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Architecture (ISA) & Interfaces

/1\
(D
Application
Applications Programs
B - Lil)raries
Libraries &), &) Software
System| Calls Operating System
ABI ; —& ® ®
. Memory
Operating v V v Drnjers Shanegit Sche_duler | )
System +—(8 (8 (8 (O ~T+— ISA
Execution Hardware
ISA ©
T T Memory
System ISA User ISA —— <‘—°->—‘ Translation
ystem Interconnect
(bus)
T avl—az—{ Hardware
Controllers Controllers
Hardware Pty D
/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)

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



RISC-V Privileged Software Stack

 application execution environment (AEE)
 application binary interface (ABI)
* supervisor execution environment (SEE)
* supervisor binary interface (SBI)
* hypervisor execution environment (HEE)
* hypervisor binary interface (HBI)

Application Application| [Application
ABI ABI
AEE OS
SEE

Application| |Application| |Application| |Application
ABI ABI ABI ABI
OS oS
SBI SBI
Hypervisor

HEE




Instruction-Set Processor Design

 Architecture (ISA) programmer/compiler view
—“functional appearance to its immediate user/system | Application |- relic

Software |world!

programmer” s Q
— Opcodes, addressing modes, architected registers, Systems
IEEE floating point

—HAsTE S
« Implementation (LArch) processor designer view

—“logical structure or organization that performs the
architecture” Digital

Circuits

— functional units, pipelining, caches, physical registers Analog

. . . Circuit
 Realization (chip) chip/system designer view -
—“physical structure that embodies the implementation”

— Gates, cells, transistors, wires Physics

Devices
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High Level to Assembly, &1-4

High Level Lang (C, etc.)
— Statements

— Variables

— Operators

— func, proc, methods

Assembly Language
— Instructions
— Registers

— Memory segments/sections

Data Representation
Number Systems

High-level swap(size_t v[], size_t k)
language {
program size_t temp;
(in C) temp = v[k];
vlk] = v[k+1];
vlk+1l] = temp;
Assembly swap:
language s111 x6, xI11, 3
program add =x6, x10, x6&
(for RISC-V) 1d x5, 0(x6)
1d X7, B(x6)
sd x7, 0(x6)
sd xh, Blxb)
jalr x0, 0(x1)

Binary machine  00000000001101011001001100010011

language 00000000011001010000001100110011
program 00000000000000110011001010000011
(for RISC-V) 00000000100000110011001110000011

00000000011100110011000000100011
00000000010100110011010000100011
00000000000000001000000001100111



T;T%ﬁziﬁ (Opr) . Data Representation, Number Systems

PRERRAY . b, Zwid, STRPEC CRME)

— Huhlb. BT EE. TS WAE. 1O IID

— BE: FH. R CEfFSIEMS) - R Bl
— FFF: ASCIl. WFEHNG

K “RV32I/IRV64” : 32001641/, “KLEN%”
o

100
) ?3 48 E: 60
= o
- 5 : 8B =
T 40 4
— ML » Ny, i
o VIEEEAER: AL E S
e . 3 20
« HAFA
i T 0 1 T T T | 1 T T
[ ]
! '@’60 5 ‘&06 0&0 @Q’& 'ﬁ\é 0066 oot}@ @Qg)
e |/O ﬁfufﬁ [] < & Cj{bQ Aod R %Qc}} & § ‘{3‘6
Media type
* ﬁ I\ﬁ ? B Floating-point [} Pointers [l Word Half-word Byte
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gL
frfis e

PN A7 ik ico

1010

TR

RVAEIE

b5

lﬁ%ﬁ%ﬂ‘
o i3k
. +/\1ﬁﬁ?J

o« kA

main,

A

B A=
El/v\%

IR R AL

[> Ripes
File Help

Processor

0x12345

0b1101

end

Source code

B O <D Xlws EY» DA

Executable code View mode:

() Binary @ Diszaszzembled

1 main:

5
6 j end

8
9 end:

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

7 addi x2,

x0, 2

X0,
%3,

%0,

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

0000ORE0 <main>:

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

00RBOA14 <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

J

I 1 ZEORAT 2k A

ABIZF2a%, HiE, R HE




RVHLAE N A HE 2 (8] bl . B
S

— DATA SP — 0000 003f ffff fff0,,, Sk
* static l
« Stack/Heap
— e BERK
— M AR !
— CODE/Text Dynamic data
‘ Static data
o HuhlA% I gp— 0000 0000 1000 0000pe,
— st Hu e Text
— HRAE: SR 00 0000 0040 0000ne. [
« offset, displacement 0
o IR A7Esbp | \ o ‘
K]2-13 Linux ;7 Hiuhik 2 [a) &l 43 2 52
o HNEHLHE Al S hk S N A S TR RN
— fifif
— %

11/111



Ay (Byte Ordering) $2.3.1

o PAHERI R, R A A oo fi
— R/ K4 (big endness) 0010 t

o KHhhE, =HFAT
— /Ngl/NEEE (little endness)
o (MBI, KT
. KN D et
X86FIRVAL N /N, ARMA]LLE FikE S

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

T ]]|-
=

X EEi% : 00000000 00000000 0PPPPLRO 0001
addr+o addr+1 addr+2 addr+3 //SEFEEERAT ( L)

/\Ei% : 00000001 00000000 0PPPPLLO ©0RPRR.
addr+o addr+1 addr+2  addr+3 //SEFIRERHT ( FEEELE )



HIEXFE (Memory Alignment) , $2.3.1

» AR A REIL SR T AL

M) AIEE

EN AT E

éljnlij

— LI 5 L7 ) P A7 i
TR, AT

o HAXFE: RVIX8OAER, MIPSHE kK

Bls (lan—

FEXS R T AL B

— XI55 HuhE AR AT, FEEUT )
= I 3| AR S (VAR (& <%= 29 Wyl |51

iteht (+dsl)

