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— application programming interface
ABI — application binary interface——HLL<->LLL
ISA — instruction set architecture (pl14)

— Architecture: 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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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 registers: Rrvearvsz, E2-14

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




RV SiL 7 PN A7 Hi ik =

8] 57 B

B SP — 0000 003f ffff fff0pg, Stack
— DATA |
— Stack/Heap
s AR !
. HE. BRI Dynamic data
— CODE Static data
0000 0000 1000 00004ay
Text
PC— 0000 0000 0040 00004a,
/O port? N
Fif 43 :
x| 2% [£12-13 FH p k7 6] R o

RN
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TGN (Byte Ordering) $2.3.1

o TARAEIIT A, RIIRT R PR 0000 s
— KR4 (big endness) 0010 \

o {K3hhb, mE
— /NEwm (little endness)
o {Khhb, KT

. KN L E %
X86AIRVES N/, ARMAILLH EiXE — |

» 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 )



BRI E (Memory Alignment)

o LSRR AL,
TTAE 7 93 47 St

— VBB A5 EL5 A W?U\ﬁﬁ%

iﬁ'ﬂ%}ﬁ’ jﬁ%ﬂyfﬁ‘

o WHXTF

N

—?ﬁ% IEREWINL, &Fi A
« RV/X86AE3K, MIPSEEK

— B AL, A FUTI

/o= Y Y

=h#i=s
Z (Hsk2) 3z (Hihto)
FAT GhE7) | FH (GhE6) F (Huhk4)
dez (Hnk10) dez (Hihks)
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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, inc, 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

— VR

« STHEI%K

— HHIRE
. 4

— NPC
< it

— PN AFEHLIE
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[> Ripes _ 0 %
File Help
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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 HHEA/ERS AN hERD 12 Bl
o ERENY. #AEROMR
o HUhLAD. RS FERIEEL (operand) WG E

EEAERS L Cop) Huhkrg 4 (addr)

o EBAFKFRHEVs. T[Z: RISC (RVIMIPS/ARM) —f%32f7
o PERAEMSK R g vs. i AR
o [llxE: PEEGIHE, B KACAR, RISC (RV/IMIPS/ARM)
o HJAR: FRAFBANEAILTFINE, CISC (x86)
o “YREBIEMEEAR” . A%opLaddrik
o MRAE AR T, WERIERAC RN, MR g
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HihAg . EVER, 54

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

o HbhEA A%

— A HEFE 4. op rsl, rs2, rd, ni

— 3HHEFE4S: oprsl, rs2, rd;  nifEPCH

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

SW
beq

.

SR WaEWN

[> Ripes _ 0 %
File Help
B O D> X E»
1C0
Hb Source code Executable code View mode: () Einary @ Disassembled

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 <




RISC-V ISA 4 &

k. 51+13+133
— RV32I458 45 HFEEGM, KA

e J:51%%: K2-1 (37%, j%%o-+@237<14$>
_/\/}Eil:% : H/’ CSREI?EI'%{/E’ ﬂ‘f‘l%o RS 47’ 13%
— RV32IMFD#e44: RV32IMEAY fE, 133% .38

. A T — e
— EEZK: K}:ﬂ“ﬁ*}\l Base architecture

I
M
pt s L . Integt'er multlpl‘y/dwlde 13
—_ IETJ {IZI Atomic operations 22
I‘% L6 H—J‘ ‘E_[J ]jj%% F Single-precision floating point 30
- te I D Double-precision floating point 32
C

_ ;l:/j ’? *fm I%J Compressed instructions 36
— PRk BRG] o —

— 75?j(/]\

— I T G tE g R

RISC-I RISC-II RISC-IIl (SOAR)  RTSC-TV (SPUR) RTSC-V
1981 1983 1984 1988 2013



RISC-Vi5 4%

F 3

%‘

k7 3

—Fa
\
£2-19
Name Field Comments
(Field size) 7 bits 5 bits 5 bits 3 bits 5 bits 7 bits
R-type funct? rs2 rsi funct3 rd opcode Arithmetic instruction format
I-type 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 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
B A . 1. Immediate addressing functé | immed rs1 funct3 rd opcode
° j:El % %ﬁ: 6‘*[[] immediate | rs1 |funct3| rd | op Isﬂ;u$2 6
— FAK:. R/NS/U EP2.
d 7%43 4+2+ “|S” 2. Register addressing @2-17
* IS-type: funct6, SLRIEFEAL |funct?| rs2 | rs1 |funct3| rd | op ‘ Registers
jyh% Regﬁnlmm/f_l‘ﬁ.% I Register |
B/J-typelr iz B %k ? s Boco addrosci
_ > UQ P . base aqadressing
Opﬁg‘l’—%‘%@i’}lgm immediate | rs1 |funct3| rd | op Memory
|
° ﬁ‘ :[:JJ: 73‘ :T:t . 4‘*‘[[] ‘ Reg[ister ‘ q-)— [Byte'] Halfword Word Doubleword
AJi: Imm, Reg, Base )
B A \ N 4. PC-relative addressing
j:El ~ %iﬂ:ﬁﬁ . imm | rs2 | rs1 |funct3|{imm| op | Memory
o PCHIX Tk beq, jal [ [
o [Al4EEkH: jalrx0, 100(x1) | s |© -
[ }




300

0110011 0000000
RV;E&%&& j:a A = 1/5@ sub 0110011 CI'.'}CI 0100000
% 51 0110011 001 0000000
s N EI < xor 0110011 100 0000000
Riype sr] 0110011 101 0000000
}EH37—J~ |7/§12_18 cra 0110011 101 0000000
AN or 0110011 110 0000000
/\7% o Tfl:b/‘\ and 0110011 111 0000000
:‘Fﬁ%ﬁ KRR ~ 1r.d 0110011 011 0001000
e b, h, w, d sc.d 0110011 011 0001100
b 0000011 000 n.a.
:J:“'i& A S 1h 0000011 001 n.a.
% :‘FE ﬁﬁ:ﬂ I~ 1w 0000011 010 n.a.
. i, a 0000011 011 M3
1bu 0000011 100 f.a.
;J;A»;J;z‘ *%,JQ NS 1 hu 0000011 101 n.a.
ltype Wy 0000011 110 n.a.
Z1a TT IR
U il-:—» jJ b /Z\ & addi 0010011 000 n.a.
ﬂ: I He T o< 3k 0010011 001 000000
— N2 — — xori 0010011 100 n.a.
IE.IJjJH[ﬁt Oplg,l’ fUﬂCtKlEJ srli 0010011 101 000000
= I\ Srai 0010011 101 010000
ALU, Ujﬁ’ ]JBIZ ori 0010011 110 n.a.
andi 0010011 111 n.a.
* add: R-type jalr 1100111 000 n.a.
. sh 0100011 000 n.a.
- addi: |'type Stype sh 0100011 001 n.a.
S 0100011 010 n.a.
* Iw: load, I-type so 0100011 111 n.a.
e SW: Store, S_type beq 1100111 000 n.a.
bre 1100111 001 n.a.
* beq: SB-type SBype Blt 1100111 100 n.a.
oge 1100111 101 rn.a.
« jal (J-type) , jalr (I-type) bl tu 1100111 110 n.a.
bgeu 1100111 111 rn.a.
fH 7777/ E?J 12 Utype 1ui 0110111 n.a. n.a.
Jtype ial 1101111 M.4. n.a.




RV16/RV32/RV64[\ I EAERD I . 717

| xorrxmooocxxxxaa | 16-bit (aa # 11)
| EXXIAAATAAXIAXAY | Xxxxxxxxxxxbbbll | 32-hit (bbb £ 111)

CXEXX | meororooenoeonx | oooooeooeex11111 | =32-hit
Byte Address:  basedd base4-2 bagssse

« Can support variable-length instructions.

