-4096 az +4094 bytl)

Divod:

— Funkce byvaji daleko od sebe

— Branching jen v ramci funkce (kratké vzdalenosti)
— JAL pouzivan pro mezifunkcni skoky

Kombinace JAL + JALR umoznuje skok kamkoliv:

AUIPC x1, %pcrel_hi(target)
JALR x1, %pcrel_lo(target) (x1)
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Srovnani: pro¢ RISC-V formaty jsou lepsSi nez x867?

RISC-V:

v

4
v
4
v

x86:

X

X
X
X

Pevna pozice rsl, rs2, rd ve vSech formatech
Paralelni dekédovani mozné

Jednoduchy hardware

Immediate strategicky rozmisténé

Sign bit vzdy na bit[31]

Proménnad délka (1-15 bytd)

Sekvencni dekdédovani nutné

Slozity front-end (pop cache, predecode)
Registry na rlznych pozicich

Vysledek:
RISC-V dekodér: ~10K gates
x86 dekodér: ~100K gates (10x slozitéjsi!)
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I-type (Immediate):

31 20 19 15 14 12 11 7 6 0
imm[11:0] rsl |funct3 rd opcode
12 bits 5 bits 3 bits 5 bits 7 bits
Priklad: ADDI x3, x1, 10 -»>x3=x1+10
S-type (Store):
31 25 24 20 19 15 14 12 11 7 06 0
imm[11:5]| rs2 rsl |funct3 imm[4:01| opcode:|

Immediate rozdéleny (design pro dekodovani!)
Priklad: SW x2, 8(x1) -> mem[x1+8] = x2
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B-type (Branch):

31 30 25 24 20 19 15 14 12 11 8 7 6

1
i|imm[10:5] rs2 rsl |[funct3|imm[4:1]|i| opcode

m m
[ [
1 1
2 1
] ]
||

Branch offset (2-byte aligned)
Priklad: BEQ x1, x2, offset - if(x1==x2) PC += offset
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U-type (Upper Immediate):

31 12 11 /] 6 0
imm([31:12] rd opcode
20 bits 5 bits 7 bits

Pfiklad: LUI x3, @x12345 - x3 = 0x12345000
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J-type (Jump):

31 30 21 20 19 12 11 /] 6 0
i| imm[10:1] i| imm[19:12] rd opcode

m m

[ [

2 1

0 1

] ]

Priklad: JAL x1, offset - x1=PC+4, PC += offset
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Proc slozité immediate kédovani?

o Maximalni re-use hardware: rs1, rs2, rd na stejnych pozicich
e Dekodér muze paralelné extrahovat vSechna pole

e I[mmediate znaménkoveé rozSireni vzdy z bitu 31
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3.3.2 Registry

32 celociselnych registru:

X0  (zero) Hardwired zero (Cteni vzdy vraci @, zapis ignorovan)
x1 (ra) Return address

x2  (sp) Stack pointer

x3  (gp) Global pointer

x4  (tp) Thread pointer

x5-7 (t0-2) Temporaries (caller-saved)

x8 (s@/fp) Saved register / Frame pointer
x9  (s1) Saved register

x10-11(a0-1) Function args/return values
x12-17(a2-7) Function arguments
x18-27(s2-11)Saved registers (callee-saved)
x28-31(t3-6) Temporaries
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X0 = zero - genialni myslenka?

# NOP (no operation)
ADDI x0, x0, 0 # X0 = x0 + 0 (nic nedéld)

# Unconditional branch
BEQ x0, x0, label # vzdy skoCi (x@ vzdy == x0)

# Clear register
ADD x5, x0, x0 # x5 =0

# Test equal to zero
BEQ x5, x0, zero_case # if (x5 == 0)

# Copy register
ADDI x5, x6, 0 # X5 = x6 + 0 = x6

Eliminuje potfebu specialnich instrukci!
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3.3.3 RV32l Instrukce (47 total)

Integer aritmetika:

ADD rd, rsl,
SUB rd, rsi,
ADDI rd, rs1,

# Porovnani

SLT rd, rsi,
SLTU rd, rsi,
SLTI rd, rsi,
SLTIU rd, rs1i,

rs2
rs2
imm

rs2
rs2
imm
imm

H H H

rd = rsl + rs2
rd = rsl — rs2
rd =

rd = (rsl < rs2)