=fifizg
¥ Giifik2) ¥¥ (Hko)
FH GBI | FH Ghike) ¥ Gk
YF (k10D ¥¥ (Hihts)
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B

BIE(LE (data movement) T

— i1%: load, store, mov e B | {aaal—
— 1/0: in, out 10

H¥iz®H (arithmetic & logical) L

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

BT HRAE

— monadic operations: shl, shr, srl, srr

oy 2] (tranfer of contral, Branch)
— comparisons & conditional branches: beq, bnz
— B jmp e
— procedure call: call, ret, int, iret HH

P nt, | B

R_
AFIEL nop, sti, cli, lock, HLT S_Q

lIxx@ustc.edu.cn 14/41




« ALU: addi
— PRERERL
- AR
« LHEIEL
— HWEEE
. AR
¢ ﬁj\ilz: j’ beq
— NPC
e PC+1
« ZRP%L
° Uiﬁ SW
— WAL
o JEHF+HRFE

EeIN

[> Ripes
File Help
B OO vme T BE

ico
1010

Source code

Executable code View mode: () Einary @ Disassembled

1 main:

2 addi x2, x@, 2
3 addi x3, x0, 3
4 addi x7, %3, -6
5

6 3j end

7 addi x2, x@, 2
8

9 end:

10 sw x2, 45(x@)
11 beq x7,x5,main

000REARE <main>:

0: 00200113
4: 00300193
8: ffal8393
C: 0080006T
10: 00200113

00000014 <end>:
14: 022026a3
18: fe5384e3

addi x3 x@ 3
addi x7 x3 -6
jal x@ 8x14 <en
addi x2 x@ 2

sw x2 45(x0)
beg x7 x5 -24 <




iﬂé’é\?*%ﬁl\/lachine Instruction Layout

« von Neumann: “$54 HH¥/ER AN LA Bk~
o PRAFENY. EAEMVER
o HihkAS. RS FIEAFEE (operand) [RAFENE

EAEIL I (op) HuhEfg3E, Caddr)

e BAFKEFFEs.T[Z: RISC (RV/IMIPS/ARM) —f32f7

o [EE: M, JRFEEH
o PRAERSA R [E e vs. Al AR

o [llxE: PFEAEREE, 8 FEAIR, RISC (RV/IMIPS/ARM)

o AJAR. FEASEAE LT AT, CISC (x86) , RV (16/32/...)
o “PUREAEEER” . H%op5addrik

o MRS TFKEE, WEELKERM, MLk E4E%E

lIxx@ustc.edu.cn 16/41



HinkAg . EVER, 84

o VREREZL. BHmEREZL. N —2kfe Sl
— Huhik: FAEES. FAF 1/Ouw

o b bk AT A 2

— 4 HEFE 4. op rsl, rs2, rd, ni

— 3HkFE4S: oprsl, rs2, rd; nifEPCH

— 2#iHE¥E 4 oprsil, rs2; rd=rs1 or ACC
— 1M hEFE 4. op rs2; rs1=ACC, rd=ACC
— OHuhEF542: op; HERRFRAE

lIxx@ustc.edu.cn 17/41



TR 54 I AL

o FUEUTEC: FR AR E BRI OB AL Y 5T 5

e {4 Tk WAACPUFHPC

~ WUFIRT: AT IR S, PCHZIL
~ W EHPC, HREIH ML

» BAFETE
— g4 TR
TR AR A
« EA=F 07 A+ Ak

RRIOE7/BEIEH RS

. : y
Control > Anthmetic L ternal
Unit Logic Unut ta bus

£ E

HAFG 2tk

Registers .| Instruction
g Decoder +—

—

lIxx@ustc.edu.cn
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—

— LRI
— BT

Lo

— [Ajf2 T4

— T AFAs Sk (D)
SIR)HE -4k (e

— AT

N
DY
N
DY

331k 77 2

o HWLZ110F

(a)
(b)
(c)

— FhkFHE D
« BP+offset

— PCAEXTFHE (P

o PC+offset

— MR EE (g

— BT

ZhF (d+f)
 Index: x86[1si/di

&7 ak (IR

BRAEEL,

TR

EERS

Instruction

[T Operand

(a) Immediate

Instruction
[ 1 A |

Memory

L] Uperand

(b) Direct

Instruction

I A |

Memory

Operand |+

(c) Indirect

Instruction

[ TR]

L Operand

Registers

(d) Register

Instruction
R

| Memory

Instruction

[R] A |

Memory

| L

Registers

(e) Register indirect

.

o

—p{ Dperand

Registers

(f) Displacement

Instruction

Implicit

L

Top of stack
register

(g) Stack

B RN E D IR ?
w5 /D W 2R J LA 2

182 S hbA ML T
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FUEDTFORB: BRAERL Nk IE R

[> Ripes

Ei(j(ji File Help

Executable code View mode: () Binary @ Disassembled

il B> pme BY O
J J Source code
SW 1 main:
N 2 addi x2, x@, 2
beq e 3 addi x3, x0, 3
-] 4 addi x7, x3, -6
Memory 5
6 j end
7 addi x2, x0, 2
8
9 end:

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

CHF
— fEhgERY

o 4, Huhl, ZTAEAR?
— PATHEA. FEHIR

- f75°?

f#finclude <stdio.h>

int
main (int argc, char *argv[])

0000ORE0 <main>:

a:
4:
8:
C:
10:

002008113
00300193
ffa18393
0080006
00200113

00RBOA14 <end>:

14:
18:

022026a3
febh3g4e3l

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

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

{

int i
int sum = 0;

for (i =0; i <=100; i =1 + 1) sum = sum + i * i;
printf (“The sum from 0 .. 100 is %d\n”, sum);




