2
7

)



High Level to Assembly, E1-4

High-level swap(size_t v[], size_t k)
. language {
 High Level Lang (C, etc.) e sirect tem
vlk] = v[k+1];
— Statements VK] = tenp:

— Variables

— Operators Coompter)

— func, proc, methods o -
 Assembly Language g ST

. (for RISC-V) 1d Ki 'E]':.J\‘tj,.'
— Instructions R
— Registers Jalr X0, 00D

— Memory segments/sections

« Data Representation G
— Number Systems [ %]

Binary machine  00000000001101011001001100010011

language 00000000011001010000001100110011
program 00000000000000110011001010000011
(for RISC-V) 00000000100000110011001110000011

00000000011100110011000000100011
00000000010100110011010000100011
00000000000000001000000001100111



R

y \ David Patterson, Andrew Waterman,
° Eé\% éﬁ *ﬂs%ﬁ Eé\ EI/(J 7%&/5\ The RISC-V Reader: An Open
.« }rﬁg }?}g’iﬁgu ” Architecture Atlas, 201

o FEF=ITFHAT HIFE 2
— MIE$ES, ILYwiES (Assemble Language)
— Instruction Set Architecture (ISA)
« 7+J%: CISC. RISC. VLIW
o FOMH. ALFEZE. CHmiFds. OS. . .
« KREMHNE
— RVIES RS
o PRAEHL FATEY, AR CR/ANEI, X535 . WEUSLRIEL
- 184 ThRE, RO SmIL, Fabra (BAEEL %462
o SAEL$2.7, A RIFAPE$2.10
- IFEIAAS$2.8, $2.13
— L HFE/F il : CODANTRB
— {82 AGURHE
— YIFELFE: $2.12

o AT/ L FiE, L, GEEE.
lIxx@ustc.edu.cn 3/41




Instruction-Set Processor Design

 Architecture (ISA) programmer/compiler view

« . . . . Application |>"hellc
—“functional appearance to its immediate user/system Software |world!”
programmer” Operating Q
. ) . Systems
— Opcodes, addressing modes, architected registers, —l===s=—m -
|IEEE floating point Arehitecture B —
— WA E S

* Implementation (LArch) processor designer view

—“logical structure or organization that performs the ==
architecture” Circuits

— functional units, pipelining, caches, physical registers Analog
« Realization (chip) chip/system designer view

—“physical structure that embodies the implementation”

— Gates, cells, transistors, wires

Devices

Physics




R R45H (SA) 1I18FHEM

L b)

BRI

— T RS B U RN A R B s S A R A =

Fhk7 =

L= WX (VAN | Sy s W £ 1 S = 1 e~

AT e H 2R

— PREFAAAS. AhE A W (BH) FAFZsRE X B A A
yeirE 2

— e/ hmAEEAL . gmbk T FEAEE. s gwmhk=E [MCM? ]
84 24t

— PLEsTR MR &0, T FEHIHLA

B N

— VORMETT T A HLIAF b 53510 B & 1) MR A 7 AR Rk
il D B

SN T STy

15 B R

— EEG T R R



il?T%ﬁEi& (Opf) ¢ Data Representation, Number Systems

BRAEECERA . ], gwd, STRPEC CRME)

— Hbdk: RS, FAER. WAE. IOBREID

— Ml EWEL EAB CERSIESS) L EaAH. e
— FfF: ASCIl. WF AL

K “RV32I/RV64” : 32hi/64 17, “ R TEIE”
. T

100
N A= -
. L. 2B . I
¥ 4B EGO—
— ®
o Y7 8B E 10
C PR RRE S
S =te) = i
o AFATAN =
° ET?L“ 4\6@0 &(b% &\,\0% Q&o Q,@c“}\ 0{’&\ Qob’e oot;za e&og,
° I / O yfﬁ l:] 3 C;/‘b kg R co@o QQJ @Q Y:x
Media type
. B2

[l Floating-point [Ji] Pointers [l Word Half-word Byte
6/41



TER T

IR R R

° j EI:I i& [ Ripes

. HAEH
ks

bR 17

Jﬁﬁ%‘] %7‘]— File Help

Executable code View mode:

() Binary @ Dizaszzembled

100
L] _i_‘/\lﬁﬁ%u },[{10 Source code
— Ox1F __ 1 main:
iy 2 addi x2, x@, 2
o ik " 3 addi x3, x@, 3
— 0bl101 2] 4 addi x7, x3, -6
b
6 j end
7 addi x2, x0, 2
8
9 end:

A7 I
T

main, end

10 sw x2, 45(x0)
11 beqg x7,x5,main

0000OR00 <main>:

@: 002008113
4: 00300193
8: ffa18393
(o 0080006
10: 00200113

000BOR14 <end>:
14: 022026a3
18: fe5384e3

addi x3 x0 3
addi x7 x3 -6
jal x@ 0x14 <en
addi x2 x0 2

sw x2 45(x@)
beg x7 xb -24 <




RV architected registersf1ABI, [&2-14

Register Preserved
m

The constant value O
x1l (ra) 1 Return address (link register) yes
x2 (sp) 2 Stack pointer yes
x3 (gp) 3 (Globa) pointer yes
x4 (tp) 4 pointer yes
xb-x7 5-7 Temporaries no
x8-x9 8-9 Saved yes
x10-x17 10-17 Arguments/results no
x18-x27 18-27 Saved yes
x28-x31 28-31 Temporaries no

ABIZ fies %, Mg, OREFHF 25 ERAAR KT




RV LAY py gk 25 [R] 0 e s B ot

- B
— DATA

e static

» Stack/Heap
- B BEE
— MfE: BRI
— CODE/Text

o HbhibAg =
— ANk
— FHXfHuAE Fehb+ WA

« offset, displacement
o« FULEFAFARbp

oAbk
— 1/O port?
— A
— K

SP — 0000 003f ffff

NN NONNA 10NN
gp— 0000 0000 1000

\O\N\ N N\ 8 NAN
PC > Cl'u'\.zl\_' O'ul\,'u \.«'\J"’\_

fF0pex

Stack

'
T

Dynamic data

Static data

Text

Reserved

K]2-13 Linux ] ) Hb bk 23 ] R 2 20 58
A FHEE S B N A (8] RN ?
BB R RN?

9/111




TN 7 (Byte Ordering) $2.3.1

o ARG T AT PR o00C s
— Rim/ K)E%4 (big endness) 0010 f

o KHhHE, E=HFAY
— /Nigl/NENE Clittle endness)
o (KHbE, KA
. /N D) B
X86FRVAS N/, ARMAILLE FiXE _

+ 00000000 00000000 00000000 00000001
~ 00000000 00000111 00000011 00000001? 1.1’

T ]]|-
=
=E

X% . 00000000 00000000 POOPPPRe 00eeeRe1l
addr+o addr+1 addr+2 addr+3 //SEEEERHY ( £ )

/\EEi% : 00000001 0P PPOPPPRE 0RO
addr+0 addr+1 addr+2  addr+3 //SEFRERAT ( EEG )



HIEXSF (Memory Alignment) , $2.3.1

» AR A AR S HI T AL

M) AIRE

PR AT il E

élleZ

— I U R A
TR, AR

o HHEXTF: RVIXBBAE R, MIPSE R

Bls (Biln—

, XS AR RO B

— FX5E HBHE AR AL, FEFT ]

— PEERSE: MR A A, TV
e bk (+EH )
7 (Hnt2) 3z (Hhko) 0
FAY k7)) | Gike) F (Hhk4) 4
ez (Hhk10) dez (Huhtks) 8

lIxx@ustc.edu.cn

11/41



mAE LN 2K
BAE 2R
¥¥Efe# (data movement) =
— VJif¥: load, store, mov iy T
Hi¥iz% (arithmetic & logical) u

— add, sub, and, not, or, xor, dec, inc, cmp
— monadic & dyadic operations

AL ERAE

— monadic operations: shl, shr, srl, srr

32| (tranfer of contral, Branch)