Unsigned compare

? 1

rsl + imm (signh-extended)

: 0 (signed)
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Logické operace:

AND
OR
XOR
ANDI
ORI
XORI

Shifts:

SLL
SRL
SRA
SLLI
SRLI
SRAI

rd,
rd,
rd,
rd,
rd,
rd,

rd,
rd,
rd,
rd,
rd,
rd,

rsi,
rsi,
rsi,
rsi,
rsi,
rsi,

rsi,
rsi,
rsi,
rsi,
rsi,
rsi,

rs2
rs2
rs2
imm
imm
imm

rs2 # Shift left logical (rs2 = shift amount)
rs2 # Shift right logical (zero fill)

rs2 # Shift right arithmetic (sign extend)
shamt # Immediate shifts (shamt = 5 bits)

shamt

shamt
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Load/Store:

LW rd,
LH rd,
LHU rd,
LB rd,
LBU rd,

offset
offset
offset
offset
offset

(rsl)
(rsl)
(rsl)
(rsi)
(rsl)

SW rs2, offset(rsl)
SH rs2, offset(rsl)
SB rs2, offset(rsl)

Branches (conditional):

BEQ rsi,
BNE rsi,
BLT rsi,
BGE rsi,
BLTU rs1,
BGEU rs1,

rs2,
rs2,
rs2,
rs2,
rs2,
rs2,

offset
offset
offset
offset
offset
offset

HHEH HHFEHHIFH

HHHHHR

Load word (32-bit)

Load halfword (16-bit, sign-extend)

Load halfword unsigned

Load byte (8-bit, sign-extend)

Load byte unsigned

Store word
Store halfword
Store byte

Branch
Branch
Branch
Branch

if equal

if not equal

if less than (signed)
if greater/equal

Unsigned comparisons
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Jumps (unconditional):

JAL rd, offset

JALR rd, rsl, offset

Upper immediate:

LUI rd, imm

AUIPC rd, imm

System:

ECALL
EBREAK
FENCE
FENCE. I

H H HH H H HH

H H HH

Jump and link

rd = PC + 4, PC += offset

Jump and link register

rd = PC + 4, PC = rsl + offset

Load upper immediate

rd = imm << 12

Add upper immediate to PC
rd = PC + (imm << 12)

Environment call (syscall/trap)

Breakpoint (debugger)

Memory ordering 134
Instruction fence (I-cache sync)



3.3.4 Kédovani prikladu
Priklad 1: ADDI x5, x6, 10

Instrukce: ADDI x5, x6, 10

Format: I-type

31 20 19 15 14 12 11 7 6 0
000000001010 00110 | 000 00101 | 0010011
imm=10 rsl=6 |func3 rd=>5 opcode

Hex: 0x00A30293
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Priklad 2: ADD x7, x8, x9

Instrukce: ADD x7, x8, x9
Format: R-type

31 25 24 20 19 15 14 12 11 7 6 0
0000000 | 01001 | 01000 | 000 00111 | 0110011
funct?7 rs2=9 rs1=8 |funct3| rd=7 opcode

Hex: 0Ox009403B3
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PFiklad 3: LW x10, 12(x11)

Instrukce: LW x10, 12(x11)

Format: I-type

31 20 19 1514 1211 76 0
000000001100 | 01011 \ 010 | 01010 | 0000011
offset=12 base=1}|width rd=10 | LOAD

Hex: @x0Q0C5A503
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3. Architektura RISC-V

3.4 RV64l - 64-bit rozsSireni
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Registry maji Sirku 64b (W - word, D - doubleword)

Noveé instrukce (12 pridanych):

# 64-bit arithmetic

ADDW rd, rsl1, rs2 # 32-bit add, sign-extend result to 64
SUBW rd, rsl, rs2

ADDIW rd, rs1, imm

# 64-bit shifts on 32-bit values

SLLW rd, rsl, rs2 # Shift lower 32 bits
SRLW rd, rsl, rs2

SRAW rd, rsl, rs2

SLLIW rd, rsl, shamt

SRLIW rd, rsl, shamt

SRAIW rd, rsl, shamt

# Load/Store

LD rd, offset(rsl) # Load doubleword (64-bit)