Least privileged

~ « Most privileged
Device drivers

Device drivers

Applications

The RISC-V ISA

Base Integer
Instruction Set

Non-privileged
ISA

Non-privileged
ISA Extensions

Machine-Level
ISA

’I

Privileged ISA

Supervisor-Level
ISA

Virtual Memory
Extensions

Hypervisor
Extension

1

I

A

RV32I Base Integer Instruction Set
RV32E Base Integer Instruction Set
RV641 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
“Q7 Extension for Quad-Precision Floating-Point

“L"” Extension for Decimal Floating-Point

“C” Extension for Compressed Instructions

------

Machine-Level CSRs
Machine-Maode Privileged Instructions

++++++

Supervisor CSRs
Supervisor Instructions
Virtual-Memory Systems

“Svnapot” Extension for NAPOT Translation Contiguity

“Sypbmt” Extension for Page-Based Memory Types

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

Hypervisor and Virtual Supervisor CSRs
Hypervisor Instructions



RISC-V ISAKE; &
pe—JoneranieJname

Ly
RV32I1+ 2484 : mlia{TLinux
e RV32l: K2-18 + {2-41, KimAAS

* /\é}ﬁjﬂé‘é’\: Iﬁ,lﬁ; CSR; leq!i,—lL» IZEIS 47

RV32IMFD$&4- 4=
RV32E

FENCE.I Instruction Fence
Mem. Ordering FENCE Fence
SFENCE.VMA Address Translation Fence
CSRRWI CSR Read/Write Immediate
CSRRSI CSR Read/Set Immediate
CSR Access CSRRCI CSR Read/Clear Immediate
CSRRW CSR Read/Write
CSRRS CSR Read/Set
CSRRC CSR Read/Clear
ECALL Environment Call
System EBREAK Environment Breakpoint
SRET Supervisor Exception Retumn
Wait for Interrupt

syt mm

— A TR

— JH]YE

— YERE: WFlA], ThFE

| Base architecture

M Integer multiply/divide 13
A Atomic operations 22
F Single-precision floating point 30
D Double-precision floating point 32
C Compressed instructions 36

— ZRR S

— JREME: BRI ]
— FEFF RN

— O T YRR 1R B %

RISC-II RISC-I1II (SOAR)

1983

1984

RTSC-TV (SPUR) RTSC-V

1988 2013




ﬁ

RISC-V{5 2 1% 05 Y

£2-19, [¥|4-16
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
S-type 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
Ultype immediate[20,10:1,11,19:12] rd opcode Unconditional jump format
U-type immediate[31:12] rd opcode Upper immediate format

feotgs: 6F, FEARNS/U o ——
— #E. RegMlImmfiE [EE e e 11 S
— opt HigAHMmKE g o -
o B/I-typef)LEIEUE (EHREAD [$4.4.2, Kl4-17, 4-18]
— WO E R ERMUXEERNMUX G 3, S i R,
B KF54F: Opcodeffibbbaa
— Can support variable-length instructions [47/7{XRV16/RV32]




=Le{ 0}

0110011 0000000
= /\ = sub 0110011 uea 0100000
RV El % 511 0110011 001 0000000
xor 0110011 100 0000000
. Riype 5r 0110011 101 0000000
‘_I_%')Eﬁ , @2_18 Sra 0110011 101 0000000
or 0110011 110 0000000
/\7% N~ T B A and 0110011 111 0000000
EID JLi ] ¥EFE' ~ A~ TIT = L 0110011 011 0001000
L o

e b, h, w, d — 50 = | 0110011 011 0001100

1b 0000011 000 n.a.

E[:"—'"& K LN\ 2K 1h 0000011 001 n.a.

ﬁé %E ESVEES C_ 1w | 0000011 010 n.a.

. i, d 0000011 011 n.a.

1 bu 0000011 100 f.a.

e A ;I%,JE NG 1hu 0000011 101 n.a.

EFﬁ EFE' R Hype 1wy 0000011 110 n.a.

IJ j;:—» jJ \}[ﬁ‘ addi 0010011 000 n.a.
ﬂ: L JJ o= 5111 0010011 001 000000

— N2 — — Xori 0010011 100 n.a.
IEJJjJ He: Opﬁl, fUﬂCtKIE‘] srli 0010011 101 000000
N R srai 0010011 101 010000

— :7%: ALU, T/ﬁﬁ, ﬁj\fz ori 0010011 110 n.a.

andi 0010011 111 n.a.

« add: R-type C ialr > | 1100111 000 n.a.

, SH_ 0100011 000 n.a.

* addi: I-type Stype Sh 0100011 001 n.a.

C  sw___ > | 0100011 010 n.a.

[ ] . -

Iw: load, I-type = 0100011 111 n.a.

e SW: Store, S-type ¢ b=a__ > | 1100111 000 n.a.

Ere 1100111 001 n.a.

* beg: SB-type Saiype e ot T aor

. . bge r.a.

« jal (UJ-type) , jalr (I-type) bl tu 1100111 110 n.a.

bgeu 1100111 111 n.a.

RV321 75 77/}/ @3 12 Utype Vi 0110111 n.a. n.a.

Ultype C ial > 1101111 n.a. n.a.