— comparisons & conditional branches: beq, bnz
— MR jmp

— procedure call: call, ret, Int, iret
KGiFE4: nop, sti, cli, lock, HLT |[#iR }
Z2kke: R, [ RQ CLK

g -
lIxx@ustc.edu.cn 12/41




e Bl ILgmia<, Plasfi<

¢ ALU: add| E_>Ripes - o X

- PR ag oy ay eE
. BT

Source code Executable code View mode: () Einary @ Dizazsembled
L TN ML
° _\Laﬂéﬁ 1 main:
- " 2 addi x2, x@, 2 Q0000000 <main>:
E E]/\jilfglgﬁi‘éﬁ 3 addi x3, x0, 3 0: 00200113 addi x2 x@ 21F
4 addi x7, x3, -6 4: 00300193 addi x3 x@ 3
o HAlivn 5 8: ffa18393 addi x7 x3 -6
6 3j end C: 0080006 T jal x@ 8x14 <en
® /\i 1 b 7 addi x2, x@, 2 10: 00200113 addi x2 x0 2
]j . J b eq ]
/= =1 9 end: 00000014 <end>:
—_ NPC: ’fT_ﬁ‘ 10 sw x2, 45(x@) 14: 022026a3 sw x2 45(x0)
11 beq x7,x5,main 18: feh384e3 beg x7 x5 -24 <
- PC+1
[ TN Mz
« LRI
N
* VUiMF: SW
— WAFHLAL : ,

o Hhb+RA%



TE‘/Q"\?*%ﬁMachine Instruction Layout

« von Neumann: “#54 H#A/ERS A HbEAD A2 Bk 7
o EREND. ERAEROMHENG
o HubEEG. FEASFIEAEEL (operand, opr) iGN E

BRI Cop) HihkAg sk Caddr)

o FEAFKEMHEVs. TZ: RISC (RV/IMIPS/ARM) —f&321f7

o [HE: AN, JRI%AS(A]
o EREAY R [E g vs. n] AR

o [HE: PEESTIE, TR AEAIR, RISC (RVIMIPS/ARM)

o A[AF: $RASKECNME AL T IHEE, CISC (x86) , RV (16/32/...)
o “YREEMEIHEAR” . ¥ opid 5addrid i v E

o WRIELSTFKEE, MEELKERE N, Mgk EgEkE

lIxx@ustc.edu.cn 14/41



Hhbat: HRAEEL fR4

o RERERL. HMEAER. P —2cia o HuE
— Hiudik: FAEES. EAF. /O%m

o HbhEAD A%

— 4 HEFE 4. op rsi, rs2, rd, ni

— 3HHEFE4S: oprsl, rs2, rd;  nifEPCH

— 2HhEFE4: oprsi, rs2; rd=rs1 or ACC
— 1Hhlb484: op rs2; rs1=ACC, rd=ACC
— OHulik¥5 4. op; HEFR ERAE

lIxx@ustc.edu.cn 15/41



TUETT G 1R BB A

o FHTTF: FEA ARSI IO HE T T 30
« 84T hk: BRCPURHPC

— WP HAT: BT %84, PCH3IL

— Bb¥E: EHPC, #AEIHRHHEHAT
o ER{EZETAE

— fRAHEH L7

— BRAHbE: ERAEEAE 2 A7 2 N A7 H B ) B b

« EA=F 07 A+ Ak Control | aritmeic |

Registers .| Instruction
" D

HEVERD T2 | ructio |H_

lIxx@ustc.edu.cn 16/41
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I
.
o~ 1

— SLEPSEH
— BTN

i =

: ’thfﬁ:

»y

o

— [B]F2 T4

| .
DY
| .
o

v

o HLZ]10F

i

(a)
(b)
(c)

BERL Rk %

oy

— T Feslal Tk (e)

s~k CdD

— FhkFHE (P
 BP+offset

— PCHXTF-HE ()
 PC+offset

— HERR L (@)

— BhTF

FAhF (d+f)

 Index: x86si/di
— EEFh (iR

Instruction

[T Operand

(a) Immediate

Instruction
[ ] A |

Memory

L Uperand

{b) Direct

Instruction

I A |

Memory

Operand |+

(c) Indirect

Instruction

[ TR]

L Operand

Registers

id) Register

Instruction
R

| Memory

Instruction

[R] A |

Memory

Dperand

Registers

ie) Register indirect

.

o

—{ Dperand

Registers

if) Displacement

Instruction

Implicit

L

Top of stack
register

ig) Stack

R Ak A RO IR ?
AR R T B LI A7

load-storeZE 4
i/ W25 LA 2

A2 T hAa R Ty 507

17/41




=

TV TS O & X

[ Ripes

File Help

B O D> Xiws &) FF

Source code

addi
j/jal

Executable code View mode: (U Binary ® Disassembled

SW
beq

1 main:

2 addi x2,
3 addi x3,
4 addi x7,
5

6 j end

7 addi x2,
8

9 end:

12 sw x2, 45(x0)
11 beqg x7,x5,main

X0, 2
X0,
%3,

Processor

Memory

X0,

CIEfF

— R

4, Hhdlk, ZAF9E2
— PUTHERY. IR
175 ?

#finclude <stdio.h>

00000RRR <main>:

0: 00200113  addi x2 x0 21F]
4: 00300193 addi x3 %@ 3

8: ffa18393 addi x7 x3 -6

C: 0B80Ra6T jal x@ 0x14 <en
10: 00200113 addi x2 %0 2

00RBOA14 <end>:
14: 022026a3
18: fe5384e3

sw x2 45(x0)
beg x7 xb -24 <

int
Tain (int argc, char *argv[])
int i:
int sum = 0;
for (i =0: 1 <=100; i =1 + 1) sum = sum + i * 7:
printf (“The sum from O 100 is %d\n”, sum);




RISC-V{g 2 #& I\ 5 #AEM

K4-16
Name Field Comments

(Field size) 7 bits 5 bits 5 bits 3 bits 5 bits
R-type funct? rs2 rsi funct3 rd opcode Arithmetic instruction format
type immediate[11:0] rsi funct3 rd opcode Loads & immediate arithmetic
Stype immed[11:5] rs2 rsi funct3 | immed[4:0] opcode Stores
SBiype immed[12,10:5] rs2 rsi funct3 |immed[4:1,11] opcode Conditional branch format
UJiype immediate[20,10:1,11,19:12] rd opcode Unconditional jump format
U-type immediate(31:12] rd opcode Upper immediate format

e KT EARNS/U (K2-19) , ercxcmoraa | 16-bit (aa # 1)
— g 5 %) 4FE, 6, E4-16 [ oottt | 12bit (sbo £ 11)
— M. RegMIMMALEREE i st s

« B/J-type) LRI, (PEHA LD [$4.4.2, K[4-17, 4-18]
— “PDE A S FRIMUXEEAMUX G 2, SGE 8 A 1

o AIRICFFrAKIE4L5: Opcodeffibbbaa
— Can support variable-length instructions [ 2 Hj{XRV16/RV32]




RV+5 4 /B
RV32l: FH, K2-18
KK ifEied

TERE R 2R

b’ h’ W’ d
Vi, AL
i GLEIED , u CERFSE0

=R SN

. E3-12
RS TZIIRE 7R

— [AThaEE: oplF, functA[H]
— il ALU, P5fE, 3¢

add: R-type

addi: [-type

lw: load, I-type

sw: store, S-type

beq: SB-type

jal (UJ-type) , jalr (I-type)

ERENEIEET

add 0110011 000 0000000
sub 0110011 000 0100000
511 0110011 001 0000000
Xor 0110011 100 0000000
Rype srl 0110011 101 0000000
sra 0110011 101 0000000
or 0110011 110 0000000
and 0110011 111 0000000
= T 1T = 0110011 011 0001000
T - 500 — =] 0110011 011 0001100
1b 0000011 000 f.a.
1h 0000011 001 n.a.
C 1w > | noooo11 010 n.a.
d 0000011 011 n.a.
1 bu 0000011 100 M.a.
] hu 0000011 101 n.a.
lype 1wy 0000011 110 n.a.
addi 0010011 000 n.a.
5114 0010011 001 000000
Xori 0010011 100 n.a.
srli 0010011 101 000000
sraj 0010011 101 010000
ori 0010011 110 f.a.
andi 0010011 111 n.a.
¢ jalr > | 1100111 000 n.a.
5h 0100011 000 f.a.
Stype sh 0100011 001 n.a.
C  sw D | 0100011 010 n.a.
sd 0100011 111 n.a.
¢ beg > | 1100111 000 n.a.
e 1100111 001 n.a.
SBype b1t 1100111 100 r.a.
oge 1100111 101 n.a.
bltu 1100111 110 fi.a.
bgeu 1100111 111 n.a.
-type lui 0110111 rn.a. r.a.
Utype i3l S| 1101111 n.a. n.a.




