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Architecture (ISA) & Interfaces
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— 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.



Instruction-Set Processor D

 Architecture (ISA) programmer/compiler view

—“functional appearance to its immediate user/system
programmer”

— Opcodes, addressing modes, architected registers,
IEEE floating point

—HLEE S
* Implementation (LArch) processor designer view

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

— functional units, pipelining, caches, physical registers

« Realization (chip) chip/system designer view
—“physical structure that embodies the implementation”
— Gates, cells, transistors, wires
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Processor

Memory

Source code

Executable code View mode: (U Binary @ Disassembled

1 main:

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

6 j end

7 addi x2,
8

9 end:

x@, 2

X0,
X3,

XQ,

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

00000000 <main>:

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

000RER14 <end>:
14: 022026a3
18: fe5384e3

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

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




RV architected registersf1ABI, [¥2-14

Register Preserved
m

The constant value O
x1l (ra) 1 Return address (link register) yes
xZ2 (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
ABl: Zf7ss4, ik, —EERLIIHT
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~ DATA

— Stack/Heap
* *)JZ g%ﬁ[ﬁ%
o HE: IR
— CODE/Text

/O port?
R
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— FEXTHBAE: RO+ WA

« offset, displacement

o JLHLFFA7ERbp

|
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Dynamic data
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Reserved
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TGN (Byte Ordering) $2.3.1

C TR, O A A 0000 i
— Rim/ K)E%4 (big endness) 0010 !

o KHhHE, E=HFAY
— /Nigl/NE v (little endness)
o (KHLLE, {2y
° ‘\ %”J’ [) - L
X86 MIRVEL N/, ARMA]DLE B -

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

T ]]|'
=E

XEi% : 00000000 0P PORRPPRP 20eeeee1
addr+0 addr+1 addr+2 addr+3 //SEFEEE R ( £ )

/\Ei% : 00000001 00000000 POOPLLRD 200
addr+0 addr+1 addr+2  addr+3 //SEFAIRERHT ( FEELL )



AN (Memory Alignment) , $2.3.1

+ AERUE A RAEIL TR T AL

M) AIRE

VRN AT il E

éljBlZIl

— S 75 L7 0] P KA fifi 4
TR, A B

o HHEFTF: RVIXBOAE R, MIPSE R

s (lan—

X R T O A

— FX5E HiHE AR A, RV A

ek (i)

— NS M AR A, U
=h#iss
Z (Hint2) 3z (Hhko)
FAY Ghk7) | Giike) F (Hhk4)
ez (Mhk10) dez (Huhks)
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A 728

¥iEfs# (data movement) T

— Vif¥: load, store, mov Ty R T 1 ST B
— 1/O: In, out |

Hi@iz® (arithmetic & logical) L T

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

BT HRAE

— monadic operations: shl, shr, srl, srr

7y 3] (tranfer of contral, Branch)
— comparisons & conditional branches: beq, bnz
— R AZ: jmp e
— procedure call: call, ret, int, iret H

P nt, | By

» R_
AFIEL nop, sti, cli, lock, HLT S_Q
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« ALU
— VIR
. LR
IRYAIE
— H R
. PR
. 4%
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. Vits
— PNAE AL

RSN 1]l

[> Ripes _ 0 %
File Help
8 O < D Mhos 2D O
100
Source code Executable code View mode: () Binary @ Disassenbled

1 main:

2 addi x2, x@, 2
3 addi x3, x8, 3
4 addi x7, x3, -6
5

6 j end

7 addi x2, x0, 2
8

9 end:
10 sw x2, 45(x@)
11 beqg x7,x5,main

P00RRAAe <main>:

a: 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@ @x14 <en
addi x2 x@ 2

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




TE‘%?*%fQMachine Instruction Layout

« von Neumann: “$54 HER/ER AR hEAE A4 Bl
o ERVERD. BEEROMER
o HuhEAE. FeANERVEEL (operand) HIAFfENLE

EEAERS L Cop) kA4 (addr)

o A FKEFHEVS.TA: RISC (RV/IMIPS/ARM) —f%321i
o AR Evs. i AR
o [llE: FEMERE, 82 FECAR, RISC (RVIMIPS/ARM)
o TJAR: FEAFEAME AL TF I, CISC (x86)
o “YREBIEMEEAR” . A%opLaddrik
o MRS R E, MR, MK R

lIxx@ustc.edu.cn 14/41



HihAg . EVER, 54

o RERERL. HMEAER. P —2is LAk
— Hiudik: FAEES. EAF. /O%m

o HbhEA A%

— A HEFE 4. op rsl, rs2, rd, ni

— 3HHEFE4S: oprsl, rs2, rd;  nifEPCH

— 2HhEFE 4. op rsi, rs2; rd=rs1 or ACC
— 1Hhlb484: op rs2; rs1=ACC, rd=ACC
— O+ 4. op; HEFR AR

lIxx@ustc.edu.cn 15/41



FHTR: R4 HIH L

o FHETTEC TR FAEERUNAT RO AL T B T 2
« 84T hk: BRCPURHPC

— WP AT BEPAT —5%%84, PCH3IL

— Bk¥e: BHHPC, I H AT
o EREES AL

— fRAHEH L7

— BRAHAE: ERAEEAE 2 A7 2 N A7 H B ) B i b

« EA=F 07 A+ Ak Contra | asitmeic | 1

Registers .| Instruction
" D

HEVERD 2 it | ructio |q.__
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i L2 107