* Base instruction set (RV32) always has fixed
32-bit instructions lowest two bits = 11,

» All branches and jumps have targets at 16-bit
granularity (even in base ISA where all
Instructions are fixed 32 bits)



RV/RH: $84830 FHT E2-6
R-type Instructions

add (add) 0000000 | 00011 | 00010 000 00001 | 0110011 add x1, x2, x3
sub (sub) 0100000 | 00011 | 00010 00001 | 0110011 sub x1, x2, x3
i unct | r4_| opeods
addi (add immediate) 001111101000 00010 000 00001 | 0010011 | addi x1, x2, 1000
1d (load doubleword) 001111101000 00010 011 00001 | 0000011 | Id x1, 1000 (x2)

S-type Instructions immed rs2 rsl | funct3 |immed| opcode Example
-iate -iate

sd (store doubleword) 0011111 | 00001 | OO0010 011 01000 | 0100011 | sd x1, 1000(x2)

NI TE (RO | W Vi
— AR THE [4]), SCEIETHE [ Z/16iE41Y . 3EhEF-4E [1000(x2)])
— BBIEASYINEFER L, load/storey bk F-4k
o HLERIE 5L +a 2 it EEON H B EE B0 B X MR £
— LIRS x2IX3NIEEAELrsLirs2, xUNH B#1ESrd
— VFES-type: x1=rs2 (J5i) , x2=rs1 (FhE) , rs2 => mem[rs1+1000]




$zero: x0&F1F28, $2.3.2

x0 0
x1 (ra) 1
JL’ ) “ ,, x2 (sp) 2 tack pointer
. XO E E N O x3 (gp) 3 Global pointer
x4 (tp) 4 Thread pointer
x5-x7 5-7 T raries

SSSSS

x8-x9 8-9
x10-x17 |  10-17 | Arguments /results
* data move: reg-reg 5| e s
31 Temporaries

XXXXXX

add $v0,%$s0,.%zero # returns f f&vD $s0 + 0)

o T lE

addi  $v0,%zero,l # return 1

« Compare

s1ti  $t0,%$a0,1 # test for n <1
beq $t0,%zero, Ll ## 1T n »= 1, go to LI

 Goto: beq x0, x0, Exit




hid

— TSP R (zero extension) : A4

o fryRE: RIS, NBUNEIEE AL R B B R S

- WHRIsH

— fF5Y & (sign extension) : Efi4bl, #MG

« BARIZE, hkimts

o F3R: 1/SISB-type, %HSLENE12/7=>32f7

— 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.

l-type

S-type

% AT B E=>3207 LB, $2.4

16

_1,‘_.. 3ign
extend

'

immediate[11:0]

rsl

funct3

rd

opcode

immed[11:5]

rs2

rsi

funct3

immed|[4:0]

opcode




20 FHE, WIS T

e . KOLRP%L, $2.10.1
— EX20f7 7R % : B #2124 J5 2047 37 R %X
* lui: load upper immediate, U-type

— #2047 7 R % #[31:12], [11:0]=0

o Kpk¥e. Juk3247Huk=s

— f: lui x5, 0x12345; x5=0x1234 5000,

— +Hk1211
« addi: I-type

— |ul: ﬂXEﬁZO’fﬁ
o Hl: luix5, 0x12345;

— jalr: jump & link reg, I-type
B TXSlR RS, A EPCHIX T4k !

o F20h1+HK1217,

A7 A

H], $2.10.2
$2.18/1Jauipc?

« #l: jalr x1, 100(x5); x1=PC+4, goto x5+100

U-type

immediate[31:12]

rd opcode

l-type

immediate[11:0]

rsil

funct3

rd opcode




RIS F0E T W s2.7, 2102, 2.8

MRELHS

— 43484 if, for, while, case, goto
o %M. beqrsl, rs2, L1; PCAHEXE, 12fioffset

o kAL A MITI
— jal X0, Label; J-type, PCHiX}, 20fioffset
— jalrx0, 100(x5); I-type, [B)#£4#:4%, 12f7offset
— beqg x0, x0, Loop; B-type

— R xUNiR[EHEra
e Calling: jal x1, ProcedureAddress; NPC=>ra, #
 Return: jalrx0, O(x1); “lm¥EBkH” , R Tx1mIEPC

o ®FZVEE: near (12467, 20f7) , far (3217)
— R 3247 (luifk201, Jalr1EE12u)

mm| 12| | mmm|10:5 rs2 rsl hinetd [ 1mml4d:1] [ 1imm|11] | opcode | B-type

1 | 20 imum | 10:1 imum |11 imm | 149:13 rd opcode | J-type

imm | 11:0 r=1 tunct3 rd opcode | I-type




. E2-37

— 14%

HARVIES (1H) , $2.18, $5.14

“wstucton | Wame | romat | Dssomwion

Add upper immediate to PC auipc u Add 20-bit upper immediate to PC; write sum to register
Set if less than s1t R Compare registers; write Boolean result to register
Set if less than, unsigned s1tu R Compare registers; write Boolean result to register
Set if less than, immediate sTti | Compare registers; write Boolean result to register
Set if less than immediate, unsigned sltiu | Compare registers; write Boolean result to register
Add word addw R Add 32-bit numbers

Subtract word subw R Subtract 32-bit numbers

Add word immediate addiw | Add constant to 32-bit number

Shift left logical word s1lw R Shift 32-bit number left by register

Shift right logical word sriw R Shift 32-bit number right by register

Shift right arithmetic word sraw R Shift 32-bit number right arithmetically by register
Shift left logical word immedate s1liw | Shift 32-bit number left by immediate

Shift right logical word immediate srliw | Shift 32-bit number right by immediate

Shift right arithmetic word immediate sraiw | Shift 32-bit number right arithmetically by immediate

* |ui, auipc
* Ird, sc.d; $2.11

. 547, RGHEA, 13%
— [F6, CSRUjH, RS

— CSR: #H#AIRS T A28

FENCE.I Instruction Fence
Mem. Ordering FENCE Fence
SFENCE.VMA Address Translation Fence
CSRRWI CSR Read/Write Immediate
CSRRSI CSR Read/Set Immediate
CSA Access CSRRCI C5SR Read/Clear Immediate
CSRRW CSR Read/Write
CSRRS CSR Read/5Set
CSRRC CSR Read/Clear
ECALL Environment Call
System EBEREAK Ernvironment Breakpoint
SRET Supervisor Exception Return
WFI Wait for Intermmupt




R

. COD4KB.1.5

#include <stdio.h>

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

int i:

int sum = 0:

for (1 =0; 1 <=100; 1 =1 + 1) sum = sum + 1 * 7;
printf (“The sum from 0 .. 100 is %d\n™, sum);



SP — 0000 003f ffff fff0,.y Stack
~l: COD4KB.1.4 |
T
-Lext Dynamic data
.align 2
.globl main Static data
main: 0000 0000 1000 0000,
subu $sp, $sp, 32 Text
Sw tra, 20(%$sp) PC— 0000 0000 0040 0000,
sd $a0, 32(%sp) . Reserved
Sw $0, 24(%sp)
Sw $0, 28(%sp)
Toop: Name (ABIname> | Reg# - | Usage -
Tw $t6. 28($sp) ame name eg sage
mu 1 $t7. $te, $te x0 (zero) « 0. The constant value 0 «
Tw $t8, 24(%sp)
addu $t9, $t8, $t7 x1(ra) « 1 Return address (link register) «
Sw $t9, 24(%sp) .
addu $t0, $te, 1 X2 (sp) » 2 Stack pointer -
g'.]u.re i%g’ §EE$S$3DD x3 (gp) - 3. Global pointer «
la $a0, str x4 (tp) « 4. Thread pointer «
Tw $al, 24(%$sp)
jal printf x5-X7 (t0-t2) « 5-7 - | Temporaries «
move $v0, %0
Tw tra, 20(%sp) x8-x9 (fp/s0-s1) « 89« Frame pointer, Saved register «
addu $sp, %$sp, 32
jr tra x10-x17 (a0-a7) « 10-17 <| Arguments(a2-a7)/results(a0, a1) <
X18-x27 (s2-s11) 18-27 | Saved register ¢
.data x28-x31 (t3-16) 28-31 | Temporaries -
.align O
str:

.asciiz "The sum from O .. 100 is %d\n"