RISC-V5

[ o

« opra-hkJr
— SLHEPSFHE

bk 7 3¢,

e 45)Fr: A [HW view] 3%, Imm, Reg, Base

1. Immediate addressing

™~

C HRIRA R A

e addi x1, x2, 1000
— EAres Sk
— FhkF-hk

L IR WA

* Iwx1, 1000(x2)
c AT IR
— PCAHHXS Tk
* beq, jal
— [H]¥2 k%% indirect
* jalr x0, 100(x1)

K]2-17

immediate | rs1 [funct3| rd | op
2. Register addressing
funct?| rs2 | rs1 |funct3| rd | op Registers
| } Register
3. Base addressing
immediate | rs1 |funct3| rd | op
| Memory
Register @— | word
|
4. PC-relative addressing
imm | rs2 | rs1 [funct3|imm| op
| ] Memaory
PC Word

i




] - RViEEf e, FHEFEL, KE2-6

add (add) 0000000 | 00011 | 00010 00001 | 0110011 add x1, x2, x3
sub ( 100000 00011 | 00010 00001 | 0110011 sub x1, x2, x3
et | runca | 4| opcote | Example
addi (add immediate) 001111101000 | 00010 00001 | 0010011 | addi x1, x2, 1000
(load word) 001111101000 | 00010 00001 | 0000011 | Iwx1, 1000 (x2)

S-type Instructions immed immed| opcode
-iate -iate

sw (store word) 0011111 | 00001 IOOOiOI 010 01000 | 0100011 | swx1, 1000(x2)

o LgmTE SRS HE T AR OR
— WEESTUE [, &), ScRiFuE =163k, JEakF-4k [1000(x2)]
— BRSNS T E LRI S, load/store ARk
o HABESEILWIES: REAEEON B M3 EZ 07 BN MR &R
— LIRS x2IX3 AR ERESIs1rs2, x1y H i AE $rd
— JEES-type: rs2=x1 (FfEAMEM, Ji) , rsl=x2 (G , rs2 => mem[rs1+1000]
- Load-StoreZEfy: ALUE:/E AReg-RegiiReg-Imm%Y, HiELoad/StoreiifE (1/0)
— add x1, x1, 1000(x2) //AFix




$zero: X0 fr#s, $2.3.2

* X0 “0”  (hardwired)

— data move: reg-reg s
add $v0,$s0,$zero # returns f ($v0 = $s0 + 0)
— S B

add1 $v0,%zero,l 3 return 1

— Compare
beq $t0,%$zero, L1 # 1f n >=1, go to L1

— Goto
beq x0, x0, Exit [/ #]jal x1, Exit?
— hop
addi x0, x0, 0; 5 AH i m /DI InopsE il 7%




(?

111

Jd

R R A B
$2.7, 2.8, 2.10.2, 44

o MR MNHAYSZ, PC+12fvoffset (4/-)

— beqg, bne,
Branch if equal beq x5, x6, 100 if (xb == xb) go to PC+100
SB-type immed[12,10:5] rs2 rsi funct3 |immed[4:1,11] opcode

M, +H-, AR Hcall
— jal: PC-relative4r3Z, 20fioffset, Calling, x1 =ra
Jump and link jal x1, 100 x1 = PC+4; go to PC+100

Ultype immediate[20,10:1,11,19:12] rd opcode

— jalr: [A]#% (indirect) Bk¥:, 12fioffset, Return

Jump and link register | jalr x1, 100(x5) | x1 = PC+4; go to x5+100

l-type immediate[11:0] rsil funct3 rd opcode




AR, 5B E=>3207 T B, $2.4

e FE3R: I/SISB/UI-type, 1247/204 % 37 Bl $r=>321
— addi $s3,$s3,4; $s3 =3$s3 + 4
— |lw $t1, offset($t2); $t1=M[$t2+offset]
— beq $1, $3, 7; if($1=%$3)then goto nPC+7, else not taken
— jal x0, 100; x0 =0, goto PC+100

N L ey AN 16 ian 32
e NP E: ENNER | o 1 P
— T&EYRE (zero extension) : =740
« WHHIEH

— %5 ¥ R (sign extension) : EATAMNL, AT
o BREH, Hbifwiz

l-type immediate[11:0] rsl funct3 rd opcode
S-type immed[11:5] rs2 rsl funct3 | immed[4:0] opcode
SB-type immed[12,10:5] rs2 rsl funct3 |immed[4:1,11] opcode
UJtype immediate[20,10:1,11,19:12] rd opcode




327 5 B Y,

S

& KRALEIE, $2.10.1

— EN20f AL ENE . BUA 1200 f5 2067 57 B Y

* |ui: load upper immediate, U-type
— #2047 LR % £[31:12], [11:0]=0
— fi: luix5, 0x12345; x5=0x1234 5000,

- +ik1217
« addi: I-type

KBk SFhk32f7hht2%a], $2.10.2,

— lui: EX%ZO{ﬁ
o l: luix5, 0x12345;

— jalr: jump & link reg, I-type

o H20fiHE120, ——FETX5IEERREE, AN JEPCAHNT Sk !
« fi]: jalrx1, 100(x5); x1=PC+4, goto x5+100

)?ﬁu 7 ?2) Tﬁzﬁ

—$2.18//7auipc ?

U-type

immediate[31:12]

rd

opcode

l-type

immediate[11:0]

rsil

funct3

rd

opcode




RVIL AL P25 1) . BLak,

.text
.align 2
.globl main
main:
addi sp,sp,-16
sw ra,12(sp)
.{ lui a0,%hi(stringl)
addi a0,a0,%lo(stringl)
,{ lui al,%hi(string?2)
addi al,al,%lo(string2)
call
lw ra,12(sp)

printf
addi sp,sp,16
1i a0,0
ret

.section .rodata

.balign 4
stringl:

.string "Hello, %s!\n"
string2:

.string "world"

H OH HF OH HF H H HF H HF H OHF HF H OH H HF H H HF H

Directive:
Directive:
Directive:

label for

allocate stack frame
save return address
compute address of

stringl

compute address of

string?2

enter text section

(P&W) 4

X [&2-25:

align code to 272 bytes
declare global symbol main

start of main

{

#include <stdio.h>
int main()

return O;

call function printf
restore return address

deallocate stack frame G
load return value O PC— 0000 0000 0040 0000y,

return

AAAN ANAA 1AAA AANNA

Directive: enter read-only data section

Directive:

Directive:

label for

Directive:

align data section to 4 bytes
label for first string
null-terminated string

second string

null-terminated string

SOrtpR 4y

printf ("Hello, %s\n", "world");

Stack

'
!