— SLEPSEH
— HEEF N

»y

— [B]f2F-H

— A AR Sak (d)
— A FAR AR SR (e)

o
| .
o
| .
o

(a)
(b)
(c)

— FhEFHE (P
 BP+offset

— PCHIXS Sk ()

 PC+offset
— HERR L (@)

— BhFFhE (d4f)
 Index: x86[1si/di

— [RETAL (A1)

S IWAF R (8

°k

‘l:‘_A

4

Instruction
[ [ Operand |

(a) Immediate

Instruction
[ 1 A |

Memory

L] Uperand

(b) Direct

Instruction
[ 1 A |

Memory

Operand |+

(c) Indirect

Instruction

[ TR]

|
L Operand

Registers

(d) Register

Instruction
R

| Memory

Instruction
L [R] A |

Memory

| L

(e) Register indirect

Registers

L >

—p{ Dperand

Registers

(f) Displacement

Instruction

Implicit

L

Top of stack
register

(g) Stack

AU B YR?
B/ W25 J LA 2

4 AL )7 17
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addi
J

SW
beq

I\

P )95 il
— frfit
— TR

#include <stdio.h>

int

main (int argc, char *argv[])

{

int i:
int sum = 0;

for (i = 0; i

<= 100; i
printf (“The sum from 0

FHEDTFORB: BRAERL N KRR

[> Ripes
File Help

0O D> o 2D

Source code

Executable code View mode: () Einary @ Disassembled

1 main:

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

6 j end

7 addi x2,
8

9 end:
10 sw x2, 45(x@)
11 beqg x7,x5,main

X0, 2
X0, 3
x3, -6

x0, 2

P00RRAAe <main>:

0: 00200113  addi x2 x@ 21F
4: 00300193 addi x3 x@ 3
8: ffa18393 addi x7 x3 -6
c: 008006 T jal x@ @x14 <en
10: 00200113 addi x2 x@ 2

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

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

i+ 1) sum = sum + i *
100 is %d\n”, sum):

i3




. FRERAL

— RV321+ & %454 .

RISC-V ISA 4 &

n]iz4TLinux

e RV32l: K2-18 + K|2-41, K AA

* RGUEL:

720, CSRERME, H#. K5-47

— RV32IMFD$844: RV32IEAY E

— RV32E
. Yy

N Y
— [8]{5

FAS: 0 TRTAR

— TERE: WIR], TR
— M 5 S

— RN R

SN

— 1%

/Y B 4

K2-42

B T

| Base architecture 51
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

RISC-I RISC-IIl (SOAR) RTSC-TV (SPUR) RTSC-V

1983

1984 1988 2013



RISC-V#a £ 1%\ 5 /EM

K2-19, K|4-16

Name Field Comments
(Field size) 7 bits 5 bits 5 bits 3 bits 5 bits
R-type funct7? rs2 rsi funct3 rd opcode Arithmetic instruction format
Itype immediate[11:0] rsi funct3 rd opcode Loads & immediate arithmetic
S-type immed[11:5] rs2 rsl funct3 | immed[4:0] opcode Stores
SBiype immed[12,10:5] rs2 rsli funct3 |immed[4:1,11] opcode Conditional branch format
UJtype immediate[20,10:1,11,19:12] rd opcode Unconditional jump format
U-type immediate[31:12] rd opcode Upper immediate format
b ,
o TR 6FF, EARNS/U
™ » xxxxxzzrzxxxxxaa | 16-bit (aa # 11)
— FE: RegRlImmf & [H &

| EXXEXXXIAXXIAXEX | EXXXEXXXXXxbbb11 | J2-bit (bbb # 111)

— opht 5fa KM AR X & e —E | 20
o BlI-typeffJ L EIHHm 7 e bueri - beeiz b

— PR BHEIE B _EMUXE R AIMUX S D5, SeER2hE BT, $4.4.2
« RF547F . Opcodeltbbbaa

— Can support variable-length instructions (RV16/RV32/RV64)