AR Bra, %2,

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

W RAT () , $2.8

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



~

i F2 1f Hprocedure calling

o« IR A EHIHA R ERAIRGE

— Caller

« UL K SHOIHE TR VIR R B AR ARINAT

o FEHIER . CalTidig R E
— AW A (nPC) ¢ iR\l

— RIS iR EPCTRIAFEEAT JEE R Fcaller
— Callee CHRETRET)

o PRAFENY: R FE N ZafE H Freg AR (push)

o W&, ¥ RAEcallern] Ly iR AL E

- WEBY: Bk (pop)

o TIFEReturn: JR[E|Callerfik =] w5 (WD
— K= H A2 FHAE R : PC =nPC

o [REEEFAFES
o IEHIHEFEE4: calllreturn

T FErcallee

32/41



Hzgcalllreturn: BERLF A7 esx /1R Bl Hikkra

Memaory

location  Calling program

Wermory _
locatian Subroutine SLIB

L
L

*

200 Call SUEB - 1000 first instruction
/EEM 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
_, MZLL K2-14
Preserved: 7E &0 A N AR FFAZR




and call

BAHEFE: swap(), sort(), $2.13
s IIRIEH: 8L, callfjal, return/jalr

void swap(int v[], size_t k) Swap:
| s111 x6, x11,2)// reg x6 = k * 4
int temp; add x6, x10, x6 // reg x6 = v + (k * 4)
temp = v[k]; Tw x5, 0(x6) // reg x5 (temp) = v[k]
vik] = vik+1]; Tw x7, 4(x6)  // reg x7 = v[k + 1]
o vik+l]l = temp; SW x7, 0(x6)  // v[kl = reg x7
I Sw x5, 4(x6) // v[k+1] = reg x5 (temp)
jalr x0, 0(x1) // return to calling routine
foid sort (int v[], size_t int n)
L
size_t i, J;
for (1 =0; i <n; i +=1) {
for (=1 -1; 3 >=0 &% v[j]l > vlj + 1]; 3 -=1) |
_ swap(v,j);
1
J
addi x10, x21, 0 # first swap parameter is v
Pass parameters addi x11, x20, 0 # second swap parameter is j

jal x1, swap # call swap




stack

SP — 0000 003f ffff fff0,., Stack
Dynamic data
Static data
gp— 0000 0000 1000 0000pex
Text
PC— 0000 0000 0040 0000pey
Reserved
0
ALz, 2= [=t=}
1 ILCPU R 788 :

Top
sack
element

Second
sack
al=ment

Stack
It

Stack
poinler

Stack

CPLUI
regIsters

ain
M MOry

Free

_"’_,,""

'_,.-’"

RINTT R R4 SP, HeAEhk 2748

In use

Block
:i' peseryed
bor stack




Use of Stack to
Implement

Nested

Procedures

VoL e
Ve

T HERL

BORAT T W7

fa) Imtial stack
contents

4101
*

bl Atter
CALL Procl

4501
4101

{c) Imtial
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




RV’

add1

sd
A sd
sd

1d x2

sp, sp, -24
x5, 16(sp)
X6, 8(sp)
x20, 0(sp)

0, O(sp)

A 1d x6, 8(sp)

1d x5, 16(sp)
addi sp, sp, 24
High address
SP —

Low address

(@)

EFeE/E: push/pop, E2-10

// adjust stack to make room for 3 items
// save register x5 for use afterwards
// save register x6 for use afterwards
// save register x20 for use afterwards

restore register x20 for caller
restore register x6 for caller
restore register x5 for caller
adjust stack to delete 3 items

SP —

Contents of register x5

Contents of register x6

SP — | Contents of register x20




RV AR (i) , E2-12

High address
FP — FP —
SP — SP —

FP 1 saved argument

registers (if any)

Saved return address

Saved saved
registers (if any)

Local arrays and
sp -~ | Sstructures (if any)

Low address

© (b) ©)
* 4L Wik, R AT, A

T
N
il




stack frame: J&EZNICTE, WiFEEHp

x2

xl

Keturn address

Previous trame
pointer

{a) Pis active

P calls Q
fp HRIZFAL?

IR Q

Top ot
stack poimter

—

TEBIC K P

Current

+————— frame =2

pointer

Be=turn address

Previous frame

|'.ﬂin1:r

x2

xl

Feturn address

Previous trame
pointer

{b) P has called Q)

Top ot
stack |'.q'.ri nier

Current
frame
|'.--nin1:r



RV calling conventions
N N

o fEZMIREME: x10~x17
_ a0-al: WREUEE R EE iii 5 2 T — iZi
— a2-a7: HRHTE ” . es
+ Wigira: x1 R e -
» call e | e =2 -
— jalx1, ProcessAddress; PCAHH*ISik E2-14
* jump-and-link: Bk, I EZRFE S (nPC) Z$ra
 Return
— jalr x0, O(ra); [aJ4ERkE
 jump register: R [Alra
R4 (W) {RAE5HIE: callee St (117 -1
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)
Stack above the stack pointer Stack below the stack pointer




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

« Move, ALU, 43, I/O

o B, JFAr, hiES (K2-40)

- FhEOTE BAEEL HAse4
— WA HLE

— WAFEC: Bl AR, HERR
FEFP 451
AR R G 2 e

— HERG, M
AJPRAT AR PP AR K

It 5 Ry Bort 2

E:2

A

BFF iRt

!

HBifRet

TSI EAN

CPU

ALU

Reg

=520

AEIHEE

(TS

B X

sh

-

>~




Policy of Use Conventions for registers
RV64/RV32, K2-14 (JFRE: FHA44)

Name (ABI name) - Reg# | Usage - Preserved on call? «
X0 (zero) « 0« The constant value 0 - n.a«
X1 (ra) « 1« Return address (link register) « yes ¢
X2 (sp) =« 2 o Stack pointer ¢ yes ¢
X3 (gp) - 3 @ Global pointer « yes ¢
x4 (tp) « 4 o Thread pointer « yes ¢
X9-X7 (10-t2) < o—7 ¢ Temporaries « no «
x8-x9 (fp/s0-s1) « 8-9 » Frame pointer, Saved register < yes ¢
x10-x17 (a0-a7) « 10-17 | Arguments(a2-a7)/resulis(a0, al)~ | no «
X18-x27 (s2-s11) « 18-27 | Saved register ¢ yes ¢
X28-x31 (13-16) « 28—-31 | Temporaries ¢ no «




RVWNAT 7l 2] %€

%2-13

SP == 0000 Q03T £FET Tl

Stack

T

Dynamic data

Static data

gp— 0000 0000 1000 0000yey

Text

PC— 0000 0000 0040 0000pey
0

Reserved

P&WH, RV32Ifpci 0x0001 0000




System calls

» OSHk%%: various names
— trap/exception, svc, soft interrupt

« Why: Certain operations require
— specialized knowledge
/0% %, PCleiizk, USB
— protection: ZAL5SIHE
« What

— A special machine instruction that causes an soft-
Interrupt/exception
o UMM (protection) s IRAPSW
— RV: g Secall. RipesHLmkLt ARk 45?2
— X86 24t (system calls) : intl6, int32
« BIOS, Windows: ‘os. . BiEL. SO FTEINL. IFTHE]




16M

Main memory

Process 1

syscall @

fa: nextinstructio

(D)

Operating system

®

-

System
call
interrupt

handler

@ rii

Interrupt
vector area

syscall addr ”|

/

System call flow of control

1. User program invokes system call.

2. Operating system code performs
operation.

3. Returns control to user program.

Processor

21314 H K H B Fig 2 int e Ak !

2: {RAFWT i Ml psw

@ 3: pswik0, HAWZE
4: syscall \ OJRZpc

ia fic

/f

/ psw s i 5 ARG

6/7 H H IR [F] $5 2riret 58 ik
@ 6: WA ARG
()

7. M R A4 AT

sys_call_table

sys_call ISR

psw: FEFIRES T A A4



KRG A

Hrp RAF S H 2 #
s, TAEEAX

X867,

1]