Dynamic data

Static data

Text

Reserved




AR A

o i, EAHAER: sort(), swap(), $2.13.1

— callfjal, return/jalr

void sort (int v[], size_t int n)
I
I

size_t i, J;

)

A

<

void swap(int v[], size_t k)

[
L

for (i =031 <n; i4=1) | int temp;
for (j =i - 1; j >= 0 & v[jl > v[j + 11: ] temp = v[k];
] swap(v,]j); vlk] = v[k+l];
] ! vlk+1] = temp;
) )
addi x10, x21, 0 # first swap parameter is v
Pass parameters addi x11, x20, 0 {# second swap parameter is ]
and call jal x1, swap iF call swap
swap: VEHH .
111 6. X112 /1 res x6 =k * 4 e, (RIS, (RAEILG, SR
add x6, x10, x6 // reg x6 = v + (k * 4) ne: e O oL
lw x5, 0(x6) // reg x5 (temp) = v[k] W TN AT
Tw x7, 4(x6) // reg x7 = vlk + 1] % [A] ;
SW x7, 0(x6) /] v[k]l = reg x7 + e n - 4
Sw x5, 4(x6) // v[k+1] = reg x5 (temp) IR, R, EHIPUEE
jalr x0, 0(x1) // return to calling routine



(SAEW S . 2 calllreturnfs & (fh$54)

femory _ Memory .
location  Calling program location  Subroutine SUE
200 Cal  SUB - 1000 first instruction

next instruction ———m—m—

5 /2D4

Feturn
jal x1, 1000
1000 jalr x0, 0(x1)
FC 204
Link 204 B A7 #ex1 = npc
= iR [l Hidikra
Call Fetumn



Stack

ZREEEM: B, 152

SP — 0000 003f ffff fff0,., Stack

'
f

Dynamic data

Static data

gp— 0000 0000 1000 0000pex
Text

PC— 0000 0000 0040 0000p.y

o Reserved

Top
sack
clement

Second
gack
alement

Stack
It

Stack
pointer

Stack
hase=

CPLI
e gIsiers

viain

MEMOry

Fres

f,,""

\

..-“"._

$2.8.1: “HRFBHT LA, B ERK
HLCPUR A7 85 : ARINTEETSP, KAkt 251728

[n use

Block
* rearved
for stack




Addresses Main memory
Main

Use of Stack to o

Implement = o

Nested |

4500 CALL Proc2 T .
4511 Procedurs
Procedures o | “omiee | P 1)
RETURN l ’fﬁl
EE: 4800 s
ZT‘@MX{%T?TIZ%J{—?\’ %ﬁz:%% Procedurs

o R 2 /7

RETURN Y
fa) Calls and returns i) Execution sequencs
4601 4651
4101 4101 4101 4101 4101
L * . * . L *
{a) Imtial stack {b) After {c) Imitial {d) After =) After i) After {g) After

contents CALL Procl CALL ProcZ RETURN CALL Procz RETURN RETURN



FEAH: RAEMS CIRZES) , PR, $2.8

int leaf (int g, int h, int, int )) long long int fact (long long int n)
{ int f; o { if (n < 1) return (1);
f=(g+h)-(i+])); else return (n * fact(n — 1));
return f; }
}
M Pl l 18 Pl Y P2 M7 P
R1 R1 R1
RERE - RERE RERE
u& P2 i
W / W
Mi7 T
BE “H\H“EJ BE {
Y pAL
. BERE BERE

R1 R1 R1
l () WEERE (b) BARERE




FAEIY: RVIHIRE e

Register Preserved
m

The constant value O
x1l (ra) 1 Return address (link register) yes
x2 (sp) 2 Stack pointer yes
x3 (gp) 3 Global pointer yes
x4 (tp) 4 Thread pointer yes
xb-x7 5-7 Temporaries no
x8-x9 8-9 X8- i T yes
x10-x17 10-17 Arguments/results no
x18-x27 18-27 yes
x28-x31 28-31 Temporaries no

. Preserved: 7E i AR [B] 5 A5 R A A0




RV #2 1/ F procedure calling
C Y RN (TR RERE G 7

— Caller
o ZEULIE . BSEAE IR ViR N B FAF e kRN AT
o RN, CallFadfE—i FHE (%5250
— AW A (nPC) ¢ iR\ & N———

R TR (EPCHR TRA D il
— Callee T Fcallee
o IRAFEY CIRZS) '
— REFAAR: B R S A 1@ FHHReg A bk
— PR NAFEHE X ?

« IHE, K4 R callern] LT ] ()4 B

- KEWY. HER
o TidFEReturn: iR [FICallerffjik o] A (WA
— BEHAZ R HEF: PC=nPC

o EHIHEIZIES: call (jaD) /return (jalr)
o FA. MFiIdEE, WEIRE, BHEE

&
<«

34/41



RV32HEM#1E: push/pop, K2-10

addi sp, sp, -12 // adjust stack to make room for 3 items
~ sw  xb, 8(sp) // save register x5 for use afterwards
N SW x6, 4(sp) // save register x6 for use afterwards
sw  x20, 0(sp) f/ save register xZ20 for use afterwards
Tw x20, 0(sp) // restore register x20 for caller
A Tw x6, 4(sp) // restore register x6 for caller
1w x5, 8(sp) // restore register xb for caller

addi sp, sp. 12 // adjust stack to delete 3 items

sp = bfff £££0,.,

Stack
High address l
SP SP -~
Contents of register x5 1
Contents of register x6 Dynamic data

SP —+ | Contents of register x20
Static data
1000 0000pax
(a) (b) ]\ﬁi () H:H;jz pc = 0001 0000pey




stack frame:

x2

xl

Keturn address

Previous trame
pointer

{a) Pis active

Pcalls Q
CALL Q(yl)

fp BIEFAL ?

IR Q

Top ot
stack |r.-in1:r

—

Bt kP

Current

S+ Tame P

pointer

14 ‘}%ijj 3

02K,

|

i FE £ p

1hpnf
stack |'.cii nier

H=turn address

Previous frame

|'.ﬂin1:r

-

Current
frame

x2

p-nirﬂ:r

xl

Feturn address

Previous trame
pointer

{bl P has called QQ



RVIJILFEW: i)z (Iig+)

o B S8 Wiel GREHEE , (REHFAE, REEsE
* rpﬁj:géffp—rl]ﬁ%ﬁt @2_11

Saved registers: x8-x9, x18-x27

— %}J ;Zﬁ ( a) . Sp = fp Stack pointer rex%c,tefrsxg)( sp)
_ Frame pointer: X8(fp)
- g'j:'j% ( C ) : Sp - fp Retumn address: N(ra/
@2'12 Stack above the stack pointer
High address
FP— FP —
SP —~ SP —
FP —

Saved argument
registers (if any)

Saved return address

Saved ELEU SP — 0000 003f ffff fff0,., /St;k\
regisiers (if any) U
Local arrays and t

Dynamic data

SP structures (if any)

Static data

gp— 0000 0000 1000 0000pex

Text

Low address PC—= 0000 0000 0040 0000yex

Reserved

(@) (b) (€



RV calling conventions, $2.8.2
N = N

[ J 4%%%[]:}‘ IEI{E X10~X17 [ 8/l\ ] S The constant value O
X ra Return address (link register) yes
— ao_al ]—/‘l_?l ﬁ{% “A_‘ IEI ’fE: xi : sp ; 2 zfa;klpm{ﬂer yes
- a2 a.7 . Z ﬁ{% :4 (32) 4 Th(:e:dzcz::gr zj:
° [j:ﬁ /ﬂ_:T\ ra: X1 :Zi; ::Z) ;ZT.;T)M ylos
x10-x17 10-17 Arguments/results no
- call o | et T -
— jalx1, ProcessAddress; PCHEX Tk &]9.14

e jump-and-link: Bk¥, FHEHINRERT A (nPC) E$ra
Return

— jalr x0, O(ra); [aj¥EHkE:
* jump-and-link register: iz [Flra. Wrm CYEIFEREINPC) /47 TX0 (B35

I PRAT % . preservedHicalleefrf?, notPreservedticallerfi oy

Saved registers: x8-x9, x18-x27 Temporary registers: xb-x/, xZ28-x31
Stack pointer register: xZ2(sp) Argument/result registers: x10-x17
Frame pointer: x8(fp)
Retum address: x1(ra)
Stackabove dhe stack pointer Stactbelowhe stack pointer