300

0110011 0000000
& /\ = § sub 0110011 m}u 0100000
RV El Q‘» 511 0110011 001 0000000
xor 0110011 100 0000000
. Riype sr] 0110011 101 0000000
““’}Eﬁ , @2_18 Sra 0110011 101 0000000
ar 0110011 110 0000000
/\7% - TEFbA and 0110011 111 0000000
:‘Fﬁ%ﬁ VIMFIER Ir.d 0110011 011 0001000
e b, h, w d sc.d 0110011 011 0001100
1b 0000011 000 n.a.
;Jc“’i& IVANG/ S 1h 0000011 001 n.a.
:‘FE i TS 1w 0000011 010 n.a.
. i, a 0000011 011 .3,
1 by 0000011 100 .a.
;J:'L';J:Et/\\*%, JQ/\%% 1 hu 0000011 101 n.a.
ZIEX AT IS Fype 1w 0000011 110 n.a.
,J EI:H jJAE,/\% addi 0010011 000 n.a.
ﬂ: L He T o< K 0010011 001 000000
— N2 — — xori 0010011 100 n.a.
IE.I Jjj He: Op IEJ ’ fu ﬂCtZ< IEJ srli 0010011 101 000000
N N 5rai 0010011 101 010000
— :.7%: ALU, Ujﬁ ’ ﬁj\jz ori 0010011 110 n.a.
andi 0010011 111 n.a.
* add: R-type jalr 1100111 000 n.a.
. sb 0100011 000 n.a.
- addi: |'type Stype sh 0100011 001 n.a.
. . _ Sw 0100011 010 n.a.
lw: load, | type sd 0100011 111 n.a.
e SW: Store, S_type bag 1100111 000 n.a.
bne 1100111 001 n.a.
* beq: SB-type SBype bt 1100111 100 n.a.
. . oge 1100111 101 r.a.
« jal (UJ-type) , jalr (I-type) bltu 1100111 110 n.a.
> . bgeu 1100111 111 rn.a.
RV321f5 éﬂ\‘/fﬁ 53-12 U-type lui 0110111 n.a. n.a.
Jtype ial 1101111 M.4. n.a.




RISC-V3-4E 75 5,

o 4Fh: AJI3M, Imm, Reg, Base

* Opr
— LRIk
— A7 Ar Tk
— JEhESHk

< fE 4

— PCHHX} -4k
* beq, jal

— [l feBki%
 jalr x0, 100(x1)

1. Immediate addressing

S

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 C‘b— | word
I
4. PC-relative addressing
imm | rs2 | rs1 |[funct3|imm| op
[ l Memory
PC @— Word
f




RVH: 5k, FHEA=, K2-6
iy imotons |ttt |2 ] st ncta] 14 Jopcode|_esamle _

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 lOODiOI 010 01000 | 0100011 | swx1, 1000(x2)

. ‘/Iiﬁa‘ai‘a SEAER ST AFE R
— EAAEE T (R, W4 ), CRIFhE [=/4/16ikH] Y , bS48k [1000(x2)]
— BRSNS T E LRI S, load/store ARk
o HLERTE L5 te 2 IR R EEOM H 3R 20 A BN VR &R
— JCHRIEA: x2IX3AEERIERrs1irs2, x1 H H3RESrd
— JFES-type: rs2=x1 (ff51E, JH) , rs1=x2 (Fthlb) , rs2 =>mem][rs1+1000]
« Load-Storeff &45#): ALUE:{F NReg-RegmiReg-Imm#A, 4% A féLoad/Store
— add x1, x1, 1000(x2) //AFik




$zero: xXO0&f+zas, $2.3.2

+ XO[EEH “0” (hardwired)
— data move: reg-reg e
add $v0,%$s0,%zero # returns f ($v0 = $s0 + 0)
— AP
addi  $v0,%$zero,l # return 1

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

— Goto
beq x0, x0, Exit /I #]jal?



ﬁj\jzj%‘/%g“iﬂiﬁfﬁ +/-, Bk¥EE

$2.7, 2.8, 2.10.2, 4.4

di

o M5 PCHIN 43, 12fioffset

SB-type

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

» ARG WA

— jal: PC-relative/r3Z, 20fioffset, Calling, x1 =ra

~

Jump and link

jal x1,

100

X1l =

PC+4:

go to PC+100

UJtype

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




hid

© oK

— 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

« (i fE: miALEHR

— B 5 (zero extension) : L%

- BHIEH
— #F5Y R (sign extension) : EAAMNL, fMD
o BREH, Hbifwiz

I/S/SB/UJ-type, HH37EI#=>321

% AT B E=>3207 LB, $2.4

16 32
Sign

extend

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




RVY

.text

.align 2
.globl main

main:
addi
SW
lui
addi
lui
addi
call

sp,sp,-16
ra,12(sp)

a0, %hi(stringl)

R

%E

a0,a0,%lo(stringl)

al,’%hi(string2)

al,al,%lo(string2)

printf

lw
addi
1i
ret

.section .rodata

ra,12(sp)
sp,sp,16
a0,0

.balign 4

stringl

.string "Hello, %s!\n"
string?2:

.string "world"

FF 4514

Directive:

H H HF H H HF H HHFH HHF HF H HHHH H H H

(P&W) 4l

enter text section Sof He K] 2-2545]]
Directive: align code to 272 bytes

Directive: declare global symbol main

label for start of

allocate stack frame

main
#include <stdio.h>
int main()

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

save return address
compute address of
stringl
compute address of -
string?2 o B
call function printf
restore return address

f

Dynamic data

Static data

deallocate stack frame gp— 0000 0000 1000 0000y,
load return value O PC— 0000 0000 0040 0000,
return

Text

Reserved

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




DR Wrs ez IRFEIN, WAMEL, $2.8

int leaf (int g, int h, int i, 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
)i ¢
)R
AL l
HERE RERE
R1 R1
b BARERE



L 72 1 F procedure calling

o IR Z)EHWIHERE (FEF) RIS
— Caller
o R BMSEUE FEREr RN & : BT 2k NAF
« EHIHE: CalFidE—R FHE (B—%$E4%H0
— (RAEWT A (nPC) : iR [El A
— Bl g iR FPCHERTFEBEAN  m Ecaller
— Callee CHETREF)

o fRATEY CIRE) THEFcallee
— PRE TR B A S H ) iE FHHReg Ak (push)