I

\ lib\libc.so.6F1usninclude arch\x86\kernel\entry_32.s kernel\sys.c
N Z s
\/\ _ _»System_call:
| S e - sys_xyz()
Jiialy SyS_Xyz()-+sys_call_table {
Pxyz() int 0x80" i U
e T e T ret_from_sys_call:"" . }
S }
\/\ iret
ENHFEFF  fElibehriEE ARG A R A
LR Rl SRRES RSP JEFRAE Ak 55 11 72

ARG H




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

H P #

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

FAarimRE D Iy
| LE N I

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

ST - == = I
dal : T &5 E- ] P : 5

EIEE i B 4
Ut %6 B BN TR




RVIL % F5

.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"

string?2:

.string "world"

JPeEf):  (P&W) 1

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

Directive: enter text section
Directive: align code to 272 bytes
Directive: declare global symbol main
label for start of main

allocate stack frame #include <stdio.h>
save return address Intmauﬂ)
compute address of printf ("Hello, %s\n", "world");
stringl return 0;
compute address of ¥ - B
string?2 A I
call function printf T
restore return address Dynamic data
deallocate stack frame T — Static data
load return value O PC— 0000 0000 0040 0000y, =
return R

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




~ ~
Ripesil % W< 2o

Select Auto- Display signal Show stage
Reset Reverse Clock Run
Processor clock values table
[ Ripes - O ¥
File Edit Help
&)
B 0D v ED @8
ico
1[)110 Source code Input type: (® Aszembly () C Executable code View moede: () Binary (8 Dizazzembled
2 w: .word 8x1234 4: 0ee52583 Iw x10 B(x10)
Processor 3 a: Be158513 addi x1@ x1@ 1
- 4 _text

51w adw
6 addi a8 a8 1

sp = bfff £££0,., Stack

T

Dynamic data

* Ripesil4miE 5 #Efitsyscalls SR
o $2.8.2%1 “Firake” W, “factorial” !

1000 0000pex




SPIMM &4,

e SPIM: MIPS-321}j & 2¢

ER
H,

— g . AT
— Pt /O R 55

« SYSCALL Step
— $vO0=srv#

— $a0~3=arg
— syscall

— $VO:i)2, =

* Ripes?

AL

2]

COD4fft:xB.9

COD-RV&|5-47 syscallig4

ECALL Environment Call

EEREAK Environment Breakpoint
SRET Supervisor Exception Return
WFI Wait for Interrupt

~.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

$a0
3112
$112
$a0

N O UV RW N -

$a0

$al

j(none]
\(none)
‘(none)

\stored

Arguments

value

float value
double value
address of string

address where string to be

number of characters to

read + 1

{$a0

number of bytes of storage

\desired

10 [(none)

1 |$20

12 (none)

integer

$v0

Result

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

$v0 » value read
$f0

$f0

value read
value read

‘(none)

address of
block

(none)

((none)
ichar in $vO




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

A[l] A[2] A[3] A[4]

@) J + n— 1 (index of last element In A)
@ If Alj] < A[j — 1], swap both elements @

@ 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))

Z%Ripes{li EL4: ] “Console printing” {452 Al0] A[1] A[2] A3 REld
Ve85 a0 =%
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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(xb)

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

Binary machine  00000000001101011001001100010011

language 00000000011001010000001100110011
program 00000000000000110011001010000011
(for RISC-V) 00o00000100000110011001110000011

00000000011100110011000000100011
00000000010100110011010000100011
0oo00000000000001000000001100111



Program Development Process

« Implementation Phase

- editor
C File C File Asm. ]
File « Compilers

— Cross compiler

@ * Runs on one
processor, but
Blnary Binary Binary generates code for
File File File another

« Assemblers

/ » Linkers
Exec @ « Verification Phase

« Debuggers
« Profilers

Implementation Phase Verification Phase

55/52



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
« KEEMRH: 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 ) @



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

P SCAH:

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 JGRIAG AT DR N &k 2 N AT
— RO A SR 2 5 B R /)N
— G5 K S 7% [H]
— B ARSI a5 40 1 2 dE B ) 2 N A7 H
o BRI E TR IR AL FRER 7T
R R B
— WIUEAL S (BEsp. fp. gp)
— Bk¥: 2| J5 ) FE
o« K2 ) Fx 105545 3118 FH main R £
o HmaineR FR [P, #HiTexit RSt H







=) L HAISAVE LT R R 2=

« WAE/NTIR, Be A
- EA ARG R B IKT
— RO KRG, PATEAMRIENIES
R
— BRI T A2
~ LR FHITR
* BRI AR I
— R R LABLAR I & BRI & it
— A (R VA B H g R 5 i
s NI ETREREF, FEAAING HBOREE 1R S, 5
J R R PP S HLRARIE R D HE
o FEAIIRIE: X861 B I E R 4




Hlas 45/ 5ISASr 3

o TR UM T LT TOBE 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&AT Ffrds (reg-reg)
— VLIW: He5tEz, RS, (RIIFE

lIxx@ustc.edu.cn 65/41




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, DUZKISAHF#/ER AL E



ISA712S (programir

er prospective)

» CISC: f#fF#ftEnE! —ET%HES

— DIML a2 LBl 20E = TIE

- AT

b
!

- BN FKA— (x86M 1byte~6bytes)

s FHITAZ

~ AFIFRR: AAEID, (LIRS MBI

» RISC: faifutify, it

Bl | —F T AR

— BT KEE, &N, MR, FhkTr R

— WO VIE, WE NEBEHET A, BHEET T F4aE
o N RETERE, TEBDSUERE, FitkF A4 TR R &
K Hlload/storefk %2, A Hload/storeds & ify .

— XM Superscalar. SuperpipelingZ£Hi R, #&&EIPC

o VLIW: Z[aJ#ei)R], {KIIFE, FAMEZE

67/41



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 reqisters.

No Iinstructions 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

S

2-35

b. CALL
8 32
CALL Offset
c. MOV EBX, [EDI + 45]
6 11 8 8
MOV  |d|w o Displ t
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

69/41



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
SO h@"‘@@@% S h@"‘ﬂq S *‘F@'ﬁ”ﬁ @c::s"" St

Year &]2-39



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




S —

RISCHFE 5 At

T3 BU % G380 / 20011

RH80%% 9 20%
; I g —
" {¢F (Cold Code) k(0
° ,ﬁm ST #4488 (Code)
P REERTRES. HEBESARL.
SEAFEER USSR R R
— 4 CPURTTIL T
"%’2}3‘? #4R6F (Hot Code) MAT#T (Execution)
’J‘ e )\
HSE MR T RTE 4
CPURSELT M7




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.




RV&2 7010,

« SPEC CPU2006

S

2-41

Instruction class RISC-V examples HLL correspondence Intager | FL Pt. |
Arithmetic add, sub, adail Operations in assignment statements 16% A8%
Data transfer d, sd, 1w, sw, 1h, References to data structures in memory 35% 36%

sh, 1b, sb, lui
Logical and, or, xor, sl1, Operations in assignment statements 12% 4%
sril, sr4
Branch beg, bne, blt, bge, If statements; loops 34% 8%
bltu, bgeu
Jump jal, jalr Procedure calls & returns; switch statements 2% 0%




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.



IntelAb P 28 ZE My A (1995—2015 4 )

® TurboBoost ® TurboBoost 3
o E_{LEiMy ORENE

o <TmE (SMAP/SGX/MPX)
- ® AES N34S @ {RIN#E SpeedShift
o BinE T ® AVX 155 ® KXZEE eDRAM
® RISC A% bit o ERITAISE  @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)



MIPS iIs simple, elegant.

o G ALK HITUAL B AR
— Microprocessor w/o Interlocked Piped
Stages

— interlock 8. JG: i HE 4 n] 2
o HAEL: W, HERESEFESHAT CEBURES)
o LEH. RER YA INEES%
o THAIRME, &% R4000LL)51# Hinterlock
« PattersonfZ HRISCH& 44, 1980

— 4N ' INCi
4-1~Design Principles Most HP Laser|et

« Simplicity favors regularity warkgroup printers are
« Smaller is faster driven by MIPS-based™

G4-bil proce s50rs.,
« Make the common case fast

» Good design demands good compromises [l TS £

« Hennessy5¢kMIPS, 19837
— H—/RISCAFEZE

RISC-1 RISC-I RISC-1Il (SOAR) RTSC-TV (SPUR) RTSC-V
1981 1983 1984 1988 2013
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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

% a1 4

=7 B

Y AR

Al 1 BRI SAE; 2) RIS E; 2) rsidfiiE .