Register | ABI Name | Description Saver

x0 Zero Hard-wired zero —

x1 ra Return address Caller
%2 sp Stack pointer Callee
%3 gp Global pointer —

x4 tp Thread pointer —

x5 t0 Temporary/alternate link register | Caller
%67 t1-2 Temporaries Caller
x8 s0/fp Saved register/frame pointer Callee
x9 s1 Saved register Callee
x10-11 | a0-1 Function arguments/return values | Caller
x12-17 | a2-7 Function arguments Caller
®18-27 | s2-11 Saved registers Callee
x28-31 | t3-6 Temporaries Caller
f0-7 ft0-7 FP temporaries Caller
£8-9 fs0-1 FP saved registers Callee
f10-11 | fa0-1 FP arguments /return values Caller
f12-17 | fa2-7 FP arguments Caller
f18-27 | fs2-11 FP saved registers Callee
f28-31 | ft8-11 FP temporaries Caller

Table 25.1: Assembler mnemonics for RISC-V integer and floating-point registers, and their role

in the first standard calling convention.  The RISC-V Instruction Set Manual, Volume I: Unprivileged ISA, 2019
Ch25: RISC-V Assembly Programmer’s Handbook



Architecture (ISA) & Interfaces

/1\
{1
Application
Applications Frogame
B ~ Libraries
Libraries &) &) Software
System| Calls Operating System
ABI ; —& © ®
2 Memory
opemﬁ"g ¥ ¥ + Drnjers Manager Sche_duler B B .
System (8 (8) (8) O HD+— [ISA
Execution Hardware
ISA ©
T D Memory
System ISA User ISA 0> 197 translation
System Interconnect
(bus)
T ar—cz— Hardware
Controllers Controllers
Hardware iy iy
/O devices Main
and Mam
Networking oy

— application programming interface
ABI| — application binary interface = SysCall+UserISA ($1.4.3)
ISA — instruction set architecture ($1.4.3)

— fai#FArchitecture: formal specification of a system’s interface and the
logical behavior of its visible resources.



Ci& 5 flIOSHk%%: APIs. libc. syscalls?

abs ()5 printf() I [X 511? ]n

H P #T

EI i Eh it %
U BT




JH printf () | R

e print£()

System calls

« OS/lk%5: API
— various names: trap/exception, svc, soft interru'p'tw R
« Why
— Certain operations require specialized knowledge
- /0% %, PCleiizk, USB
— protection: ZAEHILE, EH
 What

— A special machine instruction that causes an soft-interrupt/exception
o HLESIRAY# (protection) : FJAS, WA

FEpR Fwrite ()

ZG A write() |

Device drivers

Applications

RV ecall{§ %, K5-47

. FRHFPSW/CSR

ECALL Environment Call
N N B
- RV: }%: iﬁlﬁjﬂ }EH %E{ /?\eca” EBREAK Environment Breakpoint
o 4 ;{i . . o ;{( SRET Supervisor Exception Return
A4 (supervisor, hypervisor, Hlas4%) = ST——

 RipesHzfitMFLLAPIR %2
— x86 & 4t1HH (systemcalls) : intl6, int32
« BIOS, Windows: E7~. HEEL. WiRL. SCEF. FTEINL. A



16M

Main memory

Process 1

syscall @

ia: next instructinn@

Operating system

®

-

©

System
call
interrupt

handler

rii

Interrupt
vector area

/

syscall addr *|

Stack

|
t

*
|
Oymamic data
Siatic data

Text

System call flow of control

1. User program invokes system call. H /7 &
2. Operating system code performs operation. &4
3. Returns control to user program. A /4

Reserved

3 2/3/4HisyscallfE 4 58 . !
Processor 2. 1%ﬁli=ﬁ,lﬁﬁﬂpsw
3: pswiik0, HAWZE
4: syscall \ ORZ5PC

5. A Z G
O, 6/7 H o 71 [ 45 4 iret s
ia fia 6: PKEIAHEPRS

70 M AL AT

/l‘

/ psw 4. ipsw
o APIT it B -

‘® sys_call_table (interrupt
0

vector area)
sys_call_ISR (system call
interrupt handler)

ia: fe4 b ZF 74 [PCY , fRAF TiiaZif74%
psw: FEFIRESF A, RAF Tipswar /74




KRG A

Hrp (RAF S H 2 F
4%, TIEEAX

X867,

1]

sy

\ lib\libc.so.6F1usninclude arch\x86\kernel\entry_32.s kernel\sys.c
N Z s
\/\ _ _»System_call:
| O e » sys_xyz()
Pl Sys_Xyz()sys call_table {
P xyz() int 0x80 " i DR
e T O ret_from_sys_call; " }
2 I B }
\/\ iret
ENHFEFF  fElibehriEE R REHH
VA A Y SANES RV Wb PRSP Ak 55 11

ARG H




Se3 BHF 2R e iR

i aE S S
i f »System_call:
|- xyz({ ori
- - sys_xyz()--$ys call_table {
20" | intOx80 S,
e T v ret_from . I:
...... )

hY .
......................................

ERRRRE ELibATEE 2GR
BETE PR pEEFR
e )

Least privileged

. - Most privileged
Device drivers

Device drivers

Applications

RGUAH
Ak % B2

Application

execution
stream Exception

P First-level handler

Set supervisor (kernel) privilege level
Save interrupt return register (IRR)
Save kernel state

|dentify exception/interrupt

Set correct privilege level
Jump to handler

Service interrupt

(for exceptions)

N HFE R TR OS5

Real handler

Fix what caused the exception

Jump back to lower-level handler

Restore kernel state
Set original privilege level
RFI (return from interrupt, jump to IRR)

Application
execution
stream



RV ecallfg %

» RISCV¥5INZ: User/Supervisor/Hypervisor/Machine

» 7 U-mode (HFP#AD FH#AT ecall 5%
— R User-mode$g -4 Supervisor-mode (AZAS)
— YETHE Ak PR AT 2l sepchF A & A7 7%
— B scause Ffl 728
— Bk¥E 3| stvec R A7 a5 Ml 148 2 Hihk
— ecallilid F (7 2ra0-a7 51 2%
« aOfal AMUAR AN, IEEA LU : a0 iRiY, alik[=[{H
- abfLiBINAEID, a7i&idy EID;
o SFHIR[A: mret, sret, uret, fe g7
- REREFENGE, NRERSEFFHRE, FHiREFEF

. 31 20 19 15 14 12 11 7
ECALL Environment Call | funct12 | rsl | funct3 ‘ rd ‘ opcode ‘
EBREAK Environment Breakpoint 12 5 3 5 7
SRET Supervisor Exception Return E‘CALL‘_ 0 PRIV ‘_' SYSTEM
- EBREAK 0 PRIV 0 SYSTEM
WFI Wait for Interrupt




(ﬂ [ |
I::z - \ > al::E F;_z) <<: ::> ::%:) :§;> ())(
I e S \/ |
—a III Select Auto- Display signal Show stage
~ Reset Reverse Clock Run play sig 9
Processor clock values table
[ Ripes - O ¥
File Edit Help
B 0D v ED @8
ico
1[1110 Source code Input type: (® hszembly () C Executable code View mode: () Binary (® Dizassembled
2 w: .word 8x1234 4: 0eR52503 Iw x10 B(x10)
3 8: Be158513 addi x1@ x1@ 1
4  text
51w adw
6 addi a8 a8 1

sp = bfff £££0,..

Stack

Dynamic data

1000 0000pax

$2.8.2%5 “frafe” W, “factorial” !
Ripesil_ 41 5 He fif tesyscalls ?

pe = 0001 0000pey

0




SPIMI &4,

E
H

CODA4[ff>xB.9

e SPIM: MIPS-321}j & 2¢
—VCYRIE . T
— bR UE R 25O AR S5

« SYSCALL Step
— $vO0=srv#

— $a0~3=arg
— syscall

— $VO:i}2 =

* Ripes?