RISC-V3-4t 77 =,

L3

H2-17

o 4% A [HW] 3%, Imm, Reg, Base

o opra-ikur
— LRI FhE

1. Immediate addressing

AR A e A N7 HIE
¢ KR HEEA —\LEIJ%//Kegister addressing

e addi x1, x2, 1000
- HAEH T
— FhEFHE

C g AE 4 R A

* Iw x1, 1000(x2)
o fEAFFHTTE
— PCHIXT Sk
* beq, jal
— [Al#ZBk%% . indirect
 jalr x0, 100(x1)

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




] - RVTET i, FHEFE, KE2-6

add (add) 0000000 | 00011 | 00010 00001 | 0110011 add x1, x2, x3
sub ( 0100000 | 00011 | 00010 00001 | 0110011 sub x1, x2, x3
st | 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

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

. ‘/Eﬁi’a AR 0T AE o
— FhATH U, w4 ), SCBISHE [=/H/aedd]Y . 2EhkFhE [2000(x2)]
— BB AN AR ST S, load/store g hE S0k
o HLERIE R HIL g Te 2 PR EE RO H e 2 B BN ok R
— C4TE%: x2/Ix3 NI ERrslirs2, x1y H B#AE%rd
— VERS-type: rs2=x1 (FEN, P , rs1=x2 (FEhHE) , rs2 => mem[rs1+1000]
- Load-StoreZEty. ALU#AF NReg-RegiiReg-ImmZY, HEELoad/StoreifE (1/0)
— add x1, x1, 1000(x2) /[




$zero: x0&FFfFz8, $2.3.2

« XO[FEH “0” (hardwired)
— data move: reg-reg s
add $v0,%$s0,%zero # returns f ($v0 = $s0 + 0)
— AT
addi $v0,%$zero,l 4 return 1

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

— Goto
beq x0, x0, Exit /I #]jal?



(?

di

AR ST B VU E
$2.7, 2.8, 2.10.2, 4.4

o kM5S0 PCHHX /3L, 12fioffset, +I/-

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

kM3, +H-, R

— jal: PC-relative433Z, 20fvioffset, 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: [E]#% (indirect) Bk¥s, 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




N . % RIE=>32/ 7 FRI%, $2.4

o FE3R: I/SISB/UI-type, 1247 /2047 %5 7. Ri$=>3217
— addi $s3,$s3,4; $s3 = $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 AN 16 ian 32
o VYR EALERT B o cetens
— B 5P (zero extension) : A4
R

— %5V (sign extension) : mfrAhL, MY
« BREHE, bWt

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




320 BUE R

“RAE2

TR KROLEIEL, $2.10.1

— 204757 BN % . B #1247 J5 ) 2047 57 B %L

* |ui: load upper immediate, U-type
— Jn#k20f7 2R #[31:12], [11:0]=0
— fl: lui x5, 0x12345; x5=0x1234 5000,

- +ik1217
« addi: I-type

/?ﬁu 7 \]29 Tﬁﬁ

o KBbiL: Fhk32f7Huht7SE], $2.10.2, ——$2.18//auipc ?

— lui: HUE2067
o fl: luix5, 0x12345;

— jalr: jump & link reg, I-type

o E20Mi+HkA20, ——FETFx5REREE, AN PCHIRS Sk
« f]: jalr x1, 100(x5); x1=PC+4, goto x5+100

U-type

immediate[31:12]

rcl

opcode

l-type

immediate[11:0]

rsil

funct3

rcl

opcode




RVICImIEF 4514 Bz, <(P&W) 1

.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(string2)
addi al,al,%lo(string2)
call printf
lw ra,12(sp)
addi sp,sp,16
1i  a0,0
ret

.section .rodata

.balign 4
stringl:

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

.string "world"

HoH HF HF H H HF H HFH HHFEH HHH HHH HH

Directive: enter text section fHE K] 2-25.

Directive: align code to 272 bytes sorteR 2
Directive: declare global symbol main
label for start of main

allocate stack frame #include <stdio.h>
save return address zntmauﬂ)
compute address of printf ("Hello, %s\n", "world");

stringl return 0;
compute address of } S

string?2 S STK
call function printf T
restore return address Dynamic data
deallocate stack frame - Static data
load return value O PC— 0000 0000 0040 0000y, =

A Reserved

return

Directive: enter read-only data section
Directive: align data section to 4 bytes
label for first string

Directive: null-terminated string

label for second string

Directive: null-terminated string




pl

HFERM: Z8ULis, REB A, R

o i, ¥HHE: sort(), swap(), $2.13.1

— call/jal, return/jalr

void sort (int v[], size_t int n) void swap(int v[], size_t k)
| {
size_t 1, J; : .
for (i =05 1 <n; i +=1) | nt temp;
for (j =14 -1; 3 >= 0 &% v[jl > v[j +11: 3 -=1) | temp = v[kl];
swap(v,j); vlk] = v[k+l];

1

I vik+1l] = temp;
: ]
] !

addi x10, x21, 0 it first swap parameter is v
Pass parameters addi x11, x20, 0 # second swap parameter is j
and call jal x1, swap it call swap
swap:

sT1i x6, x11, 2 // reg x6 = k * 4
add x6, x10, x6 // reg x6 = v + (k * 4)

Tw x5, 0(x6) // reg x5 (temp) = v[k]

Tw X7, 4(x6) // reg x7 = v[k + 1]

Sw X7, 0(x6) // v[k] = reg x7/

SwW x5, 4(x6) // v[k+1] = reg x5 (temp)
jalr  x0, 0(x1) // return to calling routine



RAFIT R Hi i call/returnfis & (fA)

femory _ Memory .
location  Calling program location  Subroutine SUE
200 Call  SUB - 1aao first instruction

next instruction ———m—m—

5 /2D4

Feturn
jal x1, 1000
1000 jalr x0, 0(x1)
PC 204
Link 204 B A7 #8x1 = npc
= iR [A[hhkra
Call FHeturn



stack

SP — 0000 003f ffff fff0y,,

gp— 0000 0000 1000 0000}e,

PC— 0000 0000 0040 0000p.y
0

Stack

'
f

Dynamic data

Static data

Text

Reserved

lop
sack
clement

Second
sack
alement

Stack
It

stack
poinler

Stack
hasge=

CPU
regIsters

vain
MSMOry

Free

f,,‘"

\

.l_...r"_

$2.8.1: IR EHG, B AR
B ILCPUZ(748: M ITHHENSP, HHLhE % 1748

[n use

Block
* mesarved
for stack




Addresses Main memory
Main

Use of Stack to o

Implement = I
4500 L*-—F
Nested | |

450K CALL Proc? - -,
4601 Procadurs
roceaures w0 | caLpee | Pocl
4551 "
,-"I ™
RETLIEMN l