ISA: A Minimalist Perspective

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

o BN TFENL?
— A: FHPIR A A ol 2
— B: TEMLATE S FREMLEF N7 PUATEE?
- C:

R JFAIO©, ABC




OISC: the one Instruction set computer

e OISC: the ultimate reduced instruction set
computer

— —%&SBN¥§4: substract and branch if negative
* subleq a, b, c; Mem[b] = Mem|[b] - Mem|[a],
if (Mem[b] <0) gotoc

— i Al L ] R

o PR A T80 TR I AL
R A TRE e

— R
o HAth “3527 AR TR LG
o BEMEHH A E LB E
o BWRE ] IE A TR Ak

— (KIIFE



http://images.springer.com/covers/978-1-4020-7416-5.tif

» fEMk
-29, 2.

— CPUIISAZE E X e 25 ? DlYale Pattff

/J\ éf::, L\

24, 2.35, 2.40
¢ JI_D% (ﬁ_‘>

— main()-5 swap ()RS R A7 57 [[] 2

— Windows &4~
o SCIGHRTS. 2)E

- T RVILYw, doit—1NEWREAFRER, HH
C H AT

Ripes_
— Al ik

A AT R ARG 2

= B AR R R B R AT I TR







80864t

Lo B A

AH | AL #at Bk (2060
BH EL
CH CL ~
WAHFFS | DH | DL €2
SP 1646%)
EF CS
SI DS ¥ 80326
DI ii B (B
8086 I *_. 55 7 1
| g | —L ASEE_
I I et
BFEF TS~
| AR
Ny —ﬁ;nuﬁ LB L 1] 23] 45|86 =
T BEEOSRE GBIV
= iy ¥
*"F’; : (EW)

83



\]:Q Vo= 1+ﬁ:7m‘&i+lm\ﬁ%
— N PRZEEN HH

° *@@\ ﬂz’fﬁ\ 5&5{% Prototype
B /E‘I]*ﬂ@%ﬁu _ Concept % Production
© TR :EE Wiy AT

<<

. CPU + MEM

e Processor/CPU

— |SA

« 18 JETEAE
— UArch

o RS, EHIER




LT

] /@ (Memory

Align
ﬁT@?@#fﬂ

fis s HIAF U 3CH

g;[%?%ﬁﬁ LU EAT

{WE p A FENE” BB K
o TXIFF: SR, TERFT ]
e

¥ (Hiik0)

¥ (Hihk4)

FEETD | o (k10D

T (HBAE9

F (15> | A (HiEk14)

T (k13

FEXS I T ) 32
AL BT
i, Ak
21 B, T

‘ Hi ik 2 4 1) B K
o (HiE18) Mo, R
e (HihE22) SRS . Y
AW (Hhhk24) P A7 2088 AN 8E i
e TR, T
W (HhE32) ER—NEZA
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RV Arch’ed Regs

Register Presel'ved Register | ABI Name | Description Qjaver

number on call? x0 zero Hard-wired zero —
The constant value O x1 ra Return a‘ddress Caller
x1 (ra) 1 Return address (link register) yes X2 sP Stack p01r‘1ter Callee

: x3 gp Global pointer —

x2 (sp) 2 Stack pointer yes <4 tp Thread pointer o
x3 (gp) 3 Global pointer yes x5 t0 Temporary/alternate link register | Caller
x4 (tp) 4 Thread pointer yes x6-7 t1-2 Temporaries Caller
x5-x7 5_7 Temporaries no x8 s0/fp Saved register /frame pointer Callee
%8-%9 89 Save D ves x9 sl Saved register Callee
x10-11 | a0-1 Function arguments/return values | Caller

x10-x17 10-17 Arguments/results no .
x12-17 | a2-7 Function arguments Caller
x18-x27 18-27 SaveD yes x18-27 | s2-11 Saved registers Callee
x28-x31 28-31 Temporaries no x28-31 | t3-6 Temporaries Caller
RV [5[2-14 Table 25.1

The RISC-V Instruction Set Manual Volume |

AR PR T FHHa0~a7, sO~s11, tO~t6

ABI calling convention: ——Jili/MCIE &, $&F+-PERE
alt-registers are caller-saved
« S-regs are callee-saved and preserve their contents across function calls



#l: B yte Ordering & Memory Allgnment
AR %&tﬁhm—ﬁaﬁ (tBE2ESHE )

ITEHFERRF ORI, RAIRLFNERE. REntEHshortiic
ERaAlJ32(uf16{ , HEHEREFNFFE ROGESERFRNT

struct {
int a;
char b;
short ¢;
} record;
record.a=273;

=recordgitiiit50xC008 , Miitkit0xCO08HA A Krecord.chiithiE
A. 0x00, OxCOOD B.Ox1l, OxCOOE
C.0x11l, O0xCoOD D . 0x00, OxCOOE



Addressing mode  Example instruction Meaning When used

Register Add R4,R3 Regs[R4] « Regs[R4] When a value is in a register.
+ Regs[R3]

Immediate Add R4'\, #3 Regs[R4] « Regs[R4] + 3 For constants.

Displacement Add R4,100(R1) Regs[R4] « Regs[R4] Accessing local variables

+ Mem[100+Regs[R1]]

(+ simulates register indirect,
direct addressing modes).

Register indirect

Add R4, (R1)

Regs[R4] « Regs[R4]
+ Mem[Regs[R1]]

Accessing using a pointer or a
computed address.

Indexed Add R3, (R1+R2) Regs[R3] « Regs[R3] Sometimes useful in array
N + Mem[Regs[R1]+Regs[R2]] addressing: R1 = base ol array;
R2 = index amount.
Direct or Add R1,(1001) Regs[R1] «- Regs[R1] Sometimes useful for accessing
absolute + Mem[1001] static data: address constant may

need to be large.

Regs[R1] « Regs[R1]
+ Mem[Mem[Regs[R3]]]

If R3 is the address of a pointer p,
then mode yields #p.

Memory indirect Add R1,@(R3)

Autoincrement Add R1, (R2)+ Regs[R1] « Regs[R1] Useful for stepping through arrays
+ Mem[Regs[R2]] within a loop. R2 points to start of
Regs[R2] « Regs[R2] + d array: each reference increments
R2 by size of an clement, d.
Autodecrement Add R1,-(R2) Regs[R2] <« Regs[R2] - d Same use as autoincrement.
Regs[R1] « Regs[R1] Autodecrement/-increment can
+ Mem[Regs [R2]] also act as push/pop to implement
a stack.
Scaled Add R1,100(R2)[R3] Regs[R1] « Regs[R1] Used 10 index arrays. May be

+ Mem[100+Regs [R2]
+ Regs[R3] xd]

applied to any indexed addressing
mode in some computers.




Control Instruction Distribution

call/return

B Floating-point Average

jJump O Integer Average

cond. branch

0% 25% 20% 5% 100%

Frequency of branch instructions

Ex: beq $s4, $s5, Labl



ﬁj\ili Hﬁfﬁ‘f E‘J;&’fﬂﬁﬁ (Branch Conditions)

Name Examples  How condition is tested Advantages Disadvantages
Condition ~ BOx&6, Special bits are set by ALU - Sometimes condition  CC is extra state. Condition
code (CC)  ARM, operations, possibly under  is set for free. codes constrain the ordering

PowerPC,  program control.
SPARC,

of instructions since thev pass
information from one instruc-

SuperH tion to a branch.
Condition Alpha, Tests arbitrary registerwith - Simple. Uses up a register.
register MIPS the result of a comparison.
Compare PA-RISC,  Compare is part of the One instruction rather  May be too much work per

and branch

VAX branch. Often compare is
limited to subset.

than two for a branch.

instruction for pipelined exe-
cution.

Condition: (Z, N, C, O)
MIPSH#]beq?