H

S

Service ?;;t:m Col jArguments Result
print integer 1 1$a0 = value ((none)
print float 2 $12 = float value (none)
print double 3 $f12 = double value (none)
print string 4 $a0 =~ address of string (none)
read integer 5 (none) $v0 ~ value read
read float 6 (none) $f0 « value read
read double 7 (none) $f0 « value read
$a0 ~ address where string to be |
rand string 8 :;‘;wdr\umber of characters to (none)
read + 1
memory 9 $a0 = number of bytes of storage [$v0 = address of
allocation desired block
;::g('e:':)d 10 \(none) (none)
print character n 1$20 = integer (none)
read character 12 (none) ‘char in $vO




Mlesii . XFE o 2 =n]
ISA
A

o BEfPfE: reg, mem

« Move, ALU, 437, 110
o BLH, JEs7, ThiR4S (RV1K2-40)

— SubTA: AR, Hbsfe S
Ry
- BN E: HdE. Y. HEr
— AR FASEHLE
- JEHHIRGWEZ)E

»  HERR, ki
AJ AT FE/ LK

IF et
B

HBifRet

ALU

Reg

ZHI 8T

ARG

BEREEX

LgmiE SR Wt 2 w5205

Shi

B




A
Bubble sort (trace) —

[0 = e

AoL_ALAZL AGL ALY Ag]
A ALl AR Als] A4 H"‘l[?]

3 3 4 5 10 A2
Basic idea: A@[‘)z]

: : . 3 @ — 4
@) J + n— 1 (index of last element In A)

—
@ If Alj] < A[Jj — 1], swap both elements @ All] el Bl ey

@ Jj+Jj—1 goto@ifj >0 A[l] A[2] A[3] A[4]
@ Goto (1) If a swap occurred @ =

@ Swap occured? (Yes, goto (1))

0.$2.13.2, K2-25 1 el Agl




A PATFE PR 3L B RS AT

T, B




A translation hierarchy for C, FIG 2.20

C program | T :%" * "ﬁ"\ B I
4 \
~ 2% e
R N - LP n
Compiler : e e 2| | % o=
~ 85 M5 Hs B LER
. . - - 2 n = Y
Assembly language program % it it i % t R | &
E‘_____'-\-.. . “\‘\ \. \ ‘f 7— x
Cﬁssembl@ | R L B O B2 |
Object: Machine language module Obiject: Library routine (machine language)




The Assembly Process: #:Ji.obj

« Assembler translates source file to object code (common
object file format, COFF)
— Recognizes mnemonics for OP codes
— Interprets addressing modes for operands

— Recognizes directives that define constants and allocate space in
memory for data

— Labels and names placed in symbol table
« KEEMRH: Consider forward branch to label in program

— Offset cannot be found without target address

« Let assembler make two passes over program S
— 15t pass: generate all machine instructions, and enter | et oo
labels/addresses into symbol table ofmwon

« Some instructions incomplete but sizes known - ‘i:;‘;;‘?::‘m

— 2" pass: calculate unknown branch offsets using address ===
Information in symbol table



. .text

0bj5Symbol Table wi=:

.globl main
— main:
SYMBOL TABLE | addi sp,sp,-16
OF ( sw ra,12(sp)
lui a0,%hi(stringl)
addi a0,a0,%lo(stringl)
lui ail,%hi(string2)
addi al,al,%lo(string?2)
call printf
lw ra,12(sp)
addi sp,sp,16
1i a0,0
ret
.section .rodata
.balign 4
stringl:

ek - e o eang THelloy Jebin®
s ) 1 directives : P fFEHLIESS W

names : K%, g4

.string "world"



The Linker: & 31%& B

« Combines object files into object program
(exe)

— Constructs map of full program in memory
using length information in each object file

 Map determines addresses of all names
— Instructions referring to external names are
finalized with addresses determined by map
 Libraries: Subroutines

— Includes name information to aid in resolving
references from calling program



Linking and Locating

Code Section @ 00F4
data DATA OFFSET O
result DATA OFFSET 4 : Offset o s
main CODE OFFSET 0 Data Section @ 0020 Interrupt Vectors
000 [ DATA SECTION | Code Section ® 002C Top of Stack —e
0] 00 00 00 11 (data) 1ON Reserved for
4] 00 00 00 00 (result) 0| 00 00 00 11 (data) Stack
oor« IR | 4| 00 00 00 00 (resuit) T
2 (—— g oo.qoooqomnu) RAM
main () (w/refs to 002C | CODE SECTION
100 | symbol table) machine code for t
bytes main () w/refs only
./ foo.0 to sections Reserved for Heap
............... Top of Heap —
————— machine code for DATA
: square () w/refs 8 bytes {
only to sections —
Unused Memory
foobar.o Mapped
110
0] 00 00 00 00 (final)
000 | CODE SECTION CODE ROM
square () (w/refs to
50 O i B e —




ELF #% 2

Linkable Executable
sections segments
ELF header
(optional, ignored) | Program header | Describes sections
table

Sections

ORI

Section header
table (optional, ignored)

Describes sections

» the ELF specification

dynamic linking information

|“ ELF header

bSO

ident
type
machine
version
entry
phoff
shoff
flags

| Program header table

Section 1

» Segments

Section n

k_EkmﬁnnheaderEmmz

ELF header tell the offsets and sizes of other sections

Each section then describes its own size and attributes
« symbol tables, string tables, relocation information, and

-

ehsize
phentsize
phnum
shentsize
shnum
5h5tr1ndex3

b

name
type
flags
addr
offset
size

Tink

info
addralign
entsize




Loading/Executing Object Programs

o G ST LR InE B N A7

— A SR 2 5 B R /)N

— B fE U R 2 (]

— B AR ] 45 40 i 2 s = i 21 N A7 H
o Bii% B U1 IR R Ab B ER T

— AR LEEST S5

— WIIEAL AR (BFEsp. fp. gp)

— Bk 21 J3 B2
« 5 SEE H BIx10% 55 38 FH main R 2L
o Mmainef FuR IR, #HEiTexit RSt iH H




AL




}:_r'/ ”ﬂ

« WAF/NTTE,

HAAISAE 1T

‘*“%‘)”'J%‘

— KRR A /LK

— R KEALE,
. HAERE, b

PATZ A T%%ﬁf iEERSS

— BRAEE T A AR
— Z M52
* P PEBOR AR

— P2 LAPLEs

e s L gIE S T

— AN B IL T E g B A% B 2 Wit

* NTETRmSFER,

W A G S EEERIARI TR
o HALFAIRIE: X869 1 H FEETE S

Pleg:
VERIEIL hine Organization
‘-S DDDDDDD eas I‘EITI.EI“&
\Requirements / Evaluation
A 8
BP
51
8086 | 0
[ AmEs |
HFE
BIEHTFS
& i [nent
S =« [slef
2 REROSREGI
= i R{E

L SOLIR AN IS ORI R IR 2, 56



Hlas 45/ 5ISASr 3

o TR UM T b TUBE 2, DB R = AR
— PERE: BN E (UIAFE )
— BT RO RO TR RGRHA T

. HlEe45#). processor designer view
— stack
— Accumulator
— register-mem
— register-register

. ISA%r3%: programmer/compiler view
— CISC: LIMl#sTa 2 sLBlm il 5 Thae (reg-mem)
— RISC: ¥Hload/storefk 52, iz&ET % frds (reg-reg)
— VLIW: &AMz, RS, (RIIFE

lIxx@ustc.edu.cn 61/41




ISA Classes (processor designer view)

(d) Reqister-Register

(a) Stack (b)) Accumulator (c] Register-Mermory Lioerd-Stors

Register Register

Stack Accumulator (register-memory) (load-store)