VER 4500 =
7%15 'J 'fX 1%@ T H‘ﬁ 4'{—?'\ Pm-fi'dtr:
R R ? )/

RETURN P
fa) Calls and returns i) Execution sequencs
4601 4651
4101 4101 4101 4101 4101
L * . * . L .
{a) Imtial stack {b) Atter {c) Imtial {d) Atter &) After {f) Atter {g) After

contents CALL Procl CALL ProcZ BETURN CALL Procz RETURN RETURN



RAFEL7: RVIRHE & A7 4%

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 yes
x10-x17 10-17 Arguments/results no
x18-x27 18-27 yes
x28-x31 28-31 Temporaries no
_ S K2-14
Preserved: 7EREUR A N AR FF A




SRR RAEB, PR IR, $2.8

int leaf (int g, int h, int 1, int )

{ int f
f=(g+h)-(i+])
return f;
b umer l
RERE
W P2
B '/'l
8}
v
KARS

l () RAERFE

W& Pl

R1

WH

BH

R1

long long int fact (long long int n)

{
}

if (n < 1) return (1);
else return (n * fact(n — 1));
i P2 W& P3
R1 R1
RERE RERE
- ¢
) )
A l
HERE HERE
R1 R1
(b) BRRAERE



i F21H Hprocedure calling

» 21 “HBORARE (FREFP) RIS () 7

— Caller

« ZHULE: HSEOAE TR ViR BN E : A F AR AT
o« M. Cally IRE— R THAF (H—%95 %R0

— RAEWT A (nPC) & IR [FE

— BRI G TR EPCIRM T AEAH

— Callee
o (F1EP CIRZAD

— PREEFFAEA: R IRE AR ZE0E A A0 3E FIReg A BX

- FERFHANFRIEX?

o P, IdSE R caller T LT BB E

- KEMI: Bk

o TidFfEReturn: iR [FICallerffjik Al & (W)

— Rz 2 A AR . PC =nPC
o PEHIHELIES: call (jab) /return (ja

o R, Myl iE, mENLE, @A

r)
=
T+

i HFE T caller
CYHETREF)
+FErcallee

<
K

38/41

&




RV32#iF#4E: push/pop, E2-10

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
Az Tw x6, 4(sp) // restore register x6 for caller
Iw 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
Contents of register x5 1
Contents of register x6 Dvnamic data

SP —+ | Contents of register x20

1000 0000pex
Low address

(a) (b) )\j:jz (© Hj;l;jz pc = 0001 0000pey



RVEJILRE T CRRml, 7S 301d3K)

o ARRIT: ZH, Wil GREHLEE , W (R 7S, REEE]

o MiFEEfp = MiEhE
— WlUh (a) : sp=1fp
— 45K (c) : sp=1p

K2-12
High address
FP —
SP —
FP —
SP —
Low address
(a)

K2-11

FP —

SP—~

Saved argument
registers (if any)

Saved return address

Saved saved

registers (if any)

Local arrays and
structures (if any)

Saved registers: x8-x9, x18-x27

Stack pointer regi}ter.s(g( sp)
Frame pointer: x(8( fp) )
Retumn address: N(ra/

Stack above the stack pointer

/7~ \

SP — 0000 003f ffff fffly,, @

f

Dynamic data

Static data

gp— 0000 0000 1000 0000y.x
Text

PC— 0000 0000 0040 0000pex

Reserved

(€)



stack frame:

x2

xl

Keturn address

Previous trame
pointer

{a) Pis active

P calls Q
CALL Q(y1)

fpBIIEFAL ?

TH A0 RQ

Top ot
stack |r.-in1:r

—

Bt kP

Current

S {Tame P

pointer

14 \}é‘ijj 3

02K,

|

H=turn address

Previous trame

|'.ﬂin1:r

x2

xl

Eeturn address

Previous trame
pointer

{bl P has called QQ

nifEEHp

T-r.ip ot
stack |1'.ii ni=r

Current
frame
p-nirﬂ:r




RV calling conventions, $2.8.2
m—

éé »

* 4? Z ﬂzn l’i IEI /fE H X10~X17 [ 8/1\ 1 The constant value O
= .~y x1 (ra) Return address (link register) yes
— ao—al: I%l i&/ﬁgﬂ—k—;l}z IE[ ’fE: x2 (sp) 2 Stack pointer yes
= x3 (gp) 3 Global pointer yes
—_ a2—a7 . ]%l ﬁﬁg x4 (tp) 4 Thread pointer yes
" x5-x7 5-7 Temporaries no
° Hsﬁ‘ rEf ra: Xl Xx8-x9 8-9 Saved > yes
I x10-x17 10-17 Arguments/results no
° I I x18-x27 18-27 Saved D ves
Ca x28-x31 28-31 Temporaries no

— jal x1, ProcessAddress; PCHEXS Tk
* jump-and-link: Bk¥%, IFHEBIRERS (nPC) E$ra
Return

— jalrx0, O(ra); [Aj4%Bk%:
* jump-and-link register: & [Flra. W& CYHETFREAINPC) fR47TXx0 (i)
I35 PRAT 0 . preservedHicalleef# 77, notPreservedHicallerf 5t

Saved registers: x8-x9, x18-x27 Temporary registers: x5-x/, xZ28-x31
Stack pointer register: xZ(sp) Argument/result registers: x10-x17
Frame pointer: x8(fp)
Retum address: x1(ra)
Stack above the stack pointer Stack below the stack pointer

K|2-14




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
x6-7 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
x18-27 | s2-11 Saved registers Callee
x28-31 | t3-6 Temporaries Caller
f0-7 ft0-7 FP temporaries Caller
f8-9 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