8086HE L AT, AL YANIRA Sk

1615 14 13 12 1110 9 8 7 6 5 4 3 2 1

OF|DF| IF |TF|SF|ZF| |AF| |PF| |CF|[8086/8088
i REMATK EN 1 HERE B8 o MKk
CF ﬁﬁz (ﬁa_ﬂ:) OF oV NV
PF &% ({B35)
AF i SF NG PL
ZF £2F GE) ZF ZR NZ
SF f5 ($i/1E) PF PE PO
IF Higr (eepaRab)
DF A1 (EERE) c e N
OF fth GE/&) oF N zacey v ozrned

=X C:\Windows\systemBi\qnd.ewg . =
»r
X=0000 BX-0000 CX-P818 DX-0080 SP-0008 =
=AC44 ES=-8C44 SS=-8C54 CS=8C54 1P-0000 NU UP EI PL NZ NA PO NC
4:90080 B8AA1G MOV AX.10008




VAX11/780# 2518 2 1% =05 gmbd

1607, F16MFHLT730, £303%F 4
- 16/ {78, A FAEK (1~54bytes)
° WJ

op(4 bits) | 77 z%(3 bits) | Rn(3 bits) || 77 =X(3 bits) | Rn(3 bits)

— Add R2, R4; R2+R4 -> R4, “06 02 04” (8l

N

—Add [R2], R1; [R2] + R1->R1,06 12 01 .. .0,
N
— Add #1000, R1; 1000+R1 -> R1 EER LS Ets

lIxx@ustc.edu.cn 92/41



¢ 100R%15%
S BR324

— R-type: arithmetic instruction
— |-type: data transfer

1A

MIPSHg & #% =X

(CODH133%%)

’ /\32/\ ﬁﬁjﬁ

— J-type: branch instruction(conditional & unconditional)

R-type
reg-reg

I-type
reg-mm

J-type

« MIPS: Simple (<=reqularity) = Elegant! ! !
op(6 bits) | rs(5 bits) | rt(5 bits) || rd(5 bits) | shamt(5 bits) | funct(6 bits)
op(6 bits) | rs(5 bits) | rt(5 bits) immediate(16 bits)
op(6 bits) | rs(5 bits) | rt(5 bits) addr(16 bits)
op(6 bits) | rs(5 bits) | rt(5 bits) addr(16 bits)
op(6 bits) addr(26 bits)




MIPS T i T (3+2)

SRR 1-type
FF s34k R-type
FhkF 3k 1type

PCHIXf F-4ik: J-type
hEEEFHE: J-type

— pseudo-direct
addressing

R N N I N I |
I egist
ddressing
| P | rs | | Address | emory
—
| 9 | @_. [Byte ] Halfword Word
I i
| addressing
| P | | | Address | emory

— 26 B2, )

5PCHI AN H %
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MIPS #5

SN

add $t0,$s1,%s/

op rs rt rd shamt funct
6 bits 5 bits 5 bits 5 bits 5 bits 6 bits

O 17 18 8 0 32

CQ0000 10001 10010 01000 Q0000 100000
s11  $t2,%$s0,4  # reg $t2 reg $s0 << 4 bit
i g =

op rs rt rd shamt funct

0 0 16 10 4 0




MIPS ISA] 75 As

324 6411
MIPS |
v
MIPS 11
MIPS 111
v
MIPS IV
v
¢ MIPS V
MIPS32 Release | MIPS64 Release | w

.

v

MIPS32 Release 2

MIPS64 Release 2 '

i

/\
A -

MIPS32 Release 3 ~ microMIPS32

MIPS64 Release 2 microMIPS64 W

\

e

MIPS32 Release 5

mﬁ\mﬂ

MIPS64 Release S W




Cortex-MO/M1/M3/M4AFE A 4E

AL

g



TMS320C064x: VLIW

SDRAM or C6204 Digital Signal Processor

SBSRAM

.
"

-
-
-
L
-

az Program
AccessiCache
Controller

Internal Program Mamory
Gk

Y3
v

SRAM External Memory

ROM/FLASH Interface (EMIF)

F 1
h

3

T i

[

——i

CE2x CPU (D3P Cora)

¥

Tirrer 0

Instruetion Fetch Control
Registers

L 4

-

Timer 1

[ W W W

Instruction Dispatch

. Contrel
_ o Multichannal Instruction Decodea Logic
Framing Chips: Buffered Serial

H.100, MVIP, -'I—:l Bort 0 Data Path & Data Path B Tost
SCSA, T1, E1
-1—:|

k4

F 9 Y
L 4

i A Ragister Fila B Ragister Fila e
ACHT Devicas, Multichannel . N ry T I I I I 'y T IIEn C:ri!'m L
SP1 Davices, Buffered Serial _; > v . 1 1 . I 1 I 1 mulation
Codecs Port 1

r
L1 .s1|.r~.11 .1| .Dzl.mz g2 | Lz || Interrupt L

=

*_4 Control
¥ __ ¥

T oma Bus

I Interrupt - . o I
Selector " Paripharal Control Bus - o I
‘ > Data f E Intarnal Data
4 . 4 Access [ - Memory
Synchronous +» DMA Controllar » 64K
FIFOs 32 |  4-Chwith + >
I M0 Devices jaw Expansion Throughput Power- e
Bus (XB) Down
: Logi
HOST CONNECTION 12-Bit PLL ogic Boot Configuration
Master /Slave (%1, %4)
TIPCIZ2040 -
Power PC
GB3xx

260



»

TMS320C64x15 4+

31 0 31 0 0 31 0 0 31 0 21 0 0

L

' P ' P ' p ' P |p op lp op

Instruction Instruction Instruction Instruction Instruction Instruction Instruction Instruction
A =) C D = = G -

Operations on the L unit
a 28 28 27 23 22 18 117 132 12 1 5 4 3 2 1 0

creg = dst srod sro Vest X ap 1il1|0)s| @

o
[ ]
=

.| 5

Operations on the M unit

a1 28 28 27 23 22 18 17 13 12 11 ¥y 8 85§ 4 3 2 1 0
oreg z dst sred src Wost X ap oclo|lolo|lo| =s|p
.| 5 5 5 5

Cperations on the D unit

a 28 28 27 23 22 18 17 13 12 7y 8 5 4 3 2 1 0
creg z o=t srol s Tost ap t1a|lo|o|l) s @

3 5 5 5 i

Cperations on the .5 unit

a 28 28 27 23 22 18 17 13 12 1 g 5 4 3 2 1 0
creg z dst sros sroiiost x ap ilo|lo|lo0] =s|p

[&]}
en
=}

3 5



ISA Classes (UArch prospective)

Register Reaister
sack \ccumulator — (register-memory)  (load-store]
Push A Load A Load B1,4 load Rl A
Push B Bdd B Bdd BR3,R1,B  Load R2,B
dd Store Store B3, C add  R3.R1,RZ
Pop C store R3,C

C=A+8B




Compact Code &
Stack Architecture

e 60’s, ZmMIFEHIRKIEFTATAS MRCRIR N HE,
A RS B ST B 728, RS
HEFEPAT LY
o JLTHERRERAE T LA R 4 F TR 2K
TWUZ/'\X%%%D%?JE’J/ -4
— JAVAREFUAL R K FH HEFR f Y
— FORTH, {X#&#=EHIES

o StackZ4F /L ?
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Accumulator Architectures

» IR, ATV A R A A4 1R D

— SChr b H A — T HE AR & A7 25— K
N “Accumulator, ﬁﬁuﬁﬁll AL ZAY)

“ Accumulator Architectures”
ﬁDEDSAC (B—ESHEERTFENL, 1949) .

« XH “memory-based operand-addressing
mode”.