— M NAEEAEX ? \
o T, FLE e callern] LAV iR AL B
- WEBY: Bk (pop)

« FidFEReturn: iR[FICallerftjix ] A (W)
B HZE R AL PC = nPC «

o EHIFFZLTES: calllreturn
* %@ﬁ& nf?%jﬁ%9 %E?ﬂjgd ﬁ@Eﬁiﬂi

v
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Hzgcalllreturn: BERLF A7 esx /1R Bl Hikkra

Memaory

location  Calling program

Wermory _
locatian Subroutine SLIB

L
L

*

200 Call SUEB - 1000 first instruction
/El}il next instruction aa— —m— )
T A ;
‘ Feturn
1000
FiZ 204
Link 204
Call Feturn



RV architected registers: {84 % {728

%
Register Preserved
N N -

The constant value O
x1l (ra) 1 Return address (link register) yes
xZ2 (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
_ MZL K2-14
Preserved: 7ERE0A A N AR FFAZR




w, #HHER: swap(), sort(), $2.13

o WA =Lk, callfjal, return/jalr

swap:
Yo1d swap(int v[], size_t k) 114 6. xll(::D /7 reg x6 = k * 8
int temp; add x6, x10, x6 // reg x6 = v + (k * 8) 0000 -
temp = v[k1; 1d x5, 0(x6) // reg x5 (temp) = v[k] 5901 -
vik] = vlk+1]; 1d X7, 8(x6) // reg x7 = v[k + 1] 0010 '
- vlk+l] = temp: sd x7, 0(x6)  // v[k]l = reg x7
: sd x5, 8(x6) /] v[k+1] = reg x5 (temp)
jalr x0, 0(x1) // return to calling rout
\:'m'd sort (int v[], size_t int n) ——
| size_t i, J;
for (1 = 0; 1 <n; 1 += 1) { v
for (1 =1 -1; 3 >=0 &% v[il > vl + 1];: 3 -=1) |
-. swap(v,j); 11110 e
addi x10, x21, 0 # first swap parameter is v
Pass parameters addi x11, x20, 0 # second swap parameter is j

and call jal x1, swap i call swap




stack

SP — 0000 003f ffff fff0,.,

gp— 0000 0000 1000 0000y.x

PC— 0000 0000 0040 0000p.y
0

Stack

'
f

Dynamic data

Static data

Text

Reserved

lop
sack
element

Second
sack
al=ment

Stack
It

stack
poinler

Stack
hasge=

CPLUI
regIsters

ain
M MOry

Free

f,,""

\

.'_,..r"'_

$2.8.1: IR RG], HRME G K
HLCPUR A7 85 : ARINTEETSP, KAkt 251728

[n use

Block
> mgerved
for stack




RVHEREE{E: push/pop, K2-10

addi sp, sp, -24 // adjust stack to make room for 3 items
sd  xb, 16(sp) // save register x5 for use afterwards
AR sd X6, 8(sp) // save register x6 for use afterwards
sd  x20, 0(sp) // save register x20 for use afterwards
1d x20, 0(sp) // restore register x20 for caller
A ld x6, 8(sp) // restore register x6 for caller
1d x5, 16(sp) // restore register x5 for caller

addi sp, sp, 24 // adjust stack to delete 3 items

High address SP — 0000 003f ffff fff0,,, Stack
'
SP — SP -~
Contents of register x5 T
Contents of register x6 Dynamic data
SP — | Contents of register x20 Static data
gp— 0000 0000 1000 0000y,
Text
PC— 0000 0000 0040 0000y
Low address ) Reserved
(@) (b) (c) 0




Use of Stack to
Implement
Nested
Procedures

HERK?
BORAT T W7

4501
4101 4101
- . .
{a) Imtial stack (bl Atter {c) Imtal
contents CALL Procl CALL ProcZ

Addrazeas

Main memaory

4000

. Main
jtﬁ CALL Procl Program
4500
4500 CAlL Proc2
4601 Procedurs
4450 CALL Proc? frocl
455]

EETURN
4500

Procedurs
Proc2
EETURM
) Calls and returns
45651
4101 4101
¥ ]
(d) Atter =) Atter
RETLURM CALL Proc2

p7a

4101

i Atter

BRETLURN

ib] Exscution sequence

{E] Alter
RETURN




RVEJRIFEWT (Bl 5 Inifa %] fp

o ANBRF: 2%k, Wil GREHEE , RESFES, RETTE
* %]Jﬁﬁ <a> : Sp - fp IZEIZ-]_]_ Saved registers: x8-x9, x18-x27
° é:lilkﬁﬁ (C) . Sp o fp Stack pointer regM( sp)

Frame pointer: x(8( fp) )
Return address:
@2'12 Stack above the stack pointer

High address

FP — FP

SP — SP —
FP —

Saved argument
registers (if any)

Saved return address

Saved saved SP — 0000 003f ffff fff0,,, ga_ck\
registers (if any) Q)
Local arrays and t
. Dynamic data
SP —» structures (if any) Static data
gp— 0000 0000 1000 0000y.
Text
Low address S

(@) (b) (©)



stack frame:

x2 -—
xl
E=turn address
Previous trame
- -.—
pointer

{a) Pis active

c(ﬁ%imd)

P calls Q
fp HRIZFAL?