VA printf O |k N 27

System calls

e T S N R i L O S G o W e e D e —I
i i B ¥ print £0) g
l FERR B write () i
O S ¥ I
- OSHk%:: API RGP write() | A

— various names: trap/exception, svc, soft interrupt
« Why
- 2H

— Certain operations require specialized knowledge
- I/O%4%, PClei4k, USB

— protection: ZALS5ILE
 What

— A special machine instruction that causes an soft-interrupt/exception
o PEAENLERIRETIH (protection) : HFE, WS (REE, supervisor, hypervisor)

Least privileged

Most privileged

Device drivers

Applications

. FRIEPSWICSR COD-RV syscallif4, K5-47
— RV: Iﬁ:iﬁi@ﬁﬁ Tgé\eca” ECALL Environment Call
. . £ [ e EBREAK Environment Breakpoint
RlpeSj:E/f’\@K:APlﬂ&jj ? SRET Supervisor Exception Return
— x86 R A A (systemcalls) : intl6, int32 WF Wait for Interrupt

- BIOS, Windows: Z7~. B8, WERL. SO FTEIHL. B(HE]



16M

Main memory

Siack

|
Ll

*
|
Oymamic data

Static data

Process 1

syscall @

ia: next instructian@

System call flow of control .
1. User program invokes system call. H /7 7

2. Operating system code performs operation. 24t
3. Returns control to user program. H /%45

Operating system

®

-

System
call
interrupt

handler

@ rii

Interrupt
vector area

syscall addr 7|

3 2/3/4Hisyscallig 4 5e h !
Processor 2. [RIEWT 5 Flpsw
3: pswiit0, FEANHWIZE
4. syscall\ R4 PC

5: FHEANRGREL
O, 6/7 1 IR 1145 iret5e A
/1‘:‘: iia 6: WEIHHBCRA
/ psw : ipsw 7: MW AL AR EHAT

‘@ APt & -
sys_call table Cinterrupt
vector area)
0 sys_call ISR (system call
interrupt handler)

a: fESHbkar A ds, (RAF Tiiaf /A s
psw: TR A 7as, TRAF T ipswai A7 ds




KRG -

Hh RAF SR H
f7é, I{EEAX

X861 H] ]

\ lib\libc.so.6F1usr\include arch\x86\kernel\entry _32.s kernel\sys.c
NIZAS
\I\ : JSystem_call:
¥ xyz(1 3 DT ............... » SYS_xyz()
: SyS_XyZ() ----- $ys_call_table {
Elxyz() int Ox80 " R
T Voo, ret_from_sys call; .. }

-

*

‘. R
SEaEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEES

ENHARER  fElibekr#EE
W E HH ) s 2 A5
o)

N asE N SR EEEEEE NS NN NS SN EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEns®

4t
AEFRAE Y

A 55 Bl T




CiEEMOSHR%: APIs. libc. syscalls?

F F T

abs() 5 printf() {1 X 512 11

A R HE H
| s I

LIFF R A f—n . o
T [} oo

I i it %
U BT




(ﬂ [ |
R . \ A = ﬁ &) < > D >> Ox
I e S \/ |
4 III Select Auto- Displ i | Sh t.
I ~ elec Reset Reverse Clock ute Run isplay signa oW stage
Processor clock values table
[ Ripes - O ¥

File Edit Help

OO we ED» @

Input type: (® Aszembly () C Executable code

View moede: () Binary (8 Dizazzembled

100
1[)110 Source code
1 _data
2 w: .word 8x1234
3
4  text
Iw 2B w

5
6 addi a8 a8 1

sp =

o $2.8.2%5 “Fira” W, “factorial” ! po =
 RipesiL4iit 5 #E it tisyscalls?

@a: leeeas17 auipc x10@ @x1000e
4: 00852503 1w =10 @8(x1@)
8: 8e15e513 addi x1@ x1@ 1

bEff £££0p., e

Dynamic data

Static data ]
1000 0000pex
0001 0000pey

0




SPIMI &4t

1+
H,

CODA4[ft>xB.9

e SPIM: MIPS-321/j B 2¢
— LRI FUT
— bRUE R IO AR S5

« SYSCALL Step
— $vO0=srv#

— $a0~3=arg
— syscall

— $VO:i}2, =]

* Ripes?

S

]

~A

Service

print integer
print float
print double
print string
read integer
read float
read double

read stnng

memory
allocation

exit (end of
program)

print character
read character

System Call
Code

~N OV hRW N -

10

1
12

:Argu ments

$a0 = value
$f12 = float value

$f12 = double value
$a0 » address of string
(none)
'(none)
(none)

$a0 ~ address where string to be
\stored
$a1 = number of characters to
read + 1

1$a0 = number of bytes of storage

desired

\(none)

1$20 = integer

(none)

Result

((none)
((none)
((none)

(none)
$vO

value read

$0 « value read

$f0 « value read

‘(none)

|$v0

block
(none)

(none)

address of

ichar in $vO




HLEs A XTAE 7 a3 =)
ISA
TRy

o HART1EME: reg, mem

« Move, ALU, 43, 1O
o BLHL, JEA, ThTE4 (RV1KE2-40)

— SUbTA: BAEEL BHisdER
FEFF
— BOUNAFDBC: #Hdh. RS, HER
— FAFARIAC: AR 4 E
- SERAIRGIHEAZE

»  HEHG, A
A AT FE/ 7k

IF et
B

HBifRet

ALU

Reg

EHIETT

ARG

BEREEX

LgmiE 5wt 2 w5205

Fht

B




A
Bubble sort (trace) —

0 e

AOL_AL_AZL AGL ALY Ag]
A0 ALl AR Als] A4 H"‘l[?]