SD rs2, offset(rsl) # Store doubleword

LWU rd, offset(rsl) # Load word unsigned (zero-extend to 64) 139



3. Architektura RISC-V

3.5 Privilege Levels - Urovné opravnéni
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3.5.1 Trirezimy
M-mode (Machine):

o Nejvyssi privilegia, vzdy pritomen
e Plny pfistup k hardware
e Boot code, firmware, M-mode runtime (OpenSBl)

e Pouziti: Embedded systémy ¢asto bézi pouze v M-mode
S-mode (Supervisor):

e OS kernel (Linux, FreeBSD)

e Rizeni virtudlni paméti (page tables)

e MUzZe zachytit U-mode excepty

e Volitelny: Embedded systémy ho nemusi mit
141



U-mode (User):
o Aplikace bez privilegii
e Nemuze ménit CSR registry
o Nemuze manipulovat s paméti OS

e Volitelny: Embedded systémy ho nemusi mit

Prechody mezi rezimy:

U-mode «- S—-mode «- M-mode
(trap) (trap)
(return) (return)
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3.5.2 Control and Status Registers (CSR)

M-mode CSRs:
mstatus Machine
misa ISA and
mie Machine
mtvec Machine
mscratch Scratch
mepc Machine
mcause Machine
mtval Machine
mip Machine

status register

extensions (R/W or read-only)

interrupt enable

trap vector base address

register for M-mode trap handler
exception program counter

trap cause

trap value (faulting address/instruction)
interrupt pending
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S-mode CSRs:

sstatus Supervisor status

sie Supervisor interrupt enable

stvec Supervisor trap vector

sscratch Supervisor scratch

sepc Supervisor exception PC

scause Supervisor trap cause

stval Supervisor trap value

sip Supervisor interrupt pending

satp Supervisor address translation and protection
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CSR instrukce:

CSRRW rd, csr,
CSRRS rd, csr,
CSRRC rd, csr,
CSRRWI rd, csr,
CSRRSI rd, csr,
CSRRCI rd, csr,

Priklad: Disable interrupts

CSRRCI x0, mstatus, 0x8

rsl
rsl
rsl
imm
imm
imm

# rd = CSR; CSR = rsl1 (atomic swap)
# rd = CSR; CSR |= rsl (set bits)
# rd = CSR; CSR &= ~rsl1 (clear bits)

# Immediate versions

# Clear MIE bit in mstatus

# x0 = destination (discard old value)
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3.5.3 Trap handling

Trap = Exception nebo Interrupt:

e Exception: Synchronous (illegal instruction, page fault)

o Interrupt: Asynchronous (timer, external device)

Trap flow:

1. HW automaticky:
— mepc = PC (ulozit ndvratovou adresu)
— mcause = trap kod
— mtval = doplnujici info
— Sko¢ na mtvec (trap handler)

2. Software trap handler:
— Uloz context (registry)
— Zpracuj trap (podle mcause)
— Obnov context
— MRET (Machine RETurn) 146



mcause kédy:

Interrupt bit (bit 63/31) 1 - Interrupt

@ - Exception

Exceptlon codes:

Instruction address misaligned
Instruction access fault
Illegal instruction
Breakpoint

Load address misaligned

Load access fault

Store address misaligned
Store access fault
Environment call from U-mode
Environment call from S—-mode
11: Environment call from M-mode
12: Instruction page fault

13: Load page fault

15: Store page fault

LOOO\I@U'I-bUUNI—‘S
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4.Implementace zretézeni (Pipelining)

4.1 Motivace: Proc pipeline?

148



4.1.1 Sekvencéni vykonavani (bez pipeline)

Jednoduchy procesor:

Instrukce trva 5 cykli:

IF | ID | EX | MEM | wB

Instrl: 5 cykld

IF | ID | EX | MEM | WB |

Celkem: 10 cykll pro 2 instrukce
CPI (Cycles Per Instruction) =5

Problém: Hardware je vétSinu ¢asu necinny!