WK, |

5 £ p

Top ot
stack |'.q'.rin1:r

IR Q

Be=turn address
Previous frame e Current
L0 . —_—
pointer frame
Top of .5 pointer
stack pointer e
xl
B kP

Feturn address
Current ; .
A B Prey |-:-!J:1tram-:
pointer Pt

{b) P has called Q)



RV calling conventions, $2.8.2
N N

* 4%%%%[] :‘IB IEI {E . X10~X17 The constant value O

.~y x1 (ra) 1 Return address (link register, es
—_ ao_al: @i&ﬁ%ﬂ&ﬁ IE]{E x2 (sp) 2 Ste:ck poiﬁter 8 s ;,es
_ a2-a7: RETE e s [ vess pomer o
. Wrdira: x1 o S o
o * x10-x17 10-17 Arguments/results no
* call e | T B

— jal x1, ProcessAddress; PCHIX| T4 E2-14

« jump-and-link: Bk¥, FFEIRAERS (nPC) £$ra
e Return
— jalr x0, O(ra); [Rj4EBkE%

 jump-and-link register: iZ[Alra

R (7)) TRAFHERS: calleefi 53 {RAT K2-11

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)
Retumn address: x1(ra)
Stack above the stack pointer Stack below the stack pointer




System calls

« OSH%: API
— various names: trap/exception, svc, soft interrupt

Ring 1
Ring 0
« Why :
Kernel
EH
Most privileged

Device drivers
— Certain operations require specialized knowledge
. I/O¥t%, PCleissk, USB

— protection: ZAFLIL=E
 What

— A special machine instruction that causes an soft-interrupt/exception
o PAARAYIE (protection) : FAPA, WS (R

Least privileged

Device drivers

Applications

o THIRAFPSW COD-RV syscallif4, K5-47
— RV. ﬂ:%ﬂ%ﬁﬁ%gé\eca” ECALL Environment Call
. . LA [T e EBEREAK Environment Breakpoint
RlpeSiI:XEL\[%K:‘APIH&ﬁ ’) SRET Supervisor Exception Return
— x86 R4 A (system calls) : intl6, int32 WF Wait for Interrupt

« BIOS, Windows: m7~. B8 WAAL. SO FTEIML. WA



Main memory

16M

System call flow of control

Process | ) X
1. User program invokes system call. H 7 &
.s;vsmﬂ@ 2. Operating system code performs operation. 247
, , , 3. Returns control to user program. F 7
Ia: next |nstructmn®
Operating system 2/31ATHHK BRIt e Ak !

2: {RAFWT R psw

@ 3: pswiit0, #HEANPWZE
. 4: syscall \ K% pc
System
call 5: ARG
interrupt @ 6/7 H Hh BTk [l 45 &-iret e il
handler /5” ia 6: VKPR
/ psw : ipsw 7. M R ALK AT
rii
@ @ @ sys_call _table Cinterrupt
Interrupt / vector area)
-~ sys_call_ISR (system call
/ 0 interrupt handler)

syscall addr ”| : N D 7 1 e o
ia: fRSMHbEFF ARy, IRAFETiia%ifFan
psw: FEFIRETF T4, IRAF T ipsSwar 174y




24 H: x861,

b RF S H B

\)
i
fias, T{EEAX . _
\ lib\libc.so.6F1usninclude arch\x86\kernel\entry_32.s kernel\sys.c

Rty

|20t IDT ................ » sys_xyz()
sys Xyz() ---- Sys_call_table {
|l xyz() int0x80~ : Vet

..........
--------------------------------------------------------------------------------------------------------

ENAEF  fElibehriiEE KGR H KGR H
IJ;];HE ) AR R REPEFE 7 A 55 Bl FE
AKgtiiH




Ci& 5 fl1OSHk%%: APIs. libc. syscalls?

H P #

abs() 5 printf() X %2 ]ny

At AE Iy
| LETN I

T R k> . | 18
3 iy I y H

ST . == = |
dal : T &5 E- i P 5 : 5

EIEE i B 4
Ut %6 B BN TR




AW

HLAst A . A e a2 = a]
ISA
- a4

« Move, ALU, 43, I/O

o B, JFAr, hiES (K2-40)

— FHgra: BENL HEES
Y
— NAEAE: B ARED. AR

- AR L

- EREAIRG AL E
»  HERR, AR

AT FE 74/

E:2

A (TS

BFF iRt

= —

HBifRet

CPU

ALU

Reg

=520

AEIHEE

ILamia 5 R it 2l Wal52)0E

B X

sh

-

>~




Ripesil 4 HO<D> XD oan

Reset Reverse Clock Run
Processor clock values table

[ Ripes - O ¥

File Edit Help

OO we ED» @

ico
1[)110 Source code Input type: (® Aszembly () C Executable code View moede: () Binary (8 Dizazzembled
2 w: .word 8x1234 4: PEB52583 Iw x10 B(x10)
Processor 3 a: Ba158513 addi x1@ x1@ 1
4 _text

51w adw
6 addi a8 a8 1

sp = bfff £££0,., Stack

T

Dynamic data

‘I%HHHHIHHHI"
IIIIIIIIIHHHHiIIIIIIII

o $2.8.21 “Firake” W, “factorial” ! Bo = (0001 960 0nez
* Ripesil 4t 5 2 it Hsyscalls?