3 3 4 5 10 A2
Basic idea: A%]

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

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

@ Jj«J—1 goto@ifj >0 A[1] A[2] A[3] A[4]
@ Goto (1) If a swap occurred @ < 3

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

.$2.13.2, E2-25 O Aﬂl Al] Az] [1 Agl




APATR RS RS BT

I, B




A translation hierarchy for C, FIG 2.20

C prcngram _ 7_'.-?‘?.-"' '%‘ ‘23‘ 'ﬁ‘ E I
=t ‘/' \ 3_ 5
= e
N - L’J n
( Commler . LLE B | (] | »
) B | [ X ] Rl &
RN f?&—-ﬁ‘"‘ﬁ—-ﬁ:‘~§§ ClE— 8
Assembly language program X it it T r;t L ,—,g 4 i
\_—___ ‘ “\‘\ \. \ ‘f 7— x
C Assemble/) | % R ¥ B & B2 |
Object: Machine language module Obiject: Library routine (machine language)




The Assembly Process: - Jif.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
« KEE[A . Consider forward branch to label in program

— Offset cannot be found without target address

* Let assembler make two passes over program e
— 18t pass: generate all machine instructions, and enter " 655 orrero
labels/addresses into symbol table "o mam

« Some instructions incomplete but sizes known 3| e e
— 2" pass: calculate unknown branch offsets using address i ©

Information in symbol table



.text

0bj5Symbol Table  -=s:

.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:

et - e iang fHello; (e’
TS A N directives : 7 = R G

names : 4%, LEH

.string "world"



The Linker: & 3% EX

« 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

Data Section @ 00F0
Code Section ® 00F4
data DATA OFFSET O

Offset o —
result DATA OFFSET 4
square CODE 7 SYMBOL TABLE Reserved for
main CODE OFFSET 0 Data Section @ 0020 Interrupt Vectors
00¢0 | DATA SECTION SOd8 Section § 00:C Top of Stack —
o] 00 00 00 11 (data) 0020 | DATA SECTION | Reserved for
4| 00 00 00 00 (resut) 0] 00 00 00 11 (data) Stack
oor4 [COBE | 4| 00 00 00 00 (resuit) T
M s e[ 20 0 o 00 RAM
main () (w/refs to {
100 symbol table) t
MQ/‘ foo.0
é for
............... Top of Heap — fsens fr ety
' R : machine code for
SYNBOL TABLE. s 8 bytes | |PATA
only to sections —
Unused Memory
foobar.o Mapped
1o
CODE o
square () (w/refs to 50 bytes [
O "l S —




ELF #43(

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

Sections W

Section header
table (optional, ignored)

Describes sections

* the ELF specification

dynamic linking information

|“ ELF header

e

ident
type
machine
version
entry
phoff
shoff
flags

| Program header table

Section 1

» Segments |

Section n

k_Ekxmnnrmmderuﬂﬂe

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 FAE AR MR INE B N A7

— LA SR A 8 25 B RN

— B & R 0L ik 25 )

— BRI 5 1 1 2 s = i 21 A A7 H
o Bl E UL SR Ik Ab B Eh UL

— A% L S

— Ptk Ay (BdEsp. fp. gp)

— Bh¥% 21 )3 B FE
« K SHUE H Bx10% 55 3118 H main R 41
« Mmainek FoR [FIR), #HATexit RSt A







22 ELHAISABE LT

o WNAF/NIITE, BeA W&
- AR RGN T LKA
- ARG, BT EAMBENIES
— BT AR
— ZFh T
o FIFEBOR R H T
— B LN & SO G 2 B
— R R L 6 5 5 5

SSSSSSSS

RH | AL 20t
BH | BL
CH CL
e [on | o
sP ? qud
= s
S = 8096
D1 ;v B (B
3086 I = g
A 4RIETS
7
BIEHTFS
. Pore g e |
ey e GG A
REBOSEGEI

iy dndE
(EW)

« NTEFTRMEIER, HENIAMINIGE HBORE SR8 <, 5

R R P F BAaRRIA T RE
o B RIRZE: X86H 1 ETE 4



Hlas 458 5ISASr 3

o TEAMETUM T UL U E S, IR R E = AL
— ThRE: BAEBBIAFIALE (UifEe M)
— BT BRI R R 18 RERARAENE

. HlE4EKy: processor designer view
— stack
— Accumulator
— register-mem
— register-register

. ISA%r2%: programmer/compiler view
— CISC: LIMLas452 LI miE 5 hae (reg-mem)
— RISC: kHload/storefk %, EHIET 74 (reg-reg)
— VLIW: FHEMZE, WfFE, KIFE

lIxx@ustc.edu.cn 62/41




ISA Classes (processor designer view)

(a) Stack

(b} Accumulator

ic) Registar-Memory

(d) Reqister-Register
Load-Store

k>

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

HE&PH#6hR: A, KA1, VUKISATEAER M E



ISA%2E (programmer prospective )

- CISC: f#H#tRe! = T2k 4 oaE
DI R ST R 2 e -
— R4 PRI R 2
- B4 FEKA— (x86M1byte~6bytes)
- FhtrE S

— VAR S e, AR5 4En] LLUif7
» RISC: fulfbfify, il HEAE! < H KRS
- TR FKEE, SN, M, FakTr =R
— WO VIE, WERNEBEHT AR, BEET AR
o NTIREMRE, TERCOUIAIREL R EF s S b RE i
« X Hload/storefk %, R7fload/storetd 4 1Jift
— XM Superscalar. SuperpipelingZHi R, #E&EIPC

e VLIW: ZF[E|#ei)a]) (SIMD) , {RIhFE, FEHMHEE

64/41




CISCHi, X86354 1=,

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
Mov  |d|w o Displ t
postbyte isplacemen
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

65/41



Growth of x86 Instruction set over time

1000
900 +—X86F1978+F#Et 4= 804k +H 2
800 1 2015413384, MK 161%.