— 12E1L: |~ A 4%, WEEHRE . HER
fEET ﬁﬁf S ek

e UIx86, ¥R A “extended accumulator arch”

lIxx@ustc.edu.cn 102/41



General-Purpose Register

Architecture

WM PraEr g n] U

WLES
— Register-memory Arch
s W PEIEBENTET

« Xx86: Register-memory

— Load-store or register-register architecture

—a i
—a
~ —

RERENIY

o« ZORPTA BAEBCARE w7 A

« MIPS: Load-store

lIxx@ustc.edu.cn

103/41



Transport triggered architecture

« originally called a "move machine”
— T B g ) A B 2% P AL 2
* uses only the MOVE instruction
— 1I%: Hmemory-mapped ALUSE Y
o 1) DIy E 5 TG 0 ik i 1155 H0HR W fnk & Dy B BTG SE T
— ¥ Fltransport triggered
— k3. fHimemory-mapped PC5E ¥,

— & T SEHIASIP
o AN MAXQfES 2%
— ESHIR A N




TTAH) S

/

Function Unit

FL:
FLI

Fort

)\

Ity

25K

{

Il

J

Register File

.

FLz

Bus

Socket

_|___|_

RF:
RF

ML ?
Control Unit
G L
Gl

Connection




SPIMI R4,

SPIM: MIPS-321/ B 2¢

Rty

LRI T

— PRfE A& IOk S5
SYSCALL Step

— $vO=srv#

— $a0~3=arg

— syscall
— $VO:i)2, =

2]

1: MY=xB.9

ity - — o -
Service 2;;:"1 Call Arguments Result
print integer 1 $a0 = value (none)
print float 2 $112 = 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
ond sting o ;!:,lwdnumber of characters to \none)
read + 1
memory 9 $a0 = number of bytes of storage |$v0 = address of
allocation desired block
exit (end of 10 (none) (none)
program)
print character 1" $20 = integer (none)
read character 12 (none) char in $vO




MARSH ), #%

Bl pi\mipsi.asm - MARS 4.5 - X
File Edit Run Settings Tools Help
= = S Run speed at max (no interaction)
W AR R E FIEAPI I ' O
Edit | Execute |
] Text Segment Number Valug
0 000000000
Bkpt Address Code Basic Source 1 0x0000£520
: 000003000 Ox3c0labed lui $1, Oxffffabed 1: addi $+1, $0, OxABCDAOOS 2 000000000
: 0x00003004 0x34218008 |cxr1 $1, $1, 0x00002008 3 0x00000000
: 0x00003003 000014820 |add $9, $0, $1 4 000000000
[] 0:0000300¢|  Ox3c0LEFff(lur $1, DxfEELEEEE 2. ands $t2, $tl1, -1 B 000000000
] 0x00003010|  0x3421FFFF|ori $1, §1, 0x0000FFEE 6 0x00000000
] 0x00003014) 0x01215024|and $10, $9, $1 7 0x00000000
: 0x00003018 0x312aabed|and: $10, $9, 0x0000abed 3. andi $t2, $t1, Oxabed 8 000000000
] 0x0000301e| 0x3e010000[lui $1, 000000000 5: addi $t1, $t2, OxfBal 9 0x000198a3
] 0x00003020(  0x3421f8a0|ori $1, $1, 0x0000£5a0
] 0x00003024| 0x01414320|add $9, $10, $1 0x00000000
] 0x00003028|  0x312asbed|andi $10, $9, 0x0000abed 7: andi $t2, $tl, Oxabed |5+ 12 0x00000000

$t5 13 0200000000

$t6 14 000000000

$t7 15 000000000

$=0 16 0x00000000

$s1 17 0x00000000

$=2 18 000000000

= 19 000000000
T SR 20 0=00000000
Address Value (+0) Value (+4) Value (+8) Value (+c) Value (+10) Value (+14) Value (+18) Value (+1c) 21 0x00000000
000000000 000000000 0:00000000 000000000 000000000 0500000000 000000000 000000000 [ 00| ~ 22 000000000
000000020 000000000 0:00000000 000000000 000000000 0500000000 000000000 000000000 000000000 23 000000000

1] D 24 000000000
25 000000000

| | ™S | |oxom}ooooo (.data) | = | Hexadecimal Addresses (] Hexadecimal Values [ ] ASCII 28 000000000

27 000000000

S 28 000001800
( Mars Messages |’Runl.r0 | 29 0x00002£Fc
- 30 000000000

= 31 0200000000

ezet! reset completed 020000302

S 0200000000

000000000




SdIIN

74

A>T =

add $=1,$8s52,4:53 [$s]l =452 + $=3 Three register operands
Arithmetic | subtract sub  $sz1.8s52,.4=3 |$sl =47 %3 Three register operands
add immediate addi $=1.8s2.70 |[%$s1=4%=s7+20 Uszed to add constants
load word Tw $=1.200%=2) sl =MemonyizZ + 20] Word from memaory to register
store word sw $s1,200%<2) Memon{$s2 + 20] = $s1 Waord from register to memory
load half Th $s1,200%s2) |3%sl =Memony$s? + 20] Halfword memaory to register
load half unsigned | Thu $s1,200%s2) |$s1 =Memony$s2 + 20] Halfword memory to register
store half sh  $s1,200%s2) | Memon{$s? + 20]= Halfword register to memory
f:z;asrer load byte Tt $s1,200%$s2) |3$sl =Memonf$s? + 20] Byte from memory to register
load byte unsigned | Tbhu $=1,.200%$=2) [$s] =Memonyf=? + 20] Byte from memory to register
store byte sb $s1,200%s2) | Memoni$sZ + 20]= Byte from register to memory
load linked word 1T $s1.200%s2) | $s] =Memory($s2 + 20] Load word as 1st half of atomic swap
store condition. word | sc $s1,200%s52) | Memon{$sZ+20}=3z1;9s1=0 or 1 | Store word as 2nd half of atomic swap
load upper immed. |Tui $s1,20 te]l =20 * 218 Loads constant in upper 16 bits
and and $sl.34s2.%8s53|$sl =457 & $=3 Three reg. operands; bit-by-bit AND
ar or $s51,352,.853 | $s1 =452 | $s3 Three reg. operands; bit-bybit OR
nor nor $s5l,4s52,.$s53 |45l =~($s52]%s3) Three reg. operands; bit-by-bit NOR
Logical and immediate andi %$s1,%s2.20 [%s1=%s7&20 Bittv-bit AND reg with constant
or immediate ori $s1,452.20 [$s1=4s2|20 Bitby-bit OR reg with constant
shift left logical =11 $s51.4s7.10 |$s]l =457 == 10 Shift left by constant
shift right logical srl  $s51.$s7.10 |%sl=%s7 »> 10 Shift right by constant
branch on equal beq $=s1.8s52.25 |if(isl=48s57)pgoto Equal test; PC-relative branch
PC + 4 + 100
branch on not equal |bne $s1,%s52,25 if(§s1ll= $s7)goto Mot equal test; PC-relative
PC+ 4+ 100
set on less than sit $s1.$s52.%s3 |if(3s2 = 3s3) §s1=1; Compare less than; for beg, bne
Conditional else $s1=0
branch set on less than sltu  $s1,$52.%s3 |if($s2 <= 3s3) §s1=1; Compare less than unsigned
unsigned glse $s1 =0
set less than slti1 $=1.852. 720 |if(3s? <20)4=l=1; Compare less than constant
immediate else $z1 =0
set less than sltiu $51.%s52.20 |if($s2 <20) §s1=1; Compare less than constant
immediate unsigned else $51=0 unsigned
. jump 2500 go to 10000 Jump to target address
Unconditional 1= - - -
) jump register jr tra goto fra For switch, procedure return
Jump Jump and link jal 2500 tra=PC + 4; go to 10000 For procedure call




Policy of Use Conventions for registers

REGISTER | NAME USAGE
$0 $zero # 2 0(constant value 0)
$1 $at {RESZE [ 2R e3(Reserved for assembler)
$2.81 Sv0-Sv 1 f}fﬂ}ﬁﬁ%]ﬁ [B]{& (values for results and expression evalua
$4-87 $a0-$a3 EF %08 FE #i(arguments)
$8-$15 $t0-$t7 S8 ) (hPE {8 A )
$16-$23 $s0-$s7 FIFA(EINE R, EESAVE/RESTORER)(saved)
$24-325 $t8-$t9 8T ) (=kPE {8 A /)
$28 $ap 4 F18 5t (Global Pointer)
$29 $sp #5385 $t(Stack Pointer)
$30 $fp tni+§ £t (Frame Pointer)
$31 $ra iR B HE (return address)
 $26..$27: $k0..$k1, NOSTMEPC




Offset o

Top of Stack —e

Top of Heap —»
8 bytes

50 bytes {

RS b

Reserved for
Interrupt Vectors

Reserved for
Stack

l |
}

Reserved for Heap

DATA

Unused

CODE

!

directives : WAFHLhEFEET
Labels : WAFHubiEFR S
names : K%, TEH

Memory Addressing
address or data
label Operation information
Assemb]e ORIGIN 100
RAM Statements that LD R2, N
generate CLR R3
machine MOV R4, #NUM1
instructions LOOP: LD RS, (R4)
ADD R3, R3, R5
ADD R4, R4, #4
SUB R2, R2, #1
Memory BGT R2, RO, LOOP
Mapped ST R3, SUM
170 next instruction
Assembler directives ORIGIN 200
ROM SUM: RESERVE 4
N: DATAWORD 150
NUMI1: RESERVE 600
END
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First, design your system so that the code is measurable!