o Kdyz EX pocita, IF/ID/MEM/WB nedélaji nic

e Plytvani prostredky

Instr2: dalsi 5 cykld
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4 1.2 Pipeline: Paralelni zpracovani

S pipeline:
Cas: 1 2 3 4 5 6 7 8 9
I1: |IF ID |EX |MEM|WB
12: IF |ID |EX [MEM|WB
I3: IF |ID |EX |MEM|WB
14: IF |ID |EX [MEM|WB |

Celkem: 9 cykll pro 4 instrukce
Po naplnéni: 1 instrukce/cyklus -» CPI =1
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Vyhody pipeline:

o \/ySSithroughput (propustnost)

o Lepsivyuziti hardware

e \/ySSiIPC (Instructions Per Cycle)
Nevyhody:

o Slozitgjsi fizeni

o Hazardy (konflikty)

o \/yssSilatence jednotlivé instrukce
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4.Implementace zretézeni (Pipelining)

4.2 Klasické 5stupnoveé zretézeni
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4.2.1 Faze pipeline - Detailni rozbor

IF (Instruction Fetch) - Nacéteni instrukce:

Operace:

. Cti PC (Program Counter)

. Pristup do I-Cache/paméti

. Nacti instrukci

. PC = PC + 4 (nebo PC + 2 pro compressed)
. Uloz do IF/ID registru

O brWNEF

Hardware:

PC — I-Cache ——| IF/ID
(nebo IMEM) Register

T

PC+4/2

Latence: 1 cyklus (s cache hit)
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Mozné problémy:

e |-Cache miss: +10-100 cykld

e Branch: PC se muUze zménit
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ID (Instruction Decode) - Dekdédovani:

Operace:

1. Dekdéduj opcode z instrukce

2. Identifikuj registry (rsl, rs2, rd)

3. Cti registry z register file

4. Dekdéduj immediate hodnotu

5. Generuj ridici signaly

6. Uloz do ID/EX registru

Hardware:
IF/ID —| Decoder |[———| Register —— | ID/EX
Register File Read Register

1
Cte 2 registry soucasné

Latence: 1 cyklus
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Dekddovani pro rizné ISA:

RISC-V (pevna délka):
- rsl vzdy na bitech [19:15]
— rs2 vzdy na bitech [24:20]
— rd vzdy na bitech [11:7]
» Paralelni dekddovani!

x86 (proménna délka):
— Musime sekvencné Cist byty
— Slozitéjsi dekédovani
— Proto x86 pouziva predekdédovani
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EX (Execute) - Vykonani:

Operace:
1. Vyber operandy (z registrd nebo immediate)
2. Provedeni v ALU:
— Aritmetika (ADD, SUB, MUL)
- Logika (AND, OR, XOR)
— Shift (SLL, SRL, SRA)
— Porovnani (SLT, SLTU)
3. Pro load/store: vypoclet adresy
4. Pro branch: vyhodnoceni podminky + cilova adresa
5. Uloz vysledek do EX/MEM registru

Hardware:
ID/EX — ALU —- | EX/MEM
Register Register

1
Forwarding paths

Latence: 1 cyklus (pro vétsSinu operaci) 157



Komplikace:

e Nasobeni: mUze trvat 2-3 cykly (multi-cycle)
e Déleni: 8-32 cyklu (iterativni)
e Floating-point: 3-5 cykld
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MEM (Memory Access) - Pristup do paméti:

Operace:
1. Pro LOAD:

— Pouzij adresu z EX

— Pristup do D-Cache

— Nacti data
2. Pro STORE:

— Pouzij adresu z EX

— ZapiS data z registru do D-Cache
3. Pro ostatni:

— Nic (data jdou primo do WB)
4. Uloz do MEM/WB registru

Hardware:
EX/MEM |—— D-Cache —- | MEM/WB
Register (nebo DMEM) Register

)
Forwarding mozny

Latence: 1 cyklus (s cache hit) 159



Mozné problémy:

e D-Cache miss: +10-100 cyKklU
e Alignment error: adresa neni zarovnana

e Page fault: data nejsou v RAM (OS swap)
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WB (Write Back) - Zapis zpét:

Operace:

1. Vezmi vysledek z MEM/WB registru

2. Zapis$ do cilového registru (rd)

3. Pro nékteré instrukce: nic (store, branch)

Hardware:
MEM/WB |———| Register
Register File Write

l
Zapisuje 1 registr

Latence: 1 cyklus (polovina cyklu - write v 1. ptli)
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4.2.2

Pipeline registry

Mezi kazdym stupném:

IF

IF/1ID ID/EX EX/MEM
-»| ID -| EX - |MEM

Obsa

Obsa

MEM/WB

h IF/ID registru:
Instrukce (32-bit)
PC (pro vypocCet branch target)

h ID/EX registru:

Operandl, Operand2 (hodnoty z registri)
Immediate

rsl, rs2, rd (¢isla registri)

Ridici signaly (ALU op, mem read/write,
PC

)

WB
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IF/ID ID/EX EX/MEM MEM/WB
IF S| ID | EX - |MEM -| WB

Obsah EX/MEM registru:
— ALU vysledek
— Data pro store
- rd
— Ridici signdly (mem read/write, reg write)

Obsah MEM/WB registru:

— Data z paméti nebo ALU
- rd
— Ridici signdly (reg write)
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Proc registry mezi stupni?

e Synchronizace: vSechny faze trvaji 1 cyklus
e |zolace: kazda faze vidi "snapshot” dat

o Umoznuji paralelismus
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4.Implementace zretézeni (Pipelining)

4.3 Hazardy pipeline - Typy a reseni
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4.3.1 Strukturalni hazardy - konflikt o HW prostredky
Priklad 1: Sdilena pamét

Von Neumannova architektura (1 pamét pro instrukce i data):

Cas: 1 2 3 4 5 6

I1: |IF ID |EX |MEM|WB

12: IF |ID |EX |MEM|WB
I3: IF |ID |EX |MEM
14: IF |ID |EX

T T

‘ L I4 pottebuje IF (read instrukce)
I1 potrebuje MEM (read/write data)

KONFLIKT! Obé potrebuji pamét soucasné
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Redeni: Harvardska architektura

Instruction Data
Memory Memory
(I-Cache) (D-Cache)

1 1

\— IF MEM J

-~ Zadny konflikt, obé& mohou béZet paralelné
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Priklad 2: Register file konflikt

Problém: Co kdyz ID stage chce Cist registr,
ktery WB stage prave zapisuje?

Redeni: Register file s internal forwarding
— Write v 1. plli cyklu
— Read v 2. plli cyklu
— Nebo: bypass write-read v ramci registru
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Priklad 3: ALU neni dost

Superskalarni procesor (2 instrukce/cyklus):

Cas: 1 2 3
I1: IF ID EX
I12: IF ID EX

1
Obé potrebuji ALU!

ReSeni: 2x ALU (nebo vice)
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4.3.2 Datové hazardy - Read After Write (RAW)

Definice: Instrukce potrebuje vysledek predchozi instrukce

Priklad 1: Zakladni RAW hazard

ADD x1, x2, X3 # x1
SUB x4, x1, x5 # x4

X2 + X3
X1l — x5 « potrebuje x1!

Casovy diagram (bez feseni):

Cas: 1 2 3 4 5 6 7
ADD: |IF |[ID |EX |MEM|wWB
SUB: IF |ID |EX [MEM|WB |

)
L SuB ¢te x1 v ID (cyklus 3)
ADD zapisuje x1 ve WB (cyklus 5)

- SUB dostane STAROU hodnotu x1'!
- CHYBA! 170



Shrnuti: Klicové poznatky o pipeline

1. Pipeline zvysuje throughput, ne latenci

o Jedna instrukce stale trva stejné

o Ale dokoncujeme vice instrukci per ¢as
2.Hazardy jsou nevyhnutelné

o Datové (RAW): forwarding + stalling
o Ridici (branch): predikce

o Strukturalni: vice hardware
3. CPl je klicova metrika

o |dealni: CPlI =1.0, realné: CPI =1.1-2.0

o Zavisi na: hazardech, predikci, cache 171