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

MNMumber of Instructions

DIIIIIIIIIIIIIIIIIIIIIIIIIIIIlIIII

_ > O & D D D> ® DO D PR DN
239 S0P h,;,_.}%"‘&@&% S h@"‘&q} S @c:"‘ SN

Year



&]3-22

X]2-48

8544 RV, X86

« SPEC CPU2006

instruction class

Integer average
Rank ROx86 instruction { % total executed)
g
l load 22%
Add immediate addi 14.36% 14.36% "
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 49
Branch if equal beq 3.27% 61.77% 0 call 1%
Add immediate word addiw 2.86% 64.63% 10 retum 1%
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, lw, 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%
bltu, bgeu
Jumnp jal, jalr Procedure calls & returns; switch statements 2% 0%
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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.

o RO ATRKBMAL TR ES”
— Microprocessor w/o Interlocked Piped Stages
— interlock B G Al 4R ] R
o B R, EELFRSPIT (EEURE)

o REB: RERMHRA IR Mo HpLaserer
-« TCHBFME, {KA: R4000LL5 f# Hinterlock driven by MIPS based™

e Pattersonii4iCocke @48, ILHRISCHA £, 1980

— 4/~Design PrinciplesSimplicity favors regularity
« Smaller is faster

- Make the common case fast '
- Good design demands good compromises &

— 1981/19825E % RISC-I4bFi 28 il 2 ;

» Hennessy5E/MIPS, 19837

[IXxx@ustc.edu.cn 70



RV vs. MIPS: &4 =,

1a

2.29

T AT Ay — AT AT 1

fi 7 B 3l Ui 77 L oad

rE—— T
Wi ffstorefa ¥

% e 4

ARE

P R

31 30 5 M 1 19 15 14 12 11 BT h' 0
| funct/ | rsd rsl | functd | rd | opcode | R-type
| imm[ [ 1:0] rsl | functd | rd | opcode | I-type
| ummf11:3] | rs2 | rsl | lunc3 | imm|[4:0] | opeode | S-type
[ imm[12] | imm[10:5] | rs2 | sl | funcet3 [ imm[4:1] [ imm[11] | opcode | B-type
| immj31: 12 | rl | opcode | U-type
| imm[20] | imm|[ 10:1] | imm[11] | imm[19:12] | rd | opeode | J-type
R-type op(6 bits) | rs(5 bits) | rt(5 bits) | rd(5 bits) | shamt(5 bits) | funct(6 bits)
r'€g-r€g | 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)
ZA: 1) BERMR S E; 2) SRR EENE; 2) rsiidiiE.




LA32 Lt 34 15 4

ADD.W, SUB.W, ADDLW, ALSL.W, LUI2L.W, SLT, SLTU, SLTI, SLTUI,
PCADDI, PCADDU12I, PCALAU12I,

BARBRIERZ _ _

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

MUL W, MULH.W, MULH.WU, DIVW, MOD.W, DIVWU, MODWU
BhiiaBIHE % SLLW, SRL.W, SRAW, ROTRW, SLLLW, SRLILW, SRALW, ROTRLW

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

SR < REVB.2H, BITREV.4B, BITREV.W, BSTRINS.W, BSTRPICK.W, MASKEQZ, MASKNEZ
Y BEQ, BNE, BLT, BGE, BLTU, BGEU, BEQZ, BNEZ, B, BL, JIRL
R iR LD.B, LD.H, LD.W, LD.BU, LD.HU, ST.B, ST.H, STW, PRELD
e RUEE LL.W, SCW
b DBAR, IBAR
HERNiEe SYSCALL, BREAK, RDTIMELW, RDTIMEH.W, CPUCFG




Intel kb 28 ZE#) 4k (1995—2015 )

® TurboBoost ® TurboBoost 3
o E_{LEiMy ORENE

* A& (SMAP/SGX/MPX)
i ® AES IN#$5< @ {EIN#E SpeedShift
,‘_@ﬁﬁ*;/ ® AVX 355 o XA E eDRAM
C_ _SRISCAE sibit o ERITAIZE @ AVX 512

o I FHiT 57 5 i ® QP

e KRTE @ AMK ® SSE Shuffle
® SSE#§< e TraceCache '

P6 NetBurst Core Sandy Bridge Skylake
(19954F) (2000%) (20064E) (20114E) (20154E)



ISA: A Minimalist Perspective

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

o RN GbEEERY
— A FH RS A AL R 2
- B: FREMF)LAFEL? TR Tk 20? TR
— C: CPI, IPC

MR FHO, ABC



OISC: the one Instruction set computer

* OISC: the ultimate reduced instruction set computer

— —%kSBN#5§4: substract and branch if negative
* subleqg a, b, c; Mem[b] = Mem[b] - Mem[a],
if (Mem([b] < 0) goto c

° EZ)EH "H_“;'*()\:—Etﬂ\f%%%

— Al I ] ER
« TR A 00 BRI
o« fLAt H 9w 14 70 i

— RiE
o HiAth “4527 #BW Hi%iE MG
o EWRER A HE LIRS E
o EWRE A TR S

— {KIh#E
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Von Neumann vs. dataflow

Precise Instruction-Order Maintained

X Y A B

Y
rd
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



TTEMZERPIARNK: DSA, wmra. s

R ) 14 GiB/s DDR3 30 GiB/s Weight FIFO
Interfaces (Weight Fetcher)
. >:co.ml] ﬂso 6iBs
T 4 N ]
10 GiB/s |Unified Buffer o
iB/s GiB/s i
[ Systolic Matrix
o8 D| adwocal |- Array |[C——>| Multiply Unit
14 GiB/s (O (14 GiB/s| & Storage) Control (64K per cycle)
bt B
S| El | BE
T2
- = & 4 J
Accumulators
- J
ﬁ Activation
— ﬁi: 165 GiB/s X .
[CJoff-Chip I/0 =] ] | Normalize/Pool
[CJData Buffer {L > 5
EComputation :ﬁ
L Control <:| < |
Not to Scale et
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