Measure execution time as part of your standard testing.
Do not only test the functionality of the code!

Learn both coarse-grain and fine-grain techniques
fo measure execution time.

Use coarse-grain measurements for analyzing real-time properties

Use fine-grain measurements for optimizing and fine-tuning

No measurements of
execution time!

& 2002 Dr.David B. Stewart
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probabaility

Static analysis
gives safe
timing values!

Measurements
might miss the

. longest time!

e possible program execution times \pl/ time



THEALEARAT -

Operating Environment
(source and destination of data)

Data
Movement
Apparatus

Data
Processing
Facility

Processing
from/to storage

Proceséing
from Storage to 1/O



	幻灯片 1: 计算机组成原理 第二章“指令系统”
	幻灯片 2: 概要
	幻灯片 3: Architecture（ISA）& Interfaces
	幻灯片 4: Instruction-Set Processor Design
	幻灯片 5: 体系结构的8种属性
	幻灯片 6: 操作数（opr）
	幻灯片 7: 指令字中的操作数
	幻灯片 8: RV architected registers：RV64/RV32，图2-14
	幻灯片 9: RV典型内存地址空间分配
	幻灯片 10: 字存储顺序（Byte Ordering）$2.3.1
	幻灯片 11: 数据存放位置（Memory Alignment）
	幻灯片 12: 操作分类
	幻灯片 13: 指令示例
	幻灯片 14: 指令字格式Machine Instruction Layout
	幻灯片 15: 地址码：操作数，指令
	幻灯片 16: 寻址方式：指令的地址码域
	幻灯片 17: 寻址方式：操作数，下一条指令
	幻灯片 18: 寻址方式示例
	幻灯片 19: RISC-V ISA的特点
	幻灯片 20: RISC-V指令格式与寻址方式
	幻灯片 21: RV整数指令操作码
	幻灯片 22: RV16/RV32/RV64的操作码域：7位
	幻灯片 23: RV示例：指令格式，寻址方式，图2-6
	幻灯片 24: $zero：x0寄存器，$2.3.2
	幻灯片 25: 位扩展：短立即数=>32位立即数，$2.4
	幻灯片 26: 32位常数，“双指令序列”法
	幻灯片 27: 转移指令的寻址方式$2.7，2.10.2，2.8
	幻灯片 28: 其他RV指令（了解），$2.18，$5.14
	幻灯片 29: 示例：COD4图B.1.5
	幻灯片 30: 示例：COD4图B.1.4
	幻灯片 31: 过程调用：断点，传参，现场保存（两种），$2.8
	幻灯片 32: 过程调用procedure calling
	幻灯片 33: 单级call/return：链接寄存器x1/返回地址ra
	幻灯片 34: RV architected registers：保留寄存器
	幻灯片 35: 数组排序：swap()，sort()，$2.13
	幻灯片 36: stack
	幻灯片 37: Use of Stack to Implement Nested Procedures 
	幻灯片 38: RV堆栈操作：push/pop，图2-10
	幻灯片 39: RV的过程帧（栈帧），图2-12
	幻灯片 40: stack frame：活动记录，帧指针fp
	幻灯片 41: RV calling conventions
	幻灯片 42: 汇编语言程序设计要点：显式与约定
	幻灯片 43: Policy of Use Conventions for registers RV64/RV32，图2-14（注意：寄存器名）
	幻灯片 44: RV内存分配约定，图2-13
	幻灯片 45: System calls
	幻灯片 46
	幻灯片 47: 系统调用：x86调用门
	幻灯片 48: C语言和OS服务：APIs、libc、syscalls?
	幻灯片 49: RV汇编程序结构：《P&W》例
	幻灯片 50: Ripes汇编
	幻灯片 51: SPIM的系统调用：COD4附录B.9
	幻灯片 52: Bubble sort (trace)
	幻灯片 53: 可执行程序生成与执行
	幻灯片 54: High Level to Assembly，图1-4
	幻灯片 55: Program Development Process
	幻灯片 56: A translation hierarchy for C，FIG 2.20 
	幻灯片 57: The Assembly Process：生成.obj
	幻灯片 58: .obj与Symbol Table
	幻灯片 59: The Linker：合并各段
	幻灯片 60: Linking and Locating
	幻灯片 61: ELF 格式目标文件结构
	幻灯片 62: Loading/Executing Object Programs
	幻灯片 63: ISA分类与进化
	幻灯片 64: 影响早期ISA设计的因素
	幻灯片 65: 机器结构与ISA分类
	幻灯片 66: ISA Classes (processor designer view)
	幻灯片 67: ISA分类（programmer prospective）
	幻灯片 68: The CISC’s eight principles: 
	幻灯片 69: X86指令格式，图2-35
	幻灯片 70: Growth of x86 instruction set over time
	幻灯片 71:  X86 Instruction Distribution
	幻灯片 72: RISC的理论基础
	幻灯片 73: The RISC’s eight principles: 
	幻灯片 74: RV指令分布，图2-41
	幻灯片 75: CISC machine vs RISC machine
	幻灯片 76: Intel处理器架构演化（1995—2015 年）
	幻灯片 77: MIPS is simple, elegant.
	幻灯片 78: RV vs. MIPS：指令格式，图2.29
	幻灯片 79: ISA: A Minimalist Perspective
	幻灯片 80: OISC：the one instruction set computer
	幻灯片 81: 小结
	幻灯片 82
	幻灯片 83: 8086处理器逻辑结构
	幻灯片 84: 汇编语言计算机设计思路
	幻灯片 85: 边界对准问题（Memory Alignment）
	幻灯片 86: RV Arch’ed Regs
	幻灯片 87: 例：Byte Ordering & Memory Alignment
	幻灯片 88
	幻灯片 89: Control Instruction Distribution
	幻灯片 90: 分支比较的实现方式（Branch Conditions）
	幻灯片 91: 8086标志寄存器：系统当前状态与控制
	幻灯片 92: VAX11/780机器指令格式与编码
	幻灯片 93: MIPS指令格式
	幻灯片 94: MIPS寻址模式(3+2) 
	幻灯片 95: MIPS 指令示例
	幻灯片 96: MIPS ISA的演变
	幻灯片 97: Cortex-M0/M1/M3/M4指令集
	幻灯片 98: TMS320C64x：VLIW
	幻灯片 99: TMS320C64x指令字
	幻灯片 100: ISA Classes (uArch prospective)
	幻灯片 101: Compact Code &  Stack Architecture
	幻灯片 102: Accumulator Architectures
	幻灯片 103: General-Purpose Register Architecture
	幻灯片 104: Transport triggered architecture
	幻灯片 105: TTA的典型结构——冯机？
	幻灯片 106: SPIM的系统调用：附录B.9
	幻灯片 107: MARS模拟器
	幻灯片 108: MIPS汇编指令
	幻灯片 109: Policy of Use Conventions for registers
	幻灯片 110: 程序结构
	幻灯片 111
	幻灯片 112: WCET：程序执行时间
	幻灯片 113: 计算机基本行为：计算、访存、I/O