Push A Load A Load R1,A Load R1,A

Push B Add B Add R3,R1,B Load R2,B

Add StoreC Store R3,C Add R3,R1,RZ
Pop C Store R3,C

H&PE6hR: MistA, KA1, DUZRISAH#/ER AL E



ISA72E (prograrm

« CISC: fE#Efr#efige! = +45%%54
_ DIHLSE A S B AAE S A

— RA PRSI

. F8o15. FKA— (x86M 1byte~6bytes)

« FHETTAE

mer prospective)

— TR T FaRD, ARHE 248 n] LAy /7
» RISC: fajtbtiify:, i FHERIE! < W HE KBS
— R TFRKEE, U, A, Fhko7 S
— WO UIE, WEKNEBHETALS, BHEET T A4
« NTREMERE, TEWOUARE, FILFH TR R
« X Hlload/storefk %, RFHload/storefg&Vift -
— XM Superscalar. SuperpipelingZ£Hi R, #EEIPC

o VLIW: ZF[a|#a 18] (SIMD) , {RINFE, FHAEMEZE

63/41



CISCHi, X86354#=,

a. JE EIP + displacement

4

4

8

JE Condition

Displacement

S

2-39

b. CALL
8 32
CALL Offset
c. MOV EBX, [EDI + 45]
6 11 8 8
-m0 .
MOV djw pogtrt?yte Displacement
d.PUSH ESI
5 3
PUSH Reg
e. ADD EAX, #6765
4 3 1 32
ADD | Reg |w Immediate
f. TEST EDX, #42
7 1 8 32
TEST w Postbyte Immediate

64/41



Growth of x86 Instruction set over time

1000
900 4 x86T19784FE A 802 F5 2
8004 20154F1338%, MK-16f%.

700 -
600 -
500 -
400 -
300 -
200 -
100 -

MNumber of Instructions

DIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

_ > O & DO DO DO D DO DO
239 S0P h@"‘&@@% S &ca"‘ﬂq S @@mﬁﬁ @Qb‘ St

Year



K]3-22

X]2-48

845454 RV, x86

« SPEC CPU2006

instruction class

Integer average
Rank ROx86 instruction { % total executed)
p—
l load 22%
Add immediate addi 14.36% 14.36% I,
2 conditional branch 209
Load word Iw 12.65% 27.01%
- 3 COmpare la%:
Add registers add 7.57% 34.58%
3
Load fl. pt. double fid 6.83% 41.41% 4 store 12%
Store word SW 5.81% 47.22% 3 add 8%
Branch if not equal bne 4.14% 51.36% 6 and 6%
Shift left immediate slli 3.65% 55.01% T sub 5%
Fused mul-add double fmadd.d 3.49% 58.50% 8 move register-register 4%
Branch if equal beq 3.27% 61.77% 0 call 1%
Add immediate word addiw 2.86% 64.63% 10 retum 19
Store fl. pt. double .
p fsd 2.24% 66.87% Total 0600
Multiply fl. pt. double fmul.d 2.02% 68.89%

RISC-V examples

HLL correspondence

Arithmetic

add, sub, addi

Operations in assignment statements

Data transfer

1d, sd, 1w, sw, 1h,

sh, 1b, sb, Tui

References to data structures in memory

Logical and, or, xor, 511, Operations in assignment statements 12% 4%
srl, sra
Branch beq, bne, blt, bge, If statements; loops 34% 8%
bl1tu, bgeu
Jump jal, jalr Procedure calls & returns; switch statements 2% 0%




N H. 7y — \ e = = A
RISCB/(J}::T/[{;/_—I:&ELJ: _A/ TEE
- REROEEER
T 920%
X /N h—
7?88 (Cold Code) nm o #4948 (Code)
PRBERTREE. MACBR AL L.
PEAARAR DU S 7
RN o7 "o CPURTT 7T
* (cm'zw (Hot Code) JITA% (Execution)
[ /j\ }\
MEMNTRTT 4
CPUBRLE AR H

19754FIBM John Cocke (1987E|R ) $2H “ —)\E” , RiFERiELSEE, —KEFIBLTH 2 %M B
SRE, HNBGHIETHE A

— 19804 5ER T EBE— AR HRISC 4244 [lixx: MAR “FEMi4E4” 224, RISC/RUCBHEHR 1 HiHEHLEAIBM ® 801.
UCB David Patterson (2017& R %) FlCarlo H. Sequin 19804 K 45Cocke 848, #H “RISC” —id]

— 19825 RISC-I14LHE 45




CISC machine vs RISC machine

Instructions are of variable format.

There are multiple instructions and
addressing modes.

Complex instructions take many
different cycles.

Any instruction can reference
memory.

There is a single set of registers.
No instructions are pipelined.

A microprogram is executed for
each native instruction.
Complexity is in the microprogram
and hardware.

Fixed-format instructions.

Few instructions and addressing
modes.

Simple instructions taking one
clock cycle.

LOAD/STORE architecture to
reference memory.

Large multiple-register sets.
Highly pipelined design.
Instructions executed directly by
hardware.

Complexity handled by the
compiler and software.



MIPS Is simple, elegant.

Microprocessor w/o Interlocked Piped Stages

— interlock#y0:  Zdls il A LA s EANVF I 304 T ]
o HH RN, HERESAESPUT CEBURE)

o THB: REFHBARINERER workeroup printersare
o TCHHEM, {£X%: R4000LL/5{# Hinterlock ot orbcesor

Patterson . 4t Cocke 48, HRISCHES

— 4/)~Design Principles
« Simplicity favors regularity
< Smaller is faster | v | (- |
« Make the common case fast SCRSCH RSCHISONY WSCIY (M) S

» Good design demands good compromises
— 1981/19825¢ RISC-14bH 2%

Hennessy5e MIPS, 19837
K R¥. Cocke 1987, Hennessy+Patterson 2017
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The RISC-V ISA

JEEALZRISA: FH FZRISA
R RISA: HLasd. OSZ

Base Integer
Instruction Set

Non-privileged

ISA

Non-privileged
ISA Extensions

Machine-Level
ISA

\

Supervisor-Level
ISA

4[ Privileged ISA

Least privileged

:

Most privileged

Device drivers
Device drivers

Applications

Virtual Memory
Extensions

Hypervisor
Extension

\

I

A

RV 321 Base Integer Instruction Set
RV32E Base Integer Instruction Set
RVo641 Base Integer Instruction Set
RV 1281 Base Integer Instruction Set

“M” Extension for Integer Multiplication and Division
“A" Extension for Atomic Instructions

“D” Extension for Double-Precision Floating-Point
“0Q7" Extension for Quad-Precision Floating-Point

“L" Extension for Decimal Floating-Point

“C" Extension for Compressed Instructions

......

Machine-Level CSRs
Machine-Mode Privileged Instructions

srasss

Supervisor CSRs
Supervisor Instructions
Virtual-Memory Systems

“Svnapot” Extension for NAPOT Translation Contiguity

“Svpbmt” Extension for Page-Based Memory Types

“Svinval” Extension for Fine-Grained Address-
Translation Cache Invalidation

Hypervisor and Virtual Supervisor CSRs
Hypervisor Instructions



RISC-V ISARFE AL, /D JLkTE2
Cm— e e

N— . )
RV32I+ #4454 : wlia{TAALinux N, structon Fnce
_ RV32I . @ 2_18 ( 34 ) + gl 2_41 ( 5 ) SFENCE.VMA Address Tranélation Fen‘ce
R = CSRRWI CSR Read/Write Immediate
o HE. ¥EHI. Jifg (load/store, Ir/sc) CSRRS| CSR Read/Set Immediate
v CSR Access CSRRCI CSR Read/Clear Immediate
/% é}ij:ﬁ é\ . @ 5-47 ( 13 ) CSRRW CSR Read/Write
N CSRRS CSR Read/Set
+ [AP+CSR+5%: fence. ecall CRRC CSR Read/Clear
—  {The RISC-V Instruction Set Manual) . e R —————
© A . = SRET Supervisor Exception Return
‘TFEI é%*ﬁﬁ%{% . IZEI 2-42 Wait for Interrupt