1000 0000pex




SPIMM &4,

£
H,

COD4fft:xB.9

e SPIM: MIPS-321}j & 2¢
—VCRIE . AT
— bRUE R 25 IIOAR S5

« SYSCALL Step
— $vO0=srv#

— $a0~3=arg
— syscall

— $VO:i)2, =

* Ripes3?

AL

2]

~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 O VR W N -

10

M
12

Arguments

$a0 = value

1$112 = 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

$a0 = number of bytes of storage

desired

[(none)

1$20 = integer

(none)

Result

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

$v0 ~ value read
$0 « value read
$f0 « value read

‘(none)

|$v0 = address of

block

(none)

((none)
ichar in SvO




A
Bubble sort (trace) —

0 e

AL A2 AGL ALY Ag]
Ao ALl AR AlB] A4 H"‘l[?]

3 3 4 5 10 A[2]
Basic idea: ,q[z]

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

—
@ If Alj] < A[j — 1], swap both elements @ A[l] sl S

@ Jj«J—1 goto@ifj >0 A[1] 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 B Agl




A PATFE PR AL B RS AT

T, B




High-leve
language

From HLL to LLL"

. [&]1-4

» FEIL “fRe Ao

High-level language program

-

Program Compiler

|

.

g

B

Assembler

—

T

Assembly language program

COD4K|B.1.6

Linker

Assembly
language
program

(for RISC-V)

G

Binary machine
language
program

(for RISC-V)

swap(size_t v[], size_t k)
{

size_t temp;

temp = v[k]:

vik] = vlk+1];

v[k+1] = temp;

swap:
s11i x6, x11, 3
add =6, x10, xb6
1d x5, 0(x6)
1d x7, B(x6)
sd  x7, 0(x6)
sd x5, 8(x6)
jalr x0, 0(x1)

ooooo00OO00OO01101011001001100010011
ooooo00O0011001010000001100110011
ooooo000OO0OOOOOO110011001010000011
oooo0000OO0O100000110011001110000011
oooo000OO0OO11100110011000000100011
0oo0000O0O010100110011010000100011
ooooo000O0O00OOOOOOO1I000000001100111



FElr AT -
. PR |

B A L S

¢ OSHk%% |
—-ﬁﬂiﬁ HLE S R
. ST
—
— TRk
— i AL

Application programs

LETE X

Prog Lang/Runtime/OS%

8 vEs

Instruction Set Arch

BERE (NES. TH. BT

HFEE
AITEREE E{EREE (CPURME, HEEE)
HEE

£EE )

CPU LT

BERE (Xf. BARL)




High Level to Assembly, KE1-4

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];

- v[lk+l] = temp;

Assembly swap:

language s114i x6, x11, 3
program add x6, x10, x6
(for RISC-V) 1d x5, 0(x6)

1d x7, 8(x6)
5d x7, 0(x6)
sd x5, B(x6)
jalr x0, 0(x1)

Binary machine  00000000001101011001001100010011

language 00000000011001010000001100110011
program 00000000000000110011001010000011
(for RISC-V) 00000000100000110011001110000011

00000000011100110011000000100011
00000000010100110011010000100011
00000000000000001000000001100111



Program Development Process

« Implementation Phase

 editor
C File C File Asm. ]
File « Compilers
— Cross compiler
processor, but
Blnary Binary Binary generates code for
File File File another

« Assemblers

/ » Linkers
Exec @ « Verification Phase

« Debuggers
« Profilers

Implementation Phase Verification Phase

51/52



A translation hierarchy for C, FIG 2.20

| & & % % B3 |
C program = [ \ _‘5_ L
\\___ b K N Ffl P }U
) - : iy o th =
(Compiler> iR E(E X4 iR | g
-— fg_. 2 L. o poull 15 | 5 b— — £
N\ ol | W || (2] (%] 2] ®
N
Assembly language program . N
\_ '.\"t \‘ \ i” 7— 7‘-—
— | PYVET A " |
—= — a R = i n B
Gnied
Object: Machine language module Object: 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
« KEERH: 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 % oreT0
labels/addresses into symbol table B
« Some instructions incomplete but sizes known - “;"m;;f?.,‘:‘u
— 2 pass: calculate unknown branch offsets using address =

iInformation in symbol table



.text

0bj5Symbol Table wi=:

.globl main
main:
SYMBOL TABLE | addi sp,sp,-16
| 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 ARG L, JYNS
o directives : P77 i3S s

names : %, TEA

.string "world"



The Linker: & 3%

« 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
o e 0
A 0
Offset o -
resuit DATA OFFSET 4
square CODE 7 SYMBOL TABLE Reserved for
main CODE OFFSET O Data Section @ 0020 Interrupt Vectors
00¢0 | DATA SECTION CodtSocuw'szc Top of Stack —e
o] 00 00 00 11 (data) 0020 | DATA SECTION | Reserved for
4| 00 00 00 00 (resuit) 0] 00 00 00 11 (data) Stack
00F 4 | CODE ! 4| 00 00 00 00 (result) I
0| machine code for Sttt RAM
main () (w/refs to {
100 symbol table) 1
MC_J foo.0
6 for
............... Top of Heap — fsred for.eoe |
. - machine code for
SYNBOL TABLE. e s S ntes { DATA
only to sections —
Unused Memory
foobar.o Mapped
_|o
0] 00 00 00 00 (final) ~
000¢ |[CODE SECTION ROM
0| machine code for 50 bytes CODE
square () (w/refs to
P ——— —

50
KN % baro ) w



ELF #% 2

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

Sections <

coreoad

Section header
table (optional, ignored)

Describes sections

» the ELF specification

dynamic linking information

|“ ELF header

s A

ident
type
machine
version
entry
phoff
shoff
flags

| Program header table

Section 1

» Segments

e w

Section n

k_EmmﬁmwheaderEmkz

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 FEHAG A M REET I B N A7

— LA SR 58 25 BRI

— Q1) 48 R H0L ik 7 ]

— AR AT aa A i E ds & ) 21 N A7
o BB TR IR AL PR R T

— TR LTS 4

— WIUEALE S (BEsp. fp. gp)

— Bk % 21 )5 Bh A%

« W22 E B Bx 105555 I 1 FH main eR 21
o YmainKFOR BIE), HHiTexit R4 A







= ELHAISA B 1T B

o LRI, BRI
— EANTERAGHTF KT
- TR KEATE. PITZ2 M EENTR L
. HHE, D
— BeER T A%

— ZMFhk T
PN ik
— TR R LIMLEE 3 BRI S i
— AN BV R L 2w 154 B B it

SSSSSSSS

it #eg (2080
31 18
RS e
CSs
jiky
a5 #e
ES o ot
3086 I e ati
A ES
FEE
BEHTE
. T | L b
Sar -
5 BEEOSKE GBIV
= iz e
&

* NTHETHRSIEF, THHEAIZGINIG BRI 24152, 58

W AR R S B RIARI TR
o HALFRIEIE: X869 1 H TR S




Hlas 45/ 5ISASr 2

o RN T 0T 2O, DB R e R
— PERE: BN E (UIAFE )
— BT RO RO TR RGRHA T

. HlEs45H). 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&AT Ffrds (reg-reg)
— VLIW: He5tEz, RS, (RIIFE

lIxx@ustc.edu.cn 61/41




ISA Classes (processor designer view)

id) Register-Register

(a) Stack ib) Accumulator ic) Registar-Memony ILoed-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

HE&PE6hR: MiztA, KEA.1, DUZRISAHF#E/ER AL E



ISA7125 (programmer prospective)

« CISC: fEfr#ufige! = +45%54
_ DIHLSE A S B AAE S A

‘ 8086 Zf
- AR, FRA— (86M1byte~6bytes) LI @i

— AR Faasd, (a2 #fn] LUifr
« RISC: Taifbfdf:, AL HEE! s WHXTES
— B KM, &P, P, FhkJr A S
— BOUIE, REREIBEHFALS, BEETHAHE
« NTIREMR, TEWAOBARE, NLEFALS TR .
« X Hload/storefk %, HHload/storefs>1ift -
— XM Superscalar. SuperpipelingZ£Hi R, #EEIPC

o VLIW: Z[a|# 1] (SIMD) , {KRINFE, FHAEMEZE

63/41




The CISC's eight principles:

Instructions are of variable format.

There are multiple instructions and addressing
modes.

Complex instructions take many different cycles.
Any instruction can reference memaory.
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.



X86+5 2 1% =\,

a. JE EIP + displacement
4 4 8

JE Condition Displacement

b. CALL

S

32

2-35

CALL

Offset

c. MOV EBX, [EDI + 45]

6 11 8 8
MoV  |d|w 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

65/41



Growth of x86 Instruction set over time

1000
900 4 X86T 1978+ #4805 F5 2
8004 20154F1338%, MK-16f%.

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

Number of Instructions

DIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

_ > O & DO DO DO DD E DO
289 SO P h@"‘@@@% S h@"‘ﬂq S *‘F@'ﬁ”ﬁ @c::s"" St

Year



X86 Instruction Distribution

Integer average

Rank SOxS86 instruction { “¢ total executed)
| load 225
2 conditional branch 206
3 compare | 5%
4 store | 26%
5 acld B
f and 6%
! sub 56
B move register-register A%
G call | 9%
10 return | 6%

Total QG




A = Ry Al \ =5
RISCH/‘J}::L /_—ETEL_I: —A/ /\_1 —
REROSEER
»ﬁgxt 8920%
A IN h —d
748 (Cold Code) sm o R4 4RA (Code)
PRBERTRES. MEBRRAKR L.
PEAFETAR DU S 7
B - CPURIT T
(cmc 7? (Hot Code) KTTH % ( Execution)
/|s A
MEMNTERTH 4
CPUB LT ZMeH

1975%:I1BM John Cocke (1987 R %) $&H “—)UE®” , NA5HIELSHE, —KEREASTHZ AW BRI
SR, HINBFMEFEAR,

—  1980%E5ERL T —/NK M RISC ZEMIHHALE A IBM ® 801,
UCB David Patterson (2017/&®#2) FiCarlo H. Sequin 19804 X 45Cocke 848, f£H1 “RISC” —ii

— 19825 RISC-I4L 2%




The RISC's eight principles:

Fixed-format instructions.
Few instructions and addressing modes.
Simple instructions taking one clock cycle.