— RV32IMFD, RV32E mm

. “ e A 1Y) Base architecture
- RV32A amo [ EI:EI ~ 55%%% ) Integer multiply/divide 13
/v/v‘ A jJIiI = I—] YA % Atomic operations 22
Q/j ;E {D » IS *@ 5 %EJL‘ ]j I% Single-precision floating point 30
_ EEZIK TN )ﬂl— E‘ /II\I Double—precis'ion floarting point 32
Compressed instructions 36

— PRRE: WA, TOAE

— JletE: B
— RN

— Dy T ORI R B

RISC-II RISC-I1II (SOAR) RTSC-TV (SPUR) RTSC-V
1983 1984 1988 2013



RV vs. MIPS: #54-#& =

3 30 3 21 20 i 1514 1211 R ) f LI
| funct? | 52 [ sl | functh | rd ["opcode | R-type |[#F 7 #5— % fran i iE
| immi[ 1 1:0] | rsl | functd | rd | opcode | I-type | 88 37 B3 #1547 Load
| imm[11:3] | rs2 | T [ fune® | imm[4:0] ["opcode | S-type |[ifi fFstorefi %
imm[12] [ imm[10:5] | rs2 | rsi | funct3 [ imm[4:1] [ imm[11] | opcode | B-type |4 {:-@kd 55 4
| imm{ 3 12 | rd ["opeode | U-type [ESEETH
| imm[20] | imm[10:1] | imm[11] | imm[19:12] | rd | opeode | J-type |Gk
R-type op(6 bits) | rs(5 bits) | rt(5 bits) | rd(5 bits) | shamt(5 bits) | funct(6 bits)
€g-reg | op(6 bits) | rs(5 bits) | rt(5 bits) immediate(16 bits)
I-type | op(6 bits) | rs(5 bits) | rt(5 bits) addr(16 bits)
reg-mm
op(6 bits) | rs(5 bits) | rt(5 bits) addr(16 bits)
J-type
op(6 bits) addr(26 bits) K2.29

20 1 Bl E0E; 2) MBS E; 2) rsirdfi &



LA32 L it B K ¥5 4

ADDW, SUB.W, ADDLW, ALSL.W, LU12L.W, 5LT, SLTU, SLTI, SLTUI,
PCADDI, PCADDU12I, PCALAU12I,

AARIBRBERZ _ _

AND, OR, NOR, XOR, ANDN, ORN, ANDI, ORI, XORI,

MULW, MULH.W, MULH.WU, DIVW, MOD.W, DIVWU, MOD.WU
4 A = et =5 SLLW, SRLW, SRAW, ROTR.W, SLLLW, SRLIW, SRALW, ROTRI.W

. EXTW.B, EXTW.H, CLOW, CLZW, CTO.W, CTZW, BYTEPICK.W,

R 2 REVB.2H, BITREV.4B, BITREV.W, BSTRINS.W, BSTRPICK.W, MASKEQZ, MASKNEZ
L1 2 =R BEQ, BNE, BLT, BGE, BLTU, BGEU, BEQZ, ENEZ, B, BL, JIRL
LEE iR LD.B, LD.H, LDW, LD.BU, LD.HU, ST.B, ST.H, ST.W, PRELD
ERUEE T LL.W, SCW
Mt bR E 2 DBAR, IBAR
e RIifa % SYSCALL, BREAK, RDTIMELW, RDTIMEH W, CPUCFG
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IntelAb P 28 ZE My A (1995—2015 4 )

® KATF

® SSEIES

. RISC A% bit
eI FHhA 57 5

® ;ﬁ.

® TraceCache

® SSE Shuffle

® TurboBoost

® B _HESL

® XIEH

® AES IN&E<
® AVX $5%

® ERUITHIZE

® QP

® TurboBoost 3

o ZEY B
(SMAP/SGX/MPX)

® {XIN#E SpeedShift

o XA &E eDRAM

® AVX 512

(1995££)

NetBurst
(20004)

Core
(20064E)

Sandy Bridge
(20114E)

Skylake
(20154E)



ISA: A Minimalist Perspective

* |SA design decisions must take into account:
— technology
— machine organization
— programming languages
— compiler technology
— operating systems

o /N7 AbEEER?
— A: FHURLEER AR R 2
- B: TEMIUHKIEA? FEOLFIIT? PATLAL?
— C: CPI, IPC

M FEAO, ABC




OISC: the one instruction set computer

« OISC: the ultimate reduced instruction set computer

— —2%SBN1E4: substract and branch if negative
» subleq a, b, c; Mem[b] = Mem[b] - Mem][a],
if (Mem([b] < 0) goto ¢

+ N A AR

— A A ]
« FLFF O 75 (i I
+ AL A SRR

— Rifk
o Hiflr <3547 HSTTHZEE A
« REVRAE PR R SR AR
+ REURAE TIE T AT

— fiRIh#E


http://images.springer.com/covers/978-1-4020-7416-5.tif
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Von Neumann vs. dataflow

Precise Instruction-Order Maintained

X Y A B

Y
Fad
Instructions can be locally re-ordered after
dynamically discovering dependences.

Instructions Ordered by Dependences .

LOAD
LOAD
ADD
LOAD
LOAD
ADD
SUB
MULT
DIV
STORE
STORE

0o 9 o0 O (D

(X+Y) * (A+B) (X-Y) / (A+B)
R2,A - load A into R2 1. INPUT 3L ; get A, send to instr 3, left input
R3.B ’ load B into R3 2. INPUT 3R ; get B, send to instr 3, right input
R11,R2R3 R11=A + B 3. ADD 8R,9R ; A + B, send to instrs 8, right and 9, right
R4,X : load X into R4 4. INPUT 6L, 7L ; get X, send to instrs 6, left and 7, left
R5,Y : load Y into R5 5. INPUT 6R, 7R ; get Y, send to instrs 6, right and 7, right
R10,R4 R5 tRI0=X+Y 6. ADD 8L ; X+Y, send to instr 8, left
R12,R4,R5 i R12=X-Y 7. SUB 9L ; X - Y, send to instr 9, left
R14,R10,R11 ; R14 = (X+Y)*(A+B) 8. MULT 10L ; (X4+Y)*(A+B), send to instr 10, left
R15RI12,R11 ;R15 = (X-Y)/(A+B) 9. DIV 11L ; (X-Y)/(A+B), send to instr 11, left
VAL1,R14 ; store first result to VAL1 10. OUTPUT VALLl ; output first result to destination
VAL2,R15 ; store second result to VAL2 11. OUTPUT VAL2 ; output second result to destination



TRV B AR K : DSA, s, seimiss

) — ) 14 GiB/s DDR3 30 GiB/s Weight FIFO
Interfaces ‘::> (Weight Fetcher)
. > Controll ﬂ 30 GiB/s
> 4 \( N i
10 GiB/s |Unified Buffer 5
iB/s GiB/s i
[ Systolic Matrix
8 D| advocal i "Array (=1 >| Multiply Unit
14 GiB/s |9 tl14cB/s| @ Storage) Control (64K per cycle)
bt -~
S El | 8E
xg
f = = & A J
Accumulators
J
ﬁ Activation
Eﬁﬁ—_ 165 GiB/s S :
[CJoff-Chip I/0 =] ] | Normalize/Pool
[CJData Buffer {L > 4
QComputation ,:ﬁ
Not to Scale SE—

TPU@Goo0gle2015
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« 1BV

— 2.9, 2.24, 2.35, 2.40
o B3 (1k—)

— CPUMISAZE & X WFLE N 25 ? ILYale PattffisxA

— main()-5 swap()IR & PR A7 5 [F] 2

— IR FH N AR e B N A2 2 5 7 2R A7

— Windows 5 4t H n] AT HE 7 A% 3?7
° I;EEI\/TJT&% 2)%

- A TRVILY%, wit—1EEAFER, HHRipes

T B2 AT
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