LOAD/STORE architecture to reference
memory.

_arge multiple-register sets.
Highly pipelined design.
nstructions executed directly by hardware.

Complexity handled by the compiler and
software.




K]3-22

X]2-48

8 A5 454 RV, x86

« SPEC CPU2006

instruction class

Integer average
Rank R0x86 instruction { % total executed)
e
l load 229
Add immediate addi 14.36% 14.36% "
2 conditional branch 209%
Load word Iw 12.65% 27.01%
- 3 compare le%e
Add registers add 7.57% 34.58%
7
Load fl. pt. double fid 6.83% 41.41% 4 store 12%
Store word SW 5.81% A47.22% 5 add 8%
Branch if not equal bne 4.14% 51.36% 6 and 6%
Shift left immediate slli 3.65% 55.01% 7 sub 5%
Fused mul-add double fmadd.d 3.49% 58.50% B move register-register 4%
Branch if equal beq 3.27% 61.77% 0 call 1%
Add immediate word addiw 2.86% 64.63% 10 return 18
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

d, sd, Tw, sw, 1h,

sh, 1b, sb, Tui

References to data structures in memory

Logical and, or, xor, s11, Operations in assignment statements 12% 4%
srl, &ra
Branch beq, bne, blt, bge, If statements; loops 34% 8%
bl1tu, bgeu
Jump jal, jalr Procedure calls & returns; switch statements 2% 0%




MIPS iIs simple, elegant.

¢RI B B 8 e T [
— Microprocessor w/o Interlocked Piped e |
Stages = hLl |

— interlock #175: K4l (it 7] At e TR e g
o HAL RN, RG2S IAT (CHAVIRE)
o LEHH: REFNHAIMEES
o THHIMME, K3 R4000LL)51# Hinterlock
« Pattersonit HRISCF5 442, 1980

— 4/~Design Principles
« Simplicity favors regularity
« Smaller is faster
« Make the common case fast
» Good design demands good compromises

« Hennessy5eMIPS, 19837 workeroup printers are
dri MIPS-based™
- %_‘/I\RISC&\I\EE%% r:i?h?gprntessfri,

lIxx@ustc.edu.cn 71



RV vs. MIPS: 84k,

Id

31 30 254 1 19 15 14 12 11 BT h' 0
| funct/ | rsd | sl | functd | rd | opcode | R-type
| imm[ 1 1:0] | rsl | functd | rd | opcode | I-type
| ummf11:3] | rs2 | rsl | lunct3 | imm|[4:0] | opeode | S-type
[ imm[12] | imm[10:5] | rs2 | sl | funet3 | 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)

v

2.29

T Al — AT AT 1 -

fi < B 0 Ui 77 Load

pa—— TN
L-'IJ ffstorefgy
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Y AR

Al 1 BRI SAE; 2) RIS E; 2) rsidfiiE .
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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
HERNitGs SYSCALL, BREAK, RDTIMEL.W, RDTIMEH.W, CPUCFG




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.
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® TurboBoost ® TurboBoost 3
o E_{LEiMy ORENE

* A& (SMAP/SGX/MPX)
i ® AES IN#$5< @ {EIN#E SpeedShift
,‘_@@5_2:/’// ® AVX 355 o XA E eDRAM
C_ _SRISCAE sdibit 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 “r/NT AbTEER?
— A: FHPIR A A ol 2
— B: TEMLATE S FREMLEF N7 PUATEE?
— C: CPI, IPC

Wi FE O, ABC




OISC: the one Instruction set computer

« OISC: the ultimate reduced instruction set computer

— —2%SBN$E4: substract and branch if negative
» subleqg a, b, c; Mem[b] = Mem[b] - Mem][a],
if (Mem[b] < 0) goto ¢

— Al I T HR
o TR 5 780 IR AL
o DUtk B AR 5T K
— RiE
o HAt “F547 #A] HixTE 2 iE
o BEWRER P HE RS
o EWRE RS H TR A
— {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
R5Y : load Y into R5 5. INPUT 6R,7TR ; 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 ;R12=X-Y 7. SUB 9L ; X - Y, send to instr 9, left
R14,R10,R11 ; R14 = (X4Y)*(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
VALL,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
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) ) 14 GiB/s DDR3 30 GiB/s Weight FIFO
Interfaces ::> (Weight Fetcher)
. > Controll ﬂ 30 GiB/s
10 GiB/s |Unified Buffer o2
iB/s GiB/s i
[ Systolic Matrix
o8 D| pdbocal " Array [C——1>| Multiply Unit
14 GiB/s |9 tl14cB/s| @ Storage) Control (64K per cycle)
L Eod
D El | EE
2
B o & 4 y
Accumulators
Y J
ﬁ Activation
— —ﬁ— 165 GiB/s ) .